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Chronic inflammatory disorders, such as rheumatoid arthri-
tis, are often accompanied by systemic bone loss, which is
thought to occur through inflammatory cytokine-mediated
stimulation of osteoclast resorption and inhibition of osteoblast
function. However, the mechanisms involved in osteoblast inhi-
bition remain poorly understood. Here we test the hypothesis
that increased Smad ubiquitin regulatory factor 1 (Smurfl)-me-
diated degradation of the bone morphogenetic protein pathway
signaling proteins mediates reduced bone formation in inflam-
matory disorders. Osteoblasts derived from bone marrow or
long bone samples of adult tumor necrosis factor (TNF)
transgenic (TNF-Tg) mice were used in this study. TNF
decreased the steady-state levels of Smad1 and Runx2 protein
similarly to those in long bones of TNF-Tg mice. In the pres-
ence of the proteasome inhibitor MG132, TNF increased
accumulation of ubiquitinated Smad1 protein. TNF adminis-
tration over calvarial bones caused decreases in Smad1l and
Runx2 protein levels and mRNA expression of osteoblast
marker genes in wild-type, but not in Smurfl~'~ mice. Ver-
tebral bone volume and strength of TNF-Tg/Smurfl~'~ mice
were examined by a combination of micro-CT, bone histo-
morphometry, and biomechanical testing and compared with
those from TNF-Tg littermates. TNF-Tg mice had signifi-
cantly decreased bone volume and biomechanical properties,
which were partially rescued in TNF-Tg/Smurfl~'~ mice. We
conclude that in chronic inflammatory disorders where TNF
is increased, TNF induces the expression of ubiquitin ligase
Smurfl and promotes ubiquitination and proteasomal degra-
dation of Smadl and Runx2, leading to systemic bone loss.
Inhibition of ubiquitin-mediated Smadl and Runx2 degrada-
tion in osteoblasts could help to treat inflammation-induced
osteoporosis.
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Osteoporosis and fragility fractures are common and pre-
ventable complications of rheumatoid arthritis (RA).> For
example, one study has reported that 53.3% of RA patients
had osteoporosis and 19.3% had vertebral fractures, rates
that are much higher than those of the general population
(1). These complications are thought to occur through
inflammatory stimulation of osteoclast bone resorption and
inhibition of osteoblast function (2) mediated by cytokines,
such as TNF (3-5). TNF and other cytokines are overpro-
duced by various cells in the inflamed joints of RA patients,
which lead to severe local erosion of cartilage and bone, as
well as periarticular osteopenia and systemic osteoporosis.

TNF is a strong inhibitor of osteoblast functions in vitro, but
the molecular mechanisms that mediate the inhibitory effects
of TNF on osteoblasts have not been fully investigated. TNF
inhibits the recruitment of osteoblast progenitors, reduces
expression of genes produced by mature osteoblasts, and pro-
motes osteoblast apoptosis through the NF-«B pathway
(6-10). It decreases the expression and DNA binding activity of
runt-related transcription factor 2 (Runx2), which is partially
through suppression of Runx2 gene transcription and destabi-
lization of Runx2 mRNA through the TNF receptor 1 signaling
pathway (11-13). Recently, we demonstrated that TNF
increases the expression of Smad ubiquitin regulatory factor-1
(Smurfl) in osteoblasts and promotes the proteasomal degra-
dation of Runx2 protein in osteoblast cell lines (14), suggesting
that the proteasomal regulation of key transcription factors in
osteoblasts may play an important role in inflammation-in-
duced bone loss.

Smurfl was identified as an interacting protein with high
homology to the homologous to E6-AP C terminus subclass of
E3 ubiquitin ligases using Xenopus Smadl as bait (15). It nega-
tively regulates osteoblast functions by promoting ubiquitina-
tion and proteasomal degradation of bone morphogenetic pro-
tein (BMP) signaling molecules, including Runx2 and Smads 1
and 5 in vitro (16 —18). Small peptides that block Smurfl from

2 The abbreviations used are: RA, rheumatoid arthritis; Smurf1, Smad ubiqg-
uitin regulatory factor 1; BMP, bone morphogenetic protein; Tg, trans-
genic; TNF, tumor necrosis factor; WT, wild type; PBS, phosphate-buffered
saline; CT, computed tomography; MEKK2, mitogen-activated protein
kinase kinase 2; JNK, c-Jun NH,-terminal kinase; MAPK, mitogen-activated
protein kinase; ALP, alkaline phosphatase.
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binding to Smads increase osteoblast functions (19). We have
used genetic approaches to demonstrate that both overexpres-
sion of Smurfl in osteoblasts by type I collagen promoter or
deletion of Smurfl cause bone phenotypes. Smurfl transgenic
mice have decreased bone volume and reduced bone formation
rates at 3—4-month of age (20). In contrast, Smurfl '~ mice
have an age-dependent increase in bone mass. Thus, Smurfl
appears to play important roles in regulating bone mass in adult
mice under normal physiologic conditions. However, the role
of Smurfl in pathologic bone loss has not been studied.

