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The E3 ubiquitin protein ligase MDM?2 dictates all-trans
retinoic acid-induced osteoblastic differentiation of
osteosarcoma cells by modulating the degradation of RAR«

M Ying', L Zhang', Q Zhou', X Shao', J Cao', N Zhang? W Li%, H Zhu', B Yang' and Q He'

Retinoic acid receptor alpha (RARa) has a critical role in the differentiation process of osteosarcoma cells induced by all-trans retinoic acid
(ATRA). However, degradation of RARa through ubiquitin proteasome pathway weakens the differentiation efficiency of osteosarcoma
cells. In this study, we discover that murine double minute-2 (MDM2) acts as an E3 ubiquitin ligase to target RARa for degradation.
We observe that MDM2 is required for RARa polyubiquitination and proteasomal degradation because downregulation of MDM2 by
short hairpin RNA results in the accumulation of RARa, and MDM2 overexpression promotes the degradation of RARa. We also
demonstrate that the N-terminal domain of MDM2 (amino acids 1-109) is the major RARa-binding site. Importantly, endogenous MDM2
levels are not only upregulated in human primary osteosarcoma blasts but are also inversely correlated with the level of osteopontin,
which is a marker of bone differentiation. Moreover, MDM2 impairs the ATRA-induced osteoblastic differentiation of osteosarcoma cells,
whereas an inhibitor of the MDM2 ubiquitin ligase synergizes with ATRA to enhance the differentiation of osteosarcoma cells and
primary osteosarcoma blasts. Therefore, our study indicates that MDM2 serves as an E3 ubiquitin ligase to regulate the degradation of
RARa and suggests that MDM2 is a novel therapeutic target for ATRA-based differentiation therapeutic approaches in osteosarcoma.
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INTRODUCTION

Retinoic acid is a vitamin A derivative that has major effects on
biological processes, such as cell differentiation and embryo
pattern formation.! Numerous experiments have shown that
all-trans retinoic acid (ATRA) and its derivatives are potent agents
that induce the osteoblastic differentiation of mouse and rat
mesenchymal stem cells and preosteoblasts.>> Our group and
others have found that ATRA induces the osteoblastic differentia-
tion of osteosarcoma cells in vivo and in vitro*® All of these
studies suggest that ATRA can restore normal osteogenesis, and
ATRA-based differentiation therapeutics might be feasible for
osteosarcoma. However, no clinical applications for ATRA for
patients with osteosarcoma have been reported. Hence, research
strategies that seek to further sensitize osteosarcoma cells to
retinoids and increase the effectiveness of differentiation therapy
for osteosarcoma patients are key avenues of investigation.

The biological effects of ATRA are mediated by two families of
nuclear receptors, retinoic acid receptor (RAR) and retinoid X
receptor (RXR), which work as RAR/RXR heterodimers and bind to
retinoic acid response elements in the promoter regions of
retinoid-responsive genes.” Recently, our group and others have
reported that RARa exert an important role in the ATRA-induced
differentiation process of osteosarcoma cells*®°  However,
previous studies have demonstrated that RARs are degraded
by the ubiquitin-proteasome pathway (UPP),”>~'" which might limit
ATRA-mediated differentiation effects on osteosarcoma. Thus
these observations led us to study the mechanism of the
degradation of RARa in osteosarcoma cells.

The human homolog of murine double minute-2 (MVDM2) is an
oncogene overexpressed in different types of malignancies,'*'?

and it has an important role in the development and progression
of cancers. MDM2 mainly functions, if not exclusively, as an E3
ligase."*'® This protein targets various substrates for mono- and/
or poly-ubiquitylation, thereby regulating their activities, for
instance, by controlling their localization and/or levels by
proteasome-dependent degradation.'®?° In addition, the MDM2
gene was found to be amplified in 30-40% of human sarcomas,
including osteosarcoma.?'** Therefore, we were encouraged to
investigate whether MDM2 acts as an E3 ligase to regulate the
stabilization of RARa and further illustrate the function of MDM2 in
the ATRA-induced differentiation process.

Here we report that MDM2 has a critical role in modulating the
stability of the RARa protein. Moreover, MDM2 impairs ATRA-
induced osteoblastic differentiation in osteosarcoma cells and
primary osteosarcoma blasts. Thus our findings reveal a critical
and novel mechanism involved in the ATRA-induced differentia-
tion of osteosarcoma where MDM2 impairs osteosarcoma
differentiation by modulating the stability of RARa. Additionally,
our results identify MDM2 as a potent therapeutic target of
differentiation therapy in osteosarcoma.

