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Abstract

Osteoclast differentiation is dependent on TGF-f to prime precursors to the osteoclast lineage. The mechanism by which TGF-
enables osteoclast formation is unknown. One possibility is that TGF-B opposes pro-inflammatory JAK/STAT signalling. Recently,
we showed that TGF-B-induces SOCS3, an inhibitor of the JAK/STAT pathway, in precursors and enhances SOCS3 in RANKL-
induced osteoclasts. We therefore elected to test the role of SOCS3 in the effect of other regulators of osteoclastic differentiation. We
found that TNF-o-induced osteoclasts also express SOCS3 and TGF-B strongly up-regulates this. Moreover, TNF-a-induced
osteoclast differentiation and total resorbed bone area were enhanced in SOCS3-retrovirally infected precursors, whereas antisense
knockdown of SOCS3 suppressed formation and the augmentative effect of TGF-f. Furthermore, SOCS3 overexpression blunted
the anti-osteoclastic effect of IFN-B but not IL-10. This suggests that TGF-B-induced expression of SOCS3 may represent a crucial
mechanism by which TGF- antagonizes specific anti-osteoclastic JAK/STAT signals, priming precursors for resorption rather than

inflammatory functions.
© 2003 Elsevier Inc. All rights reserved.
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It is well established that receptor activator of NFkB
ligand (RANKL), an osteoblast-derived member of the
tumour necrosis factor (TNF) superfamily, induces os-
teoclast differentiation from mononuclear precursors
[1,2]. TNF-a has also been shown to directly induce
osteoclast formation [3] and increased TNF-a produc-
tion may lead to bone loss in ovariectomised mice [4].

The ability of these TNF superfamily members to
commit precursors to the osteoclastic lineage is enabled
by transforming growth factor-f (TGF-B) [5-7]. The
proportion of precursors that form osteoclasts is en-
hanced by TGF-B, while type II soluble TGF-p recep-
tors abolish RANKL and TNF-a-induced osteoclast
formation [5,6]. This suggests that osteoclast differenti-
ation is dependent on TGF-f to prime or maintain non-
committed precursors in a RANKL/TNF-a responsive
state. The mechanism by which TGF-f facilitates
osteoclast formation is not known. One possibility is
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that the environment in vitro is essentially pro-inflam-
matory [8], acting to prime precursors for alternative
inflammatory roles, and TGF-$ which has anti-inflam-
matory actions opposes this.

Many factors that suppress osteoclast formation
signal through the janus kinase/signal transducers and
activators of transcription (JAK/STAT) pathway [9].
Following cytokine stimulation JAK/STAT signals are
switched off by a group of negative feedback regulators
termed SOCS (suppressor of cytokine stimulation) [10].
These STAT-induced factors inhibit subsequent JAK
activity and STAT phosphorylation, thereby preventing
overstimulation [11,12]. At present 15 SOCS have been
described, all of which contain a 40 amino acid sequence
at the C terminus termed the SOCS-box [13]. The
function of all SOCS isoforms is not known, but SOCS1
and SOCS3 have been shown to inhibit signalling by
inflammatory cytokines such as IFN-y and IFN-B
[14,15], and the antagonistic effect of interleukin-10 (IL-
10) on inflammatory cytokines is mediated through the
upregulation of SOCS3 expression [16]. In light of this,
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it is therefore of great interest that we have recently
shown that TGF-B induces the expression of SOCS3
mRNA in non-committed osteoclast precursors and
strongly up-regulates SOCS3 expression in RANKL-
induced osteoclasts [17]. Furthermore, overexpression of
SOCS3 in non-committed precursors using a retroviral
vector enhances RANKL-induced osteoclast formation
[17].

