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NF-xB p100 limits TNF-induced
bone resorption in mice
by a TRAF3-dependent mechanism

Zhengiang Yao, Lianping Xing, and Brendan F. Boyce

Department of Pathology and Laboratory Medicine, University of Rochester Medical Center, Rochester, New York, USA.

TNF and RANKL mediate bone destruction in common bone diseases, including osteoarthritis and RA. They
activate NF-kB canonical signaling directly in osteoclast precursors (OCPs) to induce osteoclast formation in
vitro. However, unlike RANKL, TNF does not activate the alternative NF-kB pathway efficiently to process the
IxB protein NF-kB p100 to NF-kB p52, nor does it appear to induce osteoclast formation in vivo in the absence
of RANKL. Here, we show that TNF limits RANKL- and TNF-induced osteoclast formation in vitro and
in vivo by increasing NF-kB p100 protein accumulation in OCPs. In contrast, TNF induced robust osteoclast
formation in vivo in mice lacking RANKL or RANK when the mice also lacked NF-kB p100, and TNF-Tg mice
lacking NF-kB p100 had more severe joint erosion and inflammation than did TNF-Tg littermates. TNF, but
not RANKIL, increased OCP expression of TNF receptor-associated factor 3 (TRAF3), an adapter protein that
regulates NF-kB p100 levels in B cells. TRAF3 siRNA prevented TNF-induced NF-kB p100 accumulation and
inhibition of osteoclastogenesis. These findings suggest that upregulation of TRAF3 or NF-kB p100 expression
or inhibition of NF-kB p100 degradation in OCPs could limit bone destruction and inflammation-induced

bone loss in common bone diseases.

Introduction

Osteoclasts, the cells that degrade bone, play a central role in bone
destruction in common erosive bone diseases, including postmeno-
pausal osteoporosis, RA, and periodontitis (1). In these conditions
there is increased production of the proinflammatory cytokines
TNF (2) and RANKL (3), members of the TNF superfamily (4) that
stimulate bone resorption by osteoclasts (5, 6). Signaling through
their receptors is mediated by recruitment of TNF receptor-associ-
ated factors (TRAFs) (7-9) and leads to activation of transcription
factors including NF-kB, c-Fos, and NFATc1 (10, 11). Among the
TRAF family of proteins, TRAF6 is essential for RANKL-induced
osteoclast differentiation in vitro but not in vivo (12, 13), while
TRAF2 may be required for TNF-induced osteoclast formation
(14). TRAFS is involved in both RANKL- and TNF-induced osteo-
clast formation (15). Similar to RANKL, but not many other osteo-
clast-stimulating factors, TNF can induce osteoclast formation
directly from osteoclast precursors (OCPs) in vitro in the presence
of M-CSF independent of RANKL/RANK signaling (16-18), by
activation of NF-kB (10, 11). TNF induces fewer osteoclasts from
WT OCPs and less bone resorption in vitro than RANKL (11, 17),
but the molecular basis for this difference is unknown.

The NF-kB family of proteins includes NF-kB p105 (also known
as NF-kB1), NF-kB p100 (also known as NF-kB2) (precursor pro-
teins, which can act as inhibitory kB proteins by binding to other
NF-kB proteins), RelA (p65), RelB, and c-Rel (19, 20). In response to
RANKL and TNF, p105 is processed constitutively to pS0 (19-21),
which forms dimers, typically with RelA (19, 20). RANKL and TNF
activate these pS0/RelA dimers in the canonical NF-kB pathway
to promote OCP differentiation, but they also induce expression
of p100 in these cells (22). p100 undergoes efficient proteasomal
processing to p52 in response to RANKL through activation of
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NF-kB-inducing kinase (NIK) and IKKo. in the alternative pathway
(23), thus releasing p52/RelB complexes to translocate to nuclei.
In mice lacking NIK, unprocessed p100 can accumulate in OCPs
and limit pathologic, but not basal, osteoclastogenesis induced by
RANKL (23). TNF increases p100 protein levels slightly in OCPs
(24), but it is not known whether TNF limits osteoclastogenesis
through this mechanism. NIK is also involved in canonical NF-kB
signaling (25). Its activity is regulated negatively by constitutive
proteasomal degradation as a result of its association with TRAF3
(26-28), which limits p100 processing and inhibits noncanonical
NF-kB signaling. Thus, ablation of TRAF3 protein in B cells in
which CD40 or BAFF-R activation induces TRAF3 degradation and
prevents NIK degradation, resulting in progressive accumulation of
NIK and activation of the noncanonical NF-kB pathway through
processing of p100 (26-28). Further, early postnatal lethality occurs
in TRAF3~/~ mice because of uncontrolled NIK activity; this is res-
cued by crossing the mice with Nfkb27~ mice (28). However, it is
not known whether TNF affects TRAF3 or NIK levels in OCPs as a
mechanism to control osteoclast numbers or activity.

Basal osteoclast formation requires expression of RANKL (29),
RANK (30), and NF-xB p105 and p100 (31, 32), but not of TNF,
TNEF receptors (p55 and p75) (33), or TRAF2, -5, or -6 (12, 14, 15,
18), although the precise roles of TRAF2, -5, and -6 in osteoclasts
are controversial (12, 14, 15, 18). Despite compelling evidence for
a strong proresorptive function of TNF, which induces osteoclast
formation from Rankl-- and Rank-/- OCPs in vitro when costimu-
lated with TGF-f (17, 18), TNF does not induce osteoclast forma-
tion in vivo when administered to Rank~~ mice (34). These find-
ings have led to the conclusion that RANKL/RANK signaling is
a prerequisite for osteoclast differentiation in vivo (35). Here we
report an unexpected role for TNF to limit TNF- and RANKL-
induced osteoclastogenesis by inducing expression of NF-kB p100
and TRAF3 in OCPs. TNF also induces robust osteoclast forma-
tion in vivo in Rankl/- and Rank~/- mice when they also lack NF-kB
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p100. Importantly, deficiency of NF-kB2 accelerates TNF-induced
bone loss and joint inflammation in a model of RA, pointing to a
role for NF-kB p100 to limit bone resorption and inflammation in
diseases in which TNF expression is increased.

