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Abstract

Osteocalcin (OC) is a major noncollagenous bone matrix protein and an osteoblast marker whose
expression is limited to mature osteoblasts during the late differentiation stage. In previous studies
we have shown osteosarcomas to lose p53 function with a corresponding loss of osteocalcin gene
expression. Introduction of wild type p53 resulted in re expression of the osteocalcin gene. Using
gel shift and chromatin immunopreciptation assays, we have identified a putative p53 binding site
within the rat OC promoter region and observed an increase in OC promoter activity when p53
accumulates using a CAT assay. The p53 inducible gene Mdm2 is a well-known downstream
regulator of p53 levels. Our results showed a synergistic increase in the OC promoter activity
when both p53 and MDM2 were transiently overexpressed. We further demonstrate that p53 is not
degraded during overexpression of MDMZ2 protein. Increased OC expression was observed with
concomitantly increased p53, VDR, and MDM2 levels in ROS17/2.8 cells during treatment with
differentiation promoting (DP) media, but was significantly decreased when co-treated with DP
media and the small molecule inhibitor of MDM2-p53 interaction, Nutlin-3. We have also
observed a dramatic increase of the OC promoter activity in the presence of p53 and Mdm2 with
inclusion of Cbfa-1 and p300 factors. Our results suggest that under some physiological conditions
the oncoprotein MDM2 may cooperate with p53 to regulate the osteocalcin gene during
osteoblastic differentiation.
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Introduction

Osteocalcin (OC) is a bone gamma-carboxyglutamic acid (GLA)-containing protein which
is encoded by the OC gene (also designated as BGLAP in human) [1,2]. Human osteocalcin
(hOC) is a small (6 kDa) protein that consists of 100 amino acid residues precursor and 51 in
the mature peptide, containing a vitamin K-dependent GLA domain which strongly binds to
calcium [1,2]. OC is one of the most abundant noncollagenous bone matrix proteins,
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constituting 1-2% of total protein in human bone tissue [1]. The OC protein is specifically
expressed by osteoblasts and is a marker of osteoblast differentiation during the later stages
of bone formation where it regulates mineral deposition and turnover in bone [3]. Of note is
that the OC gene expression is generally low or absent in osteosarcomas that originate in
osteoblasts [4] and also seen in serum of prostate cancer patients with metastatic lesions in
bone [5]. Its expression level has been shown to be related to the differentiation status or
metastatic potential in these tumor cells [4,5,6].

In osteoblasts the OC gene is transcriptionally regulated by vitamin D receptor (VDR)
through its binding to the vitamin D response element (VDRE) in OC promoter [2]. Multiple
VDRE augmenting sequences (VDRE-AS) have been identified close to the VDRE site,
which can enhance the transcriptional activation by vitamin D [7]. Many other regulatory
elements have also been identified in the proximal OC promoter region, including AP-1 [8],
OSEL1 - 4[9,10], Msx2 [11], YY1 [12], and GRE [13]. The OSE2-binding factor Cbfa-1 is
the principal regulator of osteocalcin expression [14], and the transcriptional coactivator
p300 is recruited to the osteocalcin promoter by Cbfa-1 [15]. Although regulatory elements
in the OC gene have been extensively studied, the complex process of the regulation of OC
transcription still remains unclear.

The tumor suppressor p53 is a key regulator in growth control, repair and apoptosis [16]. A
number of recent studies have linked p53 to differentiation processes in different tissues
including osteobalstic differentiation and bone remodeling [17,18,19,20,21] Several bone
specific genes like osteopontin, VDR and GDF-15 have also been shown to contain p53
responsive elements (p53REs) and be regulated by p53 [22,23,24,25,26]. We have
previously found several bone specific genes to be related to the p53 status of the cell,
including OC and bone morphogenetic proteins (BMPs) [27,28,29]. In our previous study,
we have identified a potential p53RE site within the hOC promoter and we have observed
that wild-type p53 is associated with the hOC promoter activity [30].

The murine double minute (Mdm2) gene is a p53 inducible gene and encodes a type E3
ubiquitin ligase responsible for the degradation of p53 in the 26S proteosome [16]. A well-
established role for MDM2 is its feedback regulation of p53 activity: p53 binds to the
p53REs in the secondary promoter for Mdm2 and activates MDM2 expression, while the
subsequent increase of MDM2 protein results in its binding to p53 at the N-terminal 1-52
residues leading to p53 degradation [31]. However, MDMZ2 also possesses numerous p53-
independent activities, and is also known to interact with a number of other proteins, e.g.
Numb, RB, p300, insulin like growth factor receptor, estrogen receptor, and androgen
receptor, involved in different cellular activities such as cell fate determination,
differentiation, and signaling [32,33,34,35]. In the case of bone, it has been reported that
targeted disruption of Mdm?2 in this tissue causes skeletal abnormalities, osteopenia and
osteoporosis [33].