Recently, we observed a significant reduction in bone volume
in long bones of TNF transgenic (TNF-Tg) mice with estab-
lished arthritis and a decrease in mineralized bone nodule for-
mation from cells derived from bone marrow of these mice
compared with wild-type (WT) littermates (14). Along with our
previous finding that TNF increases Smurfl expression in
osteoblast cell lines (14), we hypothesize that in TNF-Tg mice,
Smurfl-mediated degradation of BMP signaling proteins is
increased in osteoblasts, leading to reduced bone formation.
Deletion of Smurfl prevents bone loss in TNF-Tg mice. In the
present studies, we demonstrated that Smurfl protein expres-
sion is significantly increased in bones from TNF-Tg mice,
which is associated with decreased Runx2 and Smad1 protein
levels. The mice have reduced bone volumes and biomechani-
cal parameters of bone strength. Smurf1 deletion prevents sys-
temic bone loss and improves bone strength in TNF-Tg mice.
Thus, our findings provide a novel molecular mechanism of
TNEF-induced inhibition in osteoblast function and BMP sig-
naling, which involves post-transcriptional regulation of pro-
tein levels through Smurfl E3 ligase-mediated proteasomal
degradation.

MATERIALS AND METHODS

Animals—We used 4—8-month-old animals in this study
because alteration of bone volume occurs in adult genetic-mod-
ified Smurfl mice and TNF-Tg mice (20). TNF-Tg mice (3647
TNE-Tg line) were originally obtained from Dr. G. Kollias and
characterized by us (21). TNF-Tg mice have elevated serum
TNEF levels when they reach 2 months of age or older (mean
concentration is 100 pg/ml, range 48 —120) (21), which is com-
patible to published (22) serum TNF concentrations in RA
patients (mean concentration was 71.2 pg/ml, range 10.7-
556.5), making this model a close mimic of adult RA clinical
presentations. They were crossed with C57/BL6 mice for 8 gen-
erations. Smurfl~'~ mice are in a C57/BL6 background, as we
described previously (23). TNF-Tg/Smurfl '~ mice were gen-
erated by inter-crossing TNF-Tg and SmurfI*’~ mice to gen-
erate the TNF-Tg/Smurfl"’~ F1 generation; then these F1
mice were crossed with SmurfI*’~ mice to generate TNF-Tg/
Smurfl '~ mice. The Institutional Animal Care and Use Com-
mittee approved all studies.

Antibodies—Monoclonal antibodies specific for c-Myc and
B-Actin were purchased from Sigma; anti-Runx2 monoclonal
antibody was from MBL (Woburn, MA); anti-Smad1/5 and
anti-Ubiquitin monoclonal antibody was from Santa Cruz
(Santa Cruz, CA); anti-pSmad1/5 polyclonal antibody was from
Cell Signaling (Danvers, MA); and anti-Smurf1 polyclonal anti-
body was obtained from Abgent (San Diego, CA).
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Cell Culture and Transfection Conditions—2T3 osteoblast
precursors were cultured in a-minimal essential medium sup-
plemented with 10% fetal bovine serum (JRH Biosciences,
Lenexa, KS). When cells reached 90% confluence, the cDNA
expression plasmid, pCMV-Myc-tagged Smadl (M-Smadl),
and/or a pCMV-FLAG-tagged Smurfl (F-Smurfl) were tran-
siently transfected into the cells using Lipofectamine™ 2000
transfection reagent (Invitrogen) according to the manufactur-
er’s instructions. Total amounts of transfected plasmids in each
group were equalized by the addition of an empty vector. After
transfection, the cells were further cultured in the presence and
absence of TNF + the proteasome inhibitor, MG132 (Calbio-
chem, La Jolla, CA), and subjected to Western blot analysis.

Primary Bone Marrow Osteoblast Cultures—To generate
bone marrow-derived osteoblasts from mice, bone marrow
cells were flushed from femoral and tibial bones and cultured in
a- medium plus 20% fetal bovine serum for 7 days to generate
mesenchymal stromal cells. The cells were then cultured in
osteoblast inducing medium (a-minimal essential medium
containing 10% fetal bovine serum with 50 wg/ml ascorbic acid,
10 mm B-glycerophosphate) and treated with phosphate-buff-
ered saline (PBS) or TNF (7.5 ng/ml) for various times. For
human bone marrow osteoblast cultures, human mesenchymal
stromal cells were isolated, as we described previously (24).
Briefly, bone marrow aspirates were obtained from the iliac
crests of patients during spinal surgery after informed consent
under a protocol approved by the Institutional Review Board at
the University of Rochester Medical Center. These were mixed
with equal volumes of PBS. One volume of lymphocyte separa-
tion medium (Mediatech, Inc., Herndon, VA) was then slowly
layered underneath the aspirate/PBS mixture to isolate mono-
nuclear cells. The mononuclear cells were cultured in o-mini-
mal essential medium plus 10% fetal bovine serum for 24 h and
adherent cells were incubated for further expansion. Second to
third passages of these human mesenchymal stromal cells were
used in subsequent experiments. Cells were cultured in osteo-
blast inducing medium in the presence or absence of TNF, as
described above.