Results

TNF induces expression of noncanonical NF-KB proteins differently from
RANKL in OCPs. To investigate the possibility that TNF induces
fewer osteoclasts from OCPs than RANKL by promoting accu-
mulation of the inhibitory NF-kB p100 protein, we examined the
expression pattern of p100 in WT OCPs. Both RANKL and TNF
increased p100/p52 mRNA levels within 4 hours of treatment by
11- and 7-fold, respectively, and these remained elevated by 7- and
5-fold, respectively, at 8 hours (data not shown). We examined
p100 and p52 protein expression levels during our typical cul-
ture period (1-96 hours). TNF induced sustained accumulation
of p100 between 4 and 72 hours (Figure 1A). In contrast, RANKL
more efficiently processed p100 to p52 during this period (Figure
1A), and this was associated with the formation of larger num-
bers of osteoclasts (Figure 1B). p100 levels in TNF-treated cells
were not different from those of PBS-treated controls at 96 hours,
by which time osteoclast formation has peaked in these cultures
(11). TNF also induced increased p52 levels, but to a lesser extent
than RANKL between 8 and 48 hours, confirming that p100 is
processed in response to TNF (24), especially at 72 and 96 hours,
when TNF induces peak osteoclast formation (11). Both TNF
and RANKL markedly increased RelB levels, but the effect of TNF
was greater than that of RANKL from 48 to 96 hours (Figure 1A).
Deficiency of p100 did not affect either TNF- or RANKL-mediated
nuclear translocation of RelB (Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI38716DS1), presumably because RelB also can associate with
p50 and translocate into nuclei (36). In contrast, TNF and RANKL
overall had similar stimulatory effects on the expression levels of
the canonical NF-kB p50 and p6S5 proteins during osteoclastogen-
esis (24-96 hours), with some variation at each time point (Fig-
ure 1A). Of note, although both TNF and RANKL mediated rapid
NF-kB p65 nuclear translocation, the effect of TNF was more
sustained than that of RANKL (Supplemental Figure 1, B and C).
We had observed this previously in OCPs from NF-kB1/2 double-
knockout mice that do not form osteoclasts (11).

TNF-induced NF-xB p100 limits osteoclastogenesis. To determine
whether TNF-induced NF-kB p100 limits the number of osteo-
clasts formed in response to TNF, we treated Nfkb27~ and WT
OCPs with TNF and found significantly more osteoclasts from
Nfkb2~/~ than from WT cells, the numbers being similar to those
in RANKL-treated WT or Nfkb2/~ cells (Figure 1B). This effect was
not associated with induction in vitro or in vivo in OCPs of IFN-f3
(data not shown), which limits RANKL-induced osteoclastogene-
sis by downregulating c-Fos expression in OCPs (37). Importantly,
osteoclasts induced by TNF from Nfkb2~~ OCPs formed resorption
pits as effectively as those induced by RANKL (Figure 1B). TNF
activates c-Fos and NFATc1, the same critical transcriptional fac-
tors activated by RANKL to induce osteoclast differentiation, but
TNF induces these to a lesser extent than RANKL when mature
osteoclasts are formed (11). However, we found that TNF induced
a fold induction of c-Fos and NFATc1 similar to that of RANKL
when osteoclasts were forming in Nfkb27~ cells (data not shown).
Erk and p38 signaling are also involved in osteoclast differentia-
tion and are activated in response to RANKL and TNF (38). We
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found that TNF induced stronger activation of both Erk and p38
than RANKL, and this was observed in both WT and Nfkb27- cells
(data not shown).

Nfkb27~ OCPs lack both p100 and p52. To determine whether p100
or p52 is responsible for the inhibitory effect of TNF, we infected
Nfkb27/- and WT OCPs with p100, pS2, or GFP control retrovirus
and treated them with TNF. p100 inhibited TNF- and RANKL-
induced osteoclastogenesis significantly in both Nfkb27~ and WT
OCPs (Figure 1C). p52 also caused a small but significant reduction
in osteoclast numbers (Figure 1C), which may be due to a minor
inhibitory effect of p52 homodimers, but this effect was much less
than that of p100. High expression of these retrovirally induced
proteins was confirmed in infected WT OCPs (Figure 1C).

To determine whether p100 limits TNF-induced osteoclastogen-
esis in vivo, we injected TNF or PBS vehicle into the supra-calvarial
subcutaneous tissues of Nfkb27/- and Nfkb2*/- control mice twice
daily for 5 days and examined its effects on osteoclastogenesis and
resorption. Basal osteoclast numbers as well as osteoclast surface
and eroded surface were similar in Nfkb2/- and Nfkb2*/- mice (Figure
1D). Mean values for these parameters of bone resorption increased
significantly in the Nfkb2*/- and Nfkb2/- mice in response to TNF,
but the increase was significantly greater in the Nfkb27/~ mice (Fig-
ure 1D). Serum levels of tartrate-resistant acid phosphatase 5b
(TRAPSD), a specific marker of bone resorption released by osteo-
clasts, were significantly higher in Nfkb2-/- mice than in control mice
treated with TNF (7.3 £ 0.5 vs. 5.4 + 0.8 U/]; P < 0.01), confirming
that Nfkb2 deficiency enhances TNF-induced bone resorption. We
also found that basal TRAPSb levels were higher in Nfkb2-/- mice
than in their littermate controls (6.2 + 0.1 vs 3.6 + 0.4 U/I; P < 0.01),
which suggests that osteoclasts in Nfkb2/- mice are more active than
WT osteoclasts, as we did not observe any difference in the number
of osteoclasts at this time point. This effect differs from those we
reported previously with IL-1, which induced similarly increased
numbers of osteoclasts in Nfkb2*/- and Nfkb2-/- mice (39). IL-1 does
not induce osteoclast formation from WT OCPs in the absence of
RANKL but can do so when the cells overexpress c-Fos, which is acti-
vated by, and downstream of, NF-kB (40).

