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mediator of tumour necrosis factor action in
osteoblast differentiation by targeting osterix for degradation
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Abstract

In patients with inflammatory arthritis, tumour necrosis factor (TNF)-o are overproduced in inflamed joints. This leads to local erosion of carti-
lage and bone, periarticular osteopenia, as well as osteoporosis. But less is known regarding the molecular mechanisms that mediate the effect
of TNF-o on osteoblast function. The purpose of this study was to test that C terminus of Hsc70-interacting protein (CHIP) has a specific role in
suppressing the osteogenic activity of osteoblasts under inflammatory conditions. C2G12, MC3T3-E1 and HEK293T cell lines were cultured and
cotransfected with related plasmids. After transfection, the cells were cultured further in the presence or absence of murine TNF-oc and sub-
jected to real time RT-PCR, Western blot, Ubiquitination assay, Co-immunoprecipitation, Luciferase reporter assay, Small interfering RNAs and
Mineralization assay. The expression levels of TNF-a-induced CHIP and Osx were examined by RT-PCR and Western blot analysis. Co-immuno-
precipitation and ubiquitination assays revealed ubiquitinated Osx, confirmed that CHIP indeed interacted with Osx and identified K55 and K386
residues as the ubiquitination sites in Osx, Luciferase reporter assay and Small interfering RNAs examined whether TNF-o: target the bone mor-
phogenetic protein signalling through CHIP. We established stable cell lines with the overexpression of HA-CHIP, Mineralization assay and CHIP
siRNA demonstrated the important roles of CHIP on osteoblast function in conditions in which TNF-o is overexpressed. We found that the K55
and K386 residues are ubiquitination site(s) in Osx, and that TNF-a inhibits osteoblast differentiation by promoting Osx degradation through
up-regulation of E3 ubiquitin ligase CHIP in osteoblast. Thus, CHIP targets Osx for ubiquitination and degradation in osteoblasts after chronic
exposure to TNF-o, and inhibition of CHIP expression in osteoblasts may be a new mechanism to limit inflammation-mediated osteoporosis by
promoting their differentiation into osteoblasts.
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Introduction

Bone is a major target of many inflammatory rheumatic diseases,
including rheumatoid arthritis (RA) and ankylosing spondylitis (AS)
[1, 2]. Inflammation leads to a wide range of changes in osteoblast
differentiation. Osteoblast differentiation activity is dependent on a
strict coupling mechanism of osteoclast resorption and new matrix
deposition by osteoblasts, and an imbalance between these two activ-
ities leads to pathological states such as osteoporosis. Osteoporosis
and fragility fractures are common and preventable complications of
RA and AS [3]. Tumour necrosis factor (TNF-a) and other cytokines
are overproduced in the inflamed joints of RA and AS patients as a
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result of various cells infiltrating the synovial membrane, which leads
to severe local erosion of the cartilage and bone, periarticular oste-
openia and systemic osteoporosis. Tumour necrosis factor-o is a
pleotropic cytokine known to be involved in the progression of several
pro-inflammatory disorders. Transcription factor Snail regulates TNF-
a-mediated synovial fibroblasts activation in rheumatoid joint. Many
therapeutic agents have been designed to counteract the effect of TNF
in RA as well as a number of cancers [4, 5].

Little is known regarding the role of TNF-o in osteoblast biology.
The inhibitory effects of TNF-o. on osteoblast differentiation in vitro
were first described in neonatal rat calvarial organ cultures in 1987
[6]. Subsequent studies demonstrated that TNF-o: inhibits the recruit-
ment of osteoblast progenitors, reduces the expression of genes pro-
duced by mature osteoblasts, and promotes osteoblast apoptosis
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through the nuclear factor-kB signalling pathway [7-11]. Every step
in the commitment of an osteoblast precursor is orchestrated by the
expression of skeletal-specific transcription factors [12-14], and
those that are critical for osteoblast differentiation include runt-related
factor (Runx2) and osterix (Osx) because their deletion results in a
cartilaginous skeleton [15, 16]. Previous studies reported that TNF-o
is a potent inhibitor of the skeletal transcription factors Runx2 [17,
18]. The TNF-a-induced reduction in the nuclear Runx2 protein was
greater than expected compared with the decrease in total Runx2
mRNA. Furthermore, pharmacological inhibitors of the cell survival-
promoting kinases fail to reverse the inhibitory effects of TNF-o on
osteoblast differentiation in vitro [19, 20], suggesting that other sig-
nal pathways may be involved.

Osx has been reported to be required for bone morphogenetic
protein-2 (BMP-2) and Runx2-induced osteoblast differentiation and
bone growth in post-natal and adult mice [21, 22], to be a more
restricted transcription factor than Runx2 in osteoblast differentiation
and to act downstream of Runx2 [23]. Osx is specifically expressed in
osteoblasts, and the expression of Osx becomes stronger as osteo-
blast differentiation occurs. We and others have been suggested that
the inhibition of Osx expression in inflammatory arthritis may impair
osteoblast differentiation and predispose the patient to increased per-
iarticular and systemic bone loss [24-26] At present, the regulation
of Osx has not been fully investigated, and less is known regarding its
post-translational regulation.

Recently, the ubiquitin—proteasome system has been implicated
in the regulation of the BMP-2 and transforming growth factor-§
signalling pathways in various cell types. Others have demonstrated
that the E3 ubiquitin ligase, C terminus of Hsc70-interacting protein
(CHIP), regulates osteoblast differentiation by promoting the prote-
asomal degradation of the BMP signalling proteins Smad1 and
Smad5 and of the osteoblast transcription factor Runx2 [27, 28].
CHIP was originally identified as a cochaperone involved in protein
folding. In addition, CHIP has Ubox-dependent ubiquitin ligase
activity and triggers the degradation of chaperone client proteins
[29, 30]. Osteoblast activity is augmented in ubiquitin ligase-defi-
cient mice that generate adult onset osteosclerosis with increased
bone mass [31].

