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a b s t r a c t

The vitamin D receptor (VDR) and its ligand 1,25D play an important role in regulating cell growth and
cell fate. We examined the effect of 1,25D on cell morphology, cell proliferation, cell cycle progression and
apoptosis on mesenchymal multipotent cells. Multipotent cells were treated with and without 1,25D in a
time- and dose-dependent manner. Changes in cell morphology were evaluated by a green fluorescence
fluorocrome. Cell proliferation was determined by the Formazan assay and PCNA antigen expression. The
expression of genes related to the cell cycle was analyzed by DNA microarrays, RT2PCR arrays and western
CNA
ho
rch-1

cl-2
urvivin

blots. Apoptosis was evaluated by TUNEL assay, and the expression of pro- and anti-apoptotic related
genes by RT2PCR arrays and western blots. 1,25D inhibited cell proliferation, induced cell cycle arrest, and
promoted accumulation of cells in G0/G1 phase without inducing apoptosis. An increase in cell size was
associated with a decrease in the GTPase Rho and the atypical Rho family GTPase Rhou/Wrch-1 expression
without inducing Wnt-1 expression. Survivin expression was also increased and may represent a novel
1,25D-mediated pathway regulating tissue injury and fibrosis. The data provide a mechanistic explanation

and a
for the anti-proliferative

. Introduction

Vitamin D, a fat-soluble pro-hormone, is obtained from dietary
ources or from de novo synthesis in the skin as a result of ultravi-
let light-induced photolytic conversion of 7-dehydrocholesterol
o previtamin D3, followed by thermal isomerization to vitamin
3 [1,2]. The first step in the metabolic activation of vitamin D

s the hydroxylation of carbon 25 (25OHD), which occurs primar-
ly in the liver. The second and more regulated step in vitamin

bioactivation is the formation of 1�,25-dihydroxyvitamin D3
1,25D), also known as calcitriol, which occurs mainly in the kidney

3] via the 25OHD-1�-hydroxylase enzyme, although numerous
ells and tissues express 1�-hydroxylase [4]. 1,25D binds to the
itamin D receptor (VDR), a nuclear receptor and a member of
he steroid/thyroid hormone superfamily receptors, which acts

Abbreviations: 1,25D, 1�,25-dihydroxyvitamin D3; PCNA, proliferating
ell nuclear antigen; VDR, vitamin D receptor; Rho, Ras homolog; Wrch-1,

nt-regulated Cdc42 homolog; Bcl-2, B-cell leukemia/lymphoma 2; GAPDH,
lyceraldehyde-3-phosphate dehydrogenase.
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nti-apoptotic properties of 1,25D in mesenchymal multipotent cells.
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as a ligand-activated transcription factor [5]. VDR functions as
a heterodimer with retinoid X receptor; upon ligand binding,
VDR undergoes a conformational change that promotes retinoid
X receptor–VDR heterodimerization [6]. The binded heterodimer
translocates to the nucleus, where VDR binds to the vitamin D
response elements, induces chromatin-modifying enzymatic activ-
ities, and ultimately modulates gene transcription [7]. The VDR
appears to be ubiquitous, supporting the vitamin D endocrine
system’s involvement in a wide range of physiological functions
[8–11].

It has been extensively reported that 1,25D can, in general,
inhibit the growth of normal and malignant cell types. Previous
studies on the mechanism behind this growth-inhibitory action
have revealed that 1,25D-induced inhibition of cell growth is
probably mediated via different combinations of pathways and
mechanisms in varying cell types [12]. In view of its potent
anti-proliferative and prodifferentiating action, and the presence
of the VDR in a large variety of cells, 1,25D or select analogs
could be considered a promising intervention to prevent and treat

hyperproliferative disorders [11,12]. Elucidation of the molecular
mechanism underlying cell cycle related anti-proliferative action
of 1,25D could help identify new biomarkers for increased disease-
specific risk in vitamin D-deficient persons as well as targeting
treatments with novel vitamin D analogs.

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:jorgeartaza@cdrewu.edu
dx.doi.org/10.1016/j.jsbmb.2010.01.001
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Studies of the effects of calcitriol on apoptosis are contradictory
nd depend mostly on the cell model applied. It has been reported
hat 1,25D induced apoptosis in peripheral blood mononuclear
ell (PBMC) obtained from healthy subjects and in inflammatory
owel disease (IBD) patients [13]. By contrast, other studies have
eported an inhibitory effect of calcitriol on hepatocyte apoptosis in
at allograft by upregulating anti-apoptosis-associated genes [14].
oncerning the effects of 1,25D on cell morphology/phenotype, it
as been reported that 1,25D profoundly affects the phenotype of
reast cancer cells, suggesting that it reverts the myoepithelial fea-
ures associated with more aggressive forms and poor prognosis in
uman breast cancer, increasing cell and nuclear size, and induc-

ng a change from a rounded to a flattened morphology [15]. C3H
0T1/2 is a well-known and widely used mesenchymal multipo-
ent cell line in vitro model that has been shown by us and others
o have the potential to differentiate into a variety of specialized
ells such as osteocytes, chondrocytes, adipocytes, endothelial and
mooth muscle cells (SMCs) [16–23] and they have been used as a
ell model to study the effects of myostatin [24] and 1,25D on fibro-
is [20] and cytokinesis [23]. C3H 10T1/2 cells are also considered
n important model to systematically identify and analyze specific
ene products that play an early role in cell proliferation and cell
ate [20,26]. Moreover, there are no reports in the literature assess-
ng the effects of 1,25D on apoptosis, cell morphology/phenotype
n C3H 10T1/2 mesenchymal multipotent cells.