Therefore, to further examine the role of SOCS ex-
pression in osteoclastic differentiation we examined the
effect of TGF-B and TNF-o on SOCS expression in
osteoclast. We also assessed the role of SOCS in TNF-a-
induced osteoclast formation, using SOCS3 expressing
retroviruses and specific SOCS3 antisense oligonucleo-
tides (ODN). Furthermore, to determine whether SOCS
expression represents a common mechanism by which
TGF-B suppresses diverse inhibitory JAK/STAT signals
we examined the ability of SOCS3 overexpression to
suppress the anti-osteoclastic effect of IFN-f and IL-10.

Materials and methods

Media and reagents. Non-adherent, M-CSF-dependent bone mar-
row cells were incubated in minimum essential medium with Earle’s
salts (EMEM), supplemented with 10% fetal bovine serum (FBS),
2mmol/L glutamine, 100 IU/ml benzylpenicillin, and 100 pg/ml strep-
tomycin (PSG) (all from Imperial Laboratories, Andover, Hants, UK).
The Phoenix retroviral packaging cell line [18] was incubated in Dul-
becco’s minimum essential medium (DMEM), supplemented with 10%
FBS and PSG. Incubations were performed at 37 °C in 5% CO, and
cultures fed every 2-3 days. Recombinant human TGF-B, and re-
combinant murine IFN-B were obtained from R&D systems (Minne-
apolis, MN). Recombinant human M-CSF was provided by Chiron
Corp (Emeryville, CA); recombinant murine IL-10 and recombinant
murine TNF-o were from Insight Biotechnology (Wembley, Middle-
sex, UK). Bovine cortical bone slices were prepared as previously
described [19].

Isolation of stroma-depleted non-adherent M-CSF-dependent bone
marrow precursors. Male MF-1 mice (4-6 weeks old) were killed by
cervical dislocation. Femora were removed and dissected free of ad-
herent soft tissue. The bone ends were cut and the marrow flushed out
with a 21-gauge needle. The bone marrow cells were washed twice,
resuspended in EMEM, and incubated for 24 h in M-CSF (5 ng/ml) at
a density of 3 x 10°/ml. After 24 h, non-adherent cells were harvested,
washed, and incubated as described below.

Northern blot analysis of SOCS expression. For the assessment of
SOCS expression in osteoclasts, bone marrow precursors (3 x 10*/ml)
were incubated for 5 days with M-CSF (30 ng/ml) with or without
TNF-a (30 ng/ml) and TGF-f; (0.1 ng/ml). Total RNA was extracted
according to an established method [20], and 35 pg total RNA sepa-
rated on a 1.2% agarose—formaldehyde gel, transferred to a hybond N
membrane (Amersham, Amersham, Bucks, UK), and hybridised with
specific [*?P]-labelled cDNA probes for murine SOCS1 (724 bp),
SOCS2 (679 bp), SOCS3 (760 bp), CIS (740 bp), and B-actin (760 bp)
prepared by the random primer method (Amersham). After hybrid-
ization the membrane was stringently washed and autoradiographed
using Hyperfilm (Amersham).

SOCS3-expressing retroviral vector. SOCS3 was transduced using a
retroviral vector, pBabe puro, which expresses cDNA inserts consti-
tutively under the control of a retroviral enhancer-promoter [21]. The
coding region of mouse SOCS3 (760 base pairs) was PCR amplified

from pEF-FLAG-I/mSOCS-3 [22] with a 5 primer containing a
BamHI site and a Kozak sequence, and a 3’ primer containing a Sa/l
site, and cloned into pBabe puro. The resulting plasmid pBabe-SOCS3
was sequenced (Cambridge Biolabs, Cambridge, UK) to confirm se-
quence integrity. pBabe-SOCS3 and pBabe-empty (control) vectors
were then transfected into the Phoenix retroviral packaging cell line
[18] using FuGENE-6 (Roche). After 48 h, stably transfected cells were
selected by replacing growth medium with fresh medium containing
puromycin (2.5 pg/ml). Stably transfected clones were picked 4-7 days
later and grown to confluency in 25 cm? flasks. Clones producing high
viral titers were identified by infecting NIH-3T3 cells with viral su-
pernatant for 16h. Supernatants of the retrovirus producing cells
showed a similar viral titer.