RESULTS

RARa degradation is accompanied by MDM2 upregulation and

cytoplasmic translocation during ATRA-induced differentiation

Constitutive degradation of RARa has been reported to weaken
the ATRA differentiation efficiency,?® therefore, we first validated
RARa degradation in ATRA-treated osteosarcoma cells. As
expected, ATRA treatment induced rapid degradation of RARa in
U20S cells (Figure 1a). Interestingly, the MDM2 protein expression

'Zhejiang Province Key Laboratory of Anti-Cancer Drug Research, College of Pharmaceutical Sciences, Zhejiang University, Hangzhou, China and “Department of Orthopedics,
The Second Affiliated Hospital of Zhejiang University, Zhejiang University, Hangzhou, China. Correspondence: Professor Q He or B Yang, Institute of Pharmacology and
Toxicology, College of Pharmaceutical Sciences, Zhejiang University, Room 113, No. 866 Yuhangtang Road, Hangzhou 310058, China.

E-mail: giaojunhe@zju.edu.cn or yang924@zju.edu.cn

Received 21 December 2014; revised 30 November 2015; accepted 4 December 2015


http://dx.doi.org/10.1038/onc.2015.503
mailto:qiaojunhe@zju.edu.cn
mailto:qiaojunhe@zju.edu.cn
http://www.nature.com/onc

MDM2 impairs differentiation by targeting RARa

M Ying et al
2
a c DAPI MDM2 Merge d
ATRA 0 1 2  3days = MDM2
kDa
10 um '(.9_5,
—i +—i
S 0
b amra o 1 2h \pa s
_55 Control ATRA
e [ | SV
e f cytoplasm nucleus
ATRA -+ = & =k +
AJ!\F/(‘Q = + = + LMB - - + + - - + t  \Da
- - +  +
kDa — - e — - |-
oara [ -5 o=~ - =
£ MDM2 - - — -100
orcn [ ]+ | '
GAPDH [ -40
LaminB —_— — — =70

Figure 1. ATRA-triggered RARa degradation is accompanied by MDM2 upregulation and cytoplasmic translocation. (a) ATRA triggers
degradation of RARa. U20S cells were treated with 1 pum ATRA for 0-3 days, and RARx expression was determined by western blotting.
(b) ATRA upregulates MDM2. U20S cells were treated with 1 pm ATRA for 0-2 h, and the expression levels of MDM2 and RARa were
determined by western blotting. (c) ATRA promotes the cytoplasmic translocation of MDM2. U20S cells were treated with ATRA, and the
subcellular localization of MDM2 was assessed by immunofluorescence. (d) MDM2 nuclear: cytoplasmic (N/C) ratios for immunofluorescently
stained U20S cells. The data are presented as the mean =+ s.d. of three independent experiments. **P < 0.01. (e) LMB inhibits ATRA-induced
RARx degradation. U20S cells were pretreated with LMB for 2 h followed by ATRA treatment for 6 h. RARx expression was determined by
western blotting. (f) LMB inhibits ATRA-induced MDM2 translocation and RARx degradation. U20S cells were pretreated with LMB for 2 h
followed by ATRA treatment for 6 h. Nuclear and cytoplasmic fractions were prepared and analyzed by immunoblotting with the indicated

antibodies.

level in U20S cells was significantly upregulated after ATRA
treatment accompanied by downregulation of the RARa protein
(Figure 1b). Hence, we were prompted to investigate whether the
upregulation of MDM2 was related to the degradation of RARa. It
has been reported that MDM2 is an ubiquitin ligase that, when
localized to the cytoplasm, ligates ubiquitin to substrates, such as
p53 and itself, thus targeting both proteins for proteasomal
degradation.m’24 Therefore, we determined that MDM2 shuttles
between the nucleus and cytoplasm in immunofluorescence
assays. As illustrated in Figure 1c and Supplementary Figure S1,
MDM2 mainly existed in the nucleus in U20S cells, while ATRA
treatment caused MDM2 to shuttle from the nucleus to the
cytoplasm. The cytoplasm translocation of MDM2 was also
quantified by calculating nuclear-to-cytoplasmic pixel intensity
ratios from immunofluorescently stained cells (Figure 1d). Further-
more, when U20S cells were pretreated with leptomycin B (LMB),
a specific nuclear export inhibitor followed by ATRA treatment, the
ATRA-induced degradation of RARa was significantly blocked by
LMB (Figure 1e), which strongly indicated the involvement of
MDM2 cytoplasmic translocation in the degradation of RARa upon
ATRA treatment. Nuclear and cytoplasmic fractions were prepared
from U20S cells and the distribution of RARa and MDM2 proteins
were further analyzed. The results indicate that RARa and MDM2
proteins are present in both the nucleus and cytoplasm; ATRA
treatment caused RARa and MDM2 to shuttle from the nucleus to
the cytoplasm, whereas LMB obviously inhibited this translocation
(Figure 1f). Altogether, our results suggest that ATRA-induced
RARa degradation may be regulated by MDM2.