In this study all C3H 10T1/2 mesenchymal multipotent cells
ere primed with 5′-azacytidine [17,19,20,24,25,26,28] allowing
s to evaluate the independent effects of 1,25D in comparison
o no 1,25D at an early stage when cells still have the ability to
ndergo differentiation [19,20]. C3H 10T1/2 cells have the ability
o differentiate into multiple cell lineages according to the cell cul-
ure conditions such as incubation medium, cell density, and/or
he addition of factors such as androgens [17,28] or TGF� factors
19,24]. This is in contrast to progenitor cells that are already com-

itted to a single cell lineage or terminally differentiated cells
27,29–31]. This approach allowed us to explore potential novel
,25D-mediated pathways that could provide the foundation for
uture adjuvant therapeutic approaches to address select hypovi-
aminosis D related chronic disease states.

Given the rapid advances in regenerative medicine such as the
romise of induced pluripotent stem cells, a better understanding
f 1,25D in mesenchymal multipotent cells is poised to accelerate
he translation of novel basic science findings into human clinical
rials. Thus, the aim of the present study was to provide evidence of
he molecular mechanism (s) by which 1,25D affects cell morphol-
gy, cell proliferation, cell cycle progression and apoptosis using a
ell-known and widely used mesenchymal multipotent cell line.

. Materials and methods

.1. Cell culture

Mouse C3H 10T1/2 multipotent mesenchymal cells (MMCs)
ATCC, Manassas, VA, USA) grown in DMEM supplemented with
0% dialyzed fetal bovine serum at 37 ◦C and 5% CO2 were treated
ith 20 �M 5′-azacytidine (AZCT) for 2 days to induce differenti-

tion by epigenetic changes [16,17,19,20]. Cells were split in a 1:2
atio, allowed to recover for 2 days, and replated at 60–70% con-
uence in T75 flasks, 8-well chamber slides or 6-well plates. The
ext day, cells were incubated with and without 100 nM of 1,25D

Sigma–Aldrich, St. Louis, MO, USA) dissolved in less than 0.1%
thanol as vehicle in DMEM 10% dialyzed fetal bovine serum for
and 7 days. For proliferation studies, mesenchymal multipotent

ells primed with AZCT were incubated with 1,25D (10–500 nM)
or 4 days, in the same way control groups were incubated with
y & Molecular Biology 119 (2010) 73–83

0.1% ethanol in DMEM 10% dialyzed fetal bovine serum (Invitrogen,
Carlsbad, CA, USA). Because of the short half-life of 1,25D, the cell
culture media with and without 1,25D (10–500 nM) was replaced
every 24 h.

2.2. Cell proliferation assay

Cell proliferation was determined in 96-well plates by the For-
mazan dye assay (Promega Corp., Madison, WI, USA). Cells were
grown at an initial density of 4000 cells/well; and then treated for
4 days with 1,25D in a concentration range from 10 to 500 nM.
At the end of the incubation time, 100 �l of Formazan substrate
buffer was added to the cultures for 3 h at 37 ◦C in 5% CO2, and
the absorbance at 490 nm was read. For cell counting, cells were
removed by trypsinization and the number of viable cells was
counted in a hemocytometer with the use of Trypan blue staining
[32].

Cell proliferation was also evaluated/confirmed by changes in
gene expression of a related cell proliferation antigen after 4 days
incubation time with or without 1,25D. The cell proliferation anti-
gen applied was the proliferating cell nuclear antigen (PCNA) a
protein essential for DNA replication, repair and cell proliferation
[33].

2.3. Cell morphology/phenotype

Changes in cell morphology/phenotype were determined in liv-
ing cells in culture by the PKH2 Green Fluorescent Cell Linker assay
(Sigma–Aldrich, Saint Louis, MO, USA) [34]. After an initial and sta-
ble incorporation of the PKH2-GL (2 × 10−6 M) into the lipid regions
of the cell membrane, cells were counterstained with DAPI 0.02%
(Invitrogen, Carlsbad, CA, USA). Cells were grown at an initial den-
sity of 8000 cells/well in 8-well chamber slides and were treated
for 4 and 7 days, respectively, with or without 1,25D (100 nM).
Serial pictures were taken every 24 h with a fluorescent microscope
equipped with green and blue filters. The serial pictures at 200×and
400× magnification were taken with a Leica DMLB fluorescence
microscope coupled to Spot RT digital camera.

The area and the number of cells per field were analyzed using
ImagePro-Plus 5.1 software (Media Cybernetics, Silver Spring, MD,
USA). At least 10 pictures were taken per treatment group per well
done in duplicate. The experiments were repeated at least three
times.

2.4. Apoptosis

The apoptotic index was determined by the TdT-mediated
dUTP nick end labeling (TUNEL) method, based on the abil-
ity of terminal TdT to catalyze addition of digoxenin-dUTP and
dATP to 3′-OH ends of cleaved DNA. Cells were seeded on 8-
well chamber slides and were incubated with or without 1,25D
(100 nM) for 4 days and then fixed in 2% p-formaldehyde in 1×
PBS. Cells were treated with 2% H2O2 for quenching endoge-
nous peroxidase activity, digoxigenin-conjugated nucleotides and
TdT, and finally anti-digoxigenin-peroxidase. Sections were stained
with 0.5% diaminobenzidine/0.01% H2O2, and counterstained with
hematoxylin. As a negative control, PBS (1×) buffer was substi-
tuted for the TdT enzyme. Quantification of the apoptotic index
was done at 400×. In all cases, 20 fields were randomly selected
and the apoptotic index of each field was calculated as the percent
of TUNEL-positive cells [32].
2.5. DNA microarray analysis of cell cycle target genes

Total cellular RNA was isolated with Trizol-Reagent (Invitrogen,
Carlsbad, CA, USA) from C3H 10T1/2 cells undergoing differen-
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iation with 5′-azacytidine (AZCT), and treated with or without
,25D (100 nM) for 4 days. Isolated RNA was subjected to cDNA
ene arrays (Oligo GEArray, Cell Cycle gene array (OMM-020)
ABiosciences Corp., Frederick, MD, USA). The Mouse Cell Cycle
icroarray profiles the expression of 112 genes key to cell cycle

egulation such as CDKs and CDK-modifying proteins, including
yclins, CDK inhibitors, CDK phosphatases, and CDK kinases, as
ell as genes in the APC ubiquitin–conjugation complexes. Biotin-

abeled cDNA probes were synthesized from total RNA, denatured,
nd hybridized overnight at 60 ◦C in GE Hybridization solution
o membranes spotted with cell cycle related genes. Membranes
ere washed, and chemiluminescent analysis was performed as
er the manufacturer’s instructions. Raw data were analyzed using
E Array Expression Analysis Suite (SABiosciences Corp., Freder-

ck, MD). Fold changes in relative gene expression were presented
fter background correction and normalization with a housekeep-
ng gene [24,35].

