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Abstract
Measles virus plays an important role as an environmental factor in the pathogenesis of Paget’s
disease (PD). Previous studies have shown that IL-6 is increased in the bone marrow of Paget’s
patients and that measles virus nucleocapsid protein (MVNP) induces IL-6 secretion by pagetic
osteoclasts. Further, IL-6 plays a critical role in the development of pagetic osteoclasts and bone
lesions induced by PD, but the mechanisms regulating IL-6 production by MVNP remain unclear.
Our current studies revealed that MVNP expression in osteoclast precursors down-regulated Sirt1
mRNA and protein, a negative regulator of NF-κB activity, which is a key factor for IL-6
expression. MVNP expression in NIH3T3 cells also elevated Il-6 transcription and impaired the
expression of Sirt1 mRNA both under basal conditions and upon activation of the Sirt1 upstream
regulator FoxO3 by LY294002 (a PI3K/AKT inhibitor). Luciferase activity assays showed that
constitutively active FoxO3 abolished the repressive effect of MVNP on reporters driven by either
FoxO3 response elements or the Sirt1 promoter. Further, protein stability assays revealed that
FoxO3 was degraded more rapidly in MVNP-expressing cells than in control cells following the
addition of cycloheximide. Similarly, co-transfection of MVNP and FoxO3 into HEK293 cells
demonstrated that MVNP decreased the protein levels of over-expressed FoxO3 in a dose-
dependent manner. Treatment with the proteasome inhibitor, MG132, blocked the MVNP-
triggered decrease of FoxO3, and the treatment with the serine/threonine phosphatase inhibitor,
Calyculin A, revealed that MVNP increased phosphorylation of FoxO3. Further, over-expression
of Sirt1 or treatment with the Sirt1 activator resveratrol blocked the increase in Il-6 transcription
by MVNP. Finally, resveratrol reduced the numbers of TRAP positive multi-nuclear cells in bone
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marrow cultures from TRAP-MVNP transgenic mice to wild type levels. These results indicate
that MVNP decreases FoxO3/Sirt1 signaling to enhance the levels of IL-6, which in part mediate
MVNP’s contribution to the development of Paget’s disease.
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1. Introduction
Paget’s disease (PD) is characterized by abnormal osteoclasts (OCL) that produce high
levels of IL-6, which is a critical inducer in the development of characteristic abnormalities
of pagetic OCLs and bone lesions in vivo [1–3]. Environmental factors, such as measles
virus, have been implicated in the pathogenesis of PD, and measles virus infection of host
cells results in the induction of IL-6 [4–6]. We showed that mice expressing the measles
virus nucleocapsid protein (MVNP) gene in OCL display a pagetic phenotype, develop
pagetic bone lesions and their OCLs produce increased levels of IL-6 [7]. Importantly, loss
of the IL-6 production in MVNP expressing mice resulted in loss of formation of pagetic
OCL and bone lesions [1]. However, the mechanisms responsible for MVNP induction of
IL-6 have yet to be fully elucidated.

The Forkhead-box class O (FoxO) transcription factors play evolutionarily conserved roles
in a number of cell processes such as metabolism, differentiation, and cellular stress
responses. The indispensable role of the FoxOs was recently demonstrated in maintaining
skeletal homeostasis [8, 9]. Deletion of FoxO1, 3, and 4 increased TRAP-positive OCLs
generated from mouse bone marrow cells, and FoxO3 was identified as the predominant
FoxO in OCLs [8]. Targeted overexpression of FoxO3 in cells of the monocyte/macrophage
lineage significantly decreased the numbers of osteoclast progenitors and mature osteoclast
formation [10]. Interestingly, FoxO3 silencing [11] or genetic loss of FoxO3 [12] enhanced
IL-6 secretion in dendritic cells. However, there is no FoxO3-binding site apparent in the
Il-6 promoter [12], which indicates that FoxO3 regulates Il-6 transcription indirectly. Sirt1, a
class III protein deacetylase, is one of the FoxO3 target genes [13, 14] and knockdown of
FoxO3 expression severely suppressed starvation-induced gene expression of Sirt1 [14].
Genetic overexpression of Sirt1 can down-regulate the production of Il-6 through the down-
modulation of NF-κB signaling [15]. Consistent with FoxO3 up-regulation of Sirt1
expression, FoxO3 expression antagonizes NF-κB signaling [16]. Thus, FoxO3/Sirt1
signaling appears to play an important role in controlling the transcription of IL-6.