On the basis of the findings from these studies, we tested the
hypothesis that TNF-a inhibits osteoblastic function by up-regulating
CHIP E3 ligases that trigger degradation of the Osx protein. Thus, our
results shed some light on a novel molecular mechanism for the inhi-
bition of osteoblasts by TNF-o that involves the post-transcriptional
regulation of protein function through CHIP E3 ligase-mediated prote-
asomal degradation, providing further elucidation of the regulation of
bone metabolism.

Materials and methods

Antibodies

Anti-Flag, anti-Myc and anti-B-actin were purchased from Sigma-Aldrich
(St. Louis, MO, USA),. The anti-Osx monoclonal antibody was pur-
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chased from MBL (Woburn, MA, USA). The anti-ubiquitin and anti-HA
monoclonal antibodies and anti-CHIP polyclonal antibody were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Plasmids, cell culture, transfection and
co-immunoprecipitation

pCMV-Flag-Osx, pCMV-Myc-CHIP and pCDNA-HA-CHIP were gener-
ated according to standard molecular techniques and subjected to
DNA sequencing. A luciferase reporter construct containing the
mouse osteocalcin (Ocn) promoter (Ocn-Luc) was created using the
pGL3-basic vector (Promega, Madison, WI, USA). The Ocn promoter
fragment was determined by sequencing. Lys (K) to Arg (R) mutants
of Osx were generated using the Quickchange site-directed mutagene-
sis kit (Stratagene). The mutated fragment was confirmed by
sequencing (Sigma-Aldrich). HEK293T and C2C12 cells were cultured
in DME supplemented with 10% FBS (HyClone, Rockford, IL, USA).
MC3T3-E1 cells were cultured in o-MEM supplemented with 10%
FBS. The cells were cotransfected with FLAG-tagged-Osx and Myc-
tagged-CHIP or HA-tagged-CHIP using Tfx-20 (Promega) in a 100-
mm dish. Empty vector was added to balance the total DNA
amounts. After transfection (24 hrs), the cells were cultured further
in the presence or absence of murine TNF-oo (R&D Systems) and
subjected to reverse transcription (RT)-PCR (Promega) or western
blot analysis. At 48 hrs, the cells lysates were incubated. Co-immu-
noprecipitation was performed according to the manufacturer’s
instructions. To inhibit proteasome degradation, the cells were incu-
bated with 50 uM MG132 (Sigma-Aldrich) for 4 hrs. These studies
were carried out in cell lines and no institutional ethics approval or
patient consent was required. Caspase-3 activity and cell viability was
assessed via the MTT assay as described previously [32].

Ubiquitination assay

In 293T cells, HA-tagged ubiquitin was cotransfected with Flag-Osx and
Myc-CHIP in the presence of 50 pM MG132 for 4 hrs before being har-
vested. MC3T3-E1 cells were treated with 10 ng/ml TNF-o for 48 hrs in
the presence of PBS or 50 uM MG132 for the last 4 hrs of TNF-« treat-
ment. The cell lysates were then incubated with an anti-Flag antibody
and protein G agarose (Sigma-Aldrich) overnight at 4°C. Ubiquitination
assays were performed as described previously [33].

Small interfering RNAs

The small interfering RNAs (siRNAs) targeting the CHIP messenger
RNA (mRNA) were designed using the Ambion website. Lentivirus
without the transgene was used as the negative control. The siRNAs
were delivered using lentivirus particles (1 ml, 108 TU/ul) by Gene
Pharma (Shanghai Gene Pharma Co, Ltd., Shanghai, China). The CHIP
SiRNA  (LeshCHIP) sequence was 5-AACAGGCACTTGCTGACTG-3.
Transfected MC3T3-E1 cells were stably selected using G418 (600 ng/
ml) and pooled for further experiments. Two days after transfection,
the cells were harvested for quantitative real-time RT-PCR or western
blot analysis. The experiments were repeated three times with similar
results.
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Western blotting and Luciferase assay

The cells were harvested in direct lysis buffer. Protein extraction and
immunobloting were performed according to the manufacturer’s instruc-
tions. MC3T3-E1 cells were transiently transfected with the BRE-Luc
BMP signalling reporter, CHIP siRNA vectors or empty vector, which
was used to equalize the total DNA amount. The cells were treated with
10 ng/ml TNF-o for 48 hrs, followed by a 20-hr incubation in the pres-
ence or absence of 100 ng/ml BMP-2 (R&D Systems). HEK 293T cells
were cotransfected with the WT Flag-Osx plasmid or Lys-to-Arg
mutants and the Ocn-Luc and Renilla luciferase reporter vectors, and
luciferase activity was determined after 24 hrs of transfection. C2C12
cells were cotransfected with Flag-Osx (WT) or the K55R or K386R
mutants and the Ocn-Luc reporter, Renilla luciferase reporter vector and
CHIP siRNA construct. The cells were then treated with 10 ng/ml TNF-o
for 48 hrs, followed by a 20 hrs incubation in the presence or absence
of 100 ng/ml BMP-2. After the cells were harvested, the luciferase activ-
ity was determined by Top Count (Packard, USA) using a kit (Promega).
The internal control plasmids were supplied by the company (Promega).
The results from at least two independent experiments were evaluated.

Quantitative real-time RT-PCR

Total RNA was extracted from cells using TRIzol reagent (Invitrogen,
USA) according to the manufacturer’s instructions. The cDNA was syn-
thesized using Superscript Ill reverse transcriptase (Invitrogen) accord-
ing to the manufacturer's protocol. A Light Cycler (Roche, Switzerland)
and a SYBR RT-PCR kit (Toyobo, Japan) were used for quantitative
real-time RT-PCR analysis in accordance with the manufacturer's
instructions. The sequences of the primer sets for the CHIP, alkaline
phosphatase (ALP), Ocn and B-actin mRNAs, the target sites on the
mRNAs and the PCR product sizes are shown in Table 1. The relative
quantification of each gene was determined using the LightCycler 480
SW software (Roche).