.6. RT2 ProfilerTM PCR array analysis of cell cycle and apoptosis
arget genes

RT2 ProfilerTM PCR SABiosciences analysis of cell cycle and apop-
osis target genes were applied in triplicates in order to confirm the
E Array data (cell cycle) and to complement the TUNEL and west-
rn blot results (apoptosis). Aliquots of total cellular RNA isolated
ith Trizol-Reagent from C3H 10T1/2 cells undergoing differentia-

ion with 5′-azacytidine (AZCT) were treated with or without 1,25D
100 nM) for 4 days. They were then subjected to reverse transcrip-
ion, and the resulting cDNA was analyzed by: RT2 ProfilerTM PCR

ouse Cell Cycle Array (PAMM-020) and by RT2 Profiler PCR mouse
poptosis (PAMM-012) (SABiosciences Corp., Frederick, MD, USA).
he Mouse Cell Cycle RT2 ProfilerTM PCR Array profiles the expres-
ion of genes that both positively and negative regulate the cell
ycle, the transitions between each of the phases, DNA replication,
heckpoints and arrest. The Mouse Apoptosis RT2 ProfilerTM PCR
rray profiles the expression of genes involved in apoptosis, or
rogrammed cell death. Each array contains a panel of 84 primer
ets related to the cell cycle and to apoptosis plus 5 housekeep-
ng genes and 2 negative controls. Real-time PCRs were performed
s follows: melting for 10 min at 95 ◦C, 40 cycles of two-step PCR
ncluding melting for 15 s at 95 ◦C, annealing for 1 min at 60 ◦C.
he raw data were analyzed using the ��Ct method following the
anufacturer’s instructions (SABiosciences Corp., Frederick, MD,
SA) [24,35].

.7. Real-time quantitative PCR

Total RNA was extracted using Trizol-Reagent (Invitrogen, Carls-
ad, CA) and equal amounts (1 �g) of RNA were reverse transcribed
sing a RNA PCR kit (Applied Biosystems, Foster City, CA, USA).
ouse gene PCR primer sets (RT2) for PCNA, Casp3, Wrch-1 and
nt-1 were obtained from SuperArray Bioscience (SABiosciences

orp., Frederick, MD, USA). The QIAGEN Sybr Green PCR kit with
otStar Taq DNA polymerase (QIAGEN, Valencia, CA, USA) was used
ith i-Cycler PCR thermocycler and fluorescent detector lid (Bio-
ad, Hercules, CA, USA) [35].

The protocol included melting for 15 min at 95 ◦C, 40 cycles of
hree-step PCR including melting for 15 s at 95 ◦C, annealing for
0 s at 58 ◦C, elongation for 30 s at 72 ◦C with an additional detec-
ion step of 15 s at 81 ◦C, followed by a melting curve from 55 to
5 ◦C at the rate of 0.5 ◦C per 10 s. Samples of 25 ng cDNA were ana-
yzed in quadruplicate in parallel with GAPDH controls; standard
urves (threshold cycle vs. log pg cDNA) were generated by log dilu-
ions of from 0.1 pg to 100 ng standard cDNA (reverse-transcribed

RNA from C3H 10T1/2 cells in AM). Experimental mRNA starting
uantities were then calculated from the standard curves and aver-
y & Molecular Biology 119 (2010) 73–83 75

aged using i-Cycler, iQ software as described previously [20]. The
ratios of marker experimental gene (e.g. PCNA, Casp3 and Wrch-1
mRNA) to GAPDH mRNA were computed and normalized to control
(untreated) samples as 100%.

2.8. Immunocytochemical analyses of PCNA antigen

After incubating the MMCs for 4 days with and without
1,25D, cells were washed five times with PBS (1×) and fixed by
immersion in 2% p-formaldehyde, quenched with H2O2, blocked
with normal horse serum and incubated with anti-proliferating
cell nuclear antigen (PCNA) monoclonal antibody (1:400) (Milli-
pore, Temecula, CA, USA). Detection was based on a secondary
biotinylated antibody (1:200), followed by the addition of the
streptavidin–horseradish peroxidase ABC complex (1:100), Vectas-
tain (Elite ABC System, Vector Laboratories, Burlingame, CA, USA)
and 3,3′-diaminobenzidine and H2O2 mixture (Sigma, St. Louis,
MO). The MMCs were counterstained with Mayer’s hematoxylin
solution (Sigma–Aldrich, St. Louis, MO, USA). In negative controls,
we either omitted the first antibody or used a rabbit non-specific
IgG.