MDM?2 promotes the degradation of RARa

To further validate the MDM2-mediated regulation of RARa
degradation, we manipulated the MDM2 levels in U20S cells
and then determined the stability of RARa. As shown in Figure 2a,
both ATRA treatment and transfection with a myc-MDM2 plasmid
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led to significant reduction in the RARa protein level compared
with control cells, and MDM2 transfection further enhanced the
ATRA-induced reduction of RARa. However, MDM2 C464A, a RING
finger mutant with cysteine changed to alanine leading to loss of
its E3 ligase activity, lost the ability to downregulate the RARa
protein level (Figure 2b), indicating that the E3 ligase activity of
MDM2 is involved in the downregulation of RARa. Consistent with
these results, knockdown of MDM2 expression by a specific short
hairpin RNA (shRNA) remarkably upregulated the RARa protein
levels (Figure 2c). Moreover, the depletion of MDM2 by transfec-
tion with shRNA plasmids also prolonged the half-life of
endogenous RARa protein in U20S cells (Figure 2d). Thus these
results suggest that MDM2 promotes the degradation of RARq,
and the E3 ubiquitin ligase activity of MDM2 might be required for
the degradation of RARa.

MDM2 directly interacts with endogenous and exogenous RARa

To gain insight into the mechanisms underlying the degradation
of RARa mediated by MDM2, we first examined whether MDM2
regulates RARa via direct interaction. Immunofluorescence results
demonstrate that endogenous MDM2 partially colocalizes with
endogenous RARa in the nucleus in control U20S cells.
Significantly, endogenous MDM2 localized in cytoplasm were
co-stained for endogenous RARa after ATRA treatment, suggesting
that interaction between these two proteins may exist (Figure 3a).
Consistently, exogenous MDM2 also colocalized with exogenous
RARa in COS7 cells transfected with myc-MDM2 and Flag-RARa
(Supplementary Figure S2). Furthermore, this interaction was
further validated by immunoprecipitation (IP). U20S cell extracts
were subjected to IP with anti-RARa or anti-IgG (anti-immunoglo-
bulin G) antibody as control. As shown in Figure 3¢, MDM2 was
precipitated by anti-RARa but not by the control, indicating that
endogenous MDM2 may interact with endogenous RARa. Similarly,
ectopically expressed MDM2 and RARa were coprecipitated in
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Figure 2.
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MDM2 reduces RARa protein levels. (@) Overexpression of MDM2 decreases the RARa protein levels. U20S cells were transfected

with vector or myc-MDM2 plasmids followed by ATRA treatment for 12 h. RARx and MDM2 expression were determined by western blotting.
(b) Mutated MDM2 (C464A) loses the ability to decrease RARa. U20S cells were transfected with vector, MDM2 or MDM2-C464A constructs for
48 h, and then the expression levels of RARx and MDM2 were determined. (c) Depletion of MDM2 elevates the protein levels of RARx. U20S
cells were transfected with scramble or shRNA MDM2, and the protein levels of RARx and MDM2 were detected. (d) Knock down of MDM2
decreases the degradation of RARa. U20S-shRNA scramble or U20S-shRNA MDM2 cells were treated with 10 pg/ml cycloheximide (CHX) for
the indicated times, and the protein level of RARa were determined. The relative RARa levels normalized to f-Actin were indicated as

mean =+ s.d.

COS7 cells overexpressing both proteins, but little or no
coprecipitation occurred in cell lysates immunoprecipitated with
anti-lgG antibody (Figure 3d). In total, these data support our
hypothesis that MDM2 and RARa specifically interact.

To define the MDM2 region required for RARa binding, COS7
cells were transfected with RARa together with four MDM2
deletion constructs fused to a myc-tag. Cell extracts were then
immunoprecipitated with an anti-myc antibody, and the results
demonstrated that deletion of MDM2-A1 (1-109) abolished its
interaction with RARq, while wild-type and other MDM2 deletions
could interact with RARa (Figure 3e). Consistent with this result, no
decrease in RARa protein levels was observed with MDM2-A1
overexpression, while wild-type MDM2 significantly downregu-
lated RARa expression (Figure 3f). Previous studies reported that
the 1-109-residue amino-terminal domain of MDM2 is required for
binding to p53,%> which overlaps with the region of MDM2 that
interacts with RARa. In addition, nutlin-3, a reported MDM2
antagonist, binds to MDM2 in its p53-binding pocket.?® Thus we
investigated whether the interaction between MDM2 and RARa
could be disrupted by nutlin-3. As presented in Figure 3g, nutlin-3
could significantly decrease the interaction between MDM2 and
RARa. Furthermore, while the MDM2 protein levels were
significantly increased by nutlin-3, which was in agreement with
other reports,®” the RARa protein levels decreased by ATRA were
reversed by nutlin-3 treatment (Figure 3h). Both of these results
indicate that the 1-109-residue amino-terminal domain of MDM2
is critical for RARa binding. In summary, our data clearly
demonstrate that RARa may be directly conjugated to MDM2.