TNF induces osteoclastogenesis in Rank~~ or Rankl~~ mice in the absence
of NFxB2. TNF induces p100 expression through canonical NF-kB
signaling (41). To test the hypothesis that p100 induced by TNF
prevents osteoclast formation in vivo in Rank”/~ mice, we first
examined whether TNF increases the expression of NF-kB p100
protein in Rank~~ or Rankl”~ OCPs. Similar to its effects in WT
cells, TNF induced p100 accumulation but not p52 protein in
Rank~~ and Rankl”~ cells (Figure 2A), indicating that TNF-induced
p100 protein expression is independent of RANK signaling. There
was some variability in basal levels of p100 expression from one
experiment to another, which is a recognized feature of currently
available antibodies to this protein, but basal levels of expression
overall did not vary significantly among WT, Rank~~, and Rankl~~
OCPs. As expected, RANKL did not have any effect on p100/p52
protein in Rank~~ cells, while it clearly increased p52 in Rankl~/~
cells (Figure 2A). Of note, different from WT cells, RANKL did not
increase p100 levels in Rankl”~ OCPs, possibly because they had
not encountered RANKL previously and therefore might be more
sensitive to RANKL and completely process p100 to p52.

We next generated Rank”~/Nfkb27~ and Rankl~~/Nfkb2~/~ mice
to determine whether TNF could induce osteoclastogenesis in the
absence of NF-kB2 and either RANK or RANKL. First, we treated
OCPs from Rank™/-/Nfkb2*/- and Rankl-/-/Nfkb2*/- mice with TNF
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Figure 1

TNF-induced expression of NF-kB p100 inhibits osteoclastogenesis. (A) WT mouse OCPs, cultured from splenocytes with M-CSF for 3 days,
were treated with RANKL or TNF for the indicated times. NF-«xB proteins in whole-cell lysates were determined by Western blot. Experiments
were repeated at least twice with similar results. P, PBS; R, RANKL 10 ng/ml; T, TNF 20 ng/ml. (B) WT or Nfkb2-- OCPs were treated with
RANKL or TNF directly on plastic or bone slices in 96-well plates in the presence of M-CSF for 2 and 5 days, respectively, to induce osteoclasts
(OCs) and resorption pits. Top: Representative TRAP-stained osteoclasts (original magnification, x4) and toluidine blue—stained pits (original
magnification, x20). Bottom: Osteoclast number and resorption pit area (n = 4/group; *P < 0.05 vs RANKL). (C) Nfkb2-- or WT OCPs were
infected with GFP, p100, or p52 retroviruses for 2 days and treated with TNF for 2 more days. Osteoclast numbers were counted (left panel;
*P < 0.05 versus GFP), and the infection efficiency was confirmed by Western blot from the infected WT OCPs (right panels). (D) Murine
TNF (0.5 ug in 10 ul PBS) or 10 ul PBS were injected twice daily over the calvariae of 4-week-old Nfkb2-- or Nfkb2+- control mice for 5 days
(n = 4/group). The number of osteoclasts/mm bone surface, percentage of osteoclast surface/bone surface, and percentage of eroded surface/
bone surface were measured in TRAP-stained calvarial bone sections, and serum TRAP5b was tested with ELISA.

and found that they formed slightly but significantly more osteo-  because of extramedullary hematopoiesis that results from their
clasts than did OCPs from Nfkb2*/- littermates (Figure 2B). This  lack of an adequate marrow cavity. OCPs from Rank~/Nfkb2/~and
likely reflects the fact that Rank /- (42) and Rankl /- (data not shown)  Rankl”/"/Nfkb27/~ mice treated with TNF formed significantly more
mouse spleens contain more OCPs than do spleens of WT mice osteoclasts than did OCPs from Rank”/-/Nfkb2*/- and Rankl-/-/
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Figure 2

NF-kB2 deficiency enhances TNF-induced osteoclastogenesis in Rank=- or Rankl-- mice in vitro and in vivo. (A) NF-kB p100 and p52 were ana-
lyzed by Western blot in whole-cell lysates of PBS-, RANKL-, or TNF-treated (8 hours) OCPs from Rank- or Rankl-- mice. (B) Left: OCPs from
Rank--/Nfkb2-- or Rankl--/Nfkb2-- mice and their Nfkb2+- litermates were treated with TNF for 2 days to evaluate osteoclast formation using
TRAP staining (*P < 0.05 vs. Nfkb2+-). Right: OCPs from Rank~-/Nfkb2++ and Rankl--/Nfkb2++ mice were treated with RANKL or TNF for com-
parison with Rank~-/Nfkb2+- and Rankl--/Nfkb2+- mice to determine the effects of haploinsufficiency of Nfkb2. (C) Murine TNF (0.5 ug in 10 ul
PBS) or 10 ul PBS was injected twice daily over the calvariae of Rank-/Nfkb2-- or Rankl--/Nfkb2-- mice and Rank~- or Rankl-- littermates. Top:
TRAP-stained sections show numerous actively resorbing TRAP+ osteoclasts locally in calvarial sections (original magnification, x20) from TNF-
injected Rank~-/Nfkb2-- or Rankl--/Nfkb2-- mice. Bottom: Numbers and surface extent of osteoclasts (n = 3/genotype). Occasional osteoclasts
induced by TNF from a Rank=-/Nfkb2++ mouse are illustrated in the left panels. *P < 0.05 vs. single KO mice. (D) Left: Occasional binucleate
(arrowhead), but mainly mononuclear (arrows), TRAP+ cells (left panel) formed beneath hypertrophic chondrocytes in the growth plate of the
tibia of a Rank-/Nfkb2-- mouse (original magnification, x40), but not of Rank=-/Nfkb2+- littermates injected with TNF as described in C. Right:
Osteoclast numbers (expressed per mm of length of growth plate) counted in representative sections. (E) Serum TRAP5Db levels were tested
with ELISA from TNF- or PBS-injected Rank~-/Nfkb2-- and Rank--/Nfkb2+- mice (n = 3/group; *P < 0.05).

