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Summary

Phosphorylation of the N-terminal domain of Jun by the  JunD, which is another JNK substrate, revealed that c-Jun
Jun kinases (JNKs) modulates the transcriptional activity —phosphorylation and c-Jun itself, but not JunD, are
of AP-1, a dimeric transcription factor typically composed essential for efficient osteoclastogenesis. Moreover, JNK1-
of c-Jun and c-Fos, the latter being essential for osteoclast dependent c-Jun phosphorylation in response to RANKL
differentiation. Using mice lacking JNK1 or JNK2, we is not involved in the anti-apoptotic function of JNK1.
demonstrate that JNK1, but not JNK2, is specifically Thus, these data provide genetic evidence that JNK1
activated by the osteoclast-differentiating factor RANKL.  activation modulates osteoclastogenesis through both
Activation of JNK1, but not INK2, is required for efficient c-Jun-phosphorylation-dependent  and  -independent
osteoclastogenesis from bone marrow monocytes (BMMs). mechanisms.

JNK1 protects BMMs from RANKL-induced apoptosis

during differentiation. In addition, BMMs from mice

carrying a mutant of c-Jun phosphorylation sites  Key words: Jun-N-terminal kinase, c-Jun, Osteoclasts, RANKL,
(JunAA/JunAA), as well as cells lacking either c-Jun or  Apoptosis

Introduction lethality owing to the failure of neural tube closure
Proliferation, differentiation and cell death signals converge ofPavis, 2000). BothJnk: and JnkZdeficient mice are
the mitogen-activated protein kinases (MAP kinases), whicinmunodeficient owing to a defectin T cell function (Constant
act as sensors of the environment. The MAP kinases includ@ al., 2000; Dong et al., 1998; Sabapathy et al., 1999a;
the extracellular regulated kinases (ERKs), the p38 stressabapathy et al., 2001; Yang et al., 1998).
kinases and the c-Jun N-terminal kinases (JNKs) (Chang andSome of the best characterized substrates of the JNKs are
Karin, 2001; Davis, 2000). The type of activating stimuli,the components of AP-1, a dimeric transcription factor formed
the combinatorial use of the various MAP kinases andy the association of Fos proteins (c-Fos, FosB, Fra-1 and Fra-
their activating upstream kinases associated with specifié) or ATF proteins (ATF-2, ATF-a) with Jun proteins (c-Jun,
scaffolding proteins determine the specificity of the substrate#inB and JunD). Phosphorylation of c-Jun on serines 63 and
phosphorylated (Davis, 2000). ERKs are mainly activated by3 by JNKs increases AP-1 transcriptional activity (Chang and
mitogenic stimuli, whereas p38 and JNKs, which belong to th&arin, 2001; Davis, 2000). Mice harbouring mutation of the
stress-activated protein kinases (SAPKs), are activated phosphorylation sites of c-Jun phenocopy Jn&3deficient
response to inflammatory cytokines, ultraviolet irradiationmice, suggesting that c-Jun phosphorylation by JINK3 mediates
heat shock or osmotic shock (Chang and Karin, 2001). Theiress-induced neuronal apoptosis (Behrens et al., 1999; Yang
function of each subgroup of MAP kinases has beegt al., 1997). c-Jun was also found to be the target of JNK1-
extensively studied in vitro, but the results were difficult toand JNK2-mediated apoptosis in immature thymocytes,
interpret owing to the complexity of the system (Davis, 2000)whereas NF-ATs were proposed as substrates of JNK1 and
Recently, MAP kinase function was analyzed in cells isolatedNK2 function in mature T cells (Behrens et al., 2001; Dong
from knockout mice (Davis, 2000). et al., 1998; Sabapathy et al., 2001). These data suggest that
The complexity of the signaling network is well illustrated the phosphorylation of a given substrate by JNK is tissue
by the JNKs, which are composed of at least 10 differergpecific and is dependent on the stage of differentiation of the
isoforms encoded by three different gendskl, Jnk2 and  cell.
Jnk3 Mice with these three genes individually inactivated are The differentiation of osteoclasts, the bone resorbing cells
viable and morphologically normal, indicating that individual derived from the bone marrow is controlled by two cytokines:
JNKs are dispensable for normal development. By contrastacrophage colony-stimulating factor (M-CSF) and receptor
the combined deletion afnk1 and Jnk2 leads to embryonic activator of NFkB ligand (RANKL) (Karsenty and Wagner,
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2002). RANKL acts by binding to its receptor RANK, which inducible Mx-Cre transgene were used to deleteincin the
belongs to the superfamily of TNF receptors. In vitro, RANKLmonocytic compartment (Behrens et al., 2002). 11-week-old mice
can be replaced by TNé+o induce osteoclast differentiation. were injected twice at seven day intervals wifgZof plpC per gram
RANKL and TNF« are potent activators of the INK pathwaysOf body weight. Ost_ec_>cIr:1_st dlfferentlat_lo_n was performed IV\_IO weeks
(Suda et al., 1999). Multiple reports have associated RANKLfter the second injection. The efficiency of the deletion was
mediated osteoclast differentiation with JNK-induced c-Jurfontrolied by PCR using DNA isolated from the cultured cells.
phosphorylation, and a correlation has been established