In this study we conducted experimental analyses in vitro and in vivo to further investigate
the effect of p53 and Mdm2 on the OC gene regulation. We observed that p53 exerted a
positive effect on OC expression, while inclusion of Mdm2 did not decrease but
synergistically increased the OC promoter activity. Our findings suggest that Mdm2 appears
to have a physiological role in the regulation of osteoblast gene expression.

Materials and Methods

Cell Lines, Plasmids and Cell Culture

The rat osteosarcoma cell line ROS17/2.8 was kindly provided by Dr. Rodan (Merck
Research Laboratory, West Point, PA). This cell line contains a wild-type endogenous p53
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and can be induced to express genes associated with advanced stages of differentiation and
mineralization in culture [26]. The plasmid pOSCAT3, which contains the —884- to +34-bp
region of the hOC gene, was kindly provided by Dr. Morrison [36]. One pOSCAT3-stable
ROS17/2.8 cell line was generated with transfection of the pOSCAT3 plasmid in order to
monitor the hOC promoter activity during differentiation. Wild-type p53 and Mdm2
expression vectors were kind gifts from Dr. Oren (Weisman Institute, Israel). Cbfa-1
expression vector was a kind gift of Dr. Karsenty [37], and p300 expression vector was
provided by Dr. Hottiger [38]. We obtained several p53 and Mdm2 specific short hairpin
RNA plasmids (p53shRNA and Mdm2shRNA) from Origene Company (Origene Co,
Rockville, MD) and used them in transient transfection in ROS17/2.8 cells. The ROS17/2.8
cell line was grown in DMEM/F-12 media (Gibco, Great Island, NY) with 10% fetal bovine
serum in a modified atmosphere of 95% air and 5% CO, at 37°C.

Differentiation Promoting Media (DP media) and Nutlin Treatment

Differentiation promoting media (DP media) consisted of 10% FBS in basal media plus 10
mM B-glycerophosphate and 50 ug/ml ascorbic acid. The cells were maintained in DP media
with periodic changes of every 2 days for one week. For Nutlin treatment, Nutlin-3 (Sigma-
Aldrich) was added to cultures at the final concentration of 10 uM simultaneously with DP
media.

Transient Transfections and Reporter Assays

The cell lines were transfected with pOSCAT-3 and other expression vectors using
Superfect transfection reagent (Qiagen). Fourty-eight hours after transfection the cells were
lysed and equal amounts of protein were used to measure chloramphenicol acetyltransferase
(CAT) activity using n-Butyryl CoA and 14C Chloramphenicol. The product was extracted
with xylene and radioactivity measured using a liquid scintillation counter. Nutlin treatments
(10 uM) were done 24 h after transfection. All measurements were carried out on triplicate
samples and experiments were repeated at least thrice.

Quantitative RT-PCR

Total RNAs were isolated using TRI reagent (Sigma Chemical Company, St Louis, M), and
reverse-transcribed with the High Capacity cDNA kit (Ambion). Quantitative Real-time
PCR was carried out in a ABI Prism 7300 thermocycler with specific primer sets
synthesized for rat Mdm2 and p53 (Qiagen, Valencia, CA). Cycling parameters were as
follows: 50° C for 2 min, 95° for 10 min, 45 cycles X 95° for 15 sec, and 60° for 1min,
followed by the dissociation stage. Relative Quantification of gene expression was
determined by using the 27AACT method, where fold change in gene expression was relative
to Day 0 and normalized against 18sSRNA.

Chromatin Immunoprecipitation (ChlP) Assay—ChlIP assay was conducted to
investigate the binding of p53 to the rOC promoter in ROS17/2.8 cells in vivo by using an
EZ-ChIP™ Assay Kit (Upstate, Temecula, CA) as described previously [30]. Mouse
antibody 1C12 against p53 (Cell Signaling Tech) was used in ChlP assays. The PCR primers
used to detect target sequences were as follows: 5’-TTCATGTGGGGTGTCTCTGA-3’
(forward) and 5’-CTGGGCCTTGGTCTTGAGT-3’ (reverse) for the rOC gene; and 5’-
TTCTCTGAGACCAGCA GCAAA-3’ (forward) and 5’-GTCTCTGCCTCC
ATTCATGC-3’ (reverse) for the rat p21 gene, which was used as a p53RE positive control.