Nfkb2*/- mice, the numbers being slightly higher than those from
Nfkb2-/- OCPs (Figure 2B). We also found that TNF induced the
formation of bone-resorbing osteoclasts from Rank”/-/Nfkb2*/- and
Rankl-/-/Nfkb2*/- OCPs without the addition of TGF-f, which was
suggested to be necessary as a pretreatment (18). A neutralizing
TGF-B antibody did not prevent these effects, nor did the addi-
tion of TGF-f increase TNF-induced osteoclast numbers (data not
shown). To exclude the possibility that haploinsufficiency of Nfkb2
affects the status of Rank”~ and Rankl”~ osteoclast differentiation,
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we treated spleen cells from Rank”~ and Rankl”~ mice with TNF in
the presence of M-CSF and found that similar osteoclast numbers
were formed as with OCPs from Rank~/~ and Rankl/- mice with Nfkb2
haploinsufficiency (Figure 2B, right panel). We believe that we were
able to induce osteoclastogenesis in our cultures because we used
lower numbers of M-CSF-dependent OCPs from these KO mice
than we used from WT controls. The KO mice had higher numbers
of OCPs in their spleens, as described above, and when we used simi-
lar numbers of OCPs from Rankl”/~ or Rank”/- mice as from WT mice,
Volume 119 Number 10

October 2009 3027



research article

A
= TNF-Tg/Nfkb2~
« TNF-Tg/Nfkb2" . g 04 H
. £ £ 03
o E E
o 0.2
@ E m
c 8 o 0 0.1
E 4 *
(=]
-.8 (‘g 30
0° Ot 20
o
€10
Z 0
TNF-Tg/ TNF-Tg/
Nikb2"- Nikb2
C D 160 T
55 25 3
32 5 N +120 B
= @ =
S o 15 - 80 =
R w T
a1 Z< 0 S o8
o — r [{=]
8% 5 25 3
we : 3e o 0=
Nikb2 Nikb2 S Nikb2  +/- o o . A 2
TNF-Tg TNF-Tg TNF-Tg
6 wks 12 wks old
Figure 3

Increased joint inflammation and osteoclastogenesis in TNF-Tg/Nfkb2-- mice. (A) Age-related changes in clinically assessed joint deformation
scores showed that joint deformation occurred earlier in the TNF-Tg/Nfkb2-- mice (n = 7) than in their TNF-Tg/Nfkb2+- littermates (n = 8). (B)
Representative TRAP-stained sections (original magnification, x20) from 12-week-old animals showed more severe wrist joint inflammation
(green arrows) and more osteoclasts (yellow arrowheads) in a TNF-Tg/Nfkb2-- mouse than in a TNF-Tg/Nfkb2+~- mouse. Histomorphometric
analysis showed that the area of inflammatory tissue (upper panel) and osteoclast numbers (lower panel) were increased in the wrists of TNF-Tg/
Nfkb2-- mice. *P < 0.05. (C) The percentage of cartilage eroded surface/total joint surface was measured in carpal bones of 6-week-old mice
(n =5/group). (D) Serum levels of murine TNF (black bars) and human TNF (red bars) were tested with ELISA at 6 and 12 weeks of age (*P < 0.05

vs. TNF-Tg/Nfkb+- littermates).

TNF did not induce osteoclastogenesis (data not shown), presum-
ably because their increased density inhibits differentiation.
Although absence of Nfkb2 itself did not induce any osteoclasts
in Rank”~ or Rankl”~ mice (PBS injection; data not shown), TNF
induced many osteoclasts and resorption lacunae in the calvarial
bones of the Rank/~/Nfkb27/~ and Rankl”/-/Nfkb2~/~ mice following
local injection, associated with increased osteoclast and eroded sur-
faces (Figure 2, C and D). Only occasional osteoclasts were observed
in the sections of TNF-injected Rankl/~ or Rank~/- mice, as reported
previously (34). We also observed small numbers of TRAP* osteo-
clasts in the long bones of the TNF-injected Rank~~/Nfkb27/~ and
Rankl”~/Nfkb2~/~ mice, although in contrast to those formed in the
calvariae, these were mainly mononuclear cells located predomi-
nantly along the edge of the growth plates (Figure 2D) or in the
centers of the physes. These cells had no effect on the increased
bone volume in these osteopetrotic mice, presumably reflecting the
short period of 5-day administration and their small size. To assess
the possible function of these cells further, we measured serum
TRAPSD levels. TRAPSD was undetectable in Rank/-/Nfkb2*/-and
Rank-/-/Nfkb2-/- mice and was slightly but significantly increased
by TNF injection in Rank/-/Nfkb2*/-mice (0.61 + 0.25 U/1). These
values were increased further in Rank~/~/Nfkb2/- mice after TNF
injection (1.77 + 0.34 U/]; Figure 2E), confirming that osteoclasts
induced by TNF in Rank”~ mice are functional and that NF-xB2
deficiency enhances TNF-induced osteoclastogenesis and bone
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resorption in the mice lacking RANK signaling. TRAPSb was not
observed in serum or osteoclasts in bone sections from vehicle-
treated Rank”~/Nfkb27~ or Rankl”/~/Nfkb27~ mice, presumably
because the concentration of endogenous TNF in the marrow cavi-
ties of these mice is low and not sufficiently high to induce OCP
differentiation even in the absence of p100.