In the current study, we tested the hypothesis that MVNP suppresses FoxO3/Sirt1 signaling,
resulting in increased IL-6 production. To address this, we evaluated the effect of MVNP
expression on FoxO3 and Sirt1 and their role in MVNP up-regulation of IL-6 in multiple
model systems: transiently transfected HEK293 cells, HEK293R cells stably transfected
with a human IL-1 type I receptor chain, NIH3T3 cells and human colony forming unit-
granulocyte/macrophage (CFU-GM) stably transfected with MVNP cDNA, and bone
marrow cultures from transgenic (TRAP-MVNP) mice expressing MVNP under regulation
of the TRAP gene promoter [7].

2. Materials and Methods
2.1 Reagents and antibodies

Cycloheximide, MG132, anti-Flag M2 (F1804), anti-β-actin (A5316), and anti-α-tubulin
(T9026) antibodies were from Sigma-Aldrich (St. Louis, MO). Anti-MVNP antibody [3E1]
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(ab9397) was from Abcam (Cambridge, MA). Anti-PARP (#9542) antibody and serine/
threonine phosphatase inhibitor calyculin A (#9902) were from Cell Signaling Technology
(Beverly, MA). Anti-FoxO3 (sc-11351), anti-Sirt1 (sc-15404), anti-phosphorylated
Stat3Y705 (sc-7993), and anti-Stat3 (sc-483) antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA). HRP-conjugated IgG secondary antibodies were from GE Healthcare Life
Sciences (Little Chalfont, UK). Polyvinylidene difluoride (PVDF) membranes were from
Millipore (Bedford, MA). Recombinant tumor necrosis factor-α (TNF-α), mouse receptor
activator of NF-κB ligand (RANKL) and monocyte colony-stimulating factor (M-CSF) were
purchased from R&D Systems (Minneapolis, MN). IL-1β was from Upstate Biotechnology
(Lake Placid, NY). The PI3K/AKT inhibitor LY294002 was from Calbiochem (La Jolla,
CA). The Sirt1 activator resveratrol was from Enzo Life Sciences (Plymouth Meeting, PA).

2.2 Cell Culture
Empty vector (EV)- and MVNP-transduced NIH3T3 cells were cultured as previously
described [17]. HEK293 cells were cultured in DMEM containing 10% FBS and 1 × pen/
strep antibiotics (complete medium). HEK293R cells (a gift from Dr. Philip E. Auron [18])
are HEK293 cells stably transfected with a human IL-1 type I receptor chain. HEK293R
cells were maintained in EMEM supplemented with 10% heat-inactivated FBS and 2 mg/ml
L-glutamine. For primary cell culture from human, bone marrow cells were aspirated under
2% xylocaine anesthesia from the iliac crest of healthy normal volunteers into heparinized
α-Minimal Essential Medium (α-MEM, Gibco BRL Invitrogen, Carlsbad, CA, USA)
containing 5% FBS and bone marrow mononuclear (BMM) cells were then isolated as
previously described [19, 20]. Stably transduced CFU-GM cells expressing EV or MVNP
were prepared as described previously [21]. For primary cell culture from mice, whole bone
marrow cells were flushed from long bones of 12- to 16-week-old wild-type or TRAP-
MVNP transgenic mice [7] and plated on 100-mm tissue culture plates in α-MEM
containing 10% fetal bovine serum (FBS, Invitrogen). Cells were incubated at 37°C in 5%
CO2 overnight. Nonadherent cells were harvested and seeded into either 60-mm tissue
culture dishes or 96-well plates. Cells then were cultured in α-MEM containing 10% FBS
containing 100 ng/mL of M-CSF for 3 days. The cells were further cultured in α-MEM
containing 10% FBS in the presence of 50 ng/mL of M-CSF and 50 ng/ml RANKL for 3 to
4 days to generate OCLs, and the level of OCL formation was determined by TRAP staining
using a TRAP kit (Sigma No. 386A). The Institutional Review Board of the University of
Pittsburgh approved these studies. All animal studies were approved by the Institutional
Animal Care and Use Committees at the University of Pittsburgh School of Medicine, the
VA Pittsburgh Healthcare System, and Virginia Commonwealth University.