Electrophoretic Mobility Shift Assay: Electrophoretic mobility shift assay (EMSA) was
conducted to test the if p53 could physically bind to the putative p53 binding sites within the
rOC promoter in vitro. A 30-bp double-stranded oligonucleotide probe, 5’-
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tacTGGCTTGTTCatcaTGGCTTGCTCagc-3’, covering the potential p53 binding site (core
nucleotides in uppercase) within the rOC promoter (Fig. 1A) were synthesized and labeled
with biotin using Biotin 3’ End DNA Labeling Kit (Pierce, Rockford, IL), and purified by
using QIAquick Extraction Kit (Qiagen). The known core p53RE sequence of the rat p21
gene, 5’-cagGAACAAGTCAAGACATGTTCagce-3’, was used as a positive control for p53
binding. The nuclear extract was prepared from ROS17/2.8 cells transfected with p53
expression plasmid by using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce,
Rockford, IL). The EMSA assay was conducted by using LightShift Chemiluminescent
EMSA Kit (Pierce, Rockford, IL) according to the instructions. For competitive EMSA, the
cold unlabeled probe was incubated in the nuclear extract for 15 min at 200-fold
concentration of bio-labeled probe before the latter was added.

Western Blot Assays

Protein lysates were prepared using MPER reagent (Pierce, Rockford, IL). A Bradford assay
was performed to determine protein concentration. Twenty-five to 50 ug of the protein was
run out on an SDS page gel, transferred onto a nitrocellulose membrane, and blocked in 5%
milk solution. Primary antibodies used in this study were mouse monoclonal p53 (Pab240)
IgG (Santa Cruz Biotech, CA), mouse monoclonal Mdm2 (SMP14) antibody (Santa Cruz
Biotech, CA), rabbit VDR (N-20) antibody (Santa Cruz Biotech), and rabbit B-Actin
antibody (Imgenex, San Diego, CA). The secondary antibodies used in Western blot were
ImmunoPure Antibodoies (Thermo Scientific, Rockford, IL) against rabbit and mouse 1gGs,
respectively. The blot was developed using SuperSignal West Pico Chemiluminescent
Substrate Kit (Thermo Scientific). Relative pixel densitometry was conducted using
UNSCAN-IT (Silk Scientific, Orem, UT) for p53, MDM2 and VDR protein after
normalization to B-Actin.

Immunoprecipitation (IP) and Immunoblotting (IB) Assays

One-hundred pg of protein lysate was incubated with primary antibody overnight. The
complex was then purified on protein A agarose beads for 2 hours at 4°C. Following
incubation the complex was washed several times, spun down, and resuspended for Western
Blot analyses. Antibodies against p53 and MDM2 (Santa Cruz Biotech, CA) as described
above were used in IP and 1B assays.

Statistical analysis

Results

Statistical analysis was performed using software GraphPad Prism 5.0 (GraphPad Software
Inc., San Diego, CA). The values given are mean = S.E.M. Statistical analysis between two
samples was performed using Student's t-test. In all cases, P < 0.05 was considered as
significant.

p53 binds to the rat osteocalcin promoter region

We have previously showed that p53 is able to bind to the hOC promoter region by using
ChIP and DNA affinity immunoblotting assays [30]. Even though the 20-bp palindromic
p53RE sequence on hOC promoter is conserved in multiple primate species, it is not present
in rat. To investigate whether there are some other p53 binding sites in the rOC gene, we
searched for a consensus p53 binding sequence in the proximal promoter region of the rOC
gene. We noticed a potential p53 binding site at the —690 to —667-bp position of the rOC
gene (Fig. 1A). This 24-bp potential p53 binding site, TGGCTTGTTCatcaTl GGCTTGCTC,
contains two, 10-nt p53-binding consensus RRRCWWGYY'Y motifs separated by a 4-nt
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spacer (lowercase letters) with only two mismatched nucleotides (underlined) in the
noncritical position [39].

To further investigate whether the p53 protein can bind to the predicted p53 binding site
within the rOC promoter, we carried out an EMSA study using a double strand probe
spanning the predicted p53 binding site with a probe containing the known p53RE site on
the rat p21 promoter as a positive control. As shown in Fig. 1B, a band shift was seen when
either the probe for rat p21 or for rOC was incubated with the nuclear extracts isolated from
p53 over-expressed ROS17/2.8 cells (Lane 2 and 5). Competition experiments demonstrated
that the binding of nuclear lysate and the rOC or p21 probes can be abolished by unlabeled
probes of an extremely high concentration (Lane 3 and 6). No band shift was observed
without the incubation of nuclear lysate (Lane 1 and 4). This result indicated that the
predicted p53 binding site within the rOC promoter can be bound by ROS17/2.8 cell lysate
in vitro.

