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Transforming growth factor � (TGF-�)-activated kinase 1 (TAK1), a mitogen-activated protein 3 (MAP3) kinase, plays an essen-
tial role in inflammation by activating the I�B kinase (IKK)/nuclear factor �B (NF-�B) and stress kinase (p38 and c-Jun N-ter-
minal kinase [JNK]) pathways in response to many stimuli. The tumor necrosis factor (TNF) superfamily member receptor acti-
vator of NF-�B ligand (RANKL) regulates osteoclastogenesis through its receptor, RANK, and the signaling adaptor TRAF6.
Because TAK1 activation is mediated through TRAF6 in the interleukin 1 receptor (IL-1R) and toll-like receptor (TLR) pathways,
we sought to investigate the consequence of TAK1 deletion in RANKL-mediated osteoclastogenesis. We generated macrophage
colony-stimulating factor (M-CSF)-derived monocytes from the bone marrow of mice with TAK1 deletion in the myeloid lin-
eage. Unexpectedly, TAK1-deficient monocytes in culture died rapidly but could be rescued by retroviral expression of TAK1,
inhibition of receptor-interacting protein 1 (RIP1) kinase activity with necrostatin-1, or simultaneous genetic deletion of TNF
receptor 1 (TNFR1). Further investigation using TAK1-deficient mouse embryonic fibroblasts revealed that TNF-�-induced cell
death was abrogated by the simultaneous inhibition of caspases and knockdown of RIP3, suggesting that TAK1 is an important modu-
lator of both apoptosis and necroptosis. Moreover, TAK1-deficient monocytes rescued from programmed cell death did not form ma-
ture osteoclasts in response to RANKL, indicating that TAK1 is indispensable to RANKL-induced osteoclastogenesis. To our knowl-
edge, we are the first to report that mice in which TAK1 has been conditionally deleted in osteoclasts develop osteopetrosis.

Receptor activator of nuclear factor �B (NF-�B) (RANK) li-
gand (RANKL) and RANK are important to osteoclast forma-

tion, since mice lacking either of these genes exhibited severe os-
teopetrosis due to a complete failure to form osteoclasts (1, 2).
Like most members of the tumor necrosis factor (TNF) receptor
(TNFR) superfamily, RANK engages TNF receptor-associated
factors (TRAFs) to activate several kinase cascades including I�B
kinase (IKK) and mitogen-activated protein kinases (MAPKs)
(e.g., p38 and c-Jun N-terminal kinase [JNK]), to induce transcrip-
tion factors, such as NF-�B Fos, and nuclear factor of activated T cells
1 (NFATc1) (3). This induction in turn leads to osteoclast differenti-
ation and the expression of osteoclastic genes (4).

Previous studies have shown that TRAF6-deficient mice de-
velop severe osteopetrosis (5, 6) and that osteoclast differentiation
ex vivo is completely abolished (7, 8), indicating that TRAF6 is the
major adaptor molecule of RANK signaling during osteoclasto-
genesis. Other studies found that compared with their control
littermates, mice with IKK� deleted in the myeloid lineage had
higher bone mass, fewer osteoclasts, and impaired osteoclast sur-
vival that could be rescued on a TNFR1-null background without
preventing osteopetrosis (9, 10).

Transforming growth factor � (TGF-�)-activated kinase 1
(TAK1), a member of the MAPK kinase kinase (MAP3K) family, is
essential to activating the IKK/NF-�B pathways and the stress ki-
nase (i.e., JNK and p38 MAPK) pathways in response to various
inflammatory molecules and cytokines (11, 12). Through its really
interesting new gene (RING)-dependent ubiquitin ligase activity,
TRAF6 facilitates the synthesis of nondegradative Lys-63-linked
polyubiquitin chains to recruit and activate TAK1; this recruit-
ment in turn activates IKK to initiate the NF-�B pathway and
activates MKK6 and MKK7 to induce the JNK and p38 MAPK
pathways, respectively (13–16).

A dominant negative form of TAK1 that inhibits RANK signal-

ing (17–19) and the blocking of the interaction between TAK1 and
TAK1 binding protein 2 (TAB2) (20) have been used to investigate
the role of TAK1 in RANK signaling. Although these studies pro-
vided evidence of the function of TAK1 in RANK signaling, their
findings are not physiologically relevant to the investigation of the
effects of TAK1 deficiency in RANKL-induced osteoclastogenesis
and thus cannot reveal any possible compensatory mechanisms.
To date, the functional consequences TAK1 loss has for osteoclas-
togenesis in vitro and in vivo have not been evaluated. Since TAK1
is the key intermediate bridging TRAF6 to IKK�, both of which
are critical regulators of RANKL-mediated osteoclastogenesis (7–
10), the function of TAK1 in this process will add to our under-
standing of osteoclast biology.

In the present study, to determine the consequences of TAK1
deficiency on osteoclastogenesis in vitro, we crossed TAK1-floxed
mice with lysozyme M-Cre recombinase (LysM-Cre) knock-in
mice to delete TAK1 in osteoclast precursors. To determine these
consequences in vivo, we crossed TAK1-floxed mice with cathep-
sin K-Cre (Ctsk-Cre) knock-in mice to delete TAK1 in osteoclasts.
Our findings indicate that loss of TAK1 in osteoclast precursors
affects their homeostasis and their responses to RANKL-induced
signaling events in vitro and that loss of TAK1 in osteoclasts affects
bone remodeling in vivo.
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MATERIALS AND METHODS
Generation of conditional knockout of TAK1 in the osteoclast lineage.
LysM-Cre knock-in mice (21) were purchased from The Jackson Labora-
tory (Bar Harbor, ME). Ctsk-Cre knock-in mice were provided by
Shigeaki Kato (University of Tokyo, Tokyo, Japan) (22).

Mice carrying the floxed allele of TAK1 (TAK1F/F) and the null
allele of TAK1 (TAK1�/�) have been described previously (23).
TAK1F/F-LysM�/� mice were crossed with TAK1�/�-LysMcre/cre mice
to generate offspring lacking TAK1 in the myeloid lineage (TAK1�M)
or heterozygote mice (TAK1F/�). TAK1F/�-Ctsk�/� mice were
crossed with TAK1�/�-Ctskcre/cre mice to produce offspring lacking
TAK1 in differentiating osteoclasts (TAK1�OC), heterozygote mice
(TAK1F/�), or wild-type (WT) mice (TAK1�/�). Mice were genotyped
by subjecting tissue from ear clips to standard PCR. TNFR1-null
TAK1�M or TAK1�OC mice were generated by crossing TAK1�M or
TAK1�OC mice with TNFR1-deficient mice obtained from The Jack-
son Laboratory.

All mice had been backcrossed to C57BL/6 mice 6 to 9 generations at
the time of the experiments. Mice were housed in a pathogen-free animal
facility. All mouse experiments were approved by The University of Texas
M. D. Anderson Cancer Center’s Institutional Animal Care and Use Com-
mittee. Mice were cared for in accordance with guidelines set forth by the
American Association for Accreditation of Laboratory Animal Care and
the U.S. Public Health Service Policy on Humane Care and Use of Labo-
ratory Animals.