2.9. Western blot and densitometric analysis

Cell lysates (25–40 �g of protein) were subjected to west-
ern blot analyses by 4–15% Tris–HCl polyacrylamide gel
electrophoresis (PAGE) (Bio-Rad, Hercules, CA, USA) in run-
ning buffer (Tris/Glycine/SDS). Proteins were transferred
overnight at 4 ◦C to nitrocellulose membranes in transfer buffer
(Tris/Glycine/Methanol). Next day, the non-specific binding was
blocked by immersing the membranes into 5% non-fat dried milk,
0.1% (v/v) Tween 20 in PBS for 2 h at room temperature. After
several washes with washing buffer (PBS Tween 0.1%), membranes
were incubated with the primary antibodies for 3 h at room
temperature or overnight at 4 ◦C, monoclonal antibodies were
as follows: (a) PCNA (1/500) (Millipore, Temecula, CA, USA), (b)
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1/10,000)
(Chemicon International, Temecula, CA, USA), (c) Bcl-2 (1/500) (BD
Biosciences, San Jose, CA, USA), (d) Cyclin D1 (1/500), (e) Cyclin
D3 (1/500), and (f) Cdk4 (1/500) (Cell Signaling Technology, Inc.,
Danvers, MA, USA) and Rho (1/500) (Abcam Inc., Cambridge, MA,
USA). Polyclonal antibodies were used for (a) Cdk2 (1/500), (b)
p21 (1/500) and (c) p27 (1/500) (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA). The washed membranes were incubated
for 1 h at room temperature with 1/3000 dilution (anti-mouse)
or 1:2000 dilution (anti-rabbit) of secondary antibody linked to
horseradish peroxidase, respectively (Cell Signaling Technology,
Inc., Danvers, MA, USA). After several washes, the immunoreactive
bands were visualized using the SuperSignal western blotting
chemiluminescence detection system (Thermo Fisher Scientific,
Inc., Rockford, IL, USA). The densitometric analysis of the bands
was done with the Scion Image software beta 4.02 (Scion Corp.,
Frederick, MD, USA).

2.10. Qualitative and quantitative immunocytochemical analyses

The immunoreactivity was quantified by Image Analysis using
ImagePro-Plus 5.1 software (Media Cybernetics, Silver Spring, MD,
USA). Fields are counted blindly by two independent observers and
each experiment was repeated three times. For PCNA and TUNEL
determinations, the number of positive cells at 400× was counted

in a computerized grid and results were expressed as a % of positive
cells/total cells per field. In all cases, 8 fields at 400× were analyzed
per wells.

Cell size was determined by outlining and measuring the area
of each cell per field. Approximately 100 cells were measured for
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ach experiment and the results were converted in cell size his-
ograms plotting the number of cells per area expressed in �m2.
o test the precision of the QIA, we evaluated both inter- and
ntra-assay variability. Standard deviation was 0.39 for assays in
riplicate, CV = 1.9% for intra-assay determinations and CV 4.0% for
nter-assay.

The results expressed as mean ± SEM represent the average of
hree independent experiments [19,20,24].

.11. Statistical analysis

All data are presented as mean ± SEM, and between-group
ifferences were analyzed using ANOVA. If the overall ANOVA
evealed significant differences, then pair-wise comparisons
etween groups were performed by Tukey’s multiple comparison
est. All comparisons were two-tailed, and p values less than 0.05
ere considered statistically significant. The in vitro experiments
ere repeated thrice, and data from representative experiments

re shown. Specifically, the DNA microarray tests were done twice
nd the results confirmed by RT2 ProfilerTM PCR arrays in triplicates
nd in some cases by qRT-PCR in triplicates.

. Results

.1. 1,25D inhibits cell proliferation of C3H 10T1/2 mesenchymal
ultipotent cells

Even though we seeded the same number of cells, incubation
ith 1,25D (100 nM) for 4 days shows a noticeable decrease in cell

umber per field compared to control cells (no 1,25D) (Fig. 1A). To
ssess whether 1,25D inhibits C3H 10T1/2 multipotent cell repli-
ation, an initial number of 4000 cells/well (low confluence) were
eeded in 96-well plates and incubated in triplicates with increas-

ig. 1. 1,25D inhibits cell proliferation in multipotent mesenchymal C3H 10T1/2
n a dose-dependent manner. (A) Cells treated with or without 1,25D (100 nM) for

days were fixed with 2% p-formaldehyde and counterstained with hematoxylin
200×). (B) C3H 10T1/2 cells primed with 5′-azacytidine (20 �M) at an initial number
f 4000 cells/well were incubated for 4 days, as follows: control: no addition of
,25D and 1,25D: increasing concentrations of 1,25D from 10 to 500 nM. Results are
xpressed as mean ± SEM. *p < 0.05; ***p < 0.001.
y & Molecular Biology 119 (2010) 73–83

ing concentrations of 1,25D, from 10 to 500 nM, for 4 days, and at
the end of the incubation time, cell proliferation was evaluated by
the Formazan assay (Fig. 1B). Starting at 25 nM, 1,25D induced a
statistically significant reduction in cell number reaching a plateau
at 100 nM. For that reason, 100 nM was the dose applied through-
out the study to evaluate the effects of 1,25D on mesenchymal
multipotent cells.

In order to confirm the anti-proliferative effect of 1,25D on
mesenchymal multipotent cells, PCNA expression was evalu-
ated. Incubation of cells with 1,25D decreased the expression
of proliferating cell nuclear antigen (PCNA) as assessed by sev-
eral approaches; Fig. 2A, left panel shows representative pictures
at 200× and 400× magnification of the decreased expression
of PCNA upon incubation with 1,25D (100 nM) for 4 days by
immunocytochemistry (ICC). The visual inspection was confirmed
by quantitative image analysis (Fig. 2A, right panel) where PCNA
expression was significantly decreased by 3-fold with respect to the
control (p < 0.001). The decreased expression of PCNA was further
confirmed by real-time PCR (PCNA/GAPDH ratio: −2.05) (Fig. 2B)
and by western blot (Fig. 2C, left) with the corresponding densito-
metric analysis (Fig. 2C, right).