2.3 Protein extraction and Western blotting
After washing with cold PBS, cells were lysed in cell lysis buffer as previously described
[22]. Protein was extracted after centrifugation at 14,000×g for 15 min at 4°C. The
CelLytic™ NuCLEAR™ extraction kit (Sigma-Aldrich) was used for the extraction of
proteins from the cytosolic and nuclear fractions. Cell lysates were immunoprecipitated
using anti-FLAG M2 antibody followed by Western blotting with various antibodies as
indicated. Equal amounts of boiled protein samples were run on an 8% SDS polyacrylamide
gel. The separated proteins were transferred to PVDF membranes. The following primary
antibodies were used: anti-MVNP (1:3000), anti-FoxO3 (1:1000), anti-Sirt1 (1:1000), anti-
Flag (1:3000), anti-Stat3 (1:1000), anti-phos-Stat3 (1:1000), anti-α-tubulin (1:20000), and
β-actin (1:20000). Bands were detected using HRP-conjugated secondary antibodies
(1:2000) and ECL™ reagents (GE Healthcare Life Sciences). Band densitometric analysis
was performed using the TotalLab100 software (Nonlinear Dynamics).
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2.4 RNA extraction and reverse transcription polymerase chain reactions (RT-PCR)
Total RNA was isolated using Trizol® reagent according to the manufacturer’s instructions.
Reverse transcription was performed using a reverse transcription system kit (Promega,
Cat.A3500). An aliquot of the product cDNA was used for real-time PCR with iQ™ SYBR
Green Supermix and iCycler iQ PCR Detection System (Bio-Rad Laboratories). 18S rRNA
was used as an internal control for data analysis. The nucleotide sequences of primers used
for PCR were as follow: 18S rRNA 5′-CGCTTCCTTACCTGGTTGAT-3′ and 5′-
GAGCGACCAAAGGAACCATA-3′; Il-6 5′-GAGTCCTTCAGAGAGATACAG-3′ and
5′-TGGTCTTGGTCCTTAGCC-3′; Sirt1 5′-ATCGGCTACCGAGACAAC-3′ and 5′-
GTCACTAGAGCTGGCGTGT-3′.

2.5 Plasmids and luciferase reporter assays
The MVNP expression construct was generated by inserting E-MVNP cDNA [7] into the
EcoRI site of the pCMV-Tag2C vector (Stratagene). Constructs expressing FHRE-Luc
(Addgene plasmid 1789) [23], pTA-Luc SIRT1 promoter (−202) (Addgene plasmid 10971)
[14], Flag-SIRT1 (Addgene plasmid 1791) [24], pcDNA3 Flag FKHRL1 AAA (FoxO3™)
(Addgene plasmid 10709) and its wild-type form (Addgene plasmid 10708) [25] were
obtained from Addgene, a non-profit plasmid distribution service. The IL-6 promoter (-225)
luciferase reporter was kindly provided by Dr. Jian Zhang [26]. The NF-κB-responsive
luciferase reporter (MHCκB NF-κB-pGL2 reporter) was a gift from Dr. Philip E. Auron
[18].Transfection was done in HEK293 using Lipofectamine (Invitrogen), in HEK293R and
CFU-GM cells using the FuGENE6 Reagent (Roche Molecular Biochemicals, Indianapolis,
IN), or in NIH3T3 cells using Lipofectamine 2000 (Invitrogen).

2.6 Statistical analysis
Representative data were shown from at least 2 independent experiments with similar
patterns. Statistical significance was analyzed by Student’s t-test or two-way analysis of
variance (ANOVA). Values of P < 0.05 were considered significant.

3. Results
3.1 Expression of MVNP decreased Sirt1 gene expression

Real-time PCR demonstrated that MVNP expression in NIH3T3 cells elevates Il-6 mRNA
(Figure 1A) as has been reported for OCL precursors expressing MVNP and Pagetic OCL
[20]. Studies with Actinomycin D inhibition of transcription demonstrated that MVNP does
not affect Il-6 mRNA stability (Figure 1B). Therefore, MVNP is modulating signaling that
regulates Il-6 gene transcription. Il-6 expression is known to be regulated by a number of
transcription factors under different conditions [27], but NF-κB is required for basal and
some stimulated IL-6 gene regulation [28]. We have previously shown that MVNP increases
NF-κB activity in human OCL precursors by EMSA [20]. Therefore, we determined if the
presence of MVNP in human CFU-GM resulted in enhanced activation of a transfected NF-
κB reporter (Figure 1C). TNF-α at concentrations of 50 or 100 pg/ml activated a transfected
NF-κB reporter higher in MVNP-transduced CFU-GM cells as compared to EV-transduced
cells. However, transfection of CFU-GM cells is very inefficient. Therefore, we also co-
transfected the NF-κB reporter with MVNP/EV-expression plasmids into HEK293R (stably
transfected with the IL-1R1) cells (Figure 1D). The results revealed that MVNP activated
NF-κB by itself (~3-fold). Further, MVNP can synergize with both IL-1 and TNF-α to
enhance their activation of NF-κB by ~3-fold (averaged over multiple independent
experiments) beyond their large independent inductions of NF-κB activity (Figure 1D). This
is similar to the 2~3-fold effect of MVNP on TNF-α-induced NF-κB activity observed with
CFU-GM. Interestingly, these results form the novel observation that MVNP can synergize
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with IL-1β signaling as well as with TNF-α signaling to activate NF-κB, indicating that
MVNP synergizes with both TRAF6 and TRAF2 signaling.