Infection of M-CSF-dependent precursors with control and SOCS3-
expressing retroviruses. Non-adherent M-CSF-dependent bone mar-
row cells (10° cells per ml) were added to 24-well plates or 96-well
plates containing bone slices and cultured with M-CSF (10 ng/ml) for
48 h. Medium was then removed and replaced with supernatant of
pBabe-SOCS3 or pBabe-empty-virus-producing Phoenix cells, to-
gether with 8 pg/ml polybrene and M-CSF (10 ng/ml). The cells were
then centrifuged at 93g to increase infection efficiency and incubated
for 16h. Viral supernatant was then removed, and replaced with
EMEM containing M-CSF (30 ng/ml) and TNF-a (30ng/ml). After
incubation for a further 2 days, stably infected cells were selected by
addition of puromycin (2.5 pg/ml) for 3 days. Control cultures to which
virus had not been added showed no viable cells. Infection rates for
both retroviruses were similar (pBabe-SOCS3 50-70% and pBabe-
empty 50-65%). Cultures were assessed for osteoclast formation after 6
days and resorption after 12 days as described below.

SOCS3 antisense studies. The effect of SOCS3 “knockdown” on
osteoclast formation was examined using a phosphorothioate antisense
oligonucleotide (ODN) (5-TCA CTC TGC AGC GAA AAG-3)
specifically targeting nucleotides 320-337 of mouse SOCS3 mRNA
(Biognostik Gottingen, Germany). Control ODN contain the reverse
complement of the target sequence and have no cross homology to
other sequences on the GenBank database. Non-adherent M-CSF-
dependent mononuclear cells (1 x 10°/ml) were incubated in 96-well
plates containing M-CSF (30 ng/ml), TNF-a (30 ng/ml) with or with-
out TGF-B; (0.1 ng/ml) in the presence of FuGENE-6 (0.15 ul per well)
(Roche), antisense SOCS3 ODN (2 M) or control ODN (2 uM) for 6
days. Cells were fixed and assessed for osteoclast formation.

Assessment of osteoclast formation and bone resorption. Osteoclast
formation was evaluated by quantification of tartrate resistant acid
phosphatase-positive cells (TR AP-positive). After incubation, cells were
washed, fixed in 10% formalin for 10 min, permeabilised in acetone for
10 min, washed, and stained for acid phosphatase in the presence of
0.05mol/L sodium tartrate, using naphthol AS-BI phosphate as a sub-
strate. Cells were counterstained with hematoxylin. To assess resorption
bone slices were immersed in 10% sodium hypochlorite (British Drug
Houses, UK) for 10 minutes to remove cells, washed, and dried. After
drying slices were mounted on stubs and sputter coated with gold. The
entire surface of each bone slice was then examined in a scanning electron
microscope (S90; Cambridge instruments, Cambridge, UK) and the area
resorbed per bone slice calculated.

Statistical analysis. Differences between groups were assessed using
ANOVA (Statview vs. 5.01). P < 0.05 was considered significant.