between a decrease in osteoclast differentiation and a decregsa\EL assay

in RANKL-induced JNK activation (Shevde et al., 2000;To determine the apoptotic index, bone marrow monocytes (BMMs)
Srivastava et al., 1999; Takayanagi et al., 2000). Moreoveiolated from mice of each genotype were plated for two days in the
osteoclast differentiation is blocked in mice lacking c-Fospresence of M-CSF (20 ng/ml) or M-CSF and RANKL (50 ng/ml).
(Jochum et al., 2001). The study of c-Jun and JunB function ifhe TUNEL assay was performed 12 hours after restimulation of the
osteoclasts was compromised by the early embryonic Iethali%ﬂIIS by the cytokines. The total number of cells was determined by
lethality of cjun deletion can be overcome by the use of micel UNEL-positive cells to DAPI-positive cells.
harboring a conditional allele ofjon flanked byloxP sites,

allowing tissue-specific deletion (Behrens et al., 2002). Mic&yestern blot

lacking JunD, the main Jun component found in osteoclastSyestern biot analysis was performed usingi§®f whole cell extract
(David et al., 2001), are viable and do not display any obviougom primary M-CSF-dependent bone marrow monocytes. The
bone phenotype (Thepot et al., 2000). samples were separated on SDS-PAGE, transferred to nitrocellulose
To address the role of Jun phosphorylation by the JNKs iand probed with anti-JNK (666.8) (BD Pharmingen), anti-phospho-
osteoclasts, we analyzed the differentiation potential o863c-Jun (a gift from M. Yaniv), anti-TRAF2, anti-TRAF6 (Santa
hematopoietic cells isolated from mice lacking JNBrik{/-),  Cruz Biotechnology) or anti-phospho p38 and phospho ERK (Cell
IJNK2 (nk2-) or mice expressing a mutated form of c-JunSignalling) antibodies.
(JunAA/JunAA that cannot be phosphorylated by the JNKs.
We found that oste?_clastogeneys/_ of cells derived fromyk kinase assay
JgnAA/JunAAandJnkl‘ but no_tJnkZ‘ mice IS |mpa|red._A Immunprecipitation kinase assays were performed usinggb0f
similar defect was also found in cells lackingurrbut not in - \yhole cell extract from primary M-CSF-dependent monocytes
cells lackingJunD. Only JNK1, but not JNK2, is activated by and GST-c-Jun (1-79) as a substrate. JNK1 and JNK2 were
RANKL in M-CSF-dependent osteoclast progenitors. We als@mmunoprecipitated overnight with polyclonal antibodies directed
found that, in osteoclast progenitors, JNK1 plays a protectivegainst JNK1 and JNK2 (Santa Cruz Biotechnology). A specific
role that is independent of c-Jun phosphorylation againsintibody directed against JNK1 (333.8) (BD Pharmingen) was used
RANKL-induced apoptosis. Our data demonstrate that JNK1for JNK1 immunodepletion. Kinase assays were performed as
mediated apoptosis and c-Jun phosphorylation regulaf€viously described (Sabapathy et al., 1999a).
osteoclastogenesis.

Northern blot

. 10 pg of total RNA isolated from M-CSF-dependent bone marrow
M.aterlals and Methods monocytes using Trizol reagent (Life Technologies) was transferred
Mice to Porablot Membrane (Gene X press) and hybridized with the full-
The mice used in this study have been previously described (Behreleshigth mouse TRAF2 cDNA.
et al., 1999; Behrens et al., 2002; Sabapathy et al., 1999a; Sabapathy
et al., 2001; Thepot et al., 2000).