Real-time Quantitative Reverse Transcriptase-PCR—Total
RNA was extracted from cell cultures or bone samples using
TRIzol reagent (Invitrogen). Bone samples were cut into small
pieces and homogenized in TRIzol reagent. Expression levels of
Smurfl, Smurf2, alkaline phosphatase (ALP), osteocalcin,
RANKL, osteoprotegrin, and B-actin mRNA were examined
using quantitative real-time PCR amplification and sequence-
specific primers, as described previously (14, 25).

Western Blot Analysis—Cells were lysed with mammalian
protein extraction reagent (Pierce) containing a protease inhib-
itor mixture (Roche Applied Science). Long bone samples were
cut into small pieces and homogenized in tissue protein extrac-
tion reagent (Pierce). Samples were resolved by 12% SDS-PAGE
gel, transferred to a nitrocellulose membrane, and immuno-
blotted with individual antibodies. Membranes were then
washed and incubated with a horseradish peroxidase-conju-
gated secondary antibody (Bio-Rad) and visualized by an
enhanced chemiluminesence system (Amersham Biosciences)
according to the manufacturer’s instructions.
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Ubiquitination Assay—2T3 cells were transfected with
M-Smadl and treated with TNF for 72 h + MG132 for the last
4 h of TNF treatment. Cell lysates were incubated with anti-
Myc antibody and protein G-agarose (Sigma) overnight at 4 °C.
In some experiments, calvarial pre-osteoblasts were isolated
from 3—5-day-old pups from Smurfl '~ and WT mice, as pub-
lished previously (26). Cells were treated with TNF for 72 h plus
MG@G132 for the last 4 h. Total Smadl protein was immunopre-
cipitated with anti-Smad1 antibody. The immunoprecipitates
were washed with 50 mwm Tris-HCI buffer (pH 8.0), containing
150 mMm NaCl, 1% Nonidet P-40, 0.05% deoxycholate, and 0.1%
SDS, resuspended in 2X reducing sample buffer, and subjected
to Western blot analysis with an anti-ubiquitin antibody, as
described previously (14, 27).

Microcomputed Tomography (Micro-CT)—The fourth lum-
bar vertebra (L4) was used for micro-CT and mechanical test-
ing because our preliminary study demonstrated that L4 gave
the smallest inter-sample variation in mechanical testing per-
haps due to its large size and ease of dissection compared with
L5-7. L4 vertebrae were scanned at high resolution (10.5 pwm)
ona VivaCT40 micro-CT scanner (Scanco Medical, Basserdorf,
Switzerland) using an integration time of 300 ms, energy of 55
kVp, and intensity of 145 pA. A volume of interest for quanti-
tative analysis of trabecular bone was defined, extending from
the proximal to the distal end of the vertebrae. The three-di-
mensional images were generated using a constant threshold of
275 for all samples. For each sample, bone volume fraction,
trabecular number, trabecular thickness, trabecular separation,
and connectivity density were measured.

Mechanical Testing—The L4 vertebra was used and mechan-
ical testing was performed according to a published method
with a minor modification (28). In brief, the L4 was dissected of
soft tissue and the vertebral body was isolated from the poste-
rior elements by cutting the pedicles with a 10-mm diameter
diamond saw. The end plates of the vertebral body were
cemented onto small plastic plates using bone cement (DePuy
Orthopaedics, Inc., Warsaw, IN), to ensure axial alignment of
the bodies and to distribute the load evenly on the surface of the
cemented end plates. The specimens were then hydrated in PBS
for 2h atroom temperature. The vertebral bodies were tested in
compression at a rate of 1 mm/min until failure using an
Instron DynaMight 8841 servo-hydraulic materials testing
machine (Instron, Norwood, MA). Maximum compressive load
at failure (N), maximum deformation at maximum force (mm),
stiffness (N/mm), and energy to failure (area under the curve)
(N.mm) were measured from the recorded load-deformation
curves using MATLAB software (The Mathworks, Natick,
MA).

Histology—Paraffin sections were stained with H&E or for
TRAP activity. Histomorphometric analyses were performed
using an OsteoMeasure program (Osteometrics, Atlanta, GA)
(21). Peri-articular inflammation (mm?) and eroded articular
surface (%) were measured around knee joints and the number
of osteoclast per millimeter bone surface was countered in the
proximal tibiae region.