We have previously showed that rOC is expressed during differentiation in rat ROS17/2.8
cells which contain an endogenous wild-type p53 [26]. In order to determine whether wild-
type p53 protein can bind to the putative 24-nt p53 binding site within the rOC promoter in
vivo, we then conducted a ChlP assay to investigate the occupancy of the rOC promoter by
endogenous p53 in ROS17/2.8 cells. ROS17/2.8 cells were cross-linked with 1%
formaldehyde and sheared, and DNA-protein complexes were precipitated with anti-p53
antibodies. PCR was run using primers designed to span the putative p53 binding site within
the rOC gene. A rat p21 promoter sequence containing a known p53RE site was also
included in ChIP assay to show the presence of p53 binding as a positive control. As shown
in Fig. 1C, the rOC promoter sequence (—769 to —630 bp) containing the putative 24-bp p53
binding site was selectively amplified by PCR from the chromatin-protein complex
immunoprecipitated by anti-p53 antibody, but not from the negative control precipitated by
normal mouse anti-1gG antibody. This result further supported that endogenous p53
occupies the rOC promoter region spanning the putative p53 binding site in ROS17/2.8
cells.

Stabilization and accumulation of p53 increase hOC promoter activity

In our previous studies we have showed that wild-type p53 positively regulates the hOC
gene expression by using the pOSCAT3 reporter transfected in ROS17/2.8 cells [30]. To
further understand the role of p53 on the OC gene expression, we carried out transfections
which included either an inhibitor of nuclear transport, leptomycin B, or a proteasome
inhibitor, MG132, into ROS17/2.8 cells co-transfected with pOSCAT3 and p53 expression
plasmid. Leptomycin B prevents the export of p53 protein from the nucleus to the cytoplasm
where MDM2-mediated degradation occurs, and thus promotes the p53 regulatory function
on its target genes [40]. MG132, a membrane-permeable peptide aldehyde, inhibits the
chymotrypsin-like activity of the proteasome, which stabilizes p53 and induces apoptosis in
a number of tumor cells in a time- and dose-dependent manner [41]. In the present study we
observed that both leptomycin B and MG132 significantly enhanced the human osteocalcin
promoter activity when p53 was exogenously expressed, with 8.8 and 7.6-fold increase
when compared to the control (p < 0.05 for both), respectively (Fig. 2A and 2B). Western
blot assays confirmed the increased expression of p53 protein in ROS17/2.8 cells treated
with leptomycin B or MG132 (Fig. 2C). These observations further demonstrated that the
presence of p53 facilitated the osteocalcin gene expression in a dose-dependent manner.

MDM2 has a positive effect on the osteocalcin promoter activity

MDM2 regulates p53 turnover by acting as an ubiquitin ligase and normally causes the
degradation of p53 in cytoplasm. In order to determine if MDM2 down regulates p53-
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mediated up-regulation of the osteocalcin promoter activity, we introduced Mdm2
expression vector alone or with p53 into pOSCAT3-transfected ROS17/2.8 cells. CAT
activity was measured 48 hrs after transfection. As shown in Fig. 3, our results were
contrary to what we had expected in hOC promoter activity when Mdm2 and p53 were co-
transfected and over-expressed. By itself, p53 increased the hOC promoter activity by 2.8-
fold compared to the control (p < 0.05), but Mdm2 alone had a non-significant, 2.1-fold
increase (p = 0.16) in its effect on the hOC promoter activity. However, inclusion of p53
with Mdm2 produced a synergistic up-regulation in hOC promoter activity with 6.5-fold
increase (p < 0.05) when compared to the non-transfected control (Fig. 3A). We further
noticed that the pOSCAT3 activity was significantly decreased when endogenous MDM?2
was knocked down using MDM2 specific ShRNAs (Fig. 3B). As shown in Fig. 3B, transient
knockdown of p53 produced a 50% drop in activity of the osteocalcin promoter (p), whereas
downregulation of Mdm2 expression caused a 70% drop in activity (p < 0.05) compared to
the non-transfected control. Using a double knockdown of p53 and Mdm2, a greater drop in
activity, to about 30% of the non-transfected control (p < 0.05) was seen. This suggestes the
loss of optimal levels of these proteins decreases osteocalcin promoter activity. Western blot
assays further revealed that p53 protein did not degrade when over-expressed with MDM?2
(Fig. 3C), whereas levels of p53 and MDM2 were both reduced after transfection of
shRNAs (Fig. 3D), with an exception of the increase of p53 when MDM2shRNA was
transfected alone. These results were surprising as MDM2 is known to inhibit p53 function
and reduce its level by transporting p53 out of the nucleus and aiding in p53 degradation
through the proteosomal pathway [42].