Electrophoretic mobility shift assay (EMSA)

10 pg of nuclear extract prepared from M-CSF-dependent bone
Cell culture marrow monocytes were used for the binding reaction on theBNF-
Co-cultures were performed in 24-well dishes by plating primarybinding site (5STCGAGGGCTGGGGTTCCCCATCTCRB
osteoblasts (Fper well) isolated from wild-type newborn mice with
spleen or bone marrow cells fger well) ina-MEM containing 10% o )
FCS, 168 M 1a,25 (OHp)Ds-dihydroxyvitamin @ and 167 M Statistical analysis
dexamethasone (Calbiochem). Osteoclast differentiation wa8n unpaired two-tailed assuming unequal variances student’s T test
evaluated by TRAP staining using the Leukocyte Acid Phosphatasgas used to determine the statistical significance of the data
kit (Sigma). The resorption assay was performed on bovine corticgt** P<0.0001, **#<0.001, *<0.005; ns, non-significant). For each
bone slices; resorption pits were stained with toluidine blue anéigure, the error bars indicate the standard deviation.
quantified using NIH image software. For RANKL or TFnduced
osteoclast differentiation, bone marrow cells were plated overnight
and non-adherent cells were recovered and plated in 24-well dish&esults
and RANKL (50 ng/ml) (Insight Biotechnology) or TNF(50 ng/ml) JInk2-- hematopoietic precursors

(RED). To determine whether JNK1 and JNK2 regulate osteoclast
differentiation and activity, bone marrow or spleen cells were

Conditional deletion of c-jun isolated fromJnkt’-, Jnk2/- and wild-type litter mates and

Mice harboring an allele of jen flanked byloxP sites along with the  co-cultured with wild-type osteoblasts from newborn mice.
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The lack of JNK1 resulted in a 50% reduction in osteoclasivas shown to be necessary for osteoclast differentiation (Inoue
differentiation (Fig. 1A,C), and a similar reduction waset al., 2000). We hypothesized that the lack of a compensatory
observed on the surface of resorbed bone (Fig. 1E), indicatiraffect of JINK2 in the absence of JNK1 could be due to a defect
that JINK1 modulates osteoclastogenesis. By contrast, the latk TRAF-mediated signaling. Thus, we analyzed whether the
of Jnk2did not affect osteoclast differentiation nor

the ability of the cells to resorb bone, indica
that JNK2 is not involved in osteoclastogen
(Fig. 1B,D,F).

JNK1 is specifically activated by RANKL in
osteoclast progenitors

To analyze the mechanisms responsible fol
specificity of JNK1 function in osteoclasts,

examined whether the addition of RANKL alt
the expression of JNK1 and JNK2 in M-C!
dependent bone marrow monocytes (BMMs).
major forms of JNK migrating at 46 and 55 k
were expressed in osteoclast progenitors, and
levels of expression were not significal
regulated by RANKL (Fig. 2A). We used JNk
and JNK2-deficient cells to identify whi
isoforms of JNK are expressed in BMMs. The
kDa isoform was identified as JNK2 and the
kDa as JNK1 (Fig. 2A). We therefore analy
whether the functional difference between J!
and JNK2 could be explained by differen
activation of their kinase activities by RANK
BMMs were isolated fromInkt’-, Jnk27/- and
wild-type littermates, and the kinetics of Jl
activation by RANKL were examined |
immunoprecipitation kinase assay. Treatmer
wild-type cells by RANKL resulted in a tim
dependent increase in JNK activity, peal
around 15 minutes after RANKL addition (F
2B,C). Both the basal and induced JNK activi
were completely abolished in JNK1-defici
cells, whereas deletion of INK2 did not affect
response (Fig. 2B,C). Furthermore, JNK acti
was not recovered in INK1-immunodepleted v
type extracts (Fig. 2D). To determine whether
JNK2 isozyme expressed in osteoclast proger
is functional, wild-type andnki’~ BMMs were
exposed to UV, a known activator of both JN
and JNK2. UV exposure induced JNK activity
JnkI’~cells, indicating that osteoclast progeni
expressed a functional INK2 (Fig. 2E). These
demonstrate that INK1 is specifically activate:
the osteoclastogenic factor RANKL and that J!
is unable to compensate for the lack of JNK1