Statistics Analysis—Data are presented as mean * S.D., and
all experiments were performed at least twice with similar
results. Statistical analyses were performed with StatView sta-
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FIGURE 1. TNF reduces expression of osteoblast marker genes in bone
marrow-derived osteoblasts from adult mice. Bone marrow cells from
4-8-month-old WT mice were cultured in osteoblast differentiation
medium = TNF (7.5 ng/ml) for various times. Expression of ALP, osteocalcin,
and actin mMRNA was determined by real time reverse transcriptase-PCR. -Fold
changes were calculated by dividing the value of a given time point by the
value obtained from day 0 as 1. Values are the mean = S.D. of 3 loadings.

tistical software (SAS, Cary, NC). Differences between the two
groups were compared using un-paired Student’s ¢ test and
more than two groups were compared using one-way analysis
of variance, followed by a Bonferroni/Dunnet test. p values less
than 0.05 were considered to be statistically significant.

RESULTS

Chronic TNF Treatment of Mouse and Human Bone Mar-
row-derived Osteoblasts Increases Smurfl and Reduces Basal
Smadl and Runx2 Protein Expression—Systemic osteoporosis
occurs often in patients suffering from chronic inflammatory
disorders and in TNF-Tg mice that have been chronically
exposed to elevated blood TNF levels and have developed RA-
like arthritis (14). Previously, we found that treatment of 2T3
pre-osteoblasts with TNF for 3 days increases Smurfl expres-
sion and proteasomal degradation of Runx2 (14), leading to a
hypothesis that elevated Smurfl-mediated BMP-signaling pro-
tein degradation may contribute to reduced osteoblast function
in TNF-Tg mice. To test this hypothesis, we first attempted to
establish a culture protocol that mimics the in vivo situation of
TNEF-Tg mice. Bone marrow mesenchymal stromal cells from
4—8-month-old WT mice were cultured in the osteoblast
inducing medium and treated with TNF for 20 days. The
expression levels of osteoblast marker genes were examined.
TNF decreased the expression of ALP and osteocalcin starting
from day 8, which became more significant thereafter, whereas
ALP and osteocalcin expression increased markedly in PBS-
treated cells (Fig. 1). In contrast, TNF-induced decreased ALP
expression occurs usually much earlier in calvaria-derived or
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FIGURE 2. Chronic exposure to TNF decreases Smad1 and Runx2 protein levels in bone marrow-derived
mature osteoblasts and in long bones from TNF-Tg mice. Murine (A and B) or human bone marrow cells (E
and F) were cultured in osteoblast differentiation medium = TNF (7.5 ng/ml) for 14 days, and total RNA and
protein were harvested. Long bone samples (C and D) from 6-month-old TNF-Tg mice or WT littermates were
harvested and pooled (n = 3/genotype). Expression of Smurf1, Smurf2, and ALP mRNA was determined by real
time reverse transcriptase-PCR as in Fig. 1 (A, C, and E). Expression of phospho-Smad1/5, total Smad1/5, Runx2,
and Smurf1 proteins was assessed by Western blot analysis (B, D, and F). The intensity of protein bands was
measured in a densitometer. The -fold changes of a given protein over B-actin were calculated using PBS-

treated samples as 1. *, p < 0.05 versus PBS-treated or WT samples.

2T3 pre-osteoblast cells (at about 24 h after TNF treatment,
data not shown). These findings suggest that primary bone
marrow-derived osteoblasts may respond to TNF differently
and we decided to use 14-day TNF treatment as a protocol in
our subsequent study.

Under this culture condition, TNF decreased phosphoryla-
ted and total Smadl/5 as well as Runx2 protein levels and
increased Smurfl expression (Fig. 2, A and B). To determine
whether this inhibitory effect of TNF on Smad1/5 and Runx2
protein expression also happened in vivo, we examined long
bones of 4—5-month-old TNF-Tg mice, which had developed
severe inflammatory arthritis and systemic bone loss. We found
that Smurfl protein expression was increased and phospho-
Smad1/5, total Smadl/5, and Runx2 protein levels as well as
ALP mRNA expression levels were decreased in bones from
TNE-Tg mice compared with WT mice (Fig. 2, C and D).

To determine whether these inhibitory effects of TNF also
occur in human osteoblasts, we treated osteoblasts derived
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from human bone marrow stromal
cells with TNF. TNF increased
Smurfl, decreased ALP, and had no
effect on Smurf2 mRNA expression
in human cells (Fig. 2E). The expres-
sion of phospho-Smadl/5, total
Smad1/5, and Runx2 protein levels
was significantly decreased in TNF-
treated cells (Fig. 2F).