Mineralization analysis

Alizarin Red staining was used for the mineralization analysis. MC3T3-E1
cells seeded in 24-well plates were cotransfected with HA-CHIP, CHIP
SiRNA or empty vector. Twenty-four hours after transfection. Alkaline
phosphatase staining and ALP activity was performed after the stable

Table 1 Sequences of primers used in the real-time PCR

Genes Primers

CHIP F: 5’-CCTATGACCGCAAGGACATT-3’
R: 5’-CTCTACCCAGCCGTTCTCAG-3’

ALP F: 5'-CGGGACTGGTACTCGGATAA-3’
R: 5’-ATTCCACGTCGGTTCTGTTC-3’

OCN F: 5’-CTTGGTGCACACCTAGCAGA-3’
R: 5’-CTCCCTCATGTGTTGTCCCT-3’

B-Actin F: 5'-AGATGTGGATCAGCAAGCAG-3’

R: 5'-GCGCAAGTTAGGTTTTGTCA-3

F, forward primer; R, reverse primer.
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cells treated with TNF-o for 2 days were cultured for 21 days. Alkaline
phosphatase staining and quantification were described [34]. The stable
cells treated with TNF-o for 2 days were cultured with or without 40 ng/
ml BMP-2. After a 28-day incubation, the cells were fixed with 95% etha-
nol for 10 min., subjected to the Alizarin Red solution (0.2%, pH 4.5) for
10 min. and then washed twice with PBS. The Alizarin Red-S concentra-
tion was determined by measuring the absorbance at 562 nm.

Statistical analysis

The data are presented as the mean + SD. Comparisons were per-
formed with Student’s t-test for experiments with two groups. AnovA
was used to determine a statistical difference between multiple groups.
Data from a single experiment were used to represent three indepen-
dent experiments with similar results. A value of P < 0.05 was consid-
ered statistically significant.

Results

TNF-o up-regulates CHIP expression

Because TNF-o has been reported to enhance the expression of the
E3 ligase Smurf1, we determined whether TNF-o. had a similar effect
on the expression of the CHIP protein. The C2C12 and MC3T3-E1
osteoblast precursor cell lines were treated with PBS or 5-10 ng/ml
TNF-o, and the expression levels of the CHIP mRNA were examined
by RT-PCR. The results show that the dose of TNF-o (10 ng/ml) sig-
nificantly enhanced CHIP levels in both cell lines at 48 hrs (Fig. 1A).
Consistent with these mRNA results, TNF-o enhanced CHIP protein
expression, as determined by western blot analysis at 48 hrs
(Fig. 1B). To confirm that up-regulated CHIP expression is associated
with TNF-o-induced apoptosis, we analysed the caspase-3 activity
and cell viability of both cell lines, which were treated with 10 ng/ml
TNF-o for 24 and 48 hrs, using MTT (Fig. 1C). At the same time,
CHIP mRNA expression in the same samples was detected by RT-
PCR. The results showed that the osteoblasts were morphologically
normal and had normal caspase-3 activity and that CHIP expression
was increased when the cells were treated with 10 ng/ml TNF-o.
However, higher concentrations (>10 ng/ml) resulted in the death of
the C2C12 and MC3T3-E1 cells.

TNF-« initiates the ubiquitin pathway for the
degradation of Osx

To determine whether TNF-o. promotes Osx degradation through the
ubiquitin pathway, HEK293T cells transfected with the Flag-Osx and HA-
UB plasmids or MC3T3-E1 cells were treated with 10 ng/ml TNF-o and
the proteasome inhibitor MG132, which is an inhibitor of protein degra-
dation through the ubiquitination pathway. Significant increases in the
protein levels of both endogenous and exogenous Osx were revealed
after treatment with 20 uM MG132. At the same time, we examined the
Osx protein by immunoprecipitation assays using an anti-Osx antibody
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to precipitate the immunocomplexes and an anti-ubiquitin antibody to
perform western blot analysis. This result revealed small expression of
ubiquitinated Osx in vehicle-treated cells upon MG132 treatment. Inter-
estingly, the amount of ubiquitinated Osx was significantly increased in
the presence of TNF-or (Fig. 2A and B). In addition, MC3T3-E1 or
HEK293T cells transfected with Flag-Osx and Myc-CHIP plasmids were
treated with 10 ng/ml TNF-oc and 20 M MG132, and the levels of Flag-
Osx and Osx were detected by western blot analysis. As shown in Fig-
ure 2C and D, 10 ng/ml of TNF-a led to a marked reduction in exoge-
nous Osx in HEK293T cells and in endogenous Osx in MG3T3 cells. The
immunoblotting results showed that the Flag-Osx protein levels
decreased with increasing expressions of Myc-CHIP in the absence of
TNF-o.. Taken together, these results suggest that TNF-oe may initiate the

© 2015 The Authors.

ubiquitin pathway to degrade Osx and that CHIP may play an important
role in mediating the effects of TNF-o exposure on Osx degradation.