In light of the regulatory role of FoxO3 and Sirt1 on NF-κB activity and Il-6 gene regulation
in other cell systems, we hypothesized that they may be involved in MVNP induction of NF-
κB activity and Il-6 gene expression. To evaluate if MVNP affects FoxO3/Sirt1 signaling,
we determined the levels of Sirt1 mRNA and protein in MVNP expressing and wild-type
mouse OCL precursors. As shown in Figure 1E, both mRNA and protein levels of Sirt1 in
cells from TRAP-MVNP transgenic mice were significantly lower than in cells from wild-
type mice. We also analyzed Sirt1 mRNA and protein levels in a MVNP-stably transduced
NIH3T3 cell line that has served as a model to study cellular effects of MVNP expression
[17]. These data demonstrated that MVNP expression in NIH3T3 cells also repressed Sirt1
mRNA and protein (Figure 1F). The protein levels of FoxO3, a transcription factor that
induces Sirt1 gene expression, were also found to be down-regulated by the expression of
MVNP in both OCL precursors and NIH3T3 cells (Figure 1E, F).

3.2 MVNP reduced the transcriptional activity of FoxO3
FoxO3 is known to be negatively regulated by the PI3K/AKT pathway [23]. Therefore, we
treated both EV- and MVNP-NIH3T3 cells with LY294002, a classic PI3K inhibitor (Figure
2). Immunoblotting of proteins from the cytosolic and nuclear compartments revealed that in
the absence of LY294002, the FoxO3 level in both cellular compartments in MVNP-
NIH3T3 cells were clearly diminished compared to EV-NIH3T3 cells. Treatment with
LY294002 stimulated increased FoxO3 nuclear localization in both cells, but didn’t abolish
the difference between the nuclear FoxO3 in EV- and MVNP-NIH3T3 cells (Figure 2A). In
concert with this result, MVNP strongly prevented the induction of Sirt1 mRNA expression
by treatment with LY294002 (Figure 2B). Co-transfection of HEK293 cells with a MVNP-
expression vector and luciferase reporters driven by either a FoxO3 response element
(FHRE-Luc) or a SIRT1 promoter which contains the binding motifs for FoxO3 [14]
revealed that the presence of MVNP suppressed the activity of both reporters by
approximately 30% (Figure 2C). Co-overexpression of a constitutively active FoxO3 due to
AKT phosphosite mutations T32A, S253A, and S315A (FoxO3™) eliminated the repressive
effects of MVNP on both luciferase reporters. Interestingly, we observed that MVNP even
enhanced the transcriptional activity of FoxO3™ slightly (Figure 2C).

3.3 MVNP induced proteasome-mediated degradation of FoxO3 protein
Expression studies demonstrated that MVNP doesn’t inhibit the gene expression of FoxO3
in NIH3T3 cells (Supplemental Figure 1). Therefore, we assessed if MVNP influenced the
degradation of FoxO3 protein. We compared the stability of FoxO3 protein in EV- and
MVNP-NIH3T3 cells. Expression of MVNP caused a more rapid decrease in FoxO3 protein
levels after cycloheximide treatment (Figures 3A and B). FoxO3 has a half-life greater than
6 hours in EV-NIH3T3 cells; however, MVNP shortened the half-life of FoxO3 to less than
2 hours. Further, co-transfection of a FoxO3 expression vector with increasing amounts of
the MVNP expression vector into HEK293 cells showed that increasing MVNP decreased
the levels of the over-expressed FoxO3 in a dose-dependent manner (Figure 3C). These
results indicate that MVNP decreases the stability of FoxO3 protein.

Therefore, we investigated whether MVNP-induced down-regulation of FoxO3 was
proteasome mediated. As shown in Figure 3D, treatment with the 26S proteasome inhibitor
MG132 decreased proteasomal degradation of the transfected FoxO3, regardless of the
presence of MVNP, and thereby prevented MVNP-induced alteration of FoxO3 levels in
HEK 293 cells (Figure 3D). We also examined the effect of MG132 on the expression of
FoxO3 and Sirt1in the NIH3T3 cells. Data showed that MG132 increased the protein levels
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of FoxO3 and Sirt1 (Figure 3E), which is correlated with a significant decrease in Il-6
mRNA expression in MVNP-NIH3T3 cells (Figure 3F). Since degradation of FoxO3 has
been reported to be triggered by its serine/threonine (S/T) phosphorylation [29, 30], we
investigated if a potent S/T phosphatase inhibitor, Calyculin A, would reveal that MVNP
altered the S/T phosphorylation of FoxO3. Treatment with Calyculin A significantly
increased the amount of phosphorylated FoxO3 detected, and thereby decreased the total
FoxO3 level in the absence of MVNP (Figure 3D). However, the presence of MVNP further
increased the amount of phosphorylated FoxO3 observed (Figure 3D). These data together
indicate that MVNP activates a kinase to phosphorylate FoxO3 at target sites that increase
its proteasomal degradation.