3.2. 1,25D modifies cell morphology increasing cell size of C3H
10T1/2 mesenchymal multipotent cells

In order to verify our previous visual observations regarding
changes in cell number and size upon incubation of multipotent
cells with 1,25D, cells were pre-labeled with a cell membrane
marker, the PKH2 Green Fluorescent Cell Linker and DAPI to visual-
ize cell boundaries and cell nuclei respectively and later incubated
with or without 1,25D for 4 and 7 days. Four days incubation with
1,25D significantly increased the morphology/phenotype/size and
decreased cell number of mesenchymal multipotent cells (Fig. 3A,
upper panel). The visual inspection was further confirmed by QIA
(quantitative image analysis) shown in Fig. 3A, lower panel where
the histogram shows a shift from smaller cells to larger cells in the
population indicating that 1,25D significantly increased cell size
and reduce cell number per field with respect to the control. Simi-
lar results were obtained in a parallel experiment where cells were
incubated for 7 days. Representative pictures can be observed in
Fig. 3B, upper panel and the corresponding QIA (quantitative image
analysis) Fig. 3B, lower panel. Incubation of mesenchymal mul-
tipotent cells with 1,25D (100 nM) for 7 days increased cell size,
modified cell morphology and reduced cell number per field.

3.3. Addition of 1,25D downregulate the expression of Rho a
member of the Ras superfamily of low molecular weight GTPases
and the atypical GTPase Rhou/Wrch-1 without increasing Wnt-1
expression in C3H 10T1/2 mesenchymal multipotent cells

In order to clarify the mechanism by which 1,25D changes
cell morphology, the expression of a novel gene Wrch-1 involved
in regulating cell morphology, cytoskeletal organization, and cell
proliferation was evaluated. We found that upon incubation with
1,25D (100 nM) for 4 days the mRNA levels of Rhou/Wrch-1 were
decreased by 4.5-fold as determined by real-time PCR (qRT-PCR)
compared to control (no 1,25D addition) (Fig. 4A, upper panel).
In addition, Fig. 4, panel B left shows decreased expression upon
1,25D incubation for 4 days of Rho, a member of the GTPase family
which has been linked to biological pathways related to cytoskele-
tal dynamics, polarity, cell survival/apoptosis and cell proliferation,

by western blot with the corresponding densitometric analysis
(Fig. 4, panel B right).

Fig. 4, panel C, shows no changes in mRNA expression of Wnt-1
by real-time PCR (qRT-PCR) after addition of 1,25D (100 nM) for 4
days, demonstrating no activation of Wnt-1 signaling by 1,25D.
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Fig. 2. 1,25D downregulates the expression of proliferating cell nuclear antigen (PCNA). Cells treated as in Fig. 1 were incubated with or without 100 nM of 1,25D for 4
d time
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for 4 days increased the total mRNA expression of Apoptosis
Inhibitor-5/anti-apoptosis clone 11 (Api5/Aac11) (+2.16), which is
a critical determinant of dE2F1-induced apoptosis in vivo and in
vitro. Table 1 shows also an increased expression of Bcl-2 (+2.9)

Table 1
1,25D modulates the transcriptional expression of apoptosis-related genes in C3H
10T1/2 multipotent mesenchymal cells Total RNA from cells treated as in Fig. 2 was
subjected to RT-real-time PCR by the Mouse Apoptosis RT2 ProfilerTM PCR Array
and the ratios between the 1,25D-treated and 1,25D-untreated cells corrected by
GAPDH were calculated for the assays performed in triplicates.

Symbol Description Real-time PCR
array ratios
(4 days)

Api5/Aac11 Apoptosis inhibitor 5 +2.16
Atf5 Activated transcription factor 5 −2.81
Bcl-2 B-cell leukemia/lymphoma 2 +2.9
Birc5 Baculoviral IAP repeat-containing 5 (survivin) +4.53
ays. Immunocytochemistry for PCNA were performed at the end of the incubation
f positive cells (brown nuclear staining) by quantitative image analysis. ***p < 0.0
he 4 days incubation normalized by GAPDH housekeeping gene. Mean ± SEM cor
erformed for extracts from the 4 days incubation time (left) and the correspondin

.4. 1,25D exerts an anti-apoptotic effect in C3H 10T1/2
esenchymal multipotent cells

To investigate whether 1,25D might control cell number
hrough the regulation of programmed cell death, we incubated the
ells with 1,25D (100 nM) for 4 days and assessed selected apop-
otic markers by different approaches. Fig. 5 shows there was no
ignificant effect of 1,25D on the number of apoptotic cells deter-
ined by TUNEL assay (Fig. 5A, left) followed by quantitative image

nalysis (Fig. 5A, right). In contrast, Fig. 5B shows that incubation
f multipotent cells with 1,25D (100 nM) for 4 days exerts an anti-
poptotic effect decreasing the expression of pro-apoptotic genes
uch as caspase 3 by 2.12-fold (p < 0.001) as assessed by real-time
CR. Moreover, the addition of 1,25D (100 nM) to the cell culture
romotes the upregulation of anti-apoptotic markers such as Bcl-2
valuated by western blot (Fig. 5C, left) with corresponding den-
itometric analysis (Fig. 5C, right) and confirmed by RT2 PCR arrays
Table 1 Bcl-2 (+2.9)).
The anti-apoptotic effects of 1,25D on C3H 10T1/2 were fur-
her analyzed at the transcriptional level by applying the RT2

rofilerTM real-time apoptosis PCR array (PAMM-012). Table 1
hows the ratios of determinations done in triplicate after con-
inuous incubation with and without 1,25D for 4 days. Table 1
(A). Mean ± SEM corresponds to experiments done in triplicates of the percentage
) Total RNA isolation followed by real-time PCR was applied in other aliquots for
ds to experiments done in triplicates ***p < 0.001. (C) Western blots analysis was
itometric analysis (right) 200× and 400×.

