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and found that it was drastically upregulated during RANKL-induced differentiation of preosteoclasts. Furthermore, CYLD
negatively regulated RANK signaling by inhibiting TRAF6 ubiquitination and activation of downstream signaling events.
Interestingly, we found that CYLD interacted physically with the signaling adaptor p62 and thereby was recruited to
TRAF6. These findings establish CYLD as a crucial negative regulator of osteoclastogenesis and suggest its involvement
in the p62/TRAF6 signaling axis.
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Osteoclastogenesis	is	a	tightly	regulated	biological	process,	and	deregulation	can	lead	to	severe	bone	disorders	
such	as	osteoporosis.	The	regulation	of	osteoclastic	signaling	is	incompletely	understood,	but	ubiquitination	
of	TNF	receptor–associated	factor	6	(TRAF6)	has	recently	been	shown	to	be	important	in	mediating	this	pro-
cess.	We	therefore	investigated	the	role	of	the	recently	identified	deubiquitinating	enzyme	CYLD	in	osteoclas-
togenesis	and	found	that	mice	with	a	genetic	deficiency	of	CYLD	had	aberrant	osteoclast	differentiation	and	
developed	severe	osteoporosis.	Cultured	osteoclast	precursors	derived	from	CYLD-deficient	mice	were	hyper-
responsive	to	RANKL-induced	differentiation	and	produced	more	and	larger	osteoclasts	than	did	controls	
upon	stimulation.	We	assessed	the	expression	pattern	of	CYLD	and	found	that	it	was	drastically	upregulated	
during	RANKL-induced	differentiation	of	preosteoclasts.	Furthermore,	CYLD	negatively	regulated	RANK	
signaling	by	inhibiting	TRAF6	ubiquitination	and	activation	of	downstream	signaling	events.	Interestingly,	
we	found	that	CYLD	interacted	physically	with	the	signaling	adaptor	p62	and	thereby	was	recruited	to	TRAF6.	
These	findings	establish	CYLD	as	a	crucial	negative	regulator	of	osteoclastogenesis	and	suggest	its	involve-
ment	in	the	p62/TRAF6	signaling	axis.

Introduction
Normal bone physiology is regulated by the harmonic actions of 
osteoblasts and osteoclasts (OCs), cells that mediate bone formation 
and bone resorption, respectively (1). OCs are multinucleated cells 
that are derived from macrophage precursors. OC differentiation is 
induced by RANKL in the presence of the macrophage growth factor 
M-CSF (2, 3). Binding of RANKL to its receptor, RANK, stimulates 
receptor trimerization and recruitment of signaling adaptors, most 
importantly TNF receptor–associated factor 6 (TRAF6) (4). TRAF6 
transduces the RANK-mediated signal by initiating a number of 
downstream signaling pathways, including those that activate the 
transcription factors NF-κB and activator protein 1 (AP-1) (4, 5). 
These transcription factors in turn induce the expression of a mas-
ter osteoclastogenic regulator, nuclear factor of activated T cells c1 
(NFATc1), and trigger a cascade of gene expression events required 
for OC differentiation (3, 5, 6). Genetic deficiencies in TRAF6 or 
its downstream signaling factors attenuate OC differentiation and 
bone resorption, a condition known as osteopetrosis (3, 7). On the 
other hand, excessive production or activation of OCs can lead to 
uncontrolled bone resorption or osteoporosis. Thus, a fundamental 
understanding of RANK signaling is important for rational design 
of therapeutic approaches for the treatment of bone disorders.

Recent studies suggest that ubiquitination of TRAF6 is an 
important mechanism mediating its signaling functions (8–10). 

Lysine 63–linked polyubiquitin chains facilitate the association 
of TRAF6 with target signaling factors, such as IκB kinase (IKK), 
a multisubunit enzyme mediating activation of NF-κB (11). The 
regulatory subunit of IKK, IKKγ (also known as NEMO), has 
intrinsic ubiquitin-binding activity and is thought to recruit the 
IKK catalytic subunits, IKKα and IKKβ, to ubiquitinated upstream 
regulators (12, 13). How the ubiquitination and signaling function 
of TRAF6 are regulated under physiological conditions, particu-
larly during osteoclastogenesis, is incompletely understood. Nev-
ertheless, an adaptor protein, p62 (also known as sequestosome 1), 
has been shown to physically associate with TRAF6 and play both 
positive and negative roles in RANK signaling. Complete loss of 
p62 attenuates RANK signaling and osteoclastogenesis (14). On 
the other hand, mutations of p62 that disrupt its C-terminal ubiq-
uitin association (UBA) domain cause aberrant RANK signaling 
and hyperproduction of OCs (3, 15–18). Such genetic alterations 
of p62 are etiologically associated with development of Paget dis-
ease of bone (PDB), a severe bone disorder characterized by forma-
tion of giant OCs, excessive bone resorption, and irregular bone 
formation (15, 19, 20). The positive signaling role of p62 appears 
to involve recruitment of atypical PKCs to TRAF6, which contrib-
utes to IKK activation by RANK (14). Although how p62 negatively 
regulates RANK signaling is unclear, one implication is that p62 
may be involved in interaction with negative regulators.

An emerging family of signaling regulators involved in diverse 
biological processes are deubiquitinating enzymes (DUBs), which 
digest ubiquitin chains and reverse the process of protein ubiqui-
tination (21). One DUB, CYLD, has been implicated as an impor-
tant regulator of immune response and oncogenesis (22–28). 
The signaling function of CYLD appears to be cell type specific. 
Thus, CYLD negatively regulates the activation of IKK and JNK 
in lymphocytes but has no obvious role in regulating these signal-
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ing events in macrophages (22–24). In the present study, we show 
that the expression level of CYLD is extremely low in macrophages 
but is markedly upregulated under conditions of RANKL-induced 
osteoclastogenesis. We provide genetic evidence that CYLD is a cru-
cial negative regulator of RANK signaling in preosteoclasts. The 
loss of CYLD in mice causes production of enlarged and hypernu-
cleated OCs, associated with severe osteoporosis. Interestingly, the 
adaptor protein p62 physically interacts with CYLD and promotes 
the binding of CYLD to TRAF6, and this novel molecular inter-
play requires the C-terminal region of p62. These findings estab-
lish CYLD as what we believe to be the first DUB that regulates 
osteoclastogenesis and suggest a potential mechanism mediating 
the negative signaling function of p62.

Results
Cyld-knockout mice develop osteoporosis. To investigate the physiologi-
cal functions of CYLD, we generated Cyld-knockout mice (22). 
During the preparation of bone marrow cells, we noticed that the 
femurs of Cyld-knockout (Cyld–/–) mice appeared to be more fragile 
than those of wild-type mice. This finding prompted us to compare 
the bone mass and structure of Cyld–/– and wild-type (Cyld+/+) mice. 

Femurs of Cyld+/+ and Cyld–/– mice were subjected to microcom-
puted tomography (microCT) analyses. The Cyld–/– mice exhibited 
severe loss of trabecular bone, as shown in representative images of 
3D microCT reconstruction (Figure 1A). Consistently, the volume 
of trabecular bone per unit of metaphysis (BV/TV) was reduced by 
almost half in the Cyld–/– mice (Figure 1B). The mutant animals 
also displayed obvious abnormalities in several other parameters of 
trabecular bone architecture, including decreased trabecular num-
ber and trabecular thickness (Tb. Th), but increased trabecular sep-
aration, which together suggested a reduced and more separated 
trabecular bone network. Structure model index is scored from 0 
to 3 for indication of increased fragility. Compared with wild-type 
femurs, the Cyld–/– femurs had dramatically higher SMI numbers 
and lower degree of anisotropy and connectivity density, indicat-
ing more fragile bone in the mutant animals (Figure 1B). In agree-
ment with the trabecular bone data, analysis of the cortical bone at 
the midshaft level revealed a moderate but significant decrease in 
cortical bone thickness (Figure 1C, Tb. Th). The total volume (TV) 
of cortical bone and the volume of bone fraction (BV) were also 
reduced. However, the proportion of bone (BV/TV) remained the 
same in wild-type and Cyld–/– femurs, indicating decreased diameter 

Figure 1
Bone loss in Cyld–/– mice. Age-matched Cyld+/+ and Cyld–/– male mice (14 weeks of age, 7 per group) were subjected to microCT analysis. (A) 
Representative images of 3D microCT reconstruction of trabecular bone 263 μm above the distal femoral growth plate showing the severe bone 
loss in Cyld–/– mice. (B) Parameters of trabecular bone mass, including bone volume fraction (BV/TV