Results

TGF-p strongly up-regulates SOCS3 mRNA expression
in TNF-o-induced osteoclasts

To assess the pattern of TNF-a-induced SOCS ex-
pression in osteoclasts, we performed Northern blot
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analysis on total RNA extracted from bone marrow
precursors incubated in the presence of M-CSF with or
without TNF-a and TGF-B. As noted previously,
SOCS3 was not detected in precursors treated with M-
CSF alone (Fig. 1A) [17]. However, TNF-a-induced
osteoclasts expressed low levels of SOCS3 and this was
strongly up-regulated in osteoclasts formed in the pres-
ence of TGF-B (Fig. 1A). The ability of TGF- to
strongly up-regulate SOCS3 expression in TNF-a-in-
duced osteoclast and rapidly induce sustained SOCS3
expression in non-committed precursors [17] raises the
possibility that SOCS3 represents a central mechanism
by which TGF-B primes precursors for TNF-a as well as
RANKUL-induced osteoclast formation. The expression
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Fig. 1. TGF-B enhances SOCS3 mRNA expression in TNF-a-induced
osteoclast and SOCS3 expression augments TNF-a-induced osteoclast
formation (A) RNA was prepared from bone marrow precursors in-
cubated for 5 days with M-CSF (30 ng/ml) and combinations of TNF-
o (30 ng/ml) and TGF-B; (0.1 ng/ml). Total RNA was separated on an
agarose—formaldehyde gel, transferred to a hybond N membrane, and
hybridised with specific [**P]-labelled ¢cDNA probes for murine
SOCS3, or B-actin. After hybridization the membrane was stringently
washed and autoradiographed. (B) Non-adherent M-CSF-dependent
bone marrow cells were incubated with M-CSF (10 ng/ml) for 2 days,
infected with pBabe-SOCS3 or pBabe-empty (control) retroviruses,
and incubated with M-CSF (30ng/ml) and TNF-o (30ng/ml) for 6
days. Infected cells were selected with puromycin (2.5 pg/ml) between
days 2 and 5. Cells were fixed and total cell number and the number of
TRAP-positive MNC counted. Values are means+ SEM of three
separate experiments n = 24. A, *P < 0.05 versus pBabe TNF-a. (C)
Non-adherent M-CSF-dependent bone marrow cells were incubated
on bone slices, infected, and then incubated as above for 12 days. The
extent of bone resorption was then assessed by scanning electron mi-
croscopy. Values are means + SEM of 2 separate experiments n = 66.
A, *P < 0.05 versus pBabe TNF-a. (D) Photomicrograph of pBabe-
infected TNF-o-treated culture; (E) Photomicrograph of SOCS3-in-
fected TNF-a-treated culture.

of SOCS1, SOCS2 or CIS mRNA was not detected in
osteoclasts incubated with or without TGF-f (data not
shown).

SOCS3 expression augments TNF-o-induced osteoclast
formation

Non-adherent ~ M-CSF-dependent  mononuclear
phagocyte precursors infected with pBabe-empty virus
formed strongly TRAP-positive multinuclear cells
(MNCs) in the presence of TNF-o within 6 days
(Fig. 1B). In pBabe-SOCS3-infected cultures, there was
a significant increase in the number of TRAP-positive
MNC:s that formed in the presence of TNF-o compared
to cells infected with pBabe-empty (Fig. 1B). This was
not attributable to differences in infection rates or total
cell numbers, as cell numbers in SOCS3 and pBabe-
empty-infected cultures did not differ significantly (data
not shown). Furthermore, in keeping with the increase
in osteoclast number and similar to our previous studies
[17], SOCS3-infected precursors also resorbed a greater
total area of bone surface compared to control cultures
(Fig. 1C). This raises the possibility that SOCS3 ex-
pression forms part of the mechanism by which TGF-§
enhances osteoclast formation by diverse osteoclast-in-
ductive stimuli, preventing inhibitory JAK/STAT sig-
nals and thereby priming precursors to the osteoclastic
rather than alternative inflammatory lineages.

However, retroviral driven SOCS3 expression ele-
vates levels of SOCS3 beyond those induced by TGF-f.
Therefore, to further test the role of SOCS3 in osteoclast
formation we examined the effect of “knocking down”
SOCS3 using a specific antisense ODN. The number of
TR AP-positive cells induced by TNF-a was significantly
reduced in anti-SOCS3 ODN-treated cultures compared
with controls (Fig. 2), suggesting that TNF-a-induced
osteoclast formation is largely dependent on SOCS3
induction by either TNF-a or by TGF- present in the
serum or produced by the precursors themselves. The
role of SOCS3 in osteoclast/macrophage lineage
switching is further shown by the ability of anti-SOCS3
ODN to blunt the enhancing effect of exogenously ad-
ministered TGF-B on TNF-a-induced osteoclast for-
mation (Fig. 2).