3.4 MVNP increased Il-6 transcription by down-regulation of Sirt1
Overexpression of Sirt1 has been reported to reduce the production of Il-6 mRNA [15].
Similarly, we found that MVNP-NIH3T3 cells demonstrated higher IL-6 promoter luciferase
reporter activity and ectopic expression of SIRT1 significantly decreased both the basal and
MVNP-stimulated activity of the IL-6 reporter (Figure 4A). We then tested whether
resveratrol, a Sirt1 activator, could suppress the high level of Il-6 mRNA in MVNP-NIH3T3
cells. As we expected, resveratrol treatment reversed the MVNP-stimulated increase of Il-6
mRNA (Figure 4B). Further, to determine if down-regulation of Sirt1 might be due to the
high levels of IL-6, we treated EV-NIH3T3 cells with recombinant IL-6. Addition of IL-6
induced phosphorylation of Stat3, but didn’t suppress either FoxO3 protein levels or Sirt1
gene expression (Figure 4C). These results indicate that down-regulation of Sirt1 mRNA has
a significant role in the high level of Il-6 transcription in MVNP expressing cells.

3.5 Sirt1 activator resveratrol inhibited abnormal OCL differentiation in the presence of
MVNP

Having found that the Sirt1 activator resveratrol inhibited the gene expression of Il-6, we
investigated whether resveratrol could prevent the abnormal OCL differentiation induced by
the expression of MVNP. As shown in Figure 5, the number of TRAP positive multinuclear
cells was higher in the TRAP-MVNP cultures compared to wild-type cultures (P < 0.05,
two-way ANOVA with Bonferroni post-tests). Resveratrol inhibited OCL differentiation of
bone marrow cells within both wild-type and TRAP-MVNP mice (P < 0.001, two-way
ANOVA). However, there was no significant difference in pairs of WT and TRAP-MVNP
cultures at each of the resveratrol concentrations (10–50 μM). These results indicate that
resveratrol blocks the enhancement of OCL formation induced by MVNP.

4. Discussion
Paget’s disease provided the first evidence of the importance of the role that IL-6 can play in
OCL formation [2]. Pagetic OCLs express MVNP and produce IL-6 as an autocrine factor
that stimulates their own activity [3, 31]. Using transgenic mice in which MVNP is targeted
to the OCL lineage, Kurihara et. al. [7] reported that targeted expression of the MVNP gene
in cells of the OCL lineage can induce pagetic-like bone lesions in vivo. Significantly,
higher levels of IL-6 were detected in the marrow cultures from MVNP than from wild-type
mice [7]. Importantly, MVNP mice lacking IL-6 did not develop pagetic OCL [1]. These
results revealed that MVNP’s induction of IL-6 is a crucial mediator in the development of
PD. We have shown that MVNP increases Il-6 mRNA via regulation of gene transcription in
NIH3T3 cells. Further we demonstrated that MVNP can facilitate NF-κB signaling, a crucial
mediator of IL-6 regulation, in osteoclasts, HEK293 cells, and NIH3T3 cells. Our results
reveal that MVNP may exert its regulatory effect on IL-6 through mechanisms involving
destabilization of FoxO3 and suppression of Sirt1, thereby decreasing the negative
regulation of NF-κB activity and increasing IL-6 transcription.
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We found that MVNP suppressed the expression of Sirt1 by down-regulating FoxO3 protein
levels. Consistent with a previous study [8], we also observed that FoxO3 was expressed at
the highest levels among all 3 FoxOs (FoxO1, FoxO3, and FoxO4) in differentiated OCLs
(Supplemental Figure 2A). Interestingly, along with Sirt1, several other FoxOs target genes,
such as Bim/Bcl2l11, Gadd45a, and Sod2, were also found to be suppressed in OCLs
derived from TRAP-MVNP transgenic mice (Supplemental Figure 2B). Given the critical
roles of these FoxO target genes in cellular responses to stress stimuli [24], further studies
are warranted to elucidate whether the decrease of Bim/Bcl2l11, Gadd45a, and Sod2
contributes to the MVNP-induced pagetic osteoclast phenotype. Since gene expression of
Sirt1 is regulated by FoxO3 [14], we examined the changes in the levels of FoxO3 mRNA
and protein in MVNP-NIH3T3 cells. We observed slightly higher levels of FoxO3 mRNA in
MVNP expressing cells (Supplemental Figure 1). However, the protein level of FoxO3 was
dramatically reduced in whole cell lysates and either cytosol or nuclear compartments from
these cells. Impairment of LY294002-promoted FoxO3 nuclear accumulation occurred in
parallel with the suppression of Sirt1 induction. MVNP impairment of LY294002 induction
of FoxO3-driven Sirt1 mRNA expression is likely due to the decreased FoxO3 protein levels
observed in MVNP-expressing NIH3T3 cells, and therefore the LY294002-induced nuclear
accumulation of FoxO3 was attenuated. These data strongly support the role of decreased
functional FoxO3 protein in mediating the effects of MVNP on Sirt1 gene expression.