To further investigate the interaction of p53 and MDM2, we immunoprecipitated p53
protein from whole ROS17/2.8 cell lysate after transfections followed by immunoblotting
for MDM2. As shown in Fig. 3E (upper panel), exogenous expression of MDM2 produced
higher levels of p53-MDM2 complexes as detected by IB with anti-MDM2 antibody. We
also carried out immunoprecipitation with MDMZ2 specific antibody followed by
immunoblotting with p53 specific antibody (Figure 3E bottom panel). In this case, we
noticed the presence of p53 in all the samples irrespective of the amount of Mdm2
expressed. Overexpression of Mdm2 did not actually produce any dramatic reduction in p53
levels as would be expected if MDM2 caused degradation of p53. These results suggest that
there is no substantial loss of p53 with over-expression of Mdmz2, at least under conditions
used in this present study.

Disruption of p53-MDM2 binding by Nutlin-3 reduces osteocalcin promoter activity

Since p53-MDMZ2 complex appeares to positively regulate OC gene expression, we
attempted to determine whether and how disruption of the complex by the inclusion of a
small molecule inhibitor Nutlin-3 affected hOC promoter activity. As shown in Fig. 4, the
treatment of pOSCAT 3-transfected cells with Nutlin-3 caused about a 50% reduction in
basal activity of the hOC promoter when compared to the control cells (p < 0.05), while the
increase produced by co-transfection of p53 and Mdm2 was also significantly (p < 0.05)
reduced by Nutlin-3 (Fig. 4A). Western blot assays further revealed that levels of p53 and
MDM2 proteins were both individually increased after transfection. Higher levels of both
proteins were observed when Nutlin-3 treatment was also included (Fig. 4B). In the case of
p53 this may result from stabilization of the protein while in the case of MDM2, an
increased amount of the 90kDa band is a result of increased p53 inducing its expression,
also see Realtime PCR results below. These observations suggest that the p53-MDM2
complex is required for the upregulation of osteocalcin expression while disruption of the
p53-MDM2 complex by Nutlin-3 was not conducive to osteocalcin activity.

To further investigate the effect of Nutlin-3 on p53-Mdm2 interaction, we
immunoprecipitated whole cell lysates from the co-transfection of p53 and Mdm2 with
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MDM2 antibody and then probed for the presence of p53 associated with MDM2. As shown
in Fig. 4C, treatment of Nutlin-3 produced a substantial decrease in the amount of p53
bound to MDM?2 in both control and co-transfected cell lysates, suggesting that Nutlin-3 was
indeed able to disrupt the binding of p53 and MDM2, and consequently the loss of p53 in
complex with MDMZ2 caused a reduction in the hOC promoter activity.

Differentiation promoting (DP) media increase osteocalcin, p53 and Mdm2 gene

expression

We have previously showed that human osteocalcin promoter activity concomitantly
increases with p53 levels in a time-dependent manner when the cells are exposed to a DP
media [30]. To further investigate changes in the rat osteocalcin expression, we measured
rOC mRNA expression using real-time quantitative RT-PCR. Relative quantification of
gene expression is shown as fold change relative to Day 0 and normalized against 18sSRNA.
We also measured expression of p53 and Mdm2 in the rat ROS17/2.8 cells after periodic
exposure to DP media (0, 2, 4, 6, and 8 days), at both the level of transcript by quantitative
RT-PCR and protein level by using Western Blot assays. As shown in Fig. 5, increased rOC
MRNA levels were observed after the second day exposed to DP media, with the maximal
level on Day 4 of about 5.6-fold increase when compared to Day 0 (p < 0.05; Fig. 5A).
Elevated rOC mRNA expression was also seen on Day 2 and Day 6 with 2.4- and 3.5-fold
increase (p < 0.05) respectively when compared to the Day 0. Increased levels of both p53
mMRNA and protein were also observed during DP treatment (Fig. 5B and 5D). Quantitative
RT-PCR showed the highest p53 mRNA level on Day 2 with 2.9-fold increase (p < 0.05)
when compared to Day 0 (Fig. 5B), while Western blot showed the highest protein level was
observed on Day 4 (Fig. 5D). At the transcriptional level, the expression of Mdm2 was
observed with periodic increase on Day 2, 4 and 6 after DP treatment by using quantitative
RT-PCR with 2.4, 2, and 2.1-fold increase (p < 0.05), respectively (Fig. 5C). Western blot
assay also showed increases of MDMZ2 protein expression with the highest level on Day 4
(Fig. 5D). These observations show the parallel increase of p53 and rOC expression in a
time-dependent manner in ROS17/2.8 cells during osteoblastic differentiation, with
simultaneous changes of Mdm2 expression in ROS17/2.8 cells during DP treatment.