TNF-a-induced effects on Osx degradation are
dependent on CHIP

To confirm that CHIP is responsible for mediating the effects of TNF-
o on Osx degradation, HEK293T cells were cotransfected with Flag-
Osx or Myc-CHIP expression vectors or empty vector in the absence
or presence of TNF-o. The immunoblotting results showed that with
increasing expression of Myc-CHIP, the Flag-Osx protein levels
decreased in the absence of TNF-o.. Moreover, the Flag-Osx protein
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Fig. 2 TNF-oc and CHIP prompt Osx degradation through ubiquitination. HEK293T or MC3T3-E1 cells were either transfected with M-CHIP expression
vector or were cotransfected with Flag-Osx expression vector or empty vector and cultured for 48 hrs in the presence of PBS or TNF-o (10 ng/ml).
(A) Endogenous ubiquitinated Osx (Ub-Osx) protein ladders were detected by the anti-ubiquitin antibody (upper panel). After stripping the antibody,
the total un-ubiquitinated Osx protein levels were determined using the anti-Osx antibody (lower panel). (B) Exogenous ubiquitinated Osx (Ub-HA)
protein ladders were detected by the anti-HA antibody (upper panel). After stripping the blots, the total un-ubiquitinated Osx protein levels were
determined with an anti-Flag antibody (lower panel). (C) The HEK293T cells were treated with PBS or TNF-o (10 ng/ml), Flag-Osx expression was
examined by Western blotting with an anti-Flag antibody. (D) The MC3T3-E1 cells were treated with MG132 for the last 12 hrs. Osx expression was
examined by western blotting with an anti-Osx antibody, and B-actin protein levels were determined by western blotting with an anti-actin antibody.

The results are shown for one of three independent experiments.

levels were reduced in the presence of TNF-ar (Fig. 2A). Thus, we
speculated that CHIP might interact with Osx and promote Osx turn-
over. To examine this hypothesis, we co-expressed the CHIP protein
fused to a Myc tag and the Osx protein fused to a Flag tag in 293T
cells using transient transfection. Forty-eight hours after transfection,
the cell lysates were submitted to immunoprecipitation using an anti-
Flag antibody to precipitate Osx, which showed that the CHIP protein
co-immunoprecipitated with the anti-Flag antibody, as indicated by
immunoblotting with an anti-Myc antibody. We could not precipitate
Flag-tagged Osx co-expressed with Myc-CHIP in cell lysates in the
absence of MG132. However, we observed that the Flag-tagged Osx
protein precipitated the expressed Myc-tagged CHIP fusion protein in
the presence of MG132 (Fig. 3A). These results further reveal the
interaction between CHIP and Osx in mammalian cells. Moreover,
293T cells were transfected with plasmids expressing Flag-Osx or
HA-CHIP. The cell lysates were used in immunoprecipitations with
anti-Flag antibody, which were then blotted with the anti-HA antibody.
The expression of HA-CHIP and Flag-Osx in the cell lysates is shown
in Figure 3B. These data indicate that CHIP forms a complex with Osx
in these mammalian cells.

Next, we tested whether Myc-CHIP could interact with
endogenous Osx. We specifically precipitated endogenous Osx from
MC3T3-E1 cells treated with Myc-CHIP using an anti-Osx antibody.
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Interestingly, the Myc-CHIP protein was reprecipitated in the precipi-
tated complex containing endogenous Osx (Fig. 3C). At the same
time, we further demonstrated that endogenous CHIP and Osx were
associated and that endogenous CHIP could form a complex with
endogenous Osx (Fig. 3D). The above results reveal that CHIP indeed
interacts with Osx and that Osx may be a substrate of CHIP-mediated
ubiquitination.

To further investigate the role of CHIP in TNF-o-induced Osx degra-
dation, MC3T3-E1 cells, in which endogenous CHIP is moderately
expressed, were infected with a retroviral supernatant containing siRNA
specific for CHIP to knock down endogenous CHIP in the presence of
TNF-o. Then, the expression of osteoblast differentiation marker genes
(ALP and OCN) was detected by real-time RT-PCR. This treatment
resulted in a significant increase in the expression of Osx protein in the
cells. CHIP siRNA decreased TNF-a-induced CHIP expression and led to
increase the ALP and OCN expression (Fig. 3E) and TNF-o-induced inhi-
bition of Osx degradation (Fig. 3F). The expression of these genes was
decreased in the overexpression clones and enhanced in the depletion
clones, further suggesting that the TNF-a-induced effects on Osx degra-
dation may depend on CHIP and that the ubiquitin pathway is involved in
regulating Osx. Thus, identifying the Ub Lys acceptor site(s) of Osx and
determining the functional effects of removing these site(s) on Osx
activity are interesting.

© 2015 The Authors.
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Fig. 3 Interactions between CHIP and Osx. (A) CHIP mediates Osx degradation and ubiquitination. Flag-Osx was co-expressed with increasing amounts
of Myc-CHIP in 293T cells treated with or without 20 M MG132 for 6 hrs. Overexpressed Flag-Osx precipitated Myc-CHIP in the presence of MG132.
Myc-CHIP was co-overexpressed with Flag-Osx in the absence or presence of 20 uM MG132. The precipitated band is indicated. (B) CHIP interacts with
0Osx. (C) Myc-CHIP interacts with endogenous Osx in vivo in MC3T3 cells. (D) Endogenous CHIP interacts with endogenous Osx in vivo in MC3T3 cells.
(E) Fold increase in genes over control sSiRNA. MC3T3 cells were transfected with CHIP siRNA or control siRNA, and 2 days after transfection, cells were
cultured in the presence with TNF-o-o (10 ng/ml) for 2 days. The expression levels of the gene of interest were examined by RT-PCR. The values are
the mean =+ SD of three wells. The fold increase was calculated by dividing the values of CHIP siRNA-transfected cells by the value of control SiRNA-
transfected cells which was normalized to 1. *P < 0.05 versus control siRNA. (F) Knocking down CHIP by siRNA decreases TNF-a-induced Osx degra-
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three loadings. The fold increase was calculated as described in Figure 1. *P < 0.05 versus the empty vector-infected TNF-o group.

The residues K55 and K386 of Osx are involved
in ubiquitination

Because the mutation of Lys residues may induce structural changes in
the Osx protein and also affect its activity by blocking ubiquitination,
each of the Lys residues of Osx was replaced with an Arg residue
(Fig. 4A), which maintained the positive charge but could not serve as
an acceptor site for ubiquitination. To identify the ubiquitination sites in
Osx, Osx-deficient HEK293T cells were cotransfected with the WT Flag-
Osx plasmid, mutants with different Lys-to-Arg mutations and Ocn-Luc
constructs. Qverexpression of the K26R, K55R, K111R, K227R, K229R,

© 2015 The Authors.