shows that C3H 10T1/2 cells incubated with 1,25D (100 nM)
Casp3 Caspase 3 −2.30
BAX Bcl-2-associated X protein 1.18
BAD Bcl-2-associated death promoter 1.22
BAK BCL-2-antagonist/killer 1.36
BOK Bcl-2-related ovarian killer protein 1.29
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PKH2) and counterstaining with DAPI. Next day, cells were incubating with or with
no 1,25D addition) and 1,25D (100 nM) at 4 days (A upper panel) and at 7 days (B
xpressing the number of cells per area (�m2) (A and B, lower panels).
n agreement with the western blot shown in Fig. 5; and Bac-
loviral IAP repeat-containing 5 (Birc5) (+4.53) also known as
survivin”, a protein that inhibits apoptosis and regulates cell divi-
ion.
ells. Cells treated as in Fig. 1 were preincubated with Green Fluorescent Cell Linker
5D for 4 and 7 days, respectively. Representative pictures are presented for control

r panel) with the corresponding histograms showing the cell size distribution and
In addition, incubation of multipotent mesenchymal cells with
1,25D (100 nM) decreases the expression of select pro-apoptotic
genes such as activated transcription factor 5 (Atf5) (−2.81), which
plays an essential role in hematopoietic and glioma cell survival and
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Fig. 4. 1,25D regulates cell size through downregulation of the GTPase Rho and the
atypical rho family GTPase Rhou/Wrch-1 without intervention of Wnt-1. Total RNA
isolation from cells treated as in Fig. 2, was subjected to real-time PCR for Wrch-1
normalized by GAPDH housekeeping gene (A). Mean ± SEM corresponds to experi-
ments done in triplicates ***p < 0.001. (B) Western blot analysis was performed for
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Table 2
1,25D regulates the transcriptional expression of cell cycle related genes in C3H
10T1/2 multipotent cells. Total RNA from cells treated as in Fig. 2 was subjected
to cDNA microarrays by the Oligo GEArray, Cell Cycle gene array, and the ratios
between the 1,25D-treated and 1,25D-untreated cells corrected by GAPDH were
calculated for the assays performed in duplicates.

Symbol Description DNA microarray
ratios (4 days)

Ccna2 Cyclin A2 −2.76
Ccnb1 Cyclin B1 −2.15
Ccnb2 Cyclin B2 −2.9
Ccnd1 Cyclin D1 −2.32
Ccne1 Cyclin E1 −4.39
Ccnf Cyclin F −3.24
Cdk2 Cyclin-dependent kinase 2 −2.05
Chek1 Checkpoint kinase 1 homolog (S. pombe) −4.7

2) and Cdk4 (cyclin-dependent kinase 4) upon incubation with
1.25D (100 nM). Fig. 6C shows that the expression of the cell cycle
inhibitor p21 was negligible in the untreated C3H 10T1/2 cells, and
1,25D exposure led to much higher levels of p21 but not p27, mak-

Table 3
Confirmation of the effects of 1,25D on the transcriptional expression of cell cycle
related genes in C3H 10T1/2 multipotent cells by real-time PCR arrays. Total RNA
from cells treated as in Table 2 was subjected to RT-real-time PCR by the RT2

ProfilerTM PCR Mouse Cell Cycle Array and the ratios between the 1,25D-treated and
1,25D-untreated cells corrected by GAPDH were calculated for the assays performed
in triplicates.

Symbol Description Real-time PCR array
ratios (4 days)

Ccna2 Cyclin A2 −4.39
Ccnb1 Cyclin B1 −4.87
Ccnb2 Cyclin B2 −3.44
Ccnd1 Cyclin D1 −2.85
Ccne1 Cyclin E1 −3.21
xtracts from the 4 days incubation time for Rho normalized with GAPDH with the
orrespondent densitometric analysis. In another set of aliquots the RNA samples
ere utilized for real-time PCR for Wnt-1 normalized by GAPDH housekeeping gene

C).

euronal cell differentiation. The decreased gene expression of cas-
ase 3 (−2.30) (an executioner/effector caspase) upon incubation
ith 1,25D was further confirmed by RT2 PCR arrays. Table 1 also

hows that several members of the Bcl-2 family of genes, specifi-
ally the pro-apoptotic members such as Bax (+1.18); BAD (+1.22);
ak (+1.36) and Bok (+1.29), remain unchanged upon 1.25D incu-
ation.

.5. 1,25D promotes cell cycle arrest in C3H 10T1/2 mesenchymal
ultipotent cells

The effect of 1,25D (100 nM) on cell cycle components was eval-
ated at the transcriptional level applying the mouse cell cycle DNA
ene array (OMM-020). Table 2 shows the differential cDNA gene
xpression between the 1,25D-treated and -untreated cells, where
he computer-generated ratios of spot intensities, normalized by
ousekeeping genes are tabulated. DNA microarray analysis shows
general decrease in the gene expression of cyclins such as Cyclin
2 (−2.76), B1 (−2.15), B2 (−2.9), D1 (−2.32), E1 (−4.39), and F
−3.24), and Cyclin-dependent kinases such as Cdk2 (−2.05) and
enes related to check points such as Chek1 (checkpoint kinase 1)
−4.7). We also observed a decreased expression of PCNA (prolif-
rating cell nuclear antigen) (−2.05), which is in agreement with
he previous data provided by immunocytochemistry (ICC), real-
ime PCR and western blot; as well as a decreased expression of

aspase 3 (−2.05) and Skp2 (S-phase kinase-associated protein 2)
−2.19), a gene that specifically recognizes phosphorylated cyclin-
ependent kinase inhibitor 1B (p27) predominantly in S phase. In
rder to confirm and to expand the DNA microarray data with a
ore sensitive procedure, we performed real-time PCR arrays using
Casp3 Caspase 3 −2.05
Skp2 S-phase kinase-associated protein 2 (p45) −2.19
PCNA Proliferating cell nuclear antigen −2.05

the RT2 ProfilerTM PCR SuperArray set of primers and procedures
(PAMM-020). The ratios for triplicate determinations are shown
in Table 3 for 4 days after continuous incubation with or with-
out 1,25D (100 nM). The agreement between the ratios obtained by
DNA microarrays and RT2PCR arrays is in general adequate and pro-
vides a reasonable assessment of up- and down-gene regulation.
The results of the RT2PCR arrays provided confirmatory information
related to the cell cycle inhibitory effects of 1,25D on multipotent
cells. A substantial decrease in the mRNA expression of numerous
cyclins such as Cyclin A2 (−4.39), B1 (−4.87) and B2 (−3.44), and D1
(−2.30) which is a positive regulator of G0/G1 cell cycle progression
and a well-known promoter of cell proliferation; Cyclin E1 (−3.21);
F (−5.40); cyclin-dependent kinases such as Cdk2 (−2.05) and Cdk4
(−2.25) and genes related to cell cycle check points such as Chek1
(checkpoint kinase 1) (−3.0). Incubation of multipotent cells with
1,25D inhibits G1 to S phase progression by downregulating the
expression of the F-box protein Skp2 (p45) (−2.19) that induces
cell growth inhibition via G1 arrest.