Cell lines, retroviral vectors, antibodies, and reagents. The retroviral
packaging cell line GP2-293 was purchased from Clontech (Palo Alto, CA)
and cultured as described previously (7, 14). HEK293T cells were a gift
from Xin Lin (Department of Molecular and Cellular Oncology, M. D.
Anderson Cancer Center). TAK1-knockout (KO) mouse embryonic fi-
broblasts (MEFs) were generated by transient transfection of the Cre re-
combinase in immortalized TAK1F/F MEFs, and loss of TAK1 protein
expression was verified using immunoblot analysis. The L929-GFP and
L929-TAK1-C100 cell lines and the retroviral vectors pMX and
pMX-TAK1 have been described previously (20). The pLKO.1-based re-
ceptor-interacting protein 3 (RIP3) short hairpin RNA (shRNA)
(TRCN0000022535) was obtained from Open Biosystems (Lafayette,
CO), and the luciferase shRNA (TRCN0000072244) was used as a nega-
tive control. Biocoated Osteologic discs were purchased from BD Biosci-
ences (San Jose, CA). Antibodies against phospho-I�B�, phospho-p38,
p38, phospho-c-Jun, and caspase-3 were purchased from Cell Signaling
Technology (Beverly, MA). Antibodies against JNK, c-Jun, TAK1, I�B�,
and Fas-associated death domain (FADD) were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). �-Actin was purchased from
Cytoskeleton (Denver, CO), RIP3 from Proscience Inc. (Poway, CA),
caspase-8 from Alexis Biochemicals (Lausen, Switzerland), RIP1 from BD
Transduction Laboratories (Lexington, KY), goat anti-rabbit immuno-
globulin G-conjugated horseradish peroxidase from Bio-Rad (Hercules,
CA), and goat anti-mouse immunoglobulin G-conjugated horseradish
peroxidase from BD Biosciences (San Diego, CA). A monoclonal anti-
FLAG antibody and the tartrate-resistant acid phosphatase (TRAP) stain-
ing kit were purchased from Sigma (St. Louis, MO). Recombinant mac-
rophage colony-stimulating factor (M-CSF) and the caspase inhibitors
zVAD-fmk and zIETD-fmk were purchased from R&D Systems (Minne-
apolis, MN). Necrostatin-1 (Nec-1) was purchased from Enzo Life Bio-
sciences (Farmingdale, NY). TNF-� was purchased from PreproTech EC
Ltd. (Rocky Hill, NJ). L929-M-CSF conditioned medium (LCM), recom-
binant mouse RANKL, and glutathione S-transferase– c-Jun were purified
as described previously (7, 14, 24).

Culture and treatment of primary mouse monocytes and differenti-
ation of osteoclasts. Bone marrow (BM) cells were isolated from the
femurs of 6- to 10-week-old control or conditional knockout mice.
Collagenase was used to extract splenic cells from 1- to 6-day-old
control or conditional knockout mice. Isolated cells were cultured for
24 h in �-minimal essential medium supplemented with 10% fetal

bovine serum. The nonadherent BM-derived monocytes (BMMs) or
spleen-derived monocytes were collected and cultured with 5% LCM
or recombinant M-CSF as described previously (7, 14) for the indi-
cated times. Phase-contrast and fluorescent images of live cells and
phase-contrast images of fixed cells stained with crystal violet or TRAP
were taken using a Nikon Eclipse TE2000-U microscope.

For the assessment of the signaling events induced by RANKL, BMMs
or differentiated osteoclasts were washed twice with phosphate-buffered
saline, incubated for 3 h in serum-free medium without M-CSF, and
stimulated with RANKL. Osteoclast differentiation and TRAP staining
were performed as described previously (7, 14). To determine whether
TAK1 rescued BMMs from cell death and osteoclast differentiation, BM
cells from TAK1�M mice were incubated in the presence of retroviral
supernatant for 24 h; nonadherent cells were replated in the presence of
M-CSF and the retroviral supernatant for an additional 12 h. The cells
were then incubated with M-CSF in fresh medium with or without
RANKL (100 ng/ml). The medium was changed every 2 days until the
appearance of osteoclasts, which were then fixed and stained for TRAP.
For the osteoclast pit formation assay, osteoclasts differentiated on cal-
cium phosphate-coated Osteologic discs were removed with bleach, and
the resorbed areas were quantified using the MetaVue image software
program (version 6.1; Downingtown, PA). The Alpha Innotech Imaging
system (Santa Clara, CA) was used to measure the area occupied by the
osteoclasts in 10 different fields. Nuclei per osteoclast were counted man-
ually in 10 different fields.

Bone histomorphometry. Soft tissue was removed from the tibias and
femurs of mice, and the bones were fixed in formalin for 24 h at 4°C and
then stored in 70% ethanol. Histomorphometry analysis of TRAP-stained
bones was performed by the Bone Histomorphometry Core Laboratory at
M. D. Anderson Cancer Center. All bone-specific parameters were mea-
sured and expressed in units following the guidelines established by the
American Society for Bone and Mineral Research histomorphometry no-
menclature committee (25).

Immunoblotting, immunoprecipitation, and kinase assays. Cell ly-
sate preparation, immunoblotting, immunoprecipitation, and in vitro ki-
nase assays were performed as described previously (7, 14, 26).

Viability assay. BMMs were plated either at low density (2.5 � 104

cells) or at high density (5.0 � 104 cells) in triplicate in 96-well plates in the
presence of 5% LCM or recombinant M-CSF. MEFs and L929 cells (2 �
104) were plated in 96-well plates. The XTT assay (Roche Diagnostic
Corp., Germany) was used to assess cell viability. Viable cells were
counted at the indicated times by adding 50 �l of XTT mix prepared
according to the manufacturer’s instructions to 200 �l of culture medium
in each well and then incubating the cells in the dark at 37°C for 4 h. The
absorbance at 570 nm was measured. Cell viability was also assessed by
staining the cells with crystal violet. The stain was solubilized with Sorens-
en’s buffer, and the absorbance at 595 nm was measured. In addition, cell
viability was assessed using the CellTiter-Glo Luminescent Cell Viability
assay (Promega Corporation, Madison, WI) according to the manufac-
turer’s protocol.

PI and Hoechst 33342 staining. BMMs and MEFs were incubated
with 4 �g/ml of propidium iodide (PI) or 4 �g/ml of PI plus 1 �g/ml of
Hoechst dye, respectively, diluted in 0.2% bovine serum albumin–phos-
phate-buffered saline for 20 min at 37°C. For quantification of PI-positive
cells in the BMMs, photographs of 9 individual fields were taken using a
fluorescence microscope. PI-positive and total cells were manually
counted, and the percentages of PI-positive cells were recorded. Cells with
chromatin condensation were visualized by Hoechst staining and counted
as apoptotic.