K244R, K386R and K414R mutants increased Ocn-dependent luciferase
reporter gene expression by more than 2.6-fold, compared with WT Osx.
Eight of 22 Lys residues in Osx were able to accept the ubiquitin mole-
cule (Fig. 4C), and the Lys-to-Arg mutations at these sites might abro-
gate Osx ubiquitination and degradation. To further analyse the Ub Lys
site(s), we cotransfected the WT Flag-Osx or the eight above-described
Lys-to-Arg mutants, along with a HA-ubiquitin vector, into HEK293T
cells. We found that only the K55R and K386R mutants displayed dra-
matically decreased ubiquitiation. We demonstrated that K55 and K386
are the ubiquitination sites of Osx by co-immunoprecipitation assays.
These results indicated that the Osx K55R and K386R mutations reduced
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Fig. 4 The residues K55 and K386 are the ubiquitination sites of Osx. (A) Mouse Osx primary sequence with the lysine residues indicated. (B) HEK
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shown for one of three independent experiments. (C) HEK 293T cells were cotransfected with the Ocn-Luc reporter, control Renilla luciferase repor-
ter vector, and the WT Flag-Osx plasmid or Lys-to-Arg mutants. The relative luciferase activity was measured 24 hrs after transfection. The results
were obtained from three independent experiments performed in triplicate. The data are expressed as the mean & SD.

Osx ubiquitination activity to a level comparable with the result obtained
with the wild-type control (Fig. 4B), suggesting that these two residues
may be ubiquitination sites of Osx.

CHIP mediates the inhibition of BMP Signalling
and Osx by TNF-o through the K55 and K386 UB
sites of Osx

CHIP has been reported to be an E3 ubiquitin ligase that regulates
BMP signals by promoting the ubiquitination and proteasome-depen-
dent degradation of Smad1/5 [35]. Our above results show that TNF-
o decreases Osx expression through the up-regulation of CHIP. To
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further confirm that TNF-o mediates the inhibition of Osx expression
by CHIP through the K55 and K386 UB sites of Osx, HEK293T cells
transfected with the Flag-Osx, Myc-CHIP, K55R and K386R mutant
plasmids were treated with 10 ng/ml TNF-o, and the levels of K55R
and K386R were detected by Western blot analysis. The immunoblot-
ting results showed that with increasing expression of Myc-CHIP, the
K55R and K386R protein levels showed little decrease in the absence
or presence of TNF-o (Fig. 5A and B), suggesting that TNF-o medi-
ates the inhibition of Osx expression by CHIP through the K55 and
K386 UB sites of Osx. Furthermore, we examined whether TNF-o tar-
gets BMP signalling. MC3T3-E1 cells transfected with the OCN-Luc
reporter, Flag-Osx vector, K55R and K386R mutants and the BRE-Luc
reporter, which is a BMP-specific transcription reporter driven by the

© 2015 The Authors.
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BMP-responsive elements of the /d1 gene, were stimulated by BMP-2
in the presence or absence of TNF-o in a luciferase reporter assay.
We tested the role of CHIP as a mediator of the TNF-o inhibition of
Osx by silencing CHIP with a short interfering RNA (SiRNA). The
results indicated that CHIP dramatically inhibited the Osx-induced
transcriptional activity increase that was observed in the Luciferase
reporter assay in MC3T3-E1 cells stimulated with BMP-2 or TNF-o.
CHIP siRNA reduced the inhibitory effect of TNF-o. Furthermore,
when the endogenous CHIP protein was depleted in MC3T3-E1 cells
by CHIP siRNA, we observed an increase in the luciferase activity at
basal expression (without the overexpression of 0sx) or under Osx
overexpression. These data suggest that CHIP siRNA decreases the
effect of TNF-o on the Osx reporter. However, we observed that CHIP
depletion by siRNA reduced TNF-a-induced inhibition of the BMP-2
signalling reporter (Fig. 5C). The K55R and K386R mutants
decreased the effect of CHIP on the Osx reporter in the presence of
TNF-o. (Fig. 5D). Thus, although TNF-o. inhibits BMP signalling
through CHIP, its inhibition of Osx is mediated by CHIP through the
K55 and K386 sites.

TNF-o affects osteoblast differentiation and
mineralization of MC3T3-E1 cells through CHIP

To further evaluate the potential roles of CHIP on osteoblast function
under conditions in which TNF-o is overexpressed, we established
stable MC3T3-E1 cell lines overexpressing HA-CHIP or depleted of
endogenous CHIP by siRNA. After the stable cell lines treated with
TNF-o for 2 days were cultured for 21 days, ALP staining and ALP
activity was performed (Fig. 6A and B). At 28 days, the stable cell
lines were stained with Alizarin Red to identify mineralized nodules. In
the absence of TNF-o, a 40 ng/ml dose of BMP-2 enhanced the Osx
protein levels and number of nodules in CHIP knockdown clones
compared with the HA-CHIP-expressing clones. Similarly, the Osx

© 2015 The Authors.

Flu-olme B _

HEK293T cells

J. Cell. Mol. Med. Vol 19, No 8, 2015

1 +3

Fig. 5CHIP mediates the inhibition of
BMP signalling and Osx by TNF-o through
the K55 and K386 UB sites of Osx. (A and
B) MC3T3-E1 cells were transfected with
vector-based siRNA targeting CHIP (CHIP-
RNAi) or empty vector. The cells were
then transfected with the Flag-Osx expres-
sion plasmid and Osx reporter vector (OC-
Luc) or BMP reporter vector (BRE-Luc)
for 6 hrs, treated with 10 ng/ml TNF-o for
48 hrs and then stimulated with 40 ng/ml
BMP-2. Then, the cell lysates were
extracted, and luciferase activity was mea-
sured using a Dual Luciferase Reporter
Assay System. The values are the
mean + SD of three loadings. *P < 0.05
versus the empty vector-infected TNF-o
group.
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protein levels and number of nodules increased in the CHIP knock-
down clones compared with the controls. However, in the presence of
TNF-o, there was an apparent TNF-o-induced decrease in the Osx
protein levels and in mineralized nodule formation in the HA-CHIP-
expressing clones compared with the CHIP knockdown clones
(Fig. 6C and D). These data showed that CHIP decreased the number
and size of the mineralized nodules under normal and inflammatory
conditions, suggesting that CHIP overexpression prevents or delays
cell differentiation into mature osteoblasts and that the depletion of
CHIP promotes or enhances this process.