Nutlin-3 decreases osteocalcin and p53 but increases Mdm2 expression

To test the impact of Nutlin-3 on the expression of rat OC gene, we then treated ROS17/2.8
cells with DP media combined with Nutlin-3 at the final concentration of 10 uM, and
detected mRNA transcripts for OC, p53 and Mmd2 on day 2, 4 and 6 after Nutlin-3
treatment by using real-time PCR. Protein expression was also detected by Western blot for
p53 and Mdm2. We were unable to obtain sufficient amount of good quality RNA from
Nutlin-treated cells on Day 8 due to extensive cell death as result of high p53 levels. As
shown in Fig. 5A, compared to Nutlin-3 untreated cells, a significant decrease of OC mRNA
expression was observed in Nutlin-3 treated ROS17/2.8 cells on Day 4 (5.6+1.3 vs. 1.4+0.4,
p < 0.05) and Day 6 (3.5+0.7 vs. 2.2+0.4, p<0.05) while a slight decrease on Day 2 (2.4+0.7
vs. 1.9+0.7, p>0.05). We also found that p53 mRNA levels were significantly decreased on
Day 2 (0.740.2 vs. 2.9+0.3, p < 0.05), Day 4 (0.6+0.2 vs. 1.6+0.5, p < 0.05) and Day 6
(0.3+0.3 vs. 1.2+0.3, p < 0.05) after Nutlin-3 treatment (Fig. 5B). However, p53 was
stabilized by Nutlin-3 treatment, due to inhibition of MDM2 by the drug, allowing it to
avoid degradation (Fig. 5D). Enhanced levels of p53 were probably responsible for inducing
higher levels of both Mdm2 mRNA and protein expression in Nutlin-3 treated cells (Fig. 5C
and 5D). These results show that the basal levels of OC expression correlated well to the
amount of p53-MDM2 complex rather than that of individual p53 or MDM2 levels. This
suggests that the two proteins need to be physically bound in the regulation of OC
expression.
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Activation of OC expression through VDR depends on the presence of p53-MDM2 complex

VDR is known as an important activator of OC gene, while it itself is a target of p53 [23].
We have previously showed an additive effect of VDR and p53 on the OC transcription. To
further understand the role of p53 and MDM2 on the activation of VDR for OC expression,
we investigated the VDR protein expression in ROS17/2.8 cells treated with DP media with
or without Nutlin-3. As shown in Fig. 5D, we observed a similar pattern of VDR protein
expression to those of p53 and MDMZ2 in ROS17/2.8 cells treated with DP media. The
highest level of VDR protein was seen on Day 4 with the highest expression level of OC
MRNA, p53 protein and MDM2 protein. On the other hand, in ROS17/2.8 cells treated with
both DP media and Nutlin-3, VDR protein levels were much higher, as well as, a significant
decrease of OC expression when compared to DP treatment alone (Fig. 5A and 5D). These
results suggest that high levels of VDR by itself were incapable of up regulating OC gene
transcription even though the OC gene contains a Vitamin D response element and is known
to be an important regulator of its expression [7].

P53 and MDM2 may function as part of a multiprotein complex in the regulation of the OC

gene

The OC gene regulation is well studied and several different proteins are involved in binding
to the 884bp promoter region and affecting gene expression. Cbfa-1 is believed as a
principal regulator to bind to its recognition sites on the OC promoter [43]. Additionally the
transcriptional coactivator p300 is recruited to the OC promoter by Cbfa-1 [14]. These
interactions have been known to stabilize the interactions between multiple protein factors
that bind around the promoter [14]. We therefore performed our transfections by including
expression constructs for these two factors along with p53 and Mdm2. As expected of a
coactivator, the presence of p300 substantially increased osteocalcin basal activity several
fold. Individually all constructs had a positive effect on osteocalcin promoter activity (not
shown for all but just p53). As shown in Fig. 6 while all of them had an effect on osteocalcin
promoter activity, neither one of them individually showed an increase. Cbfal is inhibited
by p53 [33] and this may partly explain some of these results. The individual gene products
also compete for p300 and this might also be responsible for some of the results seen.
However, inclusion of the expression constructs simultaneously produced a synergistic
increase in osteocalcin promoter activity with about 24-fold when compared to the control,
suggesting that optimal activity of the osteocalcin promoter may require a number of
different proteins of which p53 and perhaps Mdm2 may represent physiologically important
factors.