Data analysis. Where indicated, values are expressed as means 	 stan-
dard deviations. An unpaired two-tailed Student t test was used to assess
differences between experimental groups. P values of 
0.05 were consid-
ered statistically significant.
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RESULTS
Survival defect of TAK1-deficient monocytes. Primary mouse
BMMs can be generated in vitro by growing whole BM in the
presence of M-CSF over 3 days. The addition of RANKL to these
cultures initiates a differentiation program that evokes the termi-
nal differentiation of monocytes into mature, multinucleated os-
teoclasts. To obtain a source of osteoclast precursors to study the
ways in which loss of TAK1 affects RANKL-induced osteoclasto-
genesis, we used the LysM-Cre (21) model to generate M-CSF-
derived monocytes from BM precursors of mice conditionally de-
ficient in TAK1 in the myeloid lineage. The mice were generated
by crossing TAK1F/F-LysM�/� mice with TAK1�/�-LysMCre/Cre

mice to produce TAK1F/�-LysMCre/� (TAK1F/�) or TAK1F/�-
LysMCre/� (TAK1�M, deleted in monocytes) littermates. The
methodology used to treat the BMMs is illustrated in Fig. 1A.
Microscopic analysis did not reveal any gross morphological ab-
normalities in the appearance of M-CSF-dependent BMMs iso-
lated from TAK1F/� or TAK1�M mice on day 1 (Fig. 1B). Unlike
the TAK1F/� monocytes, the TAK1�M monocytes died between 48
and 72 h in culture with M-CSF (Fig. 1B and C, day 3). Moreover,
phase-contrast photographs and survival assessment using the
XTT assay indicated that even a high concentration of M-CSF
(100 ng/ml) did not rescue TAK1�M monocytes from death (Fig.
1B and C), which is consistent with a previous study showing that
TAK1-deficient BMMs died after 3 days in culture (27). This ob-
servation is in contrast to those of previous reports, in which
monocytes deficient in IKK�, an immediate downstream signal-
ing effector of TAK1, survived in the presence of M-CSF (9, 10).

We next sought to determine whether TAK1�M monocytes
provided with exogenous TAK1 are able to survive in the presence
of M-CSF. We used a retroviral expression system (7, 14) that
expresses green fluorescent protein (GFP) to introduce TAK1 into
the TAK1�M monocytes during the first 2 days of culture. Fluores-
cence microscopy analysis on day 1 revealed similar numbers of
GFP-positive TAK1�M cells infected with TAK1 (pMX-TAK1)

and TAK1�M cells infected with empty vector (pMX) (Fig. 2A).
The cellular confluence was also similar, as indicated by crystal
violet staining (Fig. 2A). The expression of exogenous TAK1 was
confirmed by immunoblotting with an anti-TAK1 antibody (Fig.
2B, left panel). TAK1�M monocytes infected with the empty vector
died (Fig. 2C, top panel), whereas exogenous expression of TAK1,
but not a kinase-dead TAK1 (data not shown), rescued the ability
of TAK1�M monocytes to survive in the presence of M-CSF
(Fig. 2C, top panel). In addition, RANKL stimulated JNK activa-
tion in the TAK1�M monocytes infected with TAK1 but not the
empty vector (Fig. 2B, right panel). In a manner similar to that in
TAK1F/� BMMs (Fig. 2C, bottom panel), expression of TAK1 in
TAK1-deficient monocytes enabled the development of large,
multinucleated TRAP� osteoclasts following stimulation with
M-CSF and RANKL. Taken together, these results provide evi-
dence that the absence of TAK1 is primarily responsible for the
survival defect of TAK1�M monocytes.

Deletion of TNFR1 rescues TAK1-deficient BMM survival.
Previous reports have shown that primary TAK1-deficient cells
generated from conditional knockout mice have shorter survival
times ex vivo and are typically more sensitive to apoptotic stimuli
such as TNF-� (11, 12, 28–31). Our cell viability assay revealed
that TAK1�M monocytes were sensitive to TNF-�-mediated cell
death (Fig. 3A). Because macrophages express very low levels of
TNF-� in response to M-CSF in tissue culture (32) and TNFR1
initiates apoptosis or necroptosis, we next sought to determine
whether TNFR1 plays a role in the death of TAK1�M monocytes.
We crossed TAK1-floxed LysM-Cre mice with mice containing
global deletion of TNFR1 (TNFR1�/�) to obtain monocytes lack-
ing both TAK1 and TNFR1 and found that unlike TAK1�M mono-
cytes, TAK1�M-TNFR1�/� monocytes survived (Fig. 3B and C).
These results indicate that TAK1-deficient monocyte death is
TNFR1 dependent.

TAK1 is essential to RANKL-induced osteoclast formation.
The survival of TAK1�M-TNFR1�/� BMMs in the presence of

FIG 1 TAK1-deficient BMMs undergo spontaneous cell death in culture. (A) Timeline of the different experimental procedures. (B and C) High-dose M-CSF
does not rescue TAK1�M monocytes from cell death. BM cells were treated with M-CSF (10 or 100 ng/ml), and on the morning of day 1, the cells were lifted from
the plate, counted, and replated in the presence of M-CSF (10 or 100 ng/ml). Representative phase-contrast images were taken the evening of day 1 and the
evening of day 3 (B). Cell survival was measured by using the XTT assay (C).
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M-CSF provided a physiological system to determine whether
TAK1 deficiency affects RANKL-mediated signaling and oste-
oclast differentiation. In response to RANKL, activation of IKK�
induces the phosphorylation of I�B�, which results in its ubiquiti-
nation and degradation by the proteasome, thereby allowing nu-
clear translocation of the transcription factor NF-�B (3). As illus-
trated by defective phosphorylation and degradation of I�B� (Fig.
3D), IKK activation in response to RANKL is defective in
TAK1�M-TNFR1�/� BMMs compared to control BMMs. Follow-
ing stimulation with RANKL, TAK1�M-TNFR1�/� BMMs but
not control BMMs also failed to activate JNK and the phosphor-
ylation of c-Jun and p38 (Fig. 3D). Similar results were observed in
TAK1�M-TNFR1�/� BMMs stimulated with lipopolysaccharide
(LPS) (data not shown). Activation of IKK and therefore phos-
phorylation and degradation of I�B� are essential signaling events
for RANKL-induced osteoclast differentiation since IKK�-defi-
cient BMMs do not form osteoclasts in vitro in response to
RANKL (9, 10). As expected from the defective IKK signaling
event, following treatment with M-CSF and RANKL, BMMs ob-
tained from TAK1�M-TNFR1�/� mice did not form large, multi-
nucleated TRAP� osteoclasts, whereas BMMs derived from
TAK1F/�-TNFR1�/� mice did (Fig. 3E). Collectively, these results
suggest that TAK1 is indispensable to activation of IKK and the
stress kinases JNK and p38 by RANKL and that, as a result, loss of
TAK1 significantly impairs osteoclast differentiation (Fig. 3F).

Loss of TAK1 potentiates spontaneous apoptosis and
necroptosis in BMMs. Because simultaneous deletion of TNFR1
and TAK1 enabled the survival of BMMs in the presence of

M-CSF, we next sought to determine whether the type of cell death
occurring in TAK1�M monocytes was apoptosis or necroptosis,
the pathways of which are both activated by TNFR1 (33). There-
fore, to examine whether apoptosis was occurring in the TAK1�M

monocytes, we immunoblotted cell lysates for the cleavage of
caspase-8 and caspase-3 and for the disappearance of poly(ADP-
ribose) polymerase (PARP). We found that lysates from TAK1�M

monocytes harvested from cultures on day 2 had cleaved
caspase-8 and caspase-3 and lacked PARP and cells showed mor-
phologies of membrane blebbing (Fig. 4A), all of which are indi-
cators of apoptotic cell death. Because caspase-8 and capase-3
were activated in TAK1�M monocytes, we next sought to deter-
mine whether zVAD-fmk, a broad-spectrum caspase inhibitor,
could rescue the survival of these cells. Surprisingly, we found that
instead of protecting the TAK1�M monocytes from cell death,
treatment with the caspase inhibitor resulted in a high death rate
of TAK1�M monocytes; furthermore, zVAD-fmk had no obvious
cytotoxic effects on TAK1F/� monocytes (Fig. 4B). These results
suggest that apoptosis is not the only mode of cell death in TAK1-
deficient monocytes.