Discussion

Bone destruction is marked in RA, a disease characterized by prolifer-
ative synovitis in which proteases secreted by the synovial membrane
cause cartilaginous inflammation that leads to joint destruction [36].
Tumour necrosis factor-o is the key mediator of joint inflammation
and bone destruction in inflammatory arthritis, 6.g. RA and AS. Sev-
eral studies have detected high amounts of TNF-o: in the serum and
synovial fluid of patients with RA and AS [37, 38], but the molecular
mechanisms that mediate the inhibitory effects of TNF-o on osteo-
blasts have not been fully examined. Here, we provide evidence for
the regulation of the stability of the osteoblast-specific transcription
factor Osx by TNF-o through the E3 ligase CHIP. Our findings provide
the first evidence that TNF-o inhibits osteoblast function by control-
ling the ubiquitination status of the Osx protein through CHIP. Fur-
thermore, we believe that this is the first demonstration showing that
the K55 and K386 residues are the ubiquitination sites of mouse 0sx,
and that TNF-o affects osteoblast differentiation and mineralization
through CHIP.

Runx2 and Osx are critical transactivators of osteoblast differenti-
ation, and the activities of these two transcription factors are tightly
regulated at different levels, including transcription, translation,
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phosphorylation, acetylation, protein—protein interactions and ubiqu-
itin-mediated degradation [39-42]. Previously, several other E3 ligas-
es, including CHIP, which is an E3 ubiquitin ligase, were reported to
regulate Runx2 protein turnover. CHIP has been reported to directly
interact with Runx2 and to induce the ubiquitin-dependent degrada-
tion of the Runx2 protein [43, 44]. These findings indicate that CHIP-
mediated protein degradation plays a role in osteoblast differentiation.
However, Osx is essential for the expression of many bone-related
genes. Thus, the characterization of the role of the Osx transcription
factor in regulating bone-related genes is important. Currently, the
regulation of Osx has not been fully investigated, and knowledge of
the post-translational regulation of Osx is especially sparse.
Ubiquitination is a post-translational modification that regulates
the function, localization and turnover of cellular proteins to impact
cellular morphology, activity and interactions within multicellular
organisms. GHIP is a cochaperone protein identified through its inter-
action with Hsc/Hsp70, and promotes the ubiquitination and degrada-
tion of chaperone-bound proteins. It has been reported that CHIP
expression is gradually decreased during osteoblast differentiation
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but maintained at a high level in non-osteoblast lineages [45]. In this
study, we show that CHIP is a novel post-translational regulator of
Osx through several lines of evidence, and our data suggest that CHIP
may play an important role in the regulation of Osx protein levels in
osteoblast precursor cells upon treatment with TNF-o..

As CHIP affects protein degradation through the ubiquitination
process, we examined whether CHIP is involved in Osx ubiquitination.
These experiments demonstrated that Osx indeed interacted with
CHIP. Whether there is an adaptor involved in the regulation of the
CHIP-Osx interaction remains to be determined. In an experiment
with the Osx mutants, we screened for potential ubiquitination sites in
mouse Osx by testing the Lys-to-Arg mutant plasmids and luciferase
reporter assays. We found that the K55R and K386R mutants induced
markedly decreased polyubiquitination, suggesting that these two
residues might be the ubiquitination sites of Osx. To further confirm
that TNF-o mediated the inhibition of Osx expression by CHIP through
the K55 and K386 UB sites of Osx, Our results show that the interac-
tion between Flag-Osx (K55R and K386R) and Myc-CHIP was barely
detectable after a short exposure and was still only weak after a long

© 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



exposure and that WT Flag-Osx interacts strongly with Myc-CHIP.
Furthermore, we knocked down endogenous CHIP expression using
SiRNA in the MC3T3-E1 cell line upon TNF-o treatment and found a
significant increase in the amount of exogenous and endogenous 0sx
protein, suggesting that the TNF-a-induced effects on Osx degrada-
tion depended on CHIP.

The intracellular signalling of BMP is mediated primarily by the
Osx protein, an essential transactivator of osteoblast differentiation
and osteoblast differentiation. We questioned whether CHIP overex-
pression would also block these signals in osteoblasts. We observed
that CHIP depletion by siRNA reduced the TNF-a-induced inhibition of
the BMP-2 signalling reporter. The K55R and K386R mutants
decreased the effect of CHIP on the Osx reporter in the presence of
TNF-o.. Thus, although TNF-o: inhibits BMP signalling through CHIP,
its inhibition on Osx is mediated by CHIP through the K55 and K386
sites.

We established stable MC3T3-E1 cell lines overexpressing HA-
CHIP or depleted of endogenous CHIP by CHIP siRNA. The stable cell
lines were treated with BMP-2 or TNF-o and analysed for Osx expres-
sion. The results showed that CHIP decreased the Osx protein levels
in MC3T3-E1 cells. Our data suggest that CHIP is a key regulator in
the TNF-o-mediated inhibition of osteoblast differentiation and
mineralization.