Impaired TRAF2 upregulation in Jnk1-~
BMMs

JNK activation by the TN family of cytokines
is dependent on the recruitment of downstr
adaptors belonging to the TNF-recep
associated factor (TRAF) family (Inoue et
2000). Among them, TRAF2 was shown to
necessary for INK activation (Lee et al., 1997;
et al.,, 1997; Zhang et al., 2001), whereas TR
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Fig. 1. Osteoclastogenesis is impairedlitk /- but notJnk2/~mice. Bone marrow
hematopoietic precursors were isolated ftbrkt’~ (A,C,E), Jnk27-(B,D,F) and
wild-type littermates and co-cultured with wild-type primary osteoblasts in
osteoclastogenic conditions. Osteoclastogenesis was monitored by TRAP staining
(red color). (A,B) TRAP staining after 6 days of culture; the arrows indicate
multinucleated TRAP-positive cells. (C,D) Time course of osteoclast differentiation.
(E,F) Osteoclast activity measured by pit assay on bovine cortical bone slices. The
method for statistical analysis is described in the materials and methods, the stars
indicate the statistical significance: (**P<0.0001, (**)P<0.001, (*)P<0.005, ()
number of slices analyzed.
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lack of INK1 affects the expression of TRAF2 and TRAF6. Atmpaired c-Jun phosphorylation in Jnk1-~ BMMs
the protein level, we found that RANKL did not alter TRAF2 We next investigated whether c-Jun phosphorylation is JNK1
expression within the first 6 hours of stimulation (data notlependent in  osteoclast progenitors exposed to
shown). However, we found that RANKL-mediated TRAF2 osteoclastogenic signaldnkt’- or wild-type BMMs were
upregulation is abolished in BMMs frodmkt’~ but not from  stimulated by different combinations of M-CSF, RANKL and
Jnk27/- mice that were cultured for 3 days (Fig. 3A). By TNF-a for 1 hour or exposed to UV. c-Jun phosphorylation was
contrastJnkldeletion did not affect TRAF6 expression (Fig. induced in RANKL or/and TNF-treated wild-type cells (Fig.
3B). Moreover, a rapid upregulation of TRAF2 was found in4A) but was totally abolished ilnkt’- cells, although it was
Jnk1~-BMMs 1 hour after UV irradiation, which activates still observed following UV exposure (Fig. 4A). c-Jun was
JNK2 (Fig. 3A). Thus, the lack of a compensatory effect oexpressed in both wild-type arthk1’- cells, excluding the
JNK2 in the absence of JNK1 may be due to the impairebypothesis that the lack of phosphorylation in response to
regulation of TRAF2. To determine if the regulation of TRAF2osteoclastogenic signals was due to a lack of c-Jun expression
in osteoclast progenitors occurred at the transcriptional leve(Fig. 4B). Thus, c-Jun phosphorylation in response to
TRAF2 mRNA expression was analyzed in wild-type andosteoclastogenic stimulation is strictly dependent on JNK1
Jnk1’- osteoclast precursors. Upregulation of TRAF2 mRNAexpression and activation. Finally, we analyzed whether the
by RANKL was not observed in wild-type dnk1/-osteoclast lack of JNK1 affects the activation of the other signalling
precursors (Fig. 3C), suggesting that the JNK1-dependeotscades activated by M-CSF and RANKL in osteoclast
TRAF2 upregulation is post-transcriptional. progenitors. Both the activation of ERK and p38 (Fig. 4C) and
the activation of NF«B were found to be

A . nklle ko unaffected ininkt’~ BMMs (Fig. 4D).
w nki-/- /-

RANKL: - + - + - +

LA dILA
e

Impaired osteoclastogenesis in
JunAA/JunAA mice and in mice
lacking c-Jun but not in mice lacking
JunD

If phosphorylation of c-Jun by JNK1
modulates  osteoclastogenesis, then
progenitor cells isolated fromJunAA/
c JunAA mice should present a similar

- 55 kDa (JNK2)

W |- 46 kDa (JNKI1)