Because caspase inhibition did not protect all TAK1-deficient
monocytes from cell death, we hypothesized that necroptosis,
which is caspase independent (34), also causes cell death in TAK1-
deficient monocytes. One of the hallmarks of necroptosis is loss of
membrane integrity, which can be visualized through the uptake
of cationic dyes such as PI. After TAK1F/� and TAK1�M mono-
cytes were cultured for 32 h in the presence of M-CSF, more
TAK1�M monocytes than TAK1F/� monocytes showed PI uptake

FIG 2 Retroviral delivery of TAK1 rescues survival of TAK1-deficient monocytes and osteoclast differentiation. (A to C) TAK1�M BMMs were infected with
retroviral supernatant expressing empty vector (pMX) or TAK1 (pMX-TAK1). After 2 days, phase-contrast and fluorescence microscopy images of the infected
TAK1�M BMMs and control TAK1F/� BMMs were obtained. The cells were then fixed and stained with crystal violet (A). The cells were lysed and immunoblotted
as indicated (B, left panel). Infected TAK1�M BMMs were stimulated with RANKL (RL,100 ng/ml) as indicated, and JNK activity was measured using an in vitro
kinase assay (B, right panel). The remaining cells were treated with M-CSF (10 ng/ml) in the absence or presence of RANKL (100 ng/ml) for 4 days and then
stained for TRAP (C). Percent cell survival was estimated by counting the relative number of cells in 15 independent fields (C, top panels). IP, immunoprecipi-
tation; DAPI, 4=,6-diamidino-2-phenylindole.
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(Fig. 4C and D). The higher percentage of PI-positive TAK1�M

monocytes and the fact that caspase inhibition potentiated
TAK1�M monocyte death suggest that necroptosis also contrib-
utes to TAK1�M monocyte death.

We then sought to confirm that necroptosis was one of the
modes of death observed in TAK1�M monocytes. RIP1, a key ki-
nase in the initiation of caspase-independent cell death, can be
inhibited by treatment with Nec-1, which allosterically blocks the
kinase activity of RIP1, thereby preventing necroptosis (35, 36).
We found that although treatment with zVAD-fmk did not pro-
tect TAK1�M monocytes from cell death, treatment with Nec-1
did (Fig. 4E). These data indicate that the loss of TAK1 in mono-
cytes results in two forms of cell death, apoptosis and necroptosis,
and that these forms of cell death are prevented by the deletion of
TNFR1 or blockade of the kinase activity of RIP1.

TAK1-KO MEFs are hypersensitive to TNF-induced cell
death. Elucidating the components of the molecular machinery
responsible for the death of TAK1-deficient monocytes is techni-
cally challenging because these cells die quickly in vitro. Therefore,
to investigate the mechanisms of cell death, we generated
TAK1-KO MEFs and confirmed their inability to activate IKK,
JNK, and p38 in response to TNF-� (Fig. 5A) as previously re-
ported (11, 12, 37). We found that following treatment with

TNF-�, TAK1-KO MEFs were highly sensitive to cell death over 9
h in a dose-dependent manner (Fig. 5B).

We next determined whether the kinase activity of TAK1 was
required to prevent TNF-�-induced cell death. Using a retroviral
approach, we stably expressed FLAG-tagged TAK1 or a catalyti-
cally inactive mutant of TAK1 (TAK1-K63A) in TAK1-KO MEFs.
Reconstituting TAK1-KO MEFs with TAK1, but not TAK1-K63A
or empty vector (pMX), restored the degradation of I�B� in re-
sponse to TNF-� and the cell viability in the presence of TNF-�
(Fig. 5C and D). We also found that L929 cells expressing GFP-
TAK1-C100, a fusion protein containing the C-terminal part of
TAK1 that blocks the constitutive interaction of TAK1 with TAB2
and prevents TNF-�, interleukin-1� (IL-1�), and RANKL signal-
ing to IKK and the stress kinases (20), were highly sensitive to
TNF-�-induced cell death (Fig. 5E). Collectively, these results in-
dicate that TAK1 deficiency, a catalytically inactive mutant of
TAK1, or blockade of the constitutive interaction of TAK1 and
TAB2 results in hypersensitivity to TNF-�-induced cell death.

TNF-� induces both apoptosis and necroptosis in TAK1-KO
MEFs. For TNFR1 to induce cell death, RIP1 must dissociate from
the survival complex I and induce the formation of the death-
inducing complex (complex II) by offering a docking surface for
Fas-associated death domain (FADD) and caspase-8 or for FADD

FIG 3 Survival of TAK1-deficient BMMs is rescued by deletion of TNFR1, and TAK1 is indispensable to osteoclast formation. (A) TAK1�M BMMs are sensitive
to TNF-�-induced cell death. TAK1F/� and TAK1�M BMMs were treated with M-CSF (10 ng/ml) in the absence or presence of TNF-� (10 ng/ml), and cell
survival was measured using the XTT assay. (B and C) TAK1�M BMMs with or without TNFR1 deletion were lifted from the plate on the morning of day 1,
counted, and replated at low density. Cell survival was measured using the XTT assay (B), and the cells were fixed and stained with crystal violet (C). (D)
TAK1-deficient monocytes on a TNFR1-null background did not respond to RANKL (RL) treatment. BMMs from TAK1�M-TNFR1�/� or TAK1F/�-TNFR1�/�

mice were stimulated with RANKL (100 ng/ml), cell lysates were immunoblotted as indicated, and an in vitro kinase assay for JNK activity was performed. (E)
BMMs derived from TAK1�M-TNFR1�/� or TAK1F/�-TNFR1�/� mice were cultured in the presence of M-CSF (10 ng/ml) with or without RANKL (100 ng/ml)
for 4 days, fixed, and stained for TRAP. (F) Schematic of the role of TAK1 in regulating RANKL signaling and osteoclast differentiation.
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and RIP3 to initiate apoptosis or necroptosis, respectively (34, 36).
In TAK1-KO MEFs, interaction between RIP1 and FADD oc-
curred rapidly in response to TNF-� (Fig. 6A). Notably, treatment
with TNF-� for 2 or 3 h caused significant loss of full-length RIP1,
likely because of its cleavage by active caspases (Fig. 6A). In addi-
tion, the FADD-RIP1 interaction was significantly attenuated in
TAK1-KO MEFs reconstituted by retroviral delivery of TAK1 but
not TAK1-K63A (Fig. 6B).