TNF-Tg mice lacking NF-KB p100 have more severe joint erosion and
inflammation and systemic bone loss than TNF-Tg mice. To determine
whether the absence of NF-kB2 would enhance joint erosion in
TNF-Tg mice, we generated TNF-Tg/Nfkb2~/~ mice and found that
they developed joint deformity earlier than their TNF-Tg litter-
mates, that is, at 8 weeks versus 12 weeks of age (Figure 3A). At
12 weeks of age, TNF-Tg/Nfkb2~/~ mice had significantly increased
areas of inflammation and osteoclast numbers in their forepaw
joints assessed histomorphometrically (Figure 3B). However, we
observed no significant difference in the types of inflammatory
cells or in the appearance of the hyperplastic synoviocytes in the
TNF-Tg/Nfkb2/~ mice compared with control mice upon histo-
logic analysis. FACS analysis showed that Nfkb2-/- mice had sig-
nificantly reduced numbers of B220* B cells in their spleens and
peripheral blood compared with Nfkb2*/- control mice. This fea-
ture was also present in TNF-Tg/Nfkb2-/- mice. In contrast, there
was no difference in numbers of CD3*, CD4*, or CD8"* cells among
the Nfkb2*/-, Nfkb2-/-, TNF-Tg/Nfkb2*/-, and TNF-Tg/Nfkb2-- mice
(data not shown).
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More severe systemic bone loss in TNF-Tg/Nfkb2-- mice. (A) Tibiae from 12-week-old Nfkb+- (n = 4), Nfkb2-- (n = 4), TNF-Tg/Nfkb2+- (n = 7),
and TNF-Tg/Nfkb2-- mice (n = 8) were subjected to uCT scanning. Representative images (left) and data analysis (right) showed reduced tra-
becular bone volume and cortical bone thickness in TNF-Tg/Nfkb2-- mice. (B) H&E-stained sections of tibiae (original magnification, x2) showed
decreased trabecular bone in the metaphyseal regions and thinner cortices (green arrow) in TNF-Tg/Nfkb2-- mice. (C) TRAP-stained sections
of 6-week-old mice showed increased numbers of osteoclasts in the secondary spongiosa of the proximal tibia of a TNF-Tg/Nfkb2-- mouse (left
panels), which was confirmed by histomorphometric analysis (right panels). BV/TV, bone volume/tissue volume. *P < 0.05 vs. TNF-Tg/Nfkb2+-

mice. Original magnification, x2 (top), x40 (bottom).

TNF-Tg/Nfkb2-/- mice also had reduced long bone trabecular bone
volume and cortical thickness compared with TNF-Tg/Nfkb2"~ mice
(Figure 4A), which we confirmed morphometrically by 3-dimension-
al uCT imaging (Figure 4B). These TNF-Tg/Nfkb2/~ mice had lost
almost all of their metaphyseal trabecular bone (Figure 4A), making
it difficult to quantify and normalize osteoclast parameters histo-
morphometrically. However, in 6-week-old TNF-Tg/Nfkb27~ mice,
which had slightly but not significantly lower trabecular bone vol-
ume/tissue volume ratios than TNF-Tg mice, metaphyseal osteo-
clast numbers and surfaces were increased significantly (Figure 4C).
These mice also had enhanced erosion of cartilage on their carpal
bone joint surfaces compared with TNF-Tg/Nfkb2*/~ littermates
(Figure 3C). Bone formation rates assessed in undecalcified bone sec-
tions following double calcein labeling were similar in the TNF-Tg/
Nfkb27~ and control mice (data not shown).

We next determined whether NF-kB2 deficiency influences human
(Tg) or mouse serum TNF concentrations in these mice. Murine
TNF values were similar among the groups in both 6- and 12-week-
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old mice. NF-kB2 deficiencOy did not affect human TNF concentra-
tions in 6-week-old TNF-Tg mice, but mean values were significantly
lower in TNF-Tg/Nfkb27~ mice than in TNF-Tg/Nfkb2"~ littermates
aged 12 weeks. We do not have an explanation for the reduction of
TNF in these mice, but by this age TNF-Tg/Nfkb2/-mice were much
smaller than control mice, and some had already died. The cause of
this early mortality requires further study.

TNF attenuates RANKL-induced osteoclastogenesis in vitro through
NF-B p100. Many cytokines, including RANKL, TNF, IL-1, and
M-CSF, are involved in bone destruction in pathological condi-
tions. Of these, RANKL and TNF can support the final stages of
OCP differentiation to osteoclasts. Therefore, it is important to
study how TNF and RANKL work together to control osteoclas-
togenesis. A previous study reported that TNF synergizes with
RANKL to stimulate osteoclastogenesis in vitro (35) when both
cytokines are added at the beginning of the culture period. How-
ever, the synergistic effect occurs only in RANKL pretreated cells
(43), which we confirmed (data not shown). We then used a dif-
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TNF-induced NF-kB p100 inhibits RANKL-
induced osteoclastogenesis. (A) WT mouse
spleen cells were cultured with M-CSF for 3
days, and RANKL and/or TNF were added at
the indicated doses for 2 more days to gener-
ate osteoclasts. Top: TNF dose-dependently
inhibited RANKL-induced osteoclastogenesis,
assessed by osteoclast number (black bars) and
area (red bars) per well. Bottom: The protein
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ferent osteoclastogenesis protocol in which spleen cells are first
cultured with M-CSF for 3 days, to enrich for OCPs, and then
TNF with or without RANKL was added to these cells for a fur-
ther 2-3 days. TNF inhibited RANKL-induced osteoclastogenesis
in a dose-dependent (0.8-20 ng/ml) manner (Figure SA) at both
optimal (10 ng/ml) and low (1 ng/ml) RANKL concentrations.
Of note, although the number of osteoclasts induced by 1 ng/ml
RANKL was just slightly less than the optimal dose, osteoclasts
formed later and were smaller in these cultures, and this was evi-
dent as a reduced osteoclast area (Figure SA). TNF alone (4 and
20 ng/ml) induced small numbers of osteoclasts in the absence of
RANKIL, as expected. In these experiments, NF-kB p100 levels in
WT OCPs treated with TNF (20 ng/ml) plus RANKL (10 ng/ml)
were significantly higher than in cells treated with RANKL alone,
but the levels were less than those in cells treated with TNF alone,
presumably because RANKL induced some proteasomal degrada-
tion of p100 through NIK, despite the inhibitory effect of TNF
(Figure SA). Accordingly, pS2 expression was higher in the cultures
of RANKL plus TNF than in those treated with TNF alone.

We next treated WT and Nfkb2/- OCPs with low but effective doses
of TNF with or without RANKL and found that TNF (4 ng/ml) sig-
nificantly reduced osteoclastogenesis induced by RANKL (1 ng/ml)
in WT cultures but had no inhibitory effect in Nfeb2-/- cultures in
which both cytokines had nearly maximal osteoclastogenic effects
either alone or in combination (Figure 5B), confirming that NF-kB
p100 mediates this TNF-induced inhibition of osteoclastogenesis.