TNF Promotes Proteasomal Deg-
radation of Smadl through SmurfI-
mediated Ubiquitination—W e have
demonstrated previously that
Smurfl mediates TNF-induced

Smurf2
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reduction in Runx?2 protein levels in
the 2T3 preosteoblast cell line (14).
To determine whether TNF also
affects Smadl protein degradation
through Smurfl, we transiently co-
transfected 2T3 cells with M-Smad1
and F-Smurfl expression vectors
and treated them with TNF. TNF
decreased exogenous Smadl pro-
tein expression, assessed using an
anti-c-Myc antibody, to a degree
similar to that seen in cells overex-
pressing Smurfl (Fig. 3A4). To test if
this was mediated by promoting
ubiquitination and proteasomal
degradation of Smadl, we treated
cells with TNF + the proteasome
inhibitor, MG132. Smadl protein
was immunoprecipitated with anti-
c-Myc antibody and expression was
assessed by Western blot using an
anti-Ubiquitin antibody. In the
presence of MG132, TNF increased
the accumulation of ubiquitinated-
Smadl protein (Fig. 3B), indicating
that TNF induces Smadl ubiquiti-
nation and results in its rapid breakdown through proteasomal
degradation.

TNF-decreased Smadl Protein Levels Are Attenuated in
Smurfl /"~ Mice—If Smurfl mediates TNF-induced inhibition of
osteoblast function, the effect should be attenuated or abolished in
the absence of Smurfl. To examine this possibility, we generated
TNF-Tg/Smurfl '~ mice and examined their bones when they
were 7— 8 months old. ALP and osteocalcin mRNA and Smads and
Runx2 protein levels were examined. ALP and osteocalcin mRNA
expression and Smad1/5 and Runx2 protein levels were decreased
in TNF-Tg mice and these were restored to the WT levels in TNF-
Tg/Smurfl—'~ mice (Fig. 4, A and B). To confirm that TNF-in-
duced decrease Smadl protein levels is through Smurfl-mediated
Smad1 ubiquitination in vivo, we treated calvarial pre-osteoblasts
from Smurfl '~ and WT mice with TNF and subjected them to a
ubiquitination assay. As shown in the 2T3 preosteoblast cell line,
TNF increased the ubiquitination of endogenous Smad1 protein,
which was prevented in cells from Smurfl '~ mice (Fig, 4C).
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FIGURE 3. TNF increases Smad1 degradation by promoting its ubiquiti-
nation. A, 2T3 preosteoblasts were either transfected with M-Smad1 expres-
sion vector = TNF or co-transfected with F-Smurf1 expression vectors for
72 h.The expression of M-Smad1 was examined by Western blot analysis with
anti-c-Myc antibody. B, cells were transfected with M-Smad1 = TNF for 72 h.
MG132 (10 um) was added for the last 4 h. M-Smad1 was immunoprecipitated
(IP) by anti-c-Myc antibody, and ubiquitinated Smad1 protein ladders were
detected by anti-ubiquitin antibody (upper panel). Total Smad1 and B-actin
protein levels were determined by Western blot (WB) using anti-c-Myc or
anti-actin antibody, respectively (lower panel).

Smurf1 Deletion Attenuates Reduction in Bone Volume and
Strength in TNF-Tg Mice—T o determine whether Smurf1 dele-
tion prevents the systemic bone loss in TNF-Tg mice, we ana-
lyzed vertebral bones of TNF-Tg/Smurfl '~ mice and com-
pared them with WT, Smurfl /=, and TNE-Tg mice from the
same litters using micro-CT, histology, and mechanical testing.
We used vertebral bones in these studies because persistent
severe inflammation in the knee and ankle joints of TNF-Tg
mice cause deformation and destruction of joints and, in some
cases, damage to the epiphyses of femora and tibiae due to mas-
sive bone remodeling. This prohibited us from reliably examin-
ing the role of Smurf1 deletion in bone loss of the long bones of
these mice. Micro-CT analyses of cancellous regions of the ver-
tebrae (Fig. 5, A and B) show that the bone volume of
Smurfl /= mice was significantly increased as previously
reported in long bones of these mice (23). TNF-Tg mice had a
statistically significant decrease in bone volume, particularly in
the middle portions of the vertebral bodies (see box in the Fig.
5A). Bone volume was restored to WT levels in TNF-Tg/
Smurfl~’~ mice (Fig. 5B). In contrast, micro-CT analysis of
cortical regions in the same vertebrae found that both TNF-Tg
and TNF-Tg/Smurfl '~ mice had significantly reduced corti-
cal bone thickness compared with WT or Smurfl '~ mice (cor-
tical thickness (mm): 0.236 * 0.020 in WT, 0.211 * 0.026 in
Smurfl~'~, *0.190 + 0.016 in TNF-Tg, and *0.186 = 0.012 in
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FIGURE 4. TNF-induced osteoblast inhibition is reduced in Smurf1=/~
mice. Long bone samples were harvested and pooled from 7.5-month-old
WT, Smurf1~/~, TNF-Tg, and TNF-Tg/Smurf1~/~ mice (n = 3/genotype). Total
RNA and protein were extracted. The expression of ALP and osteocalcin mRNA
(A), and Smad1/5 and Runx2 proteins (B) were determined by real time
reverse transcriptase-PCR and Western blot (WB) analysis, respectively, as in
Fig. 2. The intensity of protein bands was measured in a densitometer. The
-fold changes of a given protein over B-actin were calculated using WT sam-
ples as 1. *, p < 0.05 versus TNF-Tg mice. Calvarial pre-osteoblasts were iso-
lated from 3-5-day-old newborn pups of Smurf1~/~ and WT mice and treated
with TNF for 72 h. MG132 (10 um) was added for the last 4 h. Endogenous
Smad1 was immunoprecipitated (/P) by anti-Smad1 antibody, and ubiquiti-
nated (upper panel) and total Smad1 (lower panels) proteins were detected by
anti-ubiquitin or anti-Smad1 antibody, respectively (C).
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FIGURE 5. TNF-induced systemic bone loss is prevented in TNF-Tg/Smurf1~/~ mice. Bodies of 4th and 2nd
lumber vertebrae were isolated from 7.5-month-old WT, Smurf1~/~, TNF-Tg, or TNF-Tg/Smurf1~/~ mice and
subjected to micro-CT analysis and histology examination, respectively. A, representative three-dimensional
reconstructed image shows significantly reduced trabecular bone structure in TNF-Tg mice, particularly in the
middle portion of the vertebral bodies (box). Reduced bone volume was not observed in TNF-Tg/Smurf1 =/~
mice. B, trabecular bone parameters were analyzed at the middle portion of the vertebral bodies. Values are the
mean * S.D. of 4-8 mice. ¥, p < 0.05 versus TNF-Tg mice; #, p < 0.05 versus WT mice.