MDM?2 promotes RARa polyubiquitination in vivo and in vitro

To confirm the role of MDM2 as an E3 for RARa polyubiquitination,
we established RARa in vivo and in vitro ubiquitination assays.
U20S cells were overexpressed with MDM2 protein. And 24 h
later, the cells were treated with ATRA for 12 h, followed by
MG132 treatment for an additional 8 h. As demonstrated in
Figure 4a, polyubiquitinated RARa accumulated in ATRA plus
MG132-treated cells, while MDM2 overexpression further
enhanced the accumulation of polyubiquitinated RARa (lane 6
vs lane 10). Consistent with these results, knockdown of MDM2
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expression by a specific shRNA significantly reduced RARa
ubiquitination (Figure 4b, lane 6 vs lane 10). Therefore, these
results demonstrate that MDM2 mediates the polyubiquitination
of RARa in vivo. To further assess whether the E3 ligase activity of
MDM?2 is required for RARa polyubiquitination, we overexpressed
a mutant MDM2 (C464A) construct in U20S cells. Our results
demonstrated that RARa ubiquitination was significantly
decreased in U20S cells transfected with mutant MDM2 (C464A)
when compared with cells transfected with wild-type MDM2
(Figure 4c, lane 6 vs lane 10). Furthermore, in vitro ubiquitination
assays were also performed to confirm the role of MDM2 as an E3
for the polyubiquitination of RARa. In this assay, polyubiquitina-
tion of RARa was observed only in the presence of E1, E2, MDM2
and ubiquitin (Figure 4d). This result corroborates the in vivo
ubiquitination results and indicates that MDM2 functions as an
ubiquitin E3 ligase for RARa.

MDM2 impairs the ATRA-induced osteogenic differentiation of
osteosarcoma cells

As the degradation of RARa has been reported to limit ATRA-
mediated differentiation,*’®'" we next asked whether MDM2 has
a critical role in ATRA-induced cell differentiation. We first
determined the expression levels of MDM2 in primary osteosar-
coma tissues using immunohistochemistry assay. As shown in
Figures 5a and b, 19 of the 23 osteosarcoma cases (82.6%) were
determined to demonstrate positive expression for MDM2. More-
over, the correlation between the degree of differentiation and
MDM?2 expression was detected by analyzing the expression level
of osteopontin (OPN), a marker of bone differentiation. As
illustrated in Figures 5c and d, all four cases with negative
MDM?2 expression were found positive for OPN expression. Among
the remaining 19 cases with moderate-to-intense MDM2 expres-
sion, only 5 cases showed positive OPN expression. Four
representative cases (0OS5-0S8) are displayed in Figure 5c. An
inverse correlation between these two proteins is also found to be
statistically significant (R=-0.712, P <0.001). These results
suggest a connection between high MDM2 expression levels
and poor differentiation degree in primary osteosarcoma tissues.
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Figure 3.

MDM2 forms a complex with RARa in vivo and in vitro. (a) Colocalization of endogenous MDM2 and RARa. U20S cells were treated

with ATRA for 6h and then subjected to immunofluorescence staining with anti-RARx and anti-MDM2 antibodies. (b) Interaction between
endogenous MDM2 and RARa. U20S cell lysates were immunoprecipitated with anti-RARa antibody followed by immunoblotting with anti-
MDM2 antibody. (c) Interaction between ectopic MDM2 and RARa. COS7 cells were transfected with Flag-RARx and myc-MDM2 plasmids for
48 h, and cell lysates were then immunoprecipitated with anti-Flag antibody followed by immunoblotting with an anti-myc antibody. (d) The
N-terminus (1-109) of MDM2 is required for RARx binding. COS7 cells were co-transfected with RARa and different MDM2 mutants. Cell lysates
were immunoprecipitated with anti-myc antibody followed by immunoblotting with anti-RARa antibody. Diagram of the different MDM2
deletion mutant constructs are illustrated. (e) Mutated MDM2 (A1-109) loses the ability to decrease RARa. U20S cells were transfected with
the MDM2 or MDM2 (A1-109) constructs for 48h. Cell lysates were immunoblotted with anti-RARx and anti-myc antibodies. (f) Nutlin-3 blocks
the interaction between MDM2 and RARa. U20S cells were transfected with Flag-RARx and myc-MDM2 plasmids followed by nutlin-3
treatment, and cell lysates were then immunoprecipitated with anti-myc antibody followed by immunoblotting with an anti-RARa antibody.
(g) Nutlin-3 reverses the degradation of RARx induced by ATRA. U20S cells were treated with 1 um ATRA in the presence of 10 um nutlin-3 for

3 days, and cell lysates were then immunoblotted with anti-RARx or anti-MDM2 antibody.