In order to verify the effect of 1,25D not only at the tran-
scriptional but also at the translational level, several of the most
important regulators of cell cycle progression were assessed to fur-
ther confirm our previous results by western blot. Fig. 6A shows
the confirmatory result of the decreased expression of Cyclin
D1 and Cyclin D3 upon incubation with 1.25D (100 nM). Fig. 6B
shows a decreased expression of Cdk2 (cyclin-dependent kinase
Ccnf Cyclin F −4.40
Cdk2 Cyclin-dependent kinase 2 −2.05
Cdk4 Cyclin-dependent kinase 4 −2.25
Chek1 Checkpoint kinase 1 homolog (S. pombe) −3.0
Skp2 S-phase kinase-associated protein 2 (p45) −2.60
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Fig. 5. 1,25D exerts an anti-apoptotic effect in C3H 10T1/2 multipotent mesenchymal cells. Cells treated as in Fig. 2, were seeded in 8-well chamber slides for TUNEL assay
or in 6-well plates for RNA and protein isolation. At the end of the incubation period, samples were subjected to TUNEL assay where the apoptotic index (AI) was obtained
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or control and VD incubated samples (A). In another set of samples, total RNA isol
ene. Mean ± SEM corresponds to experiments done in triplicates ***p < 0.001. (B)
cl-2 normalized with GAPDH with the corresponding densitometric analysis (C).

ng p21 the main primary mediator of the 1,25D anti-proliferative
ffect in this multipotent cell model.

. Discussion

Our data demonstrate that the addition of 1,25D to mesenchy-
al multipotent cells in a time- and dose-dependent manner exerts
potent anti-proliferative effect, inducing cell cycle arrest, pro-
oting the accumulation of cells in G0/G1 phase without inducing

poptosis. This anti-proliferative effect is characterized by a reduc-
ion in the number of cells and an increase in cell size compared
o the untreated group. Specifically, we demonstrate for the first
ime, that supplementation with 1,25D decreases cell prolifera-

ion and increases cell size through the activation of Rho and
hou/Wrch-1 pathways without inducing apoptosis. In addition,
e demonstrate that 1,25D regulates genes involved in cell cycle
rogression and key pro-and anti-apoptotic pathways. Supple-
entation with 1,25D also increases the expression of survivin,
was followed by real-time PCR for caspase 3 normalized by GAPDH housekeeping
rn blots analysis was performed for extracts from the 4 days incubation time for

a potentially novel 1,25D-mediated pathway for regulating tis-
sue injury and fibrosis. These advances in our understanding of
key mechanistic pathways regulating anti-proliferative and anti-
apoptotic effects of 1,25D in a multipotent stem cell model provides
an important foundation for future therapeutic interventions such
as 1,25D analogs to selected activation of induced pluripotent stem
cells in the prevention or treatment of presently considered irre-
versible hypovitaminosis D related chronic medical conditions such
as neoplasias and hyperproliferative disorders including premature
organ fibrosis. Although the molecular mechanisms underlying
the 1,25D anti-proliferative effect have been widely studied, the
molecular mechanisms in many relevant models remain poorly
characterized. In this manuscript we first focused on unfolding

the inhibitory effect of supplementing mesenchymal multipo-
tent cells with 1,25D by different approaches. These multipotent
mesenchymal cells upon incubation with AZCT are able to differen-
tiate into multiple phenotypes, such as contractile striated muscle
cells, differentiated adipocytes and chondrocytes [16,17,19,20]. The
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ig. 6. 1,25D promotes cell cycle arrest in C3H 10T1/2 mesenchymal multipotent
cyclin-dependent kinases inhibitors). Cells treated as in Fig. 2, were seeded on 6-w
he 4 days incubation time for Cyclin D1 and D3 (A), for Cdk2 and Cdk4 (B) and p21

umber of muscle and fat cells that appear in treated cultures
epends on the concentration of 5-azacytidine (20 �M) and the

ncubation time. Differentiated cells are not observed until 10–15
ays after AZCT treatment, when the cells have passed through
everal division stages [17,19]. In our case, we performed our exper-
ments after 4 days and in same cases after 7 days when the cells

ere still in a pre-differentiated stage, which allowed us to study
he effects of 1,25D on cell proliferation when cells were still in a
ivision stage.

We showed that incubation of multipotent cells in a time- and
ose-dependent manner decreases cell proliferation as demon-
trated by the decreased expression of PCNA, a protein found in
he nucleus that acts as a cofactor of DNA polymerase delta and
ncreases the processivity of leading strand synthesis during DNA
eplication. The antibody against PCNA recognizes a 36-kDa protein
hat is present during the S phase [36]; however, in response to DNA
amage it is ubiquitinated and is associated in the RAD6-dependent
NA repair pathway, so its detection will mark cell proliferation and
NA repair processes [37]. The data presented in this manuscript
lso demonstrate that 1,25D decreases cell number and increases
ell size, a phenomenon that can be partially attributed to a reduced
xpression of Rho and Rhou/Wrch-1, but not Wnt-1.