TNF induction of NF-KB p100 and inhibition of osteoclastogenesis is
mediated by TRAF3. To determine the mechanism whereby TNF-
induced NF-kB p100 accumulation limits osteoclastogenesis,
we examined the effects of TNF and RANKL on the expression
of TRAFs in OCPs. TRAFs directly interact with TNF superfam-
ily receptors and trigger intracellular signaling events, including
NIK-mediated processing of p100 to p52 (7). In addition, TRAF2
and -3 can also mediate proteasomal degradation of signal-
ing molecules (26, 27). We found that neither RANKL nor TNF
affected the mRNA expression levels of TRAF3 or -6 (data not
shown). However, both RANKL and TNF increased the protein
3030
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levels of TRAF6, which activates NIK, and this is consistent with
our observation that both cytokines slightly elevated NIK pro-
tein levels (Figure 6A). Importantly, TNF induced significantly
higher levels of TRAF3, paralleling the elevated NF-kB p100 levels
(Figure 6A). RANKL alone slightly reduced TRAF3, but it signifi-
cantly decreased TNF-induced TRAF3 protein levels, which was
matched by relatively lower levels of p100 (Figure 6A). Neither
TNF nor RANKL affected protein levels of TRAF2 or -5 signifi-
cantly in these cultures (data not shown).

To determine how TRAF3 is regulated by TNF, we added cyclo-
heximide to the cultures of WT OCPs treated with PBS, RANKL,
or TNF to prevent the synthesis of new protein and thus observe
degradation of TRAF3 by Western blot. RANKL accelerated the
degradation of TRAF3, starting at 1 hour and continuing through
4 hours (Figure 6B). In contrast, TNF prevented TRAF3 degrada-
tion, suggesting that TNF induction of TRAF3 results in the accu-
mulation of NF-kB p100 and inhibition of osteoclastogenesis.
To test this possibility, WT OCPs were transfected with TRAF3
siRNA to examine its effects on expression of NIK and p100 and
on osteoclastogenesis. Transfection of TRAF3 siRNA reduced
TRAF3 protein levels, and this was associated with higher levels
of NIK and lower p100 levels in the TNF-treated cells compared
with control siRNA-treated cells (Figure 6C). Surprisingly, we did
not detect a significant change in p52 levels in either cytoplas-
mic or nuclear extracts using TRAF3 siRNA. This was a consis-
tent finding that will require further study to determine whether
TRAF3 also regulates p52 expression. TRAF3 siRNA significantly
increased TNF-induced nuclear and cytoplasmic RelB, the typi-
cal partner of p52, which was reported recently to be involved
in RANKL-induced osteoclastogenesis in vitro (44). Consistent
with these results, TRAF3 siRNA significantly increased TNF-
induced osteoclastogenesis (Figure 6D), although it had no effect
on osteoclast numbers in RANKL-treated cultures, presumably
because RANKL can degrade TRAF3 and TRAF3 siRNA likely
would not have an additional effect on TRAF3 degradation. Of
note, inhibition of TRAF3 attenuated the TNF-induced reduction
of RANKL-mediated osteoclastogenesis.
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Discussion

There is compelling evidence for a strong proresorptive function
of TNF, which has long been implicated in the pathogenesis of
bone loss and inflammation in a variety of common bone diseases
(1,4, 10,45) and, more recently, cherubism (46). TNF induces bone
loss by indirect and direct mechanisms, including promotion of
RANKL expression by accessory cells (4, 6) and induction of OCP
proliferation and differentiation (47). These cells can then secrete
proinflammatory osteoclastogenic cytokines and thus lead to the
initiation of autocrine and paracrine self-amplifying cycles that
increase bone loss (48). A pivotal role of TNF in pathologic bone
loss is evidenced by the efficacy of anti-TNF therapy to limit dis-
ease progression in approximately 70% of patients with RA (49)
and to reduce bone erosion soon after menopause (2).

Despite this evidence, TNF does not induce osteoclast forma-
tion when administered in vivo to Rankl”/~ or Rank~~ mice (34),
although it can induce osteoclastogenesis directly from Rank”
OCPs in vitro when costimulated with TGF-f (18), leading some
to suggest that prior priming of OCPs by RANKL (35) or IL-1
expression by stromal cells (50) is necessary for TNF-induced
bone resorption. Here we explain these discrepant findings by
showing that locally injected TNF fails to induce osteoclasto-
genesis in Rankl”/- and Rank~/- mice because of the inhibitory
effects NF-kB p100 and provide conclusive evidence that TNF
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Figure 6

TNF-induced TRAF3 negatively regulates osteoclastogenesis through
NIK. (A) WT mouse OCPs were treated with RANKL and/or TNF for
8 hours, and whole-cell lysate protein was extracted and subjected to
Western blotting for TRAF3, TRAF6, NIK, and NF-kB p100 and p52.
(B) Cycloheximide (10 uM) was added to WT mouse OCPs treated
with RANKL (10 ng/ml), TNF (20 ng/ml), or PBS control for the indi-
cated times. Whole-cell lysates were subjected to Western blotting for
TRAF3. (C) WT mouse OCPs were transfected with TRAF3 siRNA or a
nonspecific control siRNA for 8 hours. The cells were treated with TNF
(20 ng/ml) or PBS for an additional 8 hours. Whole-cell lysates were
subjected to Western blotting to determine the levels of cytoplasmic
TRAF3, NIK, and NF-kB p100 (left panel) and either nuclear p52 or cyto-
plasmic p100 and RelB (right panels). (D) TRAF3 siRNA-transfected
cells were treated with TNF and/or RANKL (10 ng/ml) for 3 days in the
presence of M-CSF to generate osteoclasts. *P < 0.05 vs. control).

can induce osteoclastogenesis in these mice when they are defi-
cient also in NF-kB p100.