Moreover, zVAD-fmk did not prevent the TNF-�-induced
death of TAK1-KO MEFs (Fig. 7A); however, immunoblotting for
cleaved caspase-3 confirmed zVAD-fmk’s capacity to prevent
caspase cleavage (Fig. 7B). We observed similar results in
TAK1-KO MEFs treated with the caspase-8 inhibitor zIEDT-fmk
(data not shown). Surprisingly, treatment with Nec-1 not only
protected the TAK1-KO MEFs from TNF-�-induced cell death
(Fig. 7A) but also attenuated caspase-3 cleavage (Fig. 7B) and
RIP1-FADD interaction in these cells (Fig. 7C). Similarly, treat-
ment with Nec-1 and zVAD-fmk protected TAK1-KO MEFs from
TNF-�-induced cell death (Fig. 7A) and caspase-3 cleavage
(Fig. 7B). In the presence of TNF-�, TAK1-KO MEFs revealed an

increase of PI-positive necrotic cells that was enhanced in the pres-
ence of zVAD-fmk but considerably attenuated in the presence of
Nec-1 or Nec-1 plus zVAD-fmk (Fig. 7D). These results indicate
that in TAK1-KO MEFs, TNF-� treatment causes the rapid asso-
ciation of RIP1 with FADD, caspase cleavage, and loss of mem-
brane integrity and that treatment with Nec-1 in the presence or
absence of zVAD-fmk protects these cells against TNF-�-induced
cell death.

Knockdown of RIP3 protects against TNF-�-mediated
necroptosis but not apoptosis in TAK1-KO MEFs. Because RIP1
and RIP3 form a complex in which they are phosphorylated and
activated to engage TNF-�-induced necroptosis, we next investi-
gated the effect of silencing RIP3 on TNF-�-induced cell death in
TAK1-KO MEFs. To generate the stable knockdown of RIP3 in
TAK1-KO MEFs, we used a lentivirus expressing an shRNA-tar-
geting RIP3 (shRIP3) (38–40); an shRNA-targeting luciferase
(shLuc) was used as the negative control (Fig. 8A). As expected,
shLuc did not protect TAK1-KO MEFs from TNF-�-induced cell
death (Fig. 8B). The cell morphologies were indicative of apopto-
sis (cells with membrane blebs) and necroptosis (rounded, ne-

FIG 4 TAK1-deficient BMMs die by apoptosis and necroptosis. (A) Active caspases in TAK1-deficient monocytes. TAK1F/� and TAK1�M BMMs were harvested
on the morning of day 2, and protein lysates were immunoblotted as indicated. A representative phase-contrast image of an apoptotic cell is shown (inset). (B)
zVAD-fmk potentiates the cell death of TAK1-deficient monocytes. On the morning of day 1, TAK1F/� and TAK1�M BMMs were lifted from the plate, counted,
and replated at high density in the absence or presence of zVAD-fmk (10 �M). Cell survival was measured using the XTT assay. (C and D) On the morning of
day 2, TAK1F/� and TAK1�M BMMs were stained with PI (C), and the percentage of PI-positive cells was measured (D). (E) Nec-1 treatment protects
TAK1-deficient monocytes from cell death. Representative phase-contrast images and percent survival of TAK1�M BMMs after 36 h of treatment with M-CSF (10
ng/ml) in the presence of either zVAD-fmk or Nec-1 are shown.
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crotic cell-like cells) (Fig. 8D, column b, bottom inset), which
were confirmed by the presence of caspase-3 cleavage (Fig. 8C)
and PI-positive staining (Fig. 8D, column b), respectively. Treat-
ing these cells with zVAD-fmk blocked TNF-�-induced caspase-3
cleavage (Fig. 8C), resulting in necroptosis, as indicated by ne-
crotic cell morphology (Fig. 8D, column c, bottom inset) and

enhanced PI-positive staining (Fig. 8D, column c). TAK1-KO
MEFs expressing shRIP3 were sensitive to TNF-�-induced cell
death (Fig. 8B), but the death was exclusively apoptotic, as indi-
cated by apoptotic cell morphology (Fig. 8D, column e, bottom
inset), chromatin condensation (Fig. 8D, column e, Hoechst), the
absence of PI-positive staining (Fig. 8D, column e), and the pres-

FIG 5 TAK1-KO MEFs have defective TNF-� signaling and are hypersensitive to TNF-�-induced cell death. (A) WT and TAK1-KO MEFs were stimulated with
TNF-� (10 ng/ml), and the cell lysates were immunoblotted with the indicated antibodies. (B) WT and TAK1-KO MEFs plated in 96-well plates were treated with
TNF-� for 9 h, and cell viability was assessed using crystal violet staining. (C and D) TAK1-KO MEFs expressing empty vector (pMX), TAK1, or TAK1-K63A were
stimulated with TNF-� (10 ng/ml) as indicated, and the cell lysates were immunoblotted with the indicated antibodies (C). The indicated cells were plated in
96-well plates and treated with TNF-� for 9 h, and cell viability was assessed using crystal violet staining (D). (E) L929 cells expressing GFP-TAK1-C100 are
hypersensitive to TNF-�-induced cell death. L929 cells expressing GFP or GFP-TAK1-C100 were plated in a 96-well plate and treated with TNF-� for 9 h, and
cell viability was assessed using crystal violet staining.

FIG 6 RIP1 forms a complex with FADD in TAK1-KO MEFs in response to TNF-�. (A) WT and TAK1-KO MEFs were stimulated with TNF-� (10 ng/ml), and
the cell lysates were immunoprecipitated with an anti-FADD antibody and immunoblotted with anti-RIP1 (top) or anti-FADD (bottom). The cell lysates were
immunoblotted with the indicated antibodies (Long Exp, long exposure; Short Exp, short exposure). (B) Reconstitution of TAK1-KO MEFs with TAK1 but not
TAK1-K63A blocks FADD and RIP1 interaction in response to TNF-�. TAK1-KO MEFs expressing empty vector (pMX), TAK1, or TAK1-K63A were processed
as described for panel A.
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ence of caspase-3 cleavage (Fig. 8C). zVAD-fmk treatment abol-
ished the TNF-�-induced apoptosis of shRIP3 TAK1-KO MEFs
(Fig. 8B), as indicated by the absence of caspase-3 cleavage (Fig.
8C) and normal cell morphology (Fig. 8D, column f). The results
depicted above were based on knockdown using a single shRNA-
targeting RIP3. Taken together, these results suggest that TNF-�
induces two forms of cell death in the absence of TAK1; further-
more, if the apoptotic pathway is inhibited, the necroptotic path-
way becomes the major contributor to cell death, and vice versa
(Fig. 8E).

TAK1 is required for osteoclastogenesis in vivo. The condi-
tional deletion of TAK1 in osteoclast precursors confirmed that
TAK1 is required for RANKL-induced signaling events and con-
sequently for osteoclast differentiation in vitro. We next sought to
identify the physiological consequence of TAK1 loss in osteoclasts
in vivo. The Ctsk-Cre knock-in line (22) has been used to delete
genes in the osteoclast lineage, including ER� (22), CDC42 (41),
Bcl-xL (42), NIK (43), Dicer (44), Blimp1 (45), and Rac1/2 (46).
Therefore, we crossed TAK1-floxed mice with Ctsk-Cre mice to

generate littermates that were wild type (TAK1�/�-CtskCre/�;
TAK1�/�) or heterozygote (TAK1F/�-CtskCre/�; TAK1F/�) or had
a deletion of TAK1 in osteoclasts (TAK1F/�-CtskCre/�; TAK1�OC).
To anticipate any potential cytotoxicity effect of TNF-�, we gen-
erated in parallel TAK1�OC mice on a TNFR1-null background.