= actin

B 30005

25001 X X X
0 Fig. 2.JNK1 but not JNK2 is activated by

RANKL in osteoclast progenitors. (A) The
expression of JNK isoforms was analyzed in
bone marrow monocytes (BMMs) isolated
from wild-type,Jnkt’~andJnk2’-mice and
cultured for 3 days in the presence of M-CSF
alone (20 ng/ml) (=) or M-CSF and RANKL
(50 ng/ml) (). The expression of INK
isoforms was determined by western blotting
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using an antibody that recognizes both JNK1
and JNK2. (B,C) Time-dependent activation of
JNK by RANKL. M-CSF-dependent
monocytes were isolated from wild-type,
Jnkt’-andJnk2’-mice and treated with
RANKL (50 ng/ml) for the indicated times.
The kinase activity was assayed following
JNK immunoprecipitation using GST-N-
terminal-c-Jun fusion protein as a substrate.
The phosphorylation of GST-c-Jun was
quantified after SDS PAGE separation and
phosphoimager analysis. (D) INK1
immunodepletion. Wild-type M-CSF-
dependent monocytes were treated with
RANKL (50 ng/ml) for 15 minutes. JNK1 and
JNK2 were sequentially immunoprecipitated,
and JNK activity was assayed in both
fractions. (E) Activation of INK2 idnk1/~
BMMs. Wild-type andInkt’~M-CSF-
dependent monocytes were exposed to UV
irradiation (40 J/r). Kinase activity was
measured following JNK
immunoprecipitation.
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A
wt  Jnkl-l- Jnk2-/- Jnkl-/-
RANKL: - + - + - + uv: - +

-8 | (W] —TRAR2— @

EI E H — actin — El Fig. 3. TRAF2 upregulation by RANKL is abolished
in JnkI'- osteoclast progenitors. Purified BMMs were
isolated and treated for 3 days in the absence (-) or

B C presence (+) of RANKL (50 ng/ml). The expression of
TRAF2 (A) or TRAF6 (B) protein was analyzed by
wt  Jnkl-l- wt  Jnkl-- western blotting. TRAF2 expression was also
RANKL: - + i RANKL: - + analyzed 1 hour following UV irradiation of INK1-

deficient BMMs (UV +). Loading was controlled by

+ -+
|__L;| — TRAF6 El E’ — TRAF2 reblotting with an anti actin antibody. (C) The

expression of TRAF2 mRNA was analyzed by
— g eman — northern blotting. RNA loading was controlled b
act GAPDH g9 g9 y
El E actm IE probing with GAPDH.

osteoclast differentiation defect dokt’~ cells. Indeed, when the osteoclastogenesis defect observed wWithAA/JunAA
co-cultured with wild-type osteoblasts, the efficiency ofMice, as determined Wlth ce_;lls isolated from double mutant
osteoclast differentiation oBunAA/JunAAcells was also JunD7~JunAA/JunAAmice (Fig. 5E). Thus, c-Jun appears to
reduced compared with wild-type cells (Fig. 5A). To exclude?® the main mediator of JNK1 function during osteoclast
the possibility that the impaired differentiation of differentiation.
JunAA/JunAZcells is limited to the co-culture conditions, we  To confirm the importance of c-Jun in osteoclastogenesis, c-
replaced the supportive osteoblasts by soluble M-CSF anlén was inactivated in the hematopoietic compartment using
RANKL. As in co-culture experiments, the efficiency of mice carrying a floxed pin allele and expressing the Cre
differentiation ofJunAA/JunAAcells was impaired compared recombinase under the inducible Mx promoter (Behrens et al.,
with cells isolated from heterozygote littermates (Fig. 5B). The2002). The efficiency of deletion was analyzed by PCR of
efficiency of differentiation was also reduced when RANKL DNA isolated from M-CSF-dependent BMMs (data not show).
was replaced by TNB- (Fig. 5C). Thus, c-Jun N-terminal BMMs isolated following the induction of gun deletion in
phosphorylation is necessary for efficient osteoclastogenesiivo showed an impaired efficiency of differentiation when
induced by RANKL or TNFa. compared with wild-type or heterozygote littermates (Fig. 5F),
We next analyzed whether JunD, which is expressed imdicating that c-Jun affects osteoclastogenesis.
BMMs (data not shown), could also mediate JNK1 function in
osteoclast differentiation. The differentiation of osteoclast ) o o
progenitors isolated from JunD-deficient mice was examinedncreased RANKL-induced apoptosis in JNK1-deficient
No significant effects on RANKL-induced osteoclastBMMs
differentiation could be detected in the absence of JunD (FigVe next analyzed the cellular mechanism that could explain
5D). Furthermore, the lack of JunD did not significantly affecthe decreased osteoclastogenesis observed with JNK1 deficient