TNF-Tg/Smurfl~'~ mice; *, p < 0.05 versus WT mice). The
micro-CT findings were confirmed histologically (supplemen-
tal Fig. S2).

Osteoporosis is typically associated with reduced bone
strength. To examine if TNF-Tg mice have reduced bone qual-
ity and if this can be rescued by Smurfl deletion, we examined
the compressive biomechanical properties of mouse vertebral
bones using a modified Instron material testing system (28).
The biomechanical properties measured include maximum
deformation, maximum compressive load at failure, energy to
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failure, and stiffness. Compared
with WT littermates, TNF-Tg mice
have significantly reduced biome-
chanical properties except stiffness

] WT

Srud1-+
TNF-Tg

Il TNF-Tg/Smurfi-+

(Fig. 6, A and B). TNF-Tg/
Smurfl '~ mice have improved
mechanical strength in certain

degrees. The maximum compres-
sive load in TNF-Tg/Smurfl '~
mice was higher than in TNF-Tg
mice and restored to the WT levels.
Their energy to failure was
improved compared with TNF-Tg
mice but still lower than in WT mice
(Fig. 6B). The maximum deforma-
tion was unchanged between TNF-
Tg/Smurfl '~ and TNE-Tg mice,
both of which were significantly
lower than WT mice (Fig. 6B). In
addition, there were no differences
in Smurfl '~ and WT mice verte-
bral biomechanical properties
except stiffness.

TNF is known to stimulate oste-
oclast formation and bone erosion
in joints of RA patients and animals
(29). To determine whether par-
tially restored bone mass in TNF-
Tg/Smurfl~'~ mice is due to potent
influence of Smurfl on osteoclast
function, we examined osteoclast
number and local bone erosion in
knee joints of TNF-Tg/Smurfl '~
and TNF-Tg mice. No difference in
osteoclast numbers, bone erosion,
and synovial area was observed
between TNF-Tg/Smurfl '~ and
TNE-Tg mice (Fig. 7, A and B). In
addition, the same number of oste-
oclasts was formed when spleen
cells from Smurfl '~ and WT mice
were cultured with RANKL and
macrophage  colony-stimulating
factors (Fig. 7C).

DISCUSSION

In the present study, we demon-

strate that expression of the E3

ubiquitin ligase, Smurfl, is increased in TNF-treated osteo-
blasts in vitro and in bones of TNF-Tg mice with established
arthritis. Deletion of Smurfl prevented the TNF-induced
reduction in Smad1/5 and Runx2 protein levels in osteoblasts
and partially rescued systemic bone loss. Smurf1 deletion does
not affect inflammation and osteoclastic bone erosion in joints
of TNF-Tg mice. Thus, Smurfl is the primary mediator of TNEF-
induced degradation of Smadl and Runx2 proteins, and it is
likely responsible for inhibition of bone formation. Based on
these findings, we propose a model to explain the involvement
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FIGURE 6. Chronic exposure to TNF reduces bone mechanical strength,
which is partially restored in TNF-Tg/Smurf1~'~ mice. Lumbar 4 vertebral
bodies from 7.5-month-old WT, Smurf1~/~, TNF-Tg, and TNF-Tg/Smurf1~/~
mice were tested in compression at a rate of T mm/min until failure. The
representative load-deformation curves from WT, Smurf1~’~, TNF-Tg, and
TNF-Tg/Smurf1~’~ mice show that TNF-Tg mice have reduced maximal load
and work to failure but TNF-Tg/Smurf1~’~ mice have a similar compressive
strength compared with WT mice (A). Biomechanical properties including
maximum deformation, maximum compressive load to failure, energy to fail-
ure, and stiffness are shown in B. Values are the mean *+ S.D. of 4-9 mice.
*,p < 0.05 versus TNF-Tg mice; #, p < 0.05 versus WT mice.