Consistent with previous reports (28, 31, 47), we did not ob-
serve any differences between wild-type or heterozygote mice. The
TAK1�OC pups were born at the expected Mendelian ratio and
were indistinguishable from their littermates at birth until about 3
days. Surprisingly, the TAK1�OC pups were 50% smaller than
their littermates at 5 to 7 days, had dry, thick, hard, scaly skin (Fig.
9A), and died between 1 and 8 days. The survival of TAK1�OC

pups was extended for approximately 1 week longer on a TNFR1-
null background, but these mice eventually died at about 15 days
(Fig. 9A), suggesting that TNFR1 was partially involved in the
death of the TAK1�OC mice.

The cathepsin K gene is a RANKL-inducible gene that is ex-
pressed approximately 2 days after RANKL treatment ex vivo;
therefore, in the Ctsk-Cre model, gene deletion occurs during

FIG 7 Nec-1 prevents TNF-�-induced cell death of TAK1-KO MEFs. (A) WT and TAK1-KO MEFs were pretreated for 30 min with zVAD-fmk (20 �M) and/or
Nec-1 (50 �M) and then treated with TNF-� (1 ng/ml) for 9 h. Cell viability was assessed using crystal violet staining. NS, nonstimulated. (B) WT and TAK1-KO
MEFs were pretreated for 30 min with combinations of dimethyl sulfoxide (DMSO) (1%), zVAD-fmk (20 �M), or Nec-1 (50 �M) as indicated and then treated
with TNF-� (1 ng/ml). The cell lysates were immunoblotted with the indicated antibodies. (C) TAK1-KO MEFs were pretreated for 30 min with DMSO (1%) or
Nec-1 (50 �M) and then treated with TNF-� (10 ng/ml). The cell lysates were processed as described in the Fig. 6A legend. (D) TAK1-KO MEFs were pretreated
as described for panel A, treated with TNF-� (1 ng/ml) for 1 h 45 min, and then stained with PI. Representative images of fluorescent PI-positive TAK1-KO MEFs
under the indicated treatment conditions (left) and the percentage of cell death attributed to apoptosis (chromatin condensation) and necroptosis (PI positive)
(graph, right) are shown.
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osteoclast differentiation (22), which is different from that in the
LysM-Cre model. M-CSF splenic-derived monocytes from
TAK1�OC and TAK1�/� pups had similar levels of TAK1 expres-
sion (Fig. 9B). While both TAK1�OC and TAK1�/� monocytes
expressed Cre following RANKL stimulation, only TAK1�OC os-
teoclast progenitors showed corresponding loss of the TAK1 pro-
tein after 48 and 72 h of RANKL treatment (Fig. 9B), confirming
that the Ctsk-Cre line was deleting TAK1 in differentiating oste-
oclasts.

To determine whether osteoclast-specific deletion of TAK1 af-
fects bone remodeling in vivo, we performed bone histomor-
phometry analysis on a cohort of 6-day-old TAK1�OC mice and
10-day-old TAK1�OC-TNFRI�/� mice and their control litter-
mates. Histochemical staining for TRAP, a widely used osteoclast
marker, revealed that the femoral section of the long bones of
TAK1�OC mice had fewer TRAP� cells than that of TAK1�/�mice
did (Fig. 9C, upper panels). In contrast, the femoral sections of
TAK1�OC-TNFRI�/� mice showed the presence of TRAP� stain-
ing (Fig. 9C, bottom panels), but unlike what was seen in their
littermate controls, the majority of the osteoclasts appeared in the
proximal metaphysis region and very few were in the regions of

the cortical bone (Fig. 9D). Whether in the presence or absence of
TNFR1, bone histomorphometry analysis of TAK1�OC mice re-
vealed a severe increase in bone volume that was likely due to the
higher trabecular number and decreased trabecular spacing and
likely reflects the severe osteoclast defects and the decrease in os-
teoclastic bone resorption parameters (Fig. 9E). Collectively, these
data suggest that TAK1�OC mice had a severe osteopetrotic phe-
notype and TAK1 plays a critical role in regulating survival and
osteoclastogenesis in vivo.

Osteoclast-specific deletion of TAK1 impairs osteoclast dif-
ferentiation and resorption activity in vitro. As stated earlier, in
the Ctsk-Cre model, cathepsin K expression occurs between 24
and 48 h following treatment with RANKL and coincides with Cre
expression. Using the Ctsk-Cre model to study the role of a pro-
tein during osteoclast development in vitro is challenging because
Cre expression in the fusing cells may not be synchronous (46).
Nevertheless, we used this model to investigate the role of TAK1
during osteoclast differentiation. Treating TAK1�/� monocytes
with M-CSF and RANKL caused the formation of large, multinu-
cleated TRAP� osteoclasts, whereas the same treatment of
TAK1�OC monocytes caused the formation of fewer osteoclasts

FIG 8 Stable knockdown of RIP3 combined with caspase inhibition protects TAK1-KO MEFs from TNF-�-induced cell death. (A) The indicated cell lysates were
immunoblotted with the indicated antibodies. (B and C) TAK1-KO MEFs infected with shRNA-luciferase (shLuc) or shRNA-RIP3 (shRIP3) were pretreated for
30 min with dimethyl sulfoxide (DMSO) (1%) or zVAD-fmk (20 �M) and then treated with TNF-� (1 ng/ml) for 9 h. Cell viability was measured using the
CellTiter-Glo assay (B). TAK1-KO MEFs expressing shLuc or shRIP3 were pretreated as described for panel B and treated with TNF-� (1 ng/ml) for the indicated
times, and the cell lysates were immunoblotted with the indicated antibodies (C). (D) TAK1-KO MEFs expressing shLuc or shRIP3 were pretreated with DMSO
(1%; columns a, b, d, and e) or zVAD-fmk (20 �M; columns c and f) for 30 min, stimulated with TNF-� (1 ng/ml; columns b, c, e, and f) for 1 h 45 min, and then
stained with PI (red) and Hoechst (blue). Representative phase-contrast and fluorescence microscopy images (magnification, �10) of the cells under the
indicated treatment conditions are shown. The bottom panels in columns b, c, and e show images (magnification, �20) of cells dying by apoptosis (as indicated
by membrane blebs) or by necroptosis (as indicated by rounded, necrosis-like morphology). (E) Schematic of TNF-�-induced cell death in TAK1-deficient
MEFs.
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(Fig. 10A) that was likely due to impaired RANKL signaling
(Fig. 10B). The osteoclasts that did form were smaller and had
dysfunctional morphologies (Fig. 10C, top right panel) and an
impaired capacity to resorb bone (Fig. 10C, bottom right panel).
Similar characteristics, including the formation of fewer oste-
oclasts (data not shown) and the presence of spikelike projections
(Fig. 10D, bottom panel), were observed in osteoclasts differenti-
ated from TAK1�OC-TNFR1�/� splenic monocytes in vitro. The
surface area covered by and the number of nuclei in TAK1�OC

osteoclasts (data not shown) and TAK1�OC-TNFRI�/� oste-
oclasts were significantly smaller than those of the control oste-
oclasts (Fig. 10E and F). TAK1�OC-TNFR1�/� osteoclasts also had
impaired resorption activity in vitro (Fig. 10G). The spikelike pro-
jections on, the small size of, and fewer nuclei in TAK1�OC and
TAK1�OCS-TNFRI�/� osteoclasts suggest that the fusion of the
osteoclast progenitors was incomplete. Together, these results in-
dicate that differentiating osteoclasts require TAK1 to develop
into large, multinucleated osteoclasts capable of resorbing bone,

which is consistent with the severe osteopetrotic phenotype ob-
served in the TAK1�OC mice.