TGF-f prevents the inhibitory effect of IFN-f and IL-10
on TNF-a-induced osteoclast formation

The culture environment potentially contains nu-
merous inflammatory stimuli that may act to prime
mononuclear phagocyte precursors to lineages other
than that of the osteoclast. Recently, IFN-3 has been
suggested to have an important role in limiting osteo-
clast differentiation, acting as an autocrine negative
feedback regulator of osteoclast formation [23].
We found that similar to its suppressive effect on
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Fig. 2. Antisense SOCS3 oligonucleotides suppress osteoclast forma-
tion and blunt the enhancing effect of TGF-B. Non-adherent M-CSF-
dependent bone marrow precursors were incubated for 6 days with
combinations of M-CSF (30ng/ml), TNF-o (30ng/ml), TGF-B,
(0.1 ng/ml), and either antisense SOCS3 ODN (2 M) or control ODN
(2 uM) with Fugene6. Cells were fixed and the number of TRAP-po-
sitive cells quantified. Values are expressed as means + SEM of two
separate experiments n = 12. There was no significant difference be-
tween antisense SOCS3 ODN cultures incubated with or without
TGF-B. *Significantly different versus all other groups p < 0.05.

RANKUL-induced osteoclast differentiation, IFN- also
inhibits TNF-a-induced osteoclast formation in vitro,
and that TGF-B reverses this (Fig. 3). In addition to
IFN-B other cytokines, including IL-10, a T-cell-derived
cytokine synthesis inhibitory factor, have been shown to
suppress osteoclast differentiation in haemopoietic co-
culture systems [24]. However, due to the presence of
numerous cell types in these systems it is unclear whe-
ther IL-10 acts directly on osteoclast precursors or in-
directly via another cell type. Therefore, to investigate
the cellular mechanism through which IL-10 acts we
compared its ability to inhibit TNF-o-induced osteoclast
formation in stromal-depleted mononuclear phagocyte
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Fig. 3. TGF-B opposes the inhibitory effect of IFN- on TNF-o-in-
duced osteoclast formation. Non-adherent M-CSF-dependent bone
marrow precursors were incubated for 6 days with M-CSF (30 ng/ml),
TNF-a (30ng/ml) with or without IFN-$ (0.5 U/ml) and/or TGF-f,
(1 ng/ml). Cells were fixed and the number of TRAP-positive MNC
quantified. Values are expressed as means+SEM of two separate
experiments. n = 16. *p < 0.05 versus all other groups.
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Fig. 4. TGF-p opposes the direct anti-osteoclastic effect of IL-10. Non-
adherent M-CSF-dependent bone marrow precursors (A) or RAW
264.7 cells (B) were incubated for 6 days with combinations of M-CSF
(30 ng/ml), TNF-a (30 ng/ml), IL-10 (100 ng/ml), and TGF- (1 ng/ml).
Cells were fixed and the number of TRAP-positive MNC counted.
Values are expressed as means+SEM of two separate experiments
n = 12. *p < 0.05 versus TNF-a **p < 0.05 versus all other groups.

precursors and the murine monocytic cell line RAW
264.7. We found that IL-10 inhibited the formation of
TNF-a-induced TRAP-positive osteoclasts from
mononuclear phagocyte precursors and in cultures of
RAW 264.7 cells to a similar extent (Figs. 4A and B),
suggesting that IL-10 directly inhibits precursor differ-
entiation. This effect was prevented by the co-adminis-
tration of TGF-B in both cell types, which in keeping
with its ability to augment osteoclast differentiation
significantly increased the number of TRAP-positive
cells compared with precursors incubated with TNF-o
alone (Figs. 4A and B).