Using overexpressing or silencing MDM2, the proliferation-
inhibition and differentiation-induction effects of ATRA were
evaluated. As illustrated in Figure 6a, compared with vector
controls, MDM2 overexpression inhibited the sensitivity of U20S
cells to ATRA-inhibited proliferation, while MDM2 deletion further
slowed the proliferation rate. As osteoblasts have the properties of
OPN synthesis, runt-related transcription factor 2 (RUNX2) expres-
sion and high alkaline phosphatase (ALP) activity stimulation,
western blotting analysis was performed to evaluate the produc-
tion of OPN, RUNX2 and ALP, and BCIP/NBT staining was further
used to detect ALP activity. Our results showed ATRA induced an
apparent upregulation of OPN, RUNX2 and ALP expression as we
previously reported,* whereas there were no active osteoblasts
present in MDM2-overexpressing U20S cells even after ATRA
treatment (Figure 6b, left panel). Moreover, BCIP/NBT staining
further verified that ALP-positive cells were increased after ATRA
treatment, while cells with MDM2 overexpression demonstrated
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few ALP-positive cells (Figure 6c, left panel). Consistently, the
silencing of endogenous MDM2 expression remarkably poten-
tiated the cytodifferentiation activity of ATRA of U20S cells as
indicated by the protein levels of OPN, RUNX2 and ALP and the
ALP activity (Figures 6b and c). Consequently, these results reveal
that MDM2 impairs the ATRA-induced osteogenic differentiation
of osteosarcoma cells.

MDM2 inhibitor synergizes with ATRA to promote the osteogenic
differentiation of osteosarcoma cells

Finally, to test whether MDM2 may be used as a differentiation
therapeutic target, we used HLI373, an inhibitor of MDM2
ubiquitin E3 ligase activity,®® to investigate whether MDM2
inhibition could promote the osteogenic differentiation of
osteosarcoma cells. First, the effects of HLI373 on the MDM2 E3
ligase activity were examined. U20S cells were treated with serial
concentrations of HLI373, and the RARa protein levels were

© 2016 Macmillan Publishers Limited
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Figure 4.

MDM?2 is an E3 ligase for RARa and promotes RARa ubiquitylation and degradation. (a) Overexpression of MDM2 promotes

ubiquitination of RARx. U20S cells were transfected with empty vector or MDM2 followed by ATRA and MG132 treatment, and cell lysates
were then immunoprecipitated with an anti-RARa antibody followed by immunoblotting with an anti-ubiquitin antibody. (b) Depletion of
MDM2 inhibits the ubiquitination of RARa. U20S cells were transfected with scramble or shRNA MDM2 followed by ATRA and MG132
treatment, and cell lysates were then immunoprecipitated with anti-RARa antibody followed by immunoblotting with an anti-ubiquitin
antibody. (c) Mutated MDM2 (C464A) loses the ability to trigger the ubiquitination of RARa. U20S cells were transfected with vector, MDM2 or
MDM2-C464A plasmids followed by ATRA treatment, and cell lysates were then immunoprecipitated with anti-RARa antibody followed by
immunoblotting with an anti-ubiquitin antibody. (d) MDM2 promotes the ubiquitination of RAR« in vitro. In vitro ubiquitination assays were

conducted as described in the Materials and Methods section. Ubiquitinated RARa was detected by IP.

increased accompanied by an accumulation of p53 and MDM2,
two other substrates (Figure 7a). Similarly, HLI373 also could
hinder the ubiquitination of RARa induced by ATRA treatment
(Figure 7b, lane 4 vs lane 6), indicating that the E3 ligase activity of
MDM?2 was indeed inhibited by HLI373. To further clarify the role
of MDM2 in ATRA-induced osteogenic differentiation of osteo-
sarcoma cells, we treated U20S with ATRA in the absence or
presence of HLI373, and differentiation was then determined. As
shown in Figure 7¢, both in U20S cells and primary osteosarcoma
blasts (MDOS-4), ATRA treatment upregulated the protein levels of
OPN and RUNX2, and the combined treatment of HLI373 and
ATRA further enhanced the increase in OPN and RUNX2
expression. Moreover, HLI373 treatment also synergized with
ATRA to promote ALP activity in U20S cells when compared with
cells treated with ATRA (Figure 7d). Taken together, these results
not only support the involvement of MDM2 in ATRA-induced
differentiation but also further suggest that targeting MDM2 may
be a novel differentiation strategy for osteosarcoma.