0On the basis of these findings, we propose a model to explain the
involvement of CHIP in inhibition of osteoblast differentiation in
patients with chronic inflammatory disorders. In arthritic joints,
secretion of pro-inflammatory cytokines, such as TNF-o, is elevated.
Tumour necrosis factor-or can affect osteoblasts locally or at distant
sites to increase their expression of CHIP. CHIP promotes the ubiqui-
tination degradation of Osx proteins, resulting in consistently
decreased steady-state levels of these key regulators in osteoblasts.
Consequently, osteoblast differentiation cannot match the increased
bone resorption, leading to systemic bone loss.

Although our data indicate that CHIP may be the primary mediator
of TNF-a-induced degradation of Osx, it does not mean that CHIP is
the only mechanism by which TNF-o inhibits osteoblast function. It
has become evident recently that ubiquitin protein ligases can be reg-
ulated by other mechanisms, including phosphorylation of the ligase
or substrate, utilization of adaptor proteins or intra- and inter-molecu-
lar interactions [46-48]. Whether or not these regulatory mechanisms
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Osx plays a key role in osteoblast differentiation. These findings
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results may have implications in targeting CHIP as a therapeutic strat-
egy for treating inflammatory bone loss.

Funding

This work was supported by grants from the National Natural Science
Foundation of China (30600560). A Project Funded by the Peak Foun-
dation Six Talent of Jiangsu Province of China. The funders had no
role in study design, data collection and analysis, decision to publish
or preparation of the manuscript.

Conflicts of interest

The authors confirm that there were no conflicts of interest.

Author contribution

JMX participated in the experiments designs, collecting data, statisti-
cal analysis, manuscript drafting and correspondence to editor. JRG
participated in experimental conception and critical reading. All
authors read and approved the final manuscript.

1.

Maksymowych WP. Disease modification in
ankylosing spondylitis. Nat Rev Rheumatol.
2010; 6: 75-81.

Gravallese EM. Bone destruction in arthritis.
Ann Rheum Dis. 2002; 61: ii84-6.
Nakayama H. Osteoporosis in the patients
with rheumatoid arthritis (3): the efficacy and
the selection of the osteoporosis therapeutic
drug. Clin Calcium. 2007; 17: 1607-12.

Chen SY, Shiau AL, Li YT, ef al. Transcrip-
tion factor Snail regulates TNF-alpha-medi-
ated synovial fibroblast activation in

© 2015 The Authors.
Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

rheumatoid joint. Arthritis Rheumatol. 2015;
67: 39-50.

Keerthy HK, Mohan CD, Siveen KS, ef al.
Novel synthetic biscoumarins target tumor
necrosis factor-alpha in hepatocellular carci-
noma in vitro and in vivo. J Biol Chem.
2014; 289: 31879-90.

Canalis E. Effects of tumor necrosis factor
on bone formation in vitro. Endocrinology.
1987; 121: 1596-604.

Takano M, Otsuka F, Matsumoto Y, et al.
Peroxisome proliferator-activated receptor

activity is involved in the osteoblastic differ-
entiation regulated by bone morphogenetic
proteins and tumor necrosis factor-alpha.
Mol Cell Endocrinol. 2012; 348: 224-32.

Taichman RS, Hauschka PV. Effects of
interleukin-1 beta and tumor necrosis factor-
alpha on osteoblastic expression of osteo-
calcin and mineralized extracellular matrix in
vitro. Inflammation. 1992; 16: 587-601.

Li YP, Stashenko P. Proinflammatory cyto-
kines tumor necrosis factor-alpha and IL-6,
but not IL-1, down-regulate the osteocalcin

1823



20.

21.

22.

1824

gene promoter. J Immunol. 1992; 148: 788—
94.

Kitajima 1, Soejima Y, Takasaki I, et al.
Ceramide-induced nuclear translocation of
NF-kappa B is a potential mediator of the
apoptotic response to TNF-alpha in murine
clonal osteoblasts. Bone. 1996; 19: 263-70.
Jilka RL, Weinstein RS, Bellido T, et al.
Osteoblast programmed cell death (apopto-
sis): modulation by growth factors and cyto-
kines. J Bone Miner Res. 1998; 13: 793
802.

Marie PJ. Transcription factors controlling
osteoblastogenesis. Arch Biochem Biophys.
2008; 473: 98-105.

Lian JB, Stein GS, Javed A, ef al. Networks
and hubs for the transcriptional control of
osteoblastogenesis. Rev Endocr Metab Dis-
ord. 2006; 7: 1-16.

Komori T. Regulation of osteoblast differen-
tiation by transcription factors. J Cell Bio-
chem. 2006; 99: 1233-9.

Lee B, Thirunavukkarasu K, Zhou L, ef al.
Missense mutations abolishing DNA binding
of the osteoblast-specific transcription factor
0SF2/CBFA1 in cleidocranial dysplasia. Nat
Genet. 1997; 16: 307-10.

Komori T. A fundamental transcription factor
for bone and cartilage. Biochem Biophys
Res Commun. 2000; 276: 813-6.

Nanes MS. Tumor necrosis factor-alpha:
molecular and cellular mechanisms in skele-
tal pathology. Gene. 2003; 321: 1-15.
Gilbert L, He X, Farmer P, ef al. Expression
of the osteoblast differentiation factor
RUNX2 (Cbfal/AML3/Pebp2alpha A) s
inhibited by tumor necrosis factor-alpha. J
Biol Chem. 2002; 277: 2695-701.

Dodge GR, Diaz A, Sanz-Rodriguez C, et al.
Effects of interferon-gamma and tumor
necrosis factor alpha on the expression of
the genes encoding aggrecan, biglycan, and
decorin core proteins in cultured human
chondrocytes. Arthritis Rheum. 1998; 41:
274-83.

Abbas S, Zhang YH, Clohisy JC, ef al.
Tumor necrosis factor-alpha inhibits pre-
osteoblast differentiation through its type-1
receptor. Cytokine. 2003; 22: 33-41.
Matsubara T, Kida K, Yamaguchi A, et al.
BMP2 regulates Osterix through Msx2 and
Runx2 during osteoblast differentiation. J
Biol Chem. 2008; 283: 29119-25.