A B Fig. 4.c-Jun phosphorylation by
wi Jnkl-/- wt Jnkl-/- osteoclastogenic signals is INK1 dependent.
(A) The phosphorylation of c-Jun in BMMs

RANKL: = ++ =Uv = ++ =Uv hrs: 013 013 was monitored by western blotting using a
TNF-a: = — + + - =+ + - e | cJUN  specific antibody directed against the
TVYE TTTYE J— phosphorylated form of c-Jun (phospho-Ser
: sz £ -®ciN 63), 1 hour after the addition of M-CSF (20
f— —— aCLIN ng/ml), RANKL (50 ng/ml), TNFa (50ng/ml)
i - B S| — actin or UV irradiation (40 J/. (B) The
expression of c-Jun was analyzed in M-CSF-
(20ng/ml) and RANKL- (50 ng/ml) stimulated
C D BMMs isolated from wild-type (wt) adnkt/-
wt Jnkl-I- wt  Jnkl-l- mice. (C) The activation of p38 and ERK in
. = - response to M-CSF and RANKL was analyzed
min.: 0 S 18 0 5 18 RANKL: — + -+ by western blotting using specific anti-
“‘ o ‘ | e o “®P33 i phosphoantibodies. (D) The activation of NF-
— NF-KB KB was analyzed by EMSA using nuclear
‘ = ‘ - - ‘:®ERK .' “ extracts isolated from BMMs treated for 30
I___ == I e _‘_ actin minutes with RANKL (+) compared with

untreated cells (-).
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P [ L oo differentiation of bone marrow precursors
El E treated with M-CSF (20 ng/ml) and
£ 1507 2 307 RANKL (50 ng/ml), or M-CSF (20 ng/ml)
H . z y and TNFe (50 ng/ml) (C). The data
1004 s &y 2001 represent results obtained from two
= = experiments (B) or with pairs of littermate
50 100 mice (C). (D) The function of JunD in
osteoclastogenesis was addressed by direct
0= T 0 T T stimulation of bone-marrow precursors
TunAAiwt JunAATunAA wi JunD-i- JunD+/- JunD-/- isolated from Wi'd_typeJunU/— or
experiment #1 experiment #2 JunD_/_mice by M-CSF and RANKL
(E) RANKL-mediated differentiation of
E F double mutated cell3unD"
3007 RANKL 5001 T R JunAAJunAAcompared withlunD-;
250 ] s T JunAAJunAAcells. (F) RANKL-mediated
. l 4001 - differentiation of BMMs lacking <Jun
% 200 Z (A/A) compared with wild-type (wt) or
£ _; 300 1 heterozygous control&fwt). Osteoclast
7 1507 % E differentiation was monitored by TRAP
Z o0l ns ; 200 4 rax KX staining from day 3 to 6 (A) or at day 4
g = (C,D,E,F) of culture. The deletion of c-Jun
504 T was measured by PCR analysis of DNA
isolated from the cultured cells (data not
04— T 0 shown). The stars indicate the statistical
Jn::‘{ﬁ?f:r.:m Jmiflf:{{.)f;;-!.dz\ Jn;:ﬂ:ﬁﬁ;:;d;l .fun{?:fjr_:;n‘l.ﬂ WAt AA AMA AW AR significance: (**) P<00001' (™)
experiment #1 experiment #2 experiment #1 experiment #2 P<0.001; (nS) non-5|gn|flcant.

cells. As JNK activity has been involved in the control of cellfor efficient osteoclastogenesis but not for the bone resorbing
survival in numerous cellular models, the apoptotic index waactivity of these cells. The lack of compensation by JNK2 in
determined in BMMs isolated from JNK1-deficient, JNK2-the absence of JNK1 during osteoclast differentiation cannot
deficient or wild-type mice. A three-fold increase in apoptosive explained by a lack of expression of INK2, since both JNK1
was found in JNK1-deficient cells treated with RANKL andand JNK2 are expressed in osteoclast progenitors. These data
isolated from male or female mice (Fig. 6A-Ghk2deletion indicate that JINK1, but not JNK2, is specifically activated by
did not affect the survival of the cells (Fig. 6B). To determinethe osteoclastogenic cytokine RANKL. JNK1 appears to play
whether c-Jun phosphorylation mediates the anti-apoptotiwvo different functions during osteoclast differentiation. The
effect of INK1 in BMMs, we determined the apoptotic indexfirst one, protection against RANKL-induced apoptosis, is
of BMMs isolated fromJunAAJunAA mice compared with independent of c-Jun phosphorylation. The second is
JunAAwt. No significant increase in apoptosis was found irdependent on c-Jun phosphorylation, as demonstrated by the
JunAAJunAABMMs treated with RANKL (Fig. 6D). Thus, decreased osteoclastogenesis observeldindAJunAAmice
the protection of osteoclast progenitors from RANKL-inducedand as confirmed by the deletion adun Thus, JNK1 appears
apoptosis is independent of c-Jun phosphorylation. to regulate osteoclast differentiation at different levels.
The pro- or the anti-apoptotic functions of INK1 and JNK2