DISCUSSION

The induction of terminal differentiation may be a promising
alternative to conventional chemotherapy for osteosarcoma
because ATRA can induce the osteoblastic differentiation
of osteosarcoma cells and restore normal osteogenesis.*%*
However, the degradation of RARa as induced by ATRA
tremendously limits ATRA-induced cellular differentiation,’®""
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which reinforces the urgent need for exploring the regulatory
mechanisms involved in RARa degradation. In this report, we
demonstrate that interaction with MDM2 leads to strong
stimulation of RARa polyubiquitination and degradation by
proteasomes. MDM2 appears to function as an ubiquitin E3 ligase
in this process, as the MDM2 RING domain mutant inhibits the
ubiquitination of RARa. Furthermore, MDM2 is capable of
stimulating RARa polyubiquitination under cell-free conditions.
Moreover, we also provided evidence that silencing or inhibiting
MDM2 promotes the differentiation of U20S cells as induced by
ATRA. Therefore, our findings reveal that the RARa expression
level is directly regulated by MDM2-mediated ubiquitination.
These results also suggest that MDM2 may serve as a potential
therapeutic target for differentiation therapy in osteosarcoma.
Although proteasome-mediated RARa degradation has been
previously reported'®'" and several proteins, such as pin1, p38,
sumo-1 and E2F1, have been reported to regulate the stability of
RARa,%?°73" it has yet to be determined how RARa is degraded by
proteasome and which E3 ligase targets RARa for degradation.
MDM2, which is known as an E3 ubiquitin-protein ligase, is
reported to mediate the ubiquitination of multiple proteins,
including p53/TP53," RB1,%° Akt,'®* MDMX'” and itself,** leading
to their degradation by the proteasome. In our study, we found
that MDM2 directly interacts with RARa and promotes the
ubiquitination-proteasome-mediated degradation of RARa, which
suggests that MDM2 may function as an ubiquitin E3 ligase for
RARa. Thus we are the first to report that this E3 ligase targets
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immunohistochemical analysis of MDM2 expression in human primary osteosarcoma tissues. (b) The expression levels of MDM2 in 23
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Four representative cases are presented. (d) Statistical analysis of immunohistochemical results of MDM2 and OPN expression in 23 human
osteosarcoma specimens. P-value was calculated by the Pearson correlation test. ‘- negative expression; ‘+, low expression; ‘++, medium

expression; ‘+++, high positive expression.

RARa for degradation. During the ubiquitination-proteasome-
mediated degradation process for RARa, the N-terminus
(1-109-residue amino) of MDM?2 is critical for RARa binding.
Moreover, we found that the interaction between MDM2 and
RARa could be disrupted by nutlin-3, a reported molecular
antagonist that binds to MDM2 in the p53-binding pocket.
Because of nuclear magnetic resonance studies of unliganded
(16-125) MDM2, which showed that the N-terminal residues
16-24 (TSQIPASEQ) form a partial helical ‘lid’ occluding the
p53-binding site on apo-MDM2,> we predicted that the binding
domain within MDM2 for RARa and p53 may overlap with one
another. However, the role of p53 in the MDM2-mediated
degradation of RARa should be further investigated.

RARa has an important role in ATRA-induced osteosarcoma
differentiation, and insufficient RARa is not beneficial for
differentiation progression. Thus strategies focusing on the
stability of RARa may provide new approaches for differentiation
therapy. In our study, we provide for the first time evidence for the
involvement of MDM2 in controlling osteogenic differentiation by
mediating the stability of RARa and suggest that MDM2 may serve
as a potential therapeutic target for differentiation therapy in
osteosarcoma. Similar to our findings in Figure 5, MDM2 has been
reported to be amplified and overexpressed in a variety of human
cancers with approximately one-third of osteosarcomas demon-
strating amplification and overexpression of MDM2.'32'33 More-
over, the MDM2 protein has been found to induce cell
proliferation, interfere with apoptosis in sarcoma cells, and induce
spontaneous tumorigenesis in transgenic mice3* Anti-MDM2
antisense oligonucleotides have in vitro and in vivo antitumor
activity and chemosensitizing and radiosensitizing effects in
several human cancer models.®® Therefore, targeting MDM2 may
be a promising approach for cancer therapy. Thus, by liberating
RARa from MDM2, one might stabilize RAR and activate the
retinoid pathway, leading to growth arrest and differentiation. We
have tested this hypothesis using RNA interfering (Figure 6) and
macromolecular tools (Figure 7). Collectively, the data from our
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studies suggest that, once freed from MDM2, RARa rapidly
accumulates in osteosarcoma cells, activates RARa target genes
and results in proliferation arrest and differentiation. Different
approaches may be exploited to release RARa from MDM2 control,
including the inhibition of MDM2 expression, MDM2 ubiquitin
ligase activity and MDM2-RARa binding. Further studies should be
performed to confirm the in vivo effects of pharmacological
inhibition of MDM2 in osteosarcoma cells.

MDM?2 expression is found to be regulated via gene amplifica-
tion, transcription, mRNA stability, protein translation and protein
stability. Our results indicate that MDM2 protein expression is
significantly induced by ATRA treatment in osteosarcoma cells
(Figure 1). The importance of MDM2 as a negative regulator of
RARa leads us to further elucidate the underlying mechanisms by
which MDM2 expression is regulated. We show that ATRA
significantly upregulate the level of MDM2 mRNA by eightfold in
U20S cells, while MDM4 mRNA did not get affected by ATRA
(Supplementary Figure S3). These data suggest that the induction
of MDM2 by ATRA is at the mRNA level. However, which signaling
pathway is involved in ATRA-induced MDM2 transcription is still
unknown. For example, it is reported that MDM2 transcription is
induced by p53 through its P2 promoter.® Moreover, MDM2
protein translation is also regulated by RNA-binding protein La,
the hepatocyte growth factor receptor (Met) and the insulin-like
growth factor 1 receptor.>’7>° In our study, although partial RARa
is degraded, its transcriptional activity should be activated by its
ligand ATRA. Importantly, sequence analysis showed that
there exist a putative repeats of AGGTCA-related sequences
(—456/ — 444) within MDM2 promoter sequence. Considering the
induction of MDM2 mRNA occurs very rapidly (~2 h), it would be
interesting to observe whether RARa is able to transcriptionally
regulate MDM2.