Protein stability assays showed that MVNP induced FoxO3 degradation, which indicates
that MVNP acts on the upstream regulatory molecules targeting FoxO3 to enhance its
degradation. When cells were treated with MG132, the protein levels of FoxO3 were
increased and the effect of MVNP on FoxO3 protein disappeared. One would predict that
blocking degradation of FoxO3 increased its protein level and would decrease the high
levels of Il-6 mRNA caused by the insufficient FoxO3/Sirt1 signaling in MVNP-expressing
cells. We have found that the levels of Il-6 mRNA in both MVNP-NIH3T3 and EV-NIH3T3
cells were reduced, which was coincident with the increased FoxO3 protein caused by
MG132 treatment. Interestingly, our experiment using serine/threonine phosphatase
inhibitor Calyculin A revealed that MVNP increased the phosphorylation of FoxO3. These
results suggest that MVNP could affect the activity of FoxO3 by regulating the
phosphorylation of FoxO3 sites that signal proteasomal degradation. To date, protein kinases
AKT, ERK1/2, and IκB Kinase β (IKKβ) have been shown to down-regulate FoxO3
stability through phosphorylation [30] leading to FoxO3 ubiquitination and degradation [32].
AKT phosphorylation of FoxO3 at sites T32, S253, and S315 results in nuclear exclusion of
FoxO3 [23]. In our experiments, we did not find any difference between EV- and MVNP-
NIH3T3 cells in the ability of AKT inhibition by the PI3K inhibitor LY294002 to induce
FoxO3 nuclear translocation, although the total FoxO3 in both cytoplasm and nucleus was
lower in MVNP-containing cells. Thus, MVNP is unlikely to induce FoxO3 degradation via
the PI3K/AKT pathway. On the other hand, the FoxO3™ activity was resistant to down-
regulation by MVNP, suggesting that perhaps another kinase that targets the same or
overlapping sites on FoxO3 as AKT is activated by MVNP. Phosphorylation of FoxO3 by
either ERK1/2 (at S295, S354, S426) or IKKβ (at S644) also leads to nuclear exclusion and
degradation of FoxO3 via the proteasome pathway [24, 33]. MVNP has been reported to
associate with and activates virus-activated kinases including IKK family members TBK1
and IKKε [34, 35]. Recently, FoxO3 was demonstrated to be phosphorylated by IKK and
the phosphorylation site for IKKε was not the same as the site for IKKβ [29]. Therefore, it is
tempting to speculate that IKKε (and possibly TBK1) mediates the effect of MVNP on the
degradation of FoxO3. In order to determine this, further experiments to identify the IKKε-
targeted phosphorylation sites on FoxO3 are required. Furthermore, a regulatory feedback
loop exists in FoxO3/Sirt1 signaling pathway, where FoxO3 can be deacetylated by Sirt1
and then subjected to ubiquitination [36] or methylation [37] which modulates FoxO3
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stability. Taken together, the mechanisms fine-tuning FoxO3 expression and activity in the
presence of MVNP warrant future study.

Consistent with our finding that MVNP decreased FoxO3/Sirt1 signaling and increased Il-6
mRNA expression, activation of Sirt1 by resveratrol strongly reversed the stimulatory effect
of MVNP on Il-6 mRNA expression. Fischer-Posovszky et. al. reported that resveratrol
suppression of Il-6 expression was partially rescued with Sirt1 knockdown [38]. Resveratrol
and its analogues can inhibit osteoclastogenesis, although part of this is Sirt1 independent,
and relies instead on the capacity of resveratrol to act as a free radical scavenger and
decrease ROS generation [39–41]. The inhibitory effect of resveratrol on Il-6 expression in
the presence of MVNP along with our previous report that Il-6 expression is required for the
MVNP-induced pagetic phenotype in mice [1] prompted us to test whether resveratrol could
suppress the effects of MVNP on the formation of pagetic OCL in vitro. In agreement with
our hypothesis, resveratrol dramatically inhibited the enhanced osteoclastogenesis in bone
marrow cultures from MVNP transgenic mice down to wild-type levels. This result, in
combination with a recent finding that Sirt1mediated resveratrol-inhibition of normal
osteoclastogenesis through regulation of NF-κB signaling [42], supports the concept that
resveratrol activation of Sirt1 counteracts the Sirt1 suppression by MVNP in the TRAP-
MVNP cultures leading to decreased NF-κB activity and reduced osteoclastogenesis.
However, the exact mechanisms involved in resveratrol’s effect require further study.