The Rho family of proteins plays a central role in regulating
ell shape, polarity and locomotion through their effects on actin
olymerization, actomyosin contractility, cell adhesion, and micro-
ubule dynamics [38]. Rho proteins also promote reorganization
f the actin cytoskeleton and regulate cell shape, attachment, and
otility. It has been shown that overexpression of this gene is

ssociated with tumor cell proliferation and metastasis. Rhou, also

nown as Wrch-1 (Wnt-regulated Cdc42 homolog) is an atypical
ember of the Cdc42 subgroup of Rho GTPases. Rhou mRNA level

as been shown by Tao et al. to increase in response to Wnt-1 sig-
aling in Wnt-1 transformed mouse mammary epithelial cells [39].
revious work with fibroblasts and epithelial cells in culture has
by decreasing the expression of cyclins, cyclin-dependent kinases (Cdk) and Cdki
lates for protein isolation Western blots analysis was performed for extracts from
27 (C) all of them normalized for housekeeping genes with GAPDH.

shown that Cdc42 contributes to G1 cell cycle progression by pro-
moting entry into G1 and progression to S phase when expressed in
quiescent fibroblasts, whereas inhibition blocks serum-induced G1
progression [40]. Moreover, a short hairpin RNA-mediated knock-
down of Wrch-1 was shown to perturb cystogenesis in 3D culture,
suggesting that tight regulation of Wrch-1 activity is necessary for
normal epithelial morphogenesis [41].

Exploring putative mechanisms posited by Eelen et al. [12],
we found the addition of 1,25D to mesenchymal multipotent cells
blocks the transition from G1 to S phase of the cell cycle accumu-
lating cells in G1 by decreasing the expression of cyclins such as
Cyclin A2, B1, B2, D1, D3, E1 and F; as well as cyclin-dependent
kinases (Cdk) such as Cdk2 and Cdk4. Of particular interest is that
in this multipotent cell model, 1,25D G1/S-blocking effect was
accompanied by an increased expression of p21, a Cdk-inhibitor.
However, 1,25D does not increase the expression of p27, making
p21 a primary candidate for the anti-proliferative effect in C3H
10T1/2 multipotent cells. It is interesting that the stable expression
of p27 upon incubation of cells with 1,25D was accompanied by a
decreased expression of the F-box protein Skp2 (S-phase kinase-
associated protein 2) which, when expressed, positively regulates
the G1–S transition by controlling the stability of several G1 reg-
ulators, such as the cell cycle inhibitor p27, downregulating Skp2
and as a consequence causing sustained stabilization of p27, which
is a key element in the anti-proliferative and anticancer actions of
vitamin D.

In this present work, we found the decrease in cell proliferation
was not accompanied by an increase in cell apoptosis. On the con-
trary, addition of 1,25D to the cell cultures exerts an anti-apoptotic

effect, characterized by increased expression of the anti-apoptotic
protein Bcl-2, a gene that has been thought to promote cell survival
in cancer patients [42,43]. Moreover, 1,25D induced a decreased
expression of the executioner pro-apoptotic gene caspase 3. These
results are in agreement with Zhang et al. [14] who found that
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,25D inhibits hepatocyte apoptosis in rat allografts by regulating
poptotic-associated genes.

Reaffirming the anti-apoptotic effect of 1,25D in our cell model
s the fact that the gene expression of Apoptosis inhibitor 5
Api5/Aac11) increases when the cells have been incubated with
,25D. Api5/Aac11 is a critical determinant of dE2F1-induced apop-
osis in vivo and in vitro. It has been described that this functional
nteraction occurs in multiple tissues, and it is conserved from flies
o humans. Interestingly, Api5/Aac11 acts downstream of E2F and
uppresses E2F-dependent apoptosis without generally blocking
2F-dependent transcription [44].

It is interesting to note that the gene expression of the pro-
poptotic members of the Bcl-2 family such as Bax, Bad, Bak and
ok remains unchanged when the cells have been incubated with
,25D; reinforcing the anti-apoptotic effect of 1,25D in this multi-
otent cell model.

We also found an increased expression of survivin, the Baculovi-
al IAP repeat-containing 5 (Birc5). Survivin contains a baculovirus
nhibitor of apoptosis repeat (BIR) a protein domain that is a mem-
er of the inhibitor of apoptosis protein (IAP) family. Survivin

nhibits apoptosis via its BIR domain, by directly or indirectly inter-
ering with the function of caspases. Survivin is also a chromosomal
assenger protein that is required for cell division and is expressed

n embryonic tissues as well as in the majority of human cancers,
ut is not expressed in most normal adult tissues [45]. Recently,
merging evidence suggest that survivin is involved in tissue injury
nd in wound healing [46,47], which is in agreement with our pre-
ious publication regarding the antifibrotic effects of 1,25D in the
ame multipotent cell system [20].

A previous report by Wei et al. has identified the pro-apoptotic
ole of activated transcription factor 5 (ATF5) and identified Cyclin
3 as an ATF5-targeted apoptosis-related gene [48]. The same
rticle showed that the ectopic expression of ATF5 in HeLa cells
arkedly increased cisplatin-induced apoptosis and the cleavage of

aspase 3, and induced Cyclin D3 mRNA expression via cooperation
ith E2F1 transcription factor.

In summary, the addition of 1,25D, the active form of vitamin D,
o multipotent mesenchymal cells induced a decrease in cell pro-
iferation, characterized by an increase in cell size, a phenomenon
ossibly linked to decrease in Rho and Rhou/Wrch-1 expression;

t also induced cell cycle arrest, promoting accumulation of cells
n G0/G1 phase without inducing apoptosis. The data presented
n this manuscript provide a mechanistic explanation for the anti-
roliferative and anti-apoptotic properties of 1,25D observed in
esenchymal multipotent cells and provide the mechanistic foun-

ation for not only traditional therapeutic interventions such as
,25D analogs but also select activation of induced pluripotent stem
ells in targeted clinical studies.
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