In summary, we demonstrate for the first time that MDM2
functions as an ubiquitin E3 ligase for RARa. In addition, MDM2
impairs ATRA-induced osteogenic differentiation by promoting
the ubiquitination-proteasome-pathway-mediated degradation of
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were counted every 2 days (n=3). (b) MDM2 regulates ATRA-induced osteogenic differentiation protein expression. U20S cells were
transfected with MDM2 or shRNA MDM2 followed by ATRA treatment for 7 days. The protein levels of OPN, RUNX2 and ALP were determined.
(c) MDM2 regulates the ATRA-mediated upregulation of ALP activity. U20S cells were transfected with MDM2 or shRNA MDM2 followed by
ATRA treatment for 7 days. The activity of ALP was evaluated by BCIP/NBT assay. Quantitative analysis of the average numbers of ALP-positive

cells was from three independent experiments. *P < 0.05.

RARgq; therefore, reducing the expression of MDM2 by biological
treatments may have great potential for potentiating the
differentiation-inducing activity of ATRA. With these newly
acquired mechanistic insights, this study not only directs us
toward the future application of MDM2 inhibitors but also
provides fresh insight into the design of new differentiation
therapies directed against osteosarcoma.

MATERIALS AND METHODS

Cell culture and reagents

Human osteosarcoma U20S and COS7 cells, which were from the Shanghai
Institute of Biochemistry and Cell Biology (Shanghai, China), were
maintained in RPMI1640 and Dulbecco’s modified Eagle’s medium,
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respectively. All cells were routinely authenticated by short tandem
repeat profiling and found to be mycoplasma free. All medium were
supplemented with 10% fetal bovine serum (Gibco BRL, Grand Island, NY,
USA) and 1% penicillin/streptomycin. All cells were incubated at 37 °C in a
5% CO, atmosphere.

ATRA, cycloheximide, nutlin-3 and MG132 were obtained from Sigma-
Aldrich (St Louis, MO, USA). LMB solution was from Beyotime Institute of
Biotechnology (Jiangsu, China). HLI373 was from Tocris Bioscience (Bristol, UK).

Primary antibodies against RARa (sc-551), MDM2 (SC-965), Ub (sc-8017),
HA (sc-805), OPN (sc-73631), RUNX2 (sc-101145), ALP (sc-365765), p53
(sc-47698), B-Actin (sc-1615), glyceraldehyde 3-phosphate dehydrogenase
(sc-25778) and Lamin B (sc-6216) were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies against myc (A00704-100) and Flag
(A00187-100) were purchased from GenScript Co., Ltd (Nanjing, China).
Secondary antibodies were purchased from Jackson ImmunoResearch
Laboratories, Inc. (West Grove, PA, USA).
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Primary human osteosarcoma tissue samples

Tissue collection and analysis in this study were approved by the Ethics
Committee of The Second Affiliated Hospital of Zhejiang University,
Zhejiang University, and written informed consent to perform the
biological studies was obtained from all participants. Human osteosarcoma
tissues used for primary cell culture were obtained from fresh tissue
sections from biopsies from osteosarcoma patients and maintained in
Dulbecco’s modified Eagle’s medium/F12 medium as previously
described.’ All osteosarcoma specimens were histologically verified by
two senior pathologists independently.

Immunofluorescence staining and quantitation

U20S and COS7 cells cultured in 96-well plates were washed twice with
phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100. The cells were then incubated
overnight at 4°C with the indicated antibodies diluted 1:60 in PBS
containing 3% fetal bovine serum and 1% bovine serum albumin. After
two PBS washes, the cells were incubated with fluorescein isothiocyanate-
or rhodamine-conjugated secondary antibodies (1:100 dilution) for 1 h at
room temperature. The cells were then incubated with 4’,6-diamidino-2-
phenylindole for another 5 min. After three PBS washes, the probed cells
were visualized with a confocal fluorescence microscope. Nuclear/
cytoplasmic ratios were determined by calculating total pixel intensity in
a circle 10 ym in diameter in the nucleus and the cytoplasm using the
Image) software (NIH, Bethesda, MD, USA). The background was
determined by calculating pixel intensity in a 10-um circle in cell-free
areas in each field and then subtracting this from the nuclear and
cytoplasmic measurements for each cell in the field. Nuclear-to-