Lee MH, Kwon TG, Park HS, ef al. BMP-2-
induced Osterix expression is mediated by
DIX5 but is independent of Runx2. Biochem
Biophys Res Commun. 2003; 309: 689-94.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Nakashima K, Zhou X, Kunkel G, ef al. The
novel zinc finger-containing transcription
factor osterix is required for osteoblast dif-
ferentiation and bone formation. Cell. 2002;
108: 17-29.

Lu X, Gilbert L, He X, et al. Transcriptional
regulation of the osterix (Osx, Sp7) pro-
moter by tumor necrosis factor identifies
disparate effects of mitogen-activated pro-
tein kinase and NF kappa B pathways. J Biol
Chem. 2006; 281: 6297-306.

Long F. Building strong bones: molecular
regulation of the osteoblast lineage. Nat Rev
Mol Cell Biol. 2011; 13: 27-38.

Diarra D, Stolina M, Polzer K, et al. Dick-
kopf-1 is a master regulator of joint remod-
eling. Nat Med. 2007; 13: 156-63.

Wang L, Liu YT, Hao R, ef al. Molecular
mechanism of the negative regulation of
Smad1/5 protein by carboxyl terminus of
Hsc70-interacting protein (CHIP). J Biol
Chem. 2011; 286: 15883-94.

Lee HL, Yi T, Baek K, et al. Tumor necrosis
factor-alpha enhances the transcription of
Smad ubiquitination regulatory factor 1 in an
activating protein-1- and Runx2-dependent
manner. J Cell Physiol. 2013; 228: 1076-86.
Meacham GC, Patterson C, Zhang W, ef al.
The Hsc70 co-chaperone CHIP targets
immature CFTR for proteasomal degrada-
tion. Nat Cell Biol. 2001; 3: 100-5.
Matsumura Y, Sakai J, Skach WR. Endo-
plasmic reticulum protein quality control is
determined by cooperative interactions
between Hsp/c70 protein and the CHIP E3
ligase. J Biol Chem. 2013; 288: 31069-79.
Ducy P, Zhang R, Geoffroy V, ef al. Osf2/
Cbfal: a transcriptional activator of osteo-
blast differentiation. Cell. 1997; 89: 747-54.
Green LM, Reade JL, Ware CF. Rapid color-
imetric assay for cell viability: application to
the quantitation of cytotoxic and growth
inhibitory lymphokines. J Immunol Methods.
1984; 70: 257-68.

Zhao L, Huang J, Guo R, ef al. Smurf
inhibits mesenchymal stem cell proliferation
and differentiation into osteoblasts through
JunB degradation. J Bone Miner Res. 2010;
25:1246-56.

Ying SX, Hussain ZJ, Zhang YE. Smurf1
facilitates myogenic differentiation and
antagonizes the bone morphogenetic pro-
tein-2-induced osteoblast conversion by tar-
geting Smad> for degradation. J Biol Chem.
2003; 278: 39029-36.

Guo R, Yamashita M, Zhang Q, ef al.
Ubiquitin ligase Smurfl mediates tumor

36.

37.

38.

39.

40.

4.

42.

43.

44

45.

46.

47.

48.

necrosis factor-induced systemic bone
loss by promoting proteasomal degrada-
tion of bone morphogenetic signaling
proteins. J Biol Chem. 2008; 283: 23084
92.

Miao CG, Yang YY, He X, ef al. Wnt signal-
ing pathway in rheumatoid arthritis, with
special emphasis on the different roles in
synovial inflammation and bone remodeling.
Cell Signal. 2013; 25: 2069-78.

Moelants EA, Mortier A, Van Damme J,
et al. Regulation of TNF-alpha with a focus
on rheumatoid arthritis. /mmunol Cell Biol.
2013; 91: 393-401.

Braun J, Sieper J. Remission and possible
discontinuation of biological therapy in axial
spondyloarthritis. Clin Exp Rheumatol. 2013;
31: §33-6.

Zhou X, Zhang Z, Feng JQ, ef al. Multiple
functions of Osterix are required for bone
growth and homeostasis in postnatal mice.
Proc Natl Acad Sci USA. 2010; 107: 12919—
24.

Voutsadakis IA. The ubiquitin-proteasome
system and signal transduction pathways
regulating Epithelial Mesenchymal transi-
tion of cancer. J Biomed Sci. 2012; 19:
67.

Li X, Huang M, Zheng H, ef al. CHIP pro-
motes Runx2 degradation and negatively
regulates osteoblast differentiation. J Cell
Biol. 2008; 181: 959-72.

Baek WY, Lee MA, Jung JW, ef al. Positive
regulation of adult bone formation by osteo-
blast-specific transcription factor osterix. J
Bone Miner Res. 2009; 24: 1055-65.

Sauve V, Gehring K. Phosphorylated ubiqu-
itin: @ new shade of PINK1 in Parkin activa-
tion. Cell Res. 2014; 10: 1038.

Ciechanover A. Proteolysis: from the lyso-
some to ubiquitin and the proteasome. Nat
Rev Mol Cell Biol. 2005; 6: 79-87.

Guo J, Ren F, Wang Y, et al. miR-764-5p
promotes osteoblast differentiation through
inhibition of CHIP/STUB1 expression. J Bone
Miner Res. 2012; 27: 1607-18.

Teixeira LK, Reed SI. Ubiquitin ligases and
cell cycle control. Annu Rev Biochem. 2013;
82: 387-414.

Koyano F, Okatsu K, Kosako H, et al. Ubiqu-
itin is phosphorylated by PINK1 to activate
parkin. Nature. 2014; 510: 162-6.

Chen BB, Coon TA, Glasser JR, et al. Cal-
modulin antagonizes a calcium-activated
SCF ubiquitin E3 ligase subunit, FBXL2, to
regulate surfactant homeostasis. Mol Cell
Biol. 2011; 31: 1905-20.

© 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