SOCS3 expression blunts the anti-osteoclastic effect of
IFN- but not IL-10

The ability of SOCS3 to suppress a wide range of
cytokines that signal via separate JAK/STAT pathways
raises the possibility that SOCS3 expression may rep-
resent a common mechanism by which TGF- sup-
presses inflammatory signals. Therefore, we examined
the effect of SOCS3 overexpression on the inhibitory
action of IFN-B and IL-10. Binding of IFN-p to its re-
ceptor leads to the activation of STAT 1 and STAT 2
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Fig. 5. SOCS3 expression opposes the anti-osteoclastic effect of IFN-f
but not IL-10 Non-adherent M-CSF-dependent bone marrow cells
were incubated in M-CSF (10ng/ml) for 2 days. Cells were then in-
fected with SOCS3 or pBabe-empty retroviruses, and incubated with
M-CSF (30ng/ml), TNF-a (30 ng/ml) with or without IFN- (0.5U/
ml) or IL-10 (100 ng/ml) for 6 days. Cells were fixed and total cell
number and the number of TRAP-positive cells counted. Values are
means +£ SEM of two separate experiments n = 16. *p < 0.05 versus
pBabe TNF-a, **p < 0.05 versus SOCS3 TNF-a or pBabe TNF-a.
There was no significant difference in the number of TRAP-positive
cells formed in SOCS3-infected cells incubated with or without IFN-f.

that form part of the IFN-stimulated gene factor-3 sig-
nalling complex [25]. In contrast, binding of IL-10 to its
receptor activates JAK1 and Tyk 2, which in turn
phosphorylate STAT3 (see [26]).

We found that SOCS3 expression markedly blunted
the anti-osteoclastic effect of IFN-p, there being no sig-
nificant difference in the number of TRAP-positive cells
induced by TNF-a in SOCS3-infected cultures incubated
with or without IFN-f (Fig. 5A). This suggests that one
mechanism by which TGF-B may augment osteoclast
formation is via suppression of the anti-osteoclastic ac-
tion of IFN-B. However, similar to recent studies
showing that SOCS3 expression in macrophages pre-
vents IL-6 but not IL-10-induced STAT3 activation [27],
SOCS3 overexpression was unable to prevent the inhib-
itory effect of IL-10 on osteoclast differentiation
(Fig. 5B). The ability of SOCS3 to blunt IFN-f but not
IL-10 signalling may be related to differences in affinity
of SOCS3 for IFN-B and IL-10 receptors. Interestingly,
SOCS3 has been shown to have a low affinity for phos-
phorylated tyrosine motifs of the IL-10 receptor in

macrophages [27], suggesting that SOCS3 would be
unable to suppress STAT phosphorylation by this
receptor.

The ability of TGF-f but not SOCS3 to blunt the anti-
osteoclastic action of IL-10 indicates that TGF- must
activate additional mechanisms that account for its
suppressive effect on IL-10. These mechanisms could also
further contribute to its facilitative action on osteoclast
lineage commitment. At present, the nature of these
additional pathways is unknown but could involve the
induction of different inhibitors of JAK/STAT activation
or novel SOCS. On the other hand, TGF-B may suppress
the anti-osteoclastic action of IL-10 downstream of
STAT3 activation. The nature of the molecular mecha-
nism by which IL-10 suppresses osteoclast formation is
unknown, but interestingly IL-10 and TGF-§ have been
shown to have opposing actions on AP-1 activation
[28,29], which is essential for osteoclast formation.

Whatever the nature and relevance of these addi-
tional pathways, the above data suggest that SOCS3
expression in part accounts for the augmentative effect
of TGF-B on TNF-a as well as RANKL-induced os-
teoclast formation, priming precursors to the osteoclast
lineage by suppressing specific anti-osteoclastic JAK/
STAT signals. Greater understanding of the pathways
by which TGF-p facilitates osteoclast formation could
lead to the development of novel strategies to combat
the deregulated resorption that occurs in diseases such
as osteoporosis and inflammatory osteolysis.
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