cytoplasmic ratios were calculated as > ("2en) /n,

Cell lysate preparation and western blotting analysis

U20S and COS7 cells were lysed with IP buffer (50 mm Tris-HCl, 150 mm
NaCl, 1 mm EDTA, 1 mm ethylene glycol tetraacetic acid, 25 mm NaF,
25 mm B-glycerolphosphate, 0.1 mm sodium vanadate, 5ug/ml leupeptin,
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0.1 mm phenylmethanesulfonylfluoride, 0.5% Triton X-100, 0.5% NP40) and
incubated at 4 °C for 30 min. The lysate was then centrifuged at 14 000 g
for 20 min to remove insoluble materials. Protein concentrations of
whole-cell lysates were determined using the DC Protein Assay Kit
(Bio-Rad, Hercules, CA, USA). Equal aliquots of supernatants were
incubated with 2 pug primary antibody at 4 °C overnight. The bound
proteins were then analyzed by western blotting. Briefly, proteins were
electrophoresed in sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis gels and transferred to polyvinylidene difluoride membranes
(Millipore, Bedford, MA, USA). After incubation with primary antibodies,
proteins were visualized by incubation with horseradish peroxidase-
conjugated secondary antibodies as appropriate, followed by enhanced
chemiluminescence detection (Biological Industries, Beit Haemek, Israel).
The separation of nuclear and cytosolic fractions was performed
as previously reported.'®

Immunoprecipitation

Prot Elut NHS-Activated Bead Kit (Elut-PO12, Enriching Biotechnology,
Shanghai, China) was used for IP. Briefly, beads were washed with PBS
twice and then suspended in 50 pl coupling buffer. In all, 2 pg first
antibodies or normal IgG for 2 h was added at room temperature with end-
over-end mixing. After coupling, the same was centrifuged at 1000 g for
2 min and beads were saved; 500 pl blocking solutions for 30 min at room
temperature was added, washed with 1ml PBS twice and the supernatants
were discarded; and 500 ug cell lysates was added for overnight
incubation at 4 °C with end-over-end mixing. Finally, the complex was
washed with IP buffer for three times and 30 pl 0.1-0.2 m glycine-HCl was
added for 5 min at room temperature and then neutralized with 1m
phosphate. The bound proteins were immunoblotted with the EasyBlot
anti-Rabbit or anti-Mouse IgG Kit (GeneTex, Irvine, CA, USA).

Plasmids and small interfering RNA transfection

The pcmv-myc3-MDM2 plasmid was purchased from Addgene
(Cambridge, MA, USA). Deletion mutants were constructed by
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GenScript Co., Ltd. Scramble and MDM2 shRNA were synthesized by
Shanghai GenePharma Co., Ltd (Shanghai, China). The sense strand of
MDM2 shRNA was as follows: 5'-AATGCCTCAATTCACATAGAT-3'. Briefly,
cells were transfected with the indicated plasmids using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) or small interfering RNA using
oligofectamine (Invitrogen).

In vitro ubiquitination assay

The reaction mixture (50 pl) contained RARa (500 ng), E1 (500 ng),
E2 (500 ng), ubiquitin (10 ng) and MDM2 (500 ng), 50 mm Tris-HCl
(pH 7.4), 5 mm MgCl,, 2 mm ATP and 2 mm dithiothreitol. Reactions were
incubated at 30°C for 1 h. The reactions were terminated with sample
loading buffer and run on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels. A higher molecular ladder of ubiquitinated proteins
was visualized by performing immunoblot analysis with the indicated
antibodies.

Immunohistochemistry

Human osteosarcoma tissues were paraffin embedded. After deparaffiniza-
tion, the slides were blocked with 3% hydrogen peroxide, preincubated in
20% normal goat serum and then probed with anti-MDM2 or anti-OPN
followed by biotinylated secondary antibodies and horseradish
peroxidase-conjugated avidin. Antibodies against MDM2 (BS1264) and
OPN (BS1223) were from Bioworld Technology (Minneapolis, MN, USA).
MDM2 and OPN were visualized with 3, 3’-diaminobenzidine.

Alkaline phosphatase assay

Alkaline phosphatase activity was assessed by colorimetric assays using the
BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime Institute
of Biotechnology) according to the manufacturer’s instructions.

Cell proliferation assay

Total cell number and viability were determined by trypan blue exclusion
with manual counting in Burker chambers (VWR, West Chester, PA, USA).

Statistical analysis

Statistical analyses were performed using SPSS version 18.0 (SPSS Inc.,
Chicago, IL, USA). For all parameters measured, the values for all samples in
different experimental conditions were averaged, and the s.d. of the mean
was calculated. A Pearson correlation test was used to evaluate
immunohistochemical analysis. Other assays were determined by analysis
of variance, followed by Student’s t-test. All measurements were carried
out in triplicate. Significance was defined as P < 0.05.

ABBREVIATIONS

ALP, alkaline phosphatase; ATRA, all-trans retinoic acid; OPN, osteopontin;
RARgq, retinoic acid receptor alpha; RUNX2, runt-related transcription
factor 2.
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