DISCUSSION

In the present study, we found that TAK1 expression was required
to prevent TNFR1-induced cell death by apoptosis and necropto-
sis in BMMs. The spontaneous cell death of TAK1-deficient
monocytes could not be rescued by treatment with increasingly
large amounts of M-CSF or by caspase inhibition, which in fact
caused greater cell death. Only prevention of RIP1 kinase activity
with Nec-1, retroviral delivery of TAK1, or genetic deletion of
TNFR1 rescued the TAK1-deficient monocytes from spontaneous
cell death. Additional investigation revealed that the simultaneous
inhibition of caspases and knockdown of RIP3 completely
blocked TNF-�-induced cell death in TAK1-KO MEFs. TAK1-
deficient osteoclast precursors rescued from programmed cell
death indicated that TAK1 has an indispensable role in RANKL-
induced osteoclastogenesis in vitro. Furthermore, deletion of

FIG 9 Conditional deletion of TAK1 in osteoclasts results in growth retardation, postnatal lethality, and severe osteopetrosis in TAK1�OC mice. (A) Growth
retardation of TAK1�OC pups. Photographs of 6-day-old TAK1�OC mice and 12-day-old TAK1�OC-TNFR1�/� mice with their respective control littermates. (B)
RANKL-induced loss of TAK1 expression in TAK1�OC differentiating osteoclasts. TAK1�/� and TAK1�OC spleen-derived monocytes were cultured with M-CSF
(10 ng/ml) in the absence or presence of RANKL (RL, 100 ng/ml), and the cell lysates were immunoblotted with the indicated antibodies. (C) Representative
images of TRAP-stained osteoclasts (red) in the femurs of the indicated mice (magnification, �40). (D) Representative images of TRAP-stained sections in the
femurs of the indicated mice. (E) Results of the histomorphometric analysis of femurs from 6-day-old male TAK1�/�-TNFR1�/� mice (n � 4), 6-day-old male
TAK1�OC-TNFR1�/� mice (n � 5), 10-day-old male TAK1�/�-TNFR1�/� mice (n � 5), and 10-day-old TAK1�OC-TNFR1�/� mice (n � 5). BV/TV, bone
volume per total volume; BS/TV, bone surface per total volume; Tb.N, trabecular number; Tb.Sp, trabecular spacing; Oc.S/BS, percentage of bone surface
covered with osteoclasts; ES/BS, percentage of bone surface eroded by osteoclasts; N.Oc/B.Pm, number of osteoclasts per bone perimeter; N.Oc/T.Ar, number of
osteoclasts per tissue area of interest. *, P 
 0.001.
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TAK1 in osteoclasts revealed that TAK1 is essential to osteoclast
survival, development, and function in vivo. Together, these find-
ings indicate that TAK1 is essential for osteoclast differentiation
and an important modulator of cell death by apoptosis and
necroptosis. The results of the present study have clearly solidified
the foundation for the RANK-TRAF6-TAK1-IKK signaling axis in
osteoclast biology.

The fact that BMMs deficient in IKK�, a major kinase activated
by TAK1 in the NF-�B pathway, do not undergo spontaneous cell
death (9, 10) suggests that the protective effects of TAK1 are inde-
pendent of its ability to activate NF-�B. Rather, TAK1 is an im-
portant modulator that prevents the rapid formation of the death-
inducing signaling complex critical to the execution of apoptosis
and necroptosis. A similar postulate for RIP1 with a defective
ubiquitination site in response to TNF-� has been reported (48).
Likewise, the second mitochondrion-derived activator of caspase
(SMAC) mimetic-induced loss of cellular inhibitor of apoptosis
proteins, which are responsible for RIP1 ubiquitination in the
survival TNFR1 complex I, results in TNFR1-induced necroptosis
in BMMs (49). Our observation that caspase inhibition potenti-
ated TAK1�M monocyte cell death is consistent with those of Wu
et al., who found that in some cell types, such as the murine fibro-
sarcoma line L929, treatment with zVAD-fmk blocked apoptotic
cell death while sensitizing the cells to necroptosis (50). In L929

cells, blocking apoptosis with zVAD-fmk results in spontaneous
sensitization to necroptosis, which depends on the autocrine pro-
duction of TNF-� and the kinase activity of RIP1, though the exact
mechanism by which it does so remains unclear (34, 50–52). Our
findings suggest that loss of TAK1, a component of TNFR1 com-
plex I, shifts the balance from the maintenance of complex I to the
rapid formation of complex II, thereby promoting the self-de-
struction of the BMMs in a TNFR1-dependent manner.

Necroptosis, a mechanism of programmed necrotic cell death,
can be blocked by Nec-1, an inhibitor of RIP1 kinase activity,
which is believed to be exclusive for death by necroptosis (35).
However, similar to Arslan and Scheidereit’s findings (53), we
observed that Nec-1 could significantly attenuate caspase cleavage
and the interaction between RIP1 and FADD. Analogous to these
observations, findings from Wang et al. indicated that RIP1’s ki-
nase activity is required for TNF-�–SMAC mimetic-induced
apoptosis and the interaction of RIP1, FADD, and caspase-8 (54).
On the basis of the notion that Nec-1 is exclusive to necroptosis
and the fact that Nec-1 protects against the cytotoxic effects of
TNF-� in the absence of TAK1, Arslan and Scheidereit concluded
that TNF-� solely induces necroptosis in the absence of TAK1
(53). However, we found that knockdown of RIP3, the key player
downstream of RIP1 in the execution of necroptosis, did not pro-
tect TAK1-KO MEFs against TNF-�-induced cell death; rather,

FIG 10 Ex vivo analysis of TAK1�OC osteoclast formation and resorption activity. (A) TAK1�OC osteoclast development is defective. Spleen-derived monocytes
from TAK1�/� and TAK1�OC mice were treated with M-CSF (10 ng/ml) and RANKL (100 ng/ml) for 72 h on plastic dishes or bone discs. Cells were stained for
TRAP, and multinucleated TRAP� cells were quantified. (B) TAK1�OC osteoclasts did not respond to RANKL treatment. Spleen-derived monocytes from the
indicated mice were treated as described for panel A, starved for 2 h followed by RANKL (RL, 100 ng/ml) treatment for the indicated times, and processed as
described in the legend to Fig. 3D. (C) Representative images of TRAP staining (top panels) and bone resorption (black areas, bottom panels) (magnifica-
tion, �10) are shown. (D to G) TAK1�OC-TNFR1�/� differentiating osteoclasts have defects similar to those of TAK1�OC-TNFR1�/�osteoclasts. Spleen-derived
monocytes were treated as described for panel A on plastic dishes (D to F) or bone discs (G). Representative images of TRAP and Hoechst staining (magnification,
�20) are shown with yellow arrows pointing at spikelike projections (D). Graphic representations of the area occupied by osteoclasts (E), the number of nuclei
per osteoclast (F), and the percent bone resorption (G) are shown.
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cell death continued exclusively by apoptosis (Fig. 8B and D).
Together, these findings indicate that in TAK1-KO MEFs, the ki-
nase activity of RIP1 is also involved in cell death by apoptosis;
however, the way in which Nec-1 attenuates caspase cleavage and
prevents RIP1-FADD formation remains unclear.