of Smurfl in inhibition of bone formation in patients with
chronic inflammatory disorders (Fig. 8). In arthritic joints,
secretion of pro-inflammatory cytokines, such as TNF, is ele-
vated. TNF can affect osteoblasts locally or at distant sites to
increase their expression of Smurfl. Smurfl promotes the
ubiquitination and proteasomal degradation of Smadl and
Runx2 proteins, leading to consistently decreased steady-state
levels of these key positive regulators in osteoblasts. Conse-
quently, bone formation cannot match the increased bone
resorption, which is also induced by pro-inflammatory cyto-
kines, resulting in systemic bone loss.

We and others have reported previously that overexpres-
sion of Smurfl in osteoblastic cell lines promotes ubiquiti-
nation and degradation of Smadl and Runx2, and that
Smurfl transgenic mice have decreased bone volume (20,
30). These in vitro and in vivo findings indicate that Smurf1-
mediated protein degradation plays a role in bone remodel-
ing. Here we provide in vivo evidence that Smurfl mediates
TNF-induced pathologic bone loss. We believe that this is
the first demonstration showing up-regulation of an E3
ligase in an in vivo model of a common bone disorder, which
implies a role for increased protein degradation in inflam-
matory bone loss.
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Increased degradation of muscle protein has been reported
in patients suffering from stress and sepsis and in animals
receiving large amounts of lipopolysaccharide (26). For exam-
ple, lipopolysaccharide or cytokines promote muscle protein
degradation through NF-«B-induced up-regulated expression
of the E3 ubiquitin ligase, Muscle RING-finger (MuRF) 1 (31,
32). The degree of muscle atrophy in this model can be reduced
by deletion of MuRF1 (31).

The mechanisms that mediate TNF-induced increased Smurfl
expression in osteoblasts or in bones of TNF-Tg mice are not clear.
We identified a putative NF-«B binding sequence at —1131/
—1127 of the mouse Smurfl promoter using Genomatix software
and generated a luciferase reporter construct containing 1.8 kb of
the Smurfl promoter. However, we did not detect any effect of
TNF or IL-1 on reporter activity (supplemental Fig. S1). This find-
ing suggests that the TNF-regulatory region is not within this
1.8-kb promoter fragment.

Ubiquitin protein ligases have largely been considered to be
activated constitutively and regulated only at the level of target
binding. However, it has become evident recently that homol-
ogous E6-AP C terminus-type E3 ligases can be regulated by
other mechanisms, including phosphorylation of the ligase or
substrate, utilization of adaptor proteins or intra- and inter-
molecular interactions (33-35). Whether or not these regula-
tory mechanisms contribute to increased degradation of
Smadl/Runx2 proteins in a TNF overexpression condition is
not known. Because of multiple functions of the TNF signaling
pathway in cells, it is very likely that TNF increases protein
degradation through several mechanisms. For instance, TNF
can increase phosphorylation stage proteins and/or increase
the production of adaptor proteins to facilitate protein degra-
dation. These possibilities need to be investigated in the future.

In the original study characterizing Smurfl '~ mice using
osteoblasts derived from calvariae of 3-5-day-old neonatal
pups, canonical Smad-mediated BMP signaling appears
unchanged but Smurfl '~ cells have an enhanced JNK-MAPK
cascade. Ubiquitination and degradation of mitogen-activated
protein kinase kinase 2 (MEKK2), an upstream kinase of JNK,
was impaired in the absence of Smurfl (23). We do not know
currently if MEKK?2 is required for an inhibitory effect of TNF
on osteoblasts because the bone phenotype of MEKK2™/~ mice
has not been studied (36). Because MEKK2 up-regulates TNF
promoter activity and works upstream of TNF (37), it is difficult
using elevated steady-state levels of MEKK?2 protein to explain
rescued osteoblast phenotypes in TNF-Tg/Smurfl '~ mice.

We found that the -fold increase in Smadl and Runx2 protein
levels in Smurfl '~ osteoblasts compared with WT cells (1.36 for
Smad1 and 2.1 for Runx2, Fig. 4B) is lower than the -fold increase
in cells from TNF-Tg/Smurfl '~ mice compared with TNF-Tg
mice (2.04 for Smad1 and 5.6 for Runx2, Fig. 4B). This observation
raises a possibility that Smurfl may play a more important role in
mediating the degradation of Smadl and Runx2 proteins under
the activated condition. A recent article (38) reported that phos-
phorylation of Smadl increases Smurfl-induced degradation.
Whether this is the case in TNF chronic exposure-induced osteo-
blast inhibition needs to be studied further.