The osteoclastogenesis induced locally by TNF in calvariae of
Rank~~/Nfkb27/~ or Rankl”-/Nfkb2~/~ mice was associated with
systemic induction of small numbers of mainly mononuclear
TRAP cells along epiphyseal growth plates. We have reported that
RANKL induced by BMP2 in hypertrophic chondrocytes at the
growth plate attracts OCPs to this site to remove bone (51), which
is formed rapidly and must be removed to prevent development
of osteopetrosis during development. Our findings suggest that
the administered TNF directed OCPs to this site independently
of RANKL. However, further studies are required to determine
whether this was by a direct or indirect mechanism and whether
TNF induces expression of chemokines here as it also does to
attract circulating OCPs to inflamed joints (52).

Our observation that TRAP* cells do not form in untreated
Rank~-/Nfkb2~/~ or Rankl”~/Nfkb2~~ mice is important because it
suggests that TNF levels at the growth plate during endochondral
ossification are too low to induce OCP differentiation to osteo-
clasts and that TNF does not have an important positive or nega-
tive regulatory role in this physiologic process. However, TRAPSb
released from osteoclasts induced by locally injected TNF resulted
in slightly increased serum TRAPSb levels in Rank~~/Nfkb2*/~ mice
and significantly increased levels in Rank”~/Nfkb2~/~ mice, sup-
porting our conclusion that TNF-induced resorption in patholog-
ic bone remodeling is attenuated by NF-kB2. The inhibitory role
for NF-kB p100 in osteoclastogenesis is further supported by the
development of erosive arthritis and systemic bone loss in TNF-Tg/
Nfkb2-/- mice much earlier than TNF-Tg/Nfkb2*/- littermates.

The reports that TNF induces RANKL expression in the joints
of TNF-Tg mice (53, 54) led us to consider whether NF-kB p100
also limits RANKL-induced resorption in TNF-Tg mice. Indeed,
we found that TNF limits RANKL-induced differentiation of WT
OCPs in vitro through induced NF-kB p100 and that retroviral
expression of NF-kB2 in OCPs reduced RANKL-induced osteoclas-
togenesis. Interestingly, inhibition of osteoclastogenesis alone does
not prevent TNF-induced synovial inflammation, since TNF-Tg/
¢-Fos~ hybrid mice lack osteoclasts and joint destruction but still
have synovial inflammation (55). Therefore, inhibition of osteo-
clasts alone is likely to have a limited role in the treatment of RA.
Unexpectedly and importantly, we found that the TNF-Tg/Nfkb2-/-
mice also had significantly increased inflammation in their joints,
indicating that NF-xB p100 limits not only OCP differentiation
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but also the number of inflammatory cells attracted to the joints
of the mice in response to TNF.

Deficiency of Nfkb2 dramatically accelerated TNF-Tg-induced
arthritic bone erosion and inflammation, but this was not associat-
ed with an increase in their serum concentrations of either human
or murine TNF, suggesting that deficiency of NF-kB p100 could
be associated with more severe joint inflammation in RA patients.
This might be of great importance in the clinical setting of arthritis,
but it will require further study to determine whether there are vari-
ations in the transcription, function, or degradation of p100 that
could increase the susceptibility of RA patients to TNF. Similarly,
further study is also required to determine the precise mechanism
whereby p100 limits the inflammatory infiltration, and specifically
whether NF-kB p100 can be further increased locally, for example
by using local adenoviral gene delivery, to inhibit inflammation
and bone resorption in these mice.

TNF stimulates Nfkb2 mRNA expression through the canonical
NF-kB p65/p50 pathway to increase the total amount of NF-kB
p100 transcripts and protein (24). At the same time, TNF activates
the noncanonical pathway leading to some processing of NF-kB
p100 to NF-kB p52 (24), but the molecular mechanisms have not
been identified. We found that TNF stabilized TRAF3, resulting in
its accumulation in OCPs in parallel with p100 levels, a finding that,
to our knowledge, has not been reported previously in any cell type.
This could account for limited NF-kB p100 degradation by NIK
because TRAF3 induces degradation of NIK in B cells (26, 27). These
effects of TNF differ from those of RANKL, which does not increase
TRAF3 protein levels and activates NIK to induce efficient process-
ing of p100 to p52 (23). TRAF3 negatively regulates p100 process-
ing to p52 by promoting proteasomal degradation of NIK through
its physical association with the TRAF3 binding motif in NIK (25,
26). Loss of TRAF3 results in accumulation of NIK and constitutive
p100 processing in TRAF37/- B cells (25, 28). TRAF6, which mediates
RANKL/RANK-activated canonical NF-kB signaling, cannot associ-
ate with NIK directly and therefore does not inhibit it (56).

TRAF3 siRNA reduced TRAF3 protein levels in WT OCPs associ-
ated with increased NIK levels and p100 processing, which released
more RelB to go to nuclei in the cells and increased osteoclasto-
genesis. TNF induced only a slight increase NIK levels in the OCPs,
but this in part may reflect the difficulty in detecting low levels of
NIK in cells with currently available reagents (57) and the fact that
most published studies were able to detect changes in NIK levels
only when NIK was overexpressed (26, 57). Although some inves-
tigators have suggested that TRAF2 is required for TNF-induced
osteoclastogenesis (14) and TRAFS is involved in both RANKL-
and TNF-induced osteoclastogenesis (15), others have found that
TRAF2- or TRAF5-deficient OCPs can differentiate into mature
osteoclasts in response to TNF (18). TRAF2 functions along with
TRAF3 in B cells to degrade NIK (26). However, TRAF2, -5, and -6
do not appear to play a major role in p100 processing in OCPs,
based on our observation that their protein levels are similar in
TNF- and RANKL-treated cells. Currently, we do not know the pre-
cise molecular mechanism by which TNF increases TRAF3 protein
levels in OCPs. TNF does not affect TRAF3 mRNA, but it clearly
prevents its degradation. It will be important to work this out in
further studies, since stabilization of TRAF3 could potentially be
one mechanism to limit bone resorption and possibly inflamma-
tion in inflammatory arthritis.