The expression of catalytically inactive TAK1 (TAK1-K63A) in
TAK1-KO MEFs did not protect against TNF-�-induced cell
death (Fig. 5D), which is inconsistent with the findings of Arslan
and Scheidereit (53). This discrepancy could be explained by the
fact that Arslan and Scheidereit used a single clone, whereas we
used a pool of cells to avoid clonal artifacts. In addition, we found
that in response to TNF-�, FADD forms a complex with RIP1 in
TAK1-K63A cells as well as in TAK1-KO MEFs reconstituted with
empty vector (Fig. 6). In agreement with our findings, in response
to TNF-�, FADD has been found to interact with RIP1 following
inhibition of TAK1 kinase activity with the kinase inhibitor 5Z-7-
oxozeaenol (55), confirming that TAK1’s kinase activity is re-
quired to prevent the formation of the FADD-RIP1 complex.
Nevertheless, this raises the question of whether the phosphoryla-
tion of adaptor proteins involved in the formation of TNFR1 com-
plex I causes a more stable complex that would prevent the for-
mation of the death-inducing complex.

In addition, we found that when it is in a complex with FADD,
RIP1 is significantly ubiquitinated. This observation, which is
consistent with those of 2 previous studies (53, 56), challenges the
current model, in which RIP1 must be deubiquitinated to leave
the TNFR1 survival complex I and engage with FADD, caspase-8,
and RIP3 in the death-inducing complex (48, 54). However, the
nature of the lysine-linked polyubiquitin chain attached to RIP1
while in complex with FADD has yet to be determined. Pulldown
of Lys63-polyubiquitinated proteins using glutathione S-trans-
ferase–TAB2-Zn finger (8) followed by immunoblotting with
RIP1 revealed a significantly higher accumulation of the Lys63-
linked ubiquitin chain on RIP1 in TAK1-KO MEFs than in WT
MEFs between 15 and 90 min following TNF-� stimulation (data
not shown). This finding suggests that RIP1 is ubiquitinated with
Lys63-linked ubiquitin chains at about the same time it interacts
with FADD in TAK1-KO MEFs; however, this experiment did not
reveal the cellular location of RIP1.

The role of TAK1 as a TRAF6-activated downstream kinase in
the IL-1R/TLR and B-/T-cell receptor pathways is well docu-
mented (11, 12, 30, 31, 47, 57). RANK binds several TRAFs; how-
ever, the severe osteopetrotic phenotype reported for TRAF6-de-
ficient mice (5) indicates that TRAF6 is the major adaptor
molecule of RANK-induced osteoclastogenesis. Our in vitro in-
vestigation of the role of TAK1 in RANKL-induced osteoclasto-
genesis revealed that in response to RANKL, TAK1-deficient
monocytes, like TRAF6-deficient monocytes, failed to activate
IKK, JNK, and p38 and did not form multinucleated osteoclasts
(5, 7, 8). Importantly, the IKK and stress kinases have been impli-
cated as critical RANK signaling intermediates in osteoclast differ-
entiation (58). For example, both IKK�- and JNK1-deficient
BMMs showed impaired formation of osteoclasts in vitro (9, 10,
59) and selective inhibition of p38 kinase activity prevented
RANKL-mediated osteoclast differentiation (60, 61). To our
knowledge, ours is the first study in which primary TAK1-defi-
cient osteoclast precursors were used to solidify the RANK-
TRAF6-TAK1 signaling axis in osteoclastogenesis.

We used the Ctsk-Cre line to evaluate the physiological role of
TAK1 in osteoclast development in vivo and were surprised to find

that conditional deletion of TAK1 resulted in early postnatal
death, which could be rescued (albeit for only 1 week) by simul-
taneous deletion of TNFR1. The postnatal death of TAK1�OC mice
in the present study raises the possibility that deletion of TAK1
was not sequestered to the osteoclast compartment; however, the
cause of postnatal death remains unknown. Examination of the
TAK1�OC femurs, whether on a TNFR1�/� or TNFR1�/� back-
ground, revealed poor bone remodeling due to impaired oste-
oclast formation and activity indicative of a severe osteopetrotic
phenotype. These findings are the first to indicate that TAK1 plays
an essential role in osteoclast development in vivo.

Notably, the TAK1�OC pups had hard, inflexible, scaly skin and
rough skin around the lips in particular (Fig. 9A). This skin phe-
notype was surprisingly similar to that of mice in which TAK1 was
deleted in epidermal tissue using the keratin 5-Cre line (28, 62).
The presumed skin phenotype of the mice in the present study
could be explained by the expression of cathepsin K in other cell
types such as skin fibroblasts, lung, and epidermis (63–65). Cur-
rently, cathepsin K inhibitors are in clinical trials for the treatment
of osteoporosis; skin problems have been reported in some pa-
tients (66), and studies of the long-term use of these drugs may
reveal other side effects.

The last several years have seen a significant amount of research
that has focused on TAK1’s central role in regulating the NF-�B
and stress kinase pathways through a variety of cytokines in dif-
ferent cell types and tissues. For instance, mice lacking TAK1 in
the osteoblast lineage, the cells responsible for bone formation,
showed defects in osteoblast differentiation as well as clavicular
hypoplasia and delayed fontanelle closure (67). Taken together
with our data, TAK1 plays a major role in both bone destruction
and bone formation, albeit through different cytokine-mediated
signaling networks.

Recently, two other groups reported mouse models for my-
eloid cell-specific deletion of TAK1 (27, 68) with emphasis on the
role of TAK1 in response to LPS. Ajibade et al. (27) reported that
specific deletion of TAK1 in the myeloid lineage resulted in mice
with splenomegaly, lymphomegaly, and increased numbers of
CD11b/Gr1 double positive cells in the bone marrow and spleen.
Furthermore, LPS stimulation of TAK1-deficient neutrophils or
peritoneal macrophages caused enhanced or similar activation of
IKK, p38, and JNK compared to the corresponding control cells
(27). In contrast, in their mouse model of myeloid cell-specific
deletion of TAK1, Eftychi et al. (68) did not observe any gross
morphological changes in the spleen and lymph nodes or differ-
ences in the myeloid cell population and showed that TAK1-defi-
cient macrophages had impaired activation of NF-�B and JNK in
response to LPS. These discrepancies could be due to the differ-
ence of the two TAK1-floxed mice used in these studies, one which
has complete deletion of the TAK1 gene (27) while the other car-
ries a truncated form of TAK1 (68). Nevertheless, the two groups
reported similar results of hyperinflammatory responses follow-
ing LPS challenge in vitro and in vivo (27, 68).

Furthermore, our study indicates that the deregulation of
TAK1 expression leads to apoptosis and necroptosis, which raises
the question of whether the cell inflammation and cell death ob-
served in some conditional TAK1-deficient mice could be attenu-
ated by the simultaneous deletion of caspase-8 and RIP3 genes
(38, 39). These findings also indicate that the kinase activity status
of TAK1 should be investigated in pathological tissue injury (e.g.,
renal or myocardial ischemia reperfusion injury).
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In summary, we found that TAK1 promotes cell survival by
blocking the TNF-�-induced cell death pathways of apoptosis and
necroptosis and that TAK1 is an essential regulator of RANKL-
induced osteoclastogenesis. Our study’s findings thus add to our
understanding of the multifaceted roles TAK1 plays in maintain-
ing the balance between cell survival and cell death and regulating
osteoclast development.
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