) ) depend on the stage of development (Kuan et al., 1999;
Discussion Sabapathy et al., 1999b), on the stage of cell differentiation
Here we demonstrate that the activation of JINK1 is necessaf8abapathy et al., 2001) and on the type of apoptotic stress
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applied to the cells (Hochedlinger et al., 2002; Tournier et aldegradation by non-death-domain TNF-receptor superfamily
2000). Our data demonstrate that specific activation of INKInembers has been reported in the case of TNF-RIl, CD30 and
but not INK2, by RANKL protects monocytes from RANKL- CD40 (Brown et al., 2001; Chan and Lenardo, 2000; Duckett
induced apoptosis during osteoclast differentiation. This is iand Thompson, 1997; Li et al., 2002). Thus, JNK1 might be
agreement with the observation that JNK1, but not JNK2, i;directly involved in the mechanisms regulating TRAF2
involved in the survival of activated T cells (Arbour et al., stability.

2002). Similarly, bothJnkt’~ and Jnk27- fibroblasts were We, as well as others, have already identified c-Jun as a
found to be more sensitive to TN=-and sorbitol-induced cell mediator of INK function in thymocytes (Behrens et al., 2001,
death independently of c-Jun phosphorylation (Hochedlingebong et al., 1998; Sabapathy et al., 2001). c-Jun was also
et al.,, 2002). We observed that TRAF2 upregulation irshown to mediate JNK3-dependent stress-induced neuronal
response to RANKL is impaired in JNK1-deficient BMMs. apoptosis (Behrens et al., 1999). We now demonstrate that
The same observation was made in TaNfeceptor-1-deficient hematopoietic cells lackingjan as well as hematopoietic cells
BMMs in which osteoclastogenesis in response to BNB- isolated from JunAA/JunAAmice partially phenocopy the
also impaired (Zhang et al., 2001). Although TRAF2-deficienbsteoclastogenesis defect observedniki’- cells. The other
mice are severely growth retarded, no bone phenotype has belK substrate belonging to the Jun family, JunD, is also
reported and its function in osteoclasts is not known (Yeh etxpressed in osteoclast progenitors, but the osteoclastogenic
al., 1997). However, TRAF2-deficient cells show increasedlefect is not observed in cells isolated fréumD~~mice. This
sensitivity to TNFe-induced cell death (Lee et al., 1997; Yeh provides genetic evidence that c-Jun is the main AP-1 target
et al., 1997). Therefore, the decreased expression of TRAF2 imediating JNK1 function in osteoclasts and suggests that c-Jun
JnkI’~ osteoclast progenitors might explain their increasedould be one partner of c-Fos during osteoclast differentiation.
sensitivity to RANKL-induced apoptosis. How can JNK Preliminary data from mice lacking the third Jun member JunB
activation regulate TRAF2 expression? JNK activation hag the osteoclast lineage indicate that osteoclastogenesis of
been shown to affect the stability of target proteins (Chang arftbne marrow monocytes lacking JunB is affected (J.-P.D. and
Karin, 2001; Davis, 2000). It was recently shown that theée.F.W., unpublished), suggesting that both c-Jun and JunB are
ubiquitin-mediated degradation of TRAF6 is correlated withinvolved in efficient osteoclast differentiation. However, no
decreased JNK activation and is responsible for thebvious phenotype resembling théosdeletion was observed
suppression of RANKL-mediated osteoclast differentiation byn the individual Jun knockout mice. As all three forms of Jun
interferony (Takayanagi et al., 2000). The induction of TRAF2 are expressed in osteoclast progenitors, it is most likely that all
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three Jun members can substitute for each other duringstdoctoral stipend to J.P.D. (ERBFMRX CT960044). The Research
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How can one explain the specificity of activation of JNK1?Ingelheim.
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