In summary, these results demonstrate a novel mechanism underlying the effect of MVNP
on IL-6 expression through the down-regulation of FoxO3/Sirt1 signaling (Figure 6). Our
results indicate that increased Sirt1expression or activation could reverse the up-regulation
of IL-6 caused by MVNP, which is found in 70% of PD patients [1]. It is noteworthy that,
since high levels of IL-6 can also be detected in patients with PD not carrying MVNP
transcripts, other environmental or genetic mechanisms might contribute to the increase of
IL-6 as well. Whether these also act via modulation of FoxO3 and/or Sirt1 is unknown.
Nevertheless, approaches that activate Sirt1, such as using its activator resveratrol, may
prevent the development or progression of PD on the basis of the critical environmental
factor MVNP.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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TRAP-MVNP MVNP expression under regulation of the TRAP gene promoter

WT wild-type

PVDF polyvinylidene difluoride

TNF-α tumor necrosis factor-α

RANKL receptor activator of NF-κB ligand

M-CSF monocyte colony-stimulating factor

EV empty vector

DMEM Dulbecco’s Modified Eagle Medium

EMEM Eagle’s Minimum Essential Medium

α-MEM α-Minimal Essential Medium

BMM bone marrow mononuclear

RT-PCR reverse transcription polymerase chain reactions

CFU-GM colony forming unit-granulocyte/macrophage

TRAF tumor necrosis factor receptor-associated factor

ANOVA analysis of variance
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Highlights

• Measles virus nucleocapsid protein (MVNP) induces IL-6 gene transcription.

• MVNP decreases FoxO3 protein stability and thereby decreases expression of a
repressor of NF-κB activity, Sirt1.

• Activation of Sirt1 by resveratrol decreased the impact of MVNP on IL-6
expression.

• Resveratrol blocked the MVNP-induced pagetic osteoclast phenotype of
increased OCL formation.

Wang et al. Page 12

Bone. Author manuscript; available in PMC 2014 March 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 1. Expression of Sirt1 in MVNP expressing cells
(A) Detection of Il-6 mRNA levels in EV- and MVNP-NIH3T3 cells by real-time PCR. *P
< 0.01 as determined by student’s t-test. (B) Cells were treated with 2 μg/ml Actinomycin D
for indicated times before cells were harvested for the analysis of Il-6 mRNA levels. (C)
EV-CFU-GM and MVNP-CFU-GM co-transfected with a NF-κB reporter plasmid and a β-
gal expression vector were treated with TNF-α for 24 hr. Cell lysate firefly luciferase values
were divided by β-gal activity values for normalization in each sample for quadruplicate
determinations. The means and standard deviations of the fold increases for each treatment
set were plotted. *P < 0.01 as determined by as determined by student’s t-test. (D)
HEK293R cells co-transfected with a NF-κB reporter and either an empty (EV) or MVNP-
expression plasmid were stimulated with either vehicle (none), or 2 ng/ml IL-1β, or TNF-α
for 24 hr. The relative luciferase units/μg protein for each of the triplicate samples were
divided by the mean of the EV-transfected un-stimulated triplicates to derive a fold increase
for each sample. The means and standard deviations of the fold increases for each treatment
set (EV/MVNP) were plotted (None: 1.0 ± 0.1/2.4 ± 0.2; IL-1β: 8.3 ± 1.3/22.4 ± 1.9; TNF-
α: 14.2 ± 1.8/58.3 ± 6.5). *P < 0.05 as determined by student’s t-test. (E) Bone marrow cells
were derived from wild-type and TRAP-MVNP transgenic mice. After treatment with M-
CSF for 3 days, osteoclast (OCL) precursors were harvested for total RNA and protein.
Real-time PCR or Western blotting was performed to analyze the mRNA (left) or protein
(right) levels of Sirt1, respectively. *P < 0.05 as determined by student’s t-test. (F)
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Expression of Sirt1 mRNA (left) and protein (right) was detected in EV- and MVNP-
NIH3T3 cells. *P < 0.01 as determined by student’s t-test.