Our findings, coupled with the fact that TNF, RANKL, and IL-1
can all induce TNF expression by OCPs (40), support an impor-
3032
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tant direct role for TNF in osteoclastogenesis in conditions such
as RA and postmenopausal osteoporosis, in which production of
these cytokines is increased beyond physiologic levels (58), while
physiologic levels of the cytokines are unable to induce osteoclas-
togenesis in Rankl/~ and Rank~/~ mice. However, they also identify
an important negative regulatory role for TNF to limit its effects
and those of RANKL. Given the important role that TNF has in
inducing inflammation and bone destruction in many common
bone diseases, we propose that this negative regulatory role for
TNF in limiting bone resorption and inflammation might be har-
nessed to help reduce the high morbidity associated with many
common diseases in which its expression is increased. These might
include increasing the stability or expression of p100 or TRAF3
and inhibiting NIK in OCPs.

Methods
Reagents and animals. Recombinant M-CSF, RANKL, and TNF for cell cul-
tures were from R&D Systems. TNF for in vivo experiments was a gift from
Amgen. Cycloheximide was from Calbiochem. The sources of Nfkb27/~
(CS7BL/6 x 129) (11, 31), human TNF-Tg (CBA x C57BL/6, TNF-Tg line
3647) (40), Rankl/- (C57BL/6) (59), and Rank~~ (C57BL/6) mice (30) were
described previously. Nfkb2~/~ mice were crossed with Rank*~ or Rankl*
mice to generate Nfkb2*/-/Rankl’/- or Nfkb”/Rankl”/- and Nfkb2”//Rank”/
ot Nfkb27/-/Rank~/~ mice. Nfkb27/~ mice were crossed with TNF-Tg mice to
generate TNF-Tg/Nfkb2”/~ and TNF-Tg/Nfkb27/~ mice. The University of
Rochester Medical Center Institutional Animal Care and Use Committee
approved all animal studies.

Osteoclast formation and functional assays. Spleen cells (1.75 x 105/well in
96-well plates) from WT mice were cultured with M-CSF (10 ng/ml) for
2-3 days in o-MEM with 10% FBS to enrich for OCPs. To generate osteo-
clasts from Rankl”~and Rank~~ mice in response to TNF, we seeded about
1/5th the number of splenocytes we used from WT cells. This allowed
us to obtain comparable numbers of OCPs after 3-day treatment with
M-CSF and to induce osteoclastogenesis from these splenocytes. OCPs
were treated with RANKL (10 ng/ml) and/or TNF (20 ng/ml) for 2-3 days
to generate mature osteoclasts. To test the role of NF-kB p100 on OCP
differentiation, Nfkb27~ and WT littermate OCPs were infected with ret-
roviral supernatants of p100, p52, or GFP controls for 2 days and then
treated with TNF or RANKL for 2-4 days, as described previously (11,
40). To test the role of TRAF3 in TNF-induced osteoclastogenesis, WT
OCPs were transfected with a pool of 3 TRAF3-specific siRNAs (Santa
Cruz Biotechnology Inc.) or nonspecific control siRNA for 8 hours, and
then treated with TNF and/or RANKL for 3-4 days. For functional assays
of osteoclasts, spleen cells were seeded in 96-well plates containing bovine
cortical bone slices and cultured with TNF or RANKL, and resorption pit
formation was assessed, as reported previously (11, 40). Cells were costim-
ulated with M-CSF in all experiments.

Western blot analysis. Whole-cell lysate protein from OCPs or mature
osteoclasts and nuclear protein from TRAF3 siRNA-transfected OCPs cul-
tured in 60- or 100-mm dishes were prepared as described previously (11).
Lysates (10 ug) were loaded in 10% SDS-PAGE gels and immunoblotted
with antibodies to NF-kB1, NF-kB2, p65, RelB, TRAF2, TRAF3, TRAFS,
TRAF6, and NIK (Santa Cruz Biotechnology Inc.) or mouse actin (Sigma-
Aldrich). To test for degradation of the TRAF3 protein, 10 uM CHX was
added to WT OCPs treated with RANKL (10 ng/ml), TNF (20 ng/ml), or
PBS control to inhibit new protein synthesis, and whole-cell lysates were
subjected to Western blot for TRAF3.

TNF-induced osteoclastogenesis in vivo. TNF (0.5 ug) or PBS was injected over
the calvariae of 3- to 4-week-old mice twice daily for 5 days. Mice were sac-
rificed on day 6, and calvariae and hind limbs were fixed in 10% formalin
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and decalcified with 10% EDTA. TRAP activity was assessed in paraffin-
embedded sections, as described previously (11, 40). Osteoclast numbers
and surfaces and eroded surfaces were measured using an Osteometrics
system, as described previously (11, 40).

Evaluation of artbritis and osteoporosis. Although the features of arthritis in
the commonly used 197 line of TNF-Tg mice include paw swelling, reduced
strength, and deformation (60), we found that the only easily identifiable,
reproducible parameter in our 3647 line of TNF-Tg mice, which carry only
1 copy of the TNF transgene (40), is paw and finger deformation, includ-
ing atrophy. We generated a deformation score (0, no deformation; 1, mild
deformation; 2, moderate deformation; 3, severe deformation; 4, very
severe deformation), which was evaluated once each week to determine
the clinical progress of arthritis. Each forepaw and hindpaw was evaluated
separately, and the deformation score was calculated as the sum of the
4 paws. Mice were sacrificed in a CO, container. Right tibiae were collected
for uCT scanning to evaluate cortical and trabecular bone volume. Left
tibiae and forepaws were fixed, decalcified, and processed through paraftin
for histologic evaluation of osteoclasts and arthritis, including inflamma-
tory tissue area and carpal bone eroded cartilage surface.

ELISA. Mouse TRAPSb (Immunodiagnostic Systems) were assessed in
serum collected from TNF- or PBS-injected Nfkb27/~ and Rank~-/Nfkb2/~
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mice and their littermate controls, and human and mouse TNF (eBiosci-
ence) were determined in serum of TNF-Tg/Nfkb27~ mice and their litter-
mate controls according to the manufacturer’s instructions

Statistics. All results are given as mean + SD. Comparisons between
2 groups were analyzed using the 2-tailed unpaired Student’s ¢ test. One-
way ANOVA and Dunnett’s post-hoc multiple comparisons were used for
comparisons among 3 or more groups. P values less than 0.05 were consid-
ered statistically significant.
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