Although our data indicate that Smurfl may be the primary
mediator of TNF-induced degradation of Smadl and Runx2, it
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because although Smurfl deletion
restored bone volume of TNF-Tg
mice to WT levels (Fig. 5), it only
partially rescued the biomechanical
properties, such as maximum load
and energy to failure, and had no
effect on maximum deformation
(Fig. 6). Furthermore, although the
algorithm to assess overall trabecu-
lar numbers, thickness, and connec-
tivity for the TNF-Tg/Smurfl '~

vertebrae are “globally” restored in
. number value (Fig. 5B), the

micro-CT images show that the
TNE-Tg/Smurfl~'~ mice exhibit
an abnormal hypertrophic cancel-
lous bone microarchitecture as
compared with WT (Fig. 54). These
findings suggest that deletion of
Smurfl only partially improves
abnormal bone microarchitectures
and bone strength of TNF-Tg mice.
Other factors must also contribute
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FIGURE 7. Smurf1 deletion does not affect osteoclast function. Knee sections from 7.5-month-old TNF-Tg
and TNF-Tg/Smurf1~/~ mice were stained for TRAP activity for identifying osteoclasts (arrows). The number of
TRAP* osteoclasts and inflammatory area were assessed. Representative TRAP-stained sections indicate a
similar degree of osteoclastogenesis, bone erosion, and inflammation between TNF-Tg and TNF-Tg/Smurf1 =/~
mice (A). Histomorphometric analyses of the number of osteoclasts and percentage of erosion and inflamma-
tion are shown in B. Values are the mean =+ S.D. of 6 mice per group. Spleen cells from WT and Smurf1~/~ mice
were cultured with RANKL and macrophage colony-stimulating factors for 7 days to form osteoclasts. The cells
were fixed in formalin and stained for TRAP activity. The number of TRAP™ cells was counted. Values are the
mean *+ S.D. of 4 wells (C). A similar result was repeated using another pair of WT and Smurf1 =/~ mice.

does not mean that Smurf1 is the only mechanism by which TNF
inhibits osteoblast function. For example, TNF decreases BMP-
induced osteoblast differentiation by activating stress-activated
protein kinase/JNK signaling (39). It reduces maximal peak bone
mass and inhibits activation of the Smad-Luciferase reporter con-
struct in MC3T3-E1 osteoblasts (40). TNF also negatively regu-
lates bone formation through activation of p38 MAPK (41) and
induction of apoptosis (42). Thus, TNF-mediated osteoblast inhi-
bition likely works through multiple mechanisms.

One of our important findings in this study is the remarkable
reductions in bone strength and toughness of bones from
TNE-Tg mice (Fig. 6). Increased fragility fractures are common
in RA patients (1), but it has not been formally demonstrated in
a mouse model of RA. Our finding is the first demonstration of
reduced bone strength in TNF-Tg mice. This is important
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to the bone phenotypes of these ani-
mals. Smurfl deletion does not
affect the increased osteoclastic
activity in TNF-Tg mice (Fig. 7),
which may result in increased
resorption pits that act as stress riser
sites and undermine the restoration
of biomechanical strength even
with increased bone volume.
Another underlying mechanism is
that Smurfl deletion improves the
trabecular but not cortical bone
defect of TNF-Tg mice, whereas
biomechanical testing is a function
of combinations of cortical and tra-
becular bones. All of the above fac-
tors likely take into account the par-
tial restoration of the mechanical
properties of TNF-Tg/Smurfl '~
mice.

Increased osteoclast function in TNF-Tg mice may also explain
identical stiffness between the WT and TNF-Tg vertebrae (Fig. 6).
Increased osteoclastic resorption pits may act as stress concentra-
tion sites that influence the failure properties such as maximum
compressive load and the energy to failure, but will have no signif-
icant effects on subfailure properties such as the stiffness. On the
other hand, Smurfl deletion enhances osteoblast function in WT
and TNF-Tg mice, which effects partial rescue of bone volume,
leading only to minute and statistically insignificant increases in
the subfailure stiffness property.

In conclusion, our study has provided evidence that TNF
inhibits BMP signaling through Smurfl-mediated proteasomal
degradation of Smad1/5 and Runx2 proteins, leading to impaired
osteoblast function in vivo. Deletion of Smurfl partially prevents
systemic bone loss and improves the bone quality of TNF-Tg mice.
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FIGURE 8. A model of Smurf1-induced BMP signal protein degradation in
TNF-induced osteoblast inhibition in inflammatory arthritis. In inflamed
joints, elevated TNF increases Smurf1 expression in osteoblasts locally and
systemically. Increased Smurf1 constitutively increases proteasomal degra-
dation of BMP signal proteins Runx2 and Smad1 and decreases steady-state
levels of these osteoblast positive regulators, leading to osteoblast inhibition
and bone loss.

Thus, the regulation of protein degradation alone, or in combina-
tion with osteoclast inhibition, may represent a new strategy to
treat periarticular osteopenia and systemic osteoporosis in
patients with chronic inflammatory arthritis.
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