Wang et al. Page 14

Bone. Author manuscript; available in PMC 2014 March 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2. FoxO3 regulation of Sirt1 mRNA was down-regulated by MVNP
(A) Both EV-and MVNP-NIH3T3 cells were treated with 20 μM LY294002 for 2.5 hours.
Cells were harvested and proteins in the cytosolic (cyt) and nuclear (nuc) compartments
were isolated. FoxO3 protein levels were analyzed by Western blotting. PARP and-α-
tubulin were used as controls for proteins from cytosolic and nuclear compartments,
respectively. (B) After the treatment of LY294002 for 5 hours, cells were harvested for
RNA extraction. Real-time PCR was performed to analyze the level of Sirt1 mRNA. The
level of Sirt1 mRNA in EV or MVNP cells with DMSO treatment was set as 1.*P < 0.05 as
determined by student’s t-test. (C) HEK293 cells were co-transfected with either FHRE-
luciferase or Sirt1 promoter (−202) luciferase reporter together with the renilla luciferase
construct (pRL-CMV, Promega). At 48 hours post-transfection, cells were harvested for
dual-luciferase assays. Firefly luciferase values were divided by renilla luciferase values for
normalization in each sample. Empty vector pCMV-Tag2C or pCDNA3.1 was used as
control construct for MVNP (500 ng) or FoxO3™ (300 ng), respectively. A representative
experiment is shown. Similar results were observed in 2 independent experiments. *P < 0.01
or **P < 0.05 as determined by student’s t-test.
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Figure 3. MVNP induced the degradation of FoxO3
(A and B) The stability of FoxO3 protein was assayed by cycloheximide (CHX) chase in
EV- and MVNP-NIH3T3 cells. Cells were harvested and protein lysates prepared at 0.5, 1,
2, 4, 6 hours (h) after addition of CHX. (A) Western blotting was performed to detect the
FoxO3 levels at each time point. (B) Data represent densitometric analysis of the results in
(A). (C) HEK293 cells were transfected with a Flag-FoxO3 plasmid and increasing amount
of MVNP plasmid. At 36 hours post-transfection, cells were harvested and analyzed for the
expression of Flag-FoxO3 and MVNP with their respective antibodies. (D) HEK293 cells
were transfected with a Flag-FoxO3 plasmid and MVNP plasmid (500 ng of each). At 36
hours post-transfection, cells were harvested after 10 μM MG132 treatment for 2 hours or
100 nM calyculin A treatment for 40 minutes. Cell lysates were analyzed by
immunoprecipitation and immunoblotting. A representative experiment is shown. Similar
results were observed in 2 independent experiments. (E and F) Both EV- and MVNP-
NIH3T3 cells were treated with 10 μM MG132 for 5 hours. Cells were then harvested for
RNA and protein extraction. (E) Western blotting was performed to analyze the protein
levels of FoxO3. (F) Real-time PCR was performed to analyze the levels of Il-6 mRNA. *P
< 0.01 or **P < 0.05 as determined by student’s t-test.
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Figure 4. MVNP increased Il-6 through down-regulation of Sirt1
(A) An IL-6 promoter (−225) luciferase reporter was transfected into EV- or MVNP-
NIH3T3 cells together with a Sirt1 construct or an empty vector. *P < 0.01 as determined by
student’s t-test. (B) Both EV- and MVNP-NIH3T3 cells were treated with resveratrol or the
vehicle (DMSO) for 24 hours and harvested for Il-6 mRNA determination by real-time PCR.
*P < 0.01 as determined by student’s t-test. (C) EV-NIH3T3 cells were treated with 10 ng/
mL recombinant human Il-6 or left untreated for 4 hours. Western blotting or real-time PCR
was performed to analyze the protein levels of Stat3, FoxO3, and Sirt1 (left) or mRNA
levels of Sirt1 (right), respectively. *P < 0.05 as determined by student’s t-test.
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Figure 5. Resveratrol inhibited abnormal OCL differentiation in the presence of MVNP
Nonadherent bone marrow cells were derived from wild-type and TRAP-MVNP mice long
bone. After 3 days of pretreatment of M-CSF, the cells were treated with RANKL and
different doses of resveratrol (0, 10 μM, 25 μM, and 50 μM). After 3 days of further
culture, cells were fixed and processed for TRAP staining. TRAP positive multinuclear cells
(MNC) were counted under a microscope. *P < 0.05 as determined by two-way ANOVA
with Bonferroni post-tests; ns, not significant.
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Figure 6. Schematic representation of IL-6 gene regulation by MVNP modulation of FoxO3 and
Sirt1
MVNP-increased phosphorylation of FoxO3, perhaps by members of the IKK family, leads
to degradation of FoxO3 and down-regulation of Sirt1 expression. Decreased Sirt1 leads to
more active NF-κB and increased IL6 gene expression.

Wang et al. Page 19

Bone. Author manuscript; available in PMC 2014 March 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text