Discussion

OC is a small protein expressed and secreted solely by osteoblasts and thought to play a role
in the body's metabolic regulation, bone-building, bone mineralization and calcium ion
homeostasis [44]. Recent studies have suggested OC may behave as a hormone in
influencing insulin secretion from pancreas beta cells [44,45]. More recently, studies have
suggested a probable role in male fertility [46]. OC is also expressed in androgen-
independent prostate cancer cells. These observations suggest regulatory mechanisms
governing OC gene expression may be more global than previously understood.

We have in earlier studies established that ostseosarcomas show p53 gene rearrangements
resulting in loss of p53 expression. OC expression is absent with functional loss of p53 in
osteosarcoma cells, while introducing wild-type p53 allowed cells to regain OC expression
and advanced differentiation both in vivo and in vitro [27,28]. The present study shows that
the positive effect of p53 on osteocalcin gene expression may be mediated through its direct
binding to the OC promaoter. This observation is not surprising, given the fact that several
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bone specific genes, like VDR, osteopontin and GDF-15, appear to harbor one or more p53
response elements and are also regulated by p53 [22,23,24,25,26]. While there are several
studies showing a role for p53 in tissue differentiation [47,48], the exact mechanism of
action has not been elucidated. Direct transcriptional activation of key tissue specific genes
may be one mechanism. There is still a debate in the literature on the question of whether
p53 is an inhibitor or activator of differentiation [33,49]. It is very likely that p53 behaves as
an inhibitor during the early phase of osteoblast differentiation when cell proliferation and
matrix deposition occurs. Transcription factors Cbfa-1 and osterix are required for the
different phases of differentiation and p53 likely acts as an inhibitor during these stages
[33,49]. But since bone remodeling is a life-long process and proceeds through cycles or
bone growth and resorption [50], it is also easy to see how p53 function may be important to
protect the process from deregulation. Osteocalcin is produced during late mineralization
stage and its presence is thought to trigger bone resorption [3]. However, newer roles that go
beyond bone have been attributed to this gene. The fact that the osteocalcin gene requires
changes to its nucleosome structure before it is made transcribable [51] along with its tight
regulation suggests that its functional significance may be currently underestimated.

Our results showing an effect with Mdm2 on OC expression were unexpected, given the
well-established role for this protein in the down-regulation of p53. Recent studies have
highlighted an important role for the p53-Mdm2 network in the maintenance of the
progenitor cell population [52]. It is therefore becoming clear that even under unstressed
conditions, interactions between p53 and Mdm2 play an important role in normal
development. While the exact role of Mdmz2 in the regulation of the osteocalcin gene in not
completely evident, it appears to facilitate rather than inhibit the effect produced by p53.
There is no appreciable loss of p53 when both proteins are expressed together and therefore
Mdm2-induced loss of p53 does not happen under unstressed conditions at least in
osteoblasts. Rather the presence and balance of both proteins appear to be necessary for this
process. In this respect our results with Nutlin-3 treatment are revealing and show that
stabilization of free p53 is inhibitory while its presence with Mdm2 promotes osteocalcin
gene expression. There are several observations in the literature regarding p53 independent
roles for Mdm2 [32,34,53], and this protein has been found as part of a complex with p53
and other proteins on DNA especially in instances steroid hormones are involved [54,55,56].
Mdm2 has also been found to be present on DNA targets of p53 such as p21 along with p53,
and it has been suggested that Mdm2 may be important to recruit p53 to chromatin [57].

Recent studies have suggested caspase 2 mediated cleavage of Mdm2’s RING finger domain
a region directly responsible for p53 ubiquitination, is important for maintaining p53’s
stability and transcriptional activity [58]. In an earlier study investigators report caspase
mediated Mdm2 cleavage to be a common feature of non-apoptotic cells [59] suggesting that
under physiological conditions Mdm2 may be cleaved to stabilize p53. This would support
some of our results reported here. Therefore, under some physiological conditions it is
possible that Mdm2 has a role in aiding in the maintenance of tissue homeostasis along with
p53.
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Figure 1. p53 binds to the rOC promoter region

(A) The rat OC promoter region contains a putative p53 response element at the position of
—690 to —667 bp. The TATA box site is also indicated. Black boxes and Numbers, exons.
(B) EMSA assay. NE, nuclear extracts from p53 over-expressed ROS17/2.8 cells; Labeled,
Biotin-labeled probes; Unlabeled, competitive probes. (C) ChIP assay. Rat ROS17/2.8 cells
were cross-linked, sonicated and then immunoprecipitated using an anti-p53 monclonal
antibody. The known p53RE sequence in the rat p21 promoter was used as a p53RE positive
control. Input, sonicated and precleared supernatant; 1P-p53, p53 antiboby-
immunoprecipitated samples; IgG, negative controls treated with normal mouse IgG
antibody.

Suggestion for this figure: use a TRANSFAC matrix motif in place of the old paper, as it is
more current and gives a better representation of the possible nucleotides at each location.
Also, for 1B, you cannot be certain that p53 is binding to the EMSA motif as there is no
supershift by an antibody specific to p53 and a cell lysate was used.
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Figure 2. Leptomycin B and MG132 both increase the hOC promoter activity

The 884-bp pOSCAT3 construct was transiently co-transfected into ROS17/2.8 cells with
p53 expression vector, with or without 5 nM leptomycin B (A) or 20 uM MG132 (B). The
CAT assays were done 48 hr after transfection, and the data are representative of 6-8
independent experiments. P values were determined by Student’s t-test. **, P < 0.05. (C)
p53 and Mdm2 proteins were detected by Western blotting with B-Actin as a control.
Relative expression levels of p53 and Mdm2 are indicated after normalizing to B-Actin.
LPB, leptomycin B.
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Figure 3. Mdm2 synergizes with p53 in the regulation of the hOC promoter activity

(A) CAT assay for the human OC promoter activity was conducted in ROS17/2.8 cells with
transient transfections of pOSCATS3, p53 and/or Mdm2 expression vectors. All the data is
representative of 6-8 independent experiments. (B) Reduction of endogenous p53 and
Mdm?2 levels reduces the osteocalcin promoter activity. p53 and Mdmz2 expression was
reduced using respective ShRNA in transient transfections with the pPOSCAT3 and the CAT
activity was measured 48 hr later. The results represent average +SE of triplicates of an
experiment that was repeated thrice. P values were determined by Student’s t-test. **, P <
0.05. (C) and (D), p53 and Mdm2 levels were detected by Western blotting in ROS17/2.8
cells co-transfected with p53 and Mdm2 expression vectors or ShRNAs. Relative expression
levels of p53 and Mdm?2 are indicated after normalizing to B-Actin. (E) Immunoprecipitation
(IP) and immunoblotting (1B) assays for detection of p53-Mdm2 binding complex. Equal
amounts of lysates from the above experiments were immunoprecipitated with p53 (the
upper panel) or Mdm2 (the bottom panel) and followed by IB with Mdm2 or p53 antibodies,
respectively.
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Figure 4. Disruption of p53-Mdm2 interaction with Nutlin-3 reduces the hOC promoter activity
(A)Transient transfections were carried out with pPOSCAT3, p53 and/or Mdmz2 in the
presence and absence of Nutlin-3. The experiment was repeated thrice in triplicates and a
representative result is shown. P values were determined by Student’s t-test. **, P < 0.05.
(B) p53 and Mdm2 proteins were detected by Western blotting with B-Actin as a control.
Relative expression levels of p53 and Mdm2 are indicated after normalizing to p-Actin. (C)
Treatment with Nutlin-3 reduces p53 association with Mdm2. Equal amounts of lysates from
the above experiment was immunoprecipitated with Mdm2 followed by Western blotting
with p53 antibodies to determine the amount of p53 bound to Mdm2 under the conditions of
the experiment.
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Figure 5. DP media and Nutlin-3 treatments cause to changes in the expression levels of rOC,
p53, and MDM2

(A) to (C), Rat ROS17/2.8 cells were exposed to DP media with or without 10 uM Nutlins,
and the mRNA levels of p53, Mdm2 and osteocalcin were determined using a quantitative
RT-PCR method. Relative quantification of gene expression was determined by using fold
change relative to Day 0 and normalized against 18sRNA. DP experiment with Nutlins
could not be extended longer than 6 days due to massive apoptosis of cells. P values were
determined by Student’s t-test. **, P < 0.05. (D) The expression of endogenous p53, VDR
and Mdmz2 proteins were detected using Western blotting in ROS17/2.8 cells subjected to
the treatment of DP media with or without Nutlins. Relative expression levels of p53, Mdm2
and VDR proteins are indicated after normalizing to B-Actin.
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Figure 6. Inclusion of known Cbfa-1 and p300 optimizes the hOC promoter activity in the
presence of p53 and Mdm2

CAT assay for the human OC promoter activity was conducted ROS17/2.8 cells with
transient transfections of pOSCATS3, p53, Mdm2, Cbfa-1 and p300 expression vectors. All
the data is representative of 3—4 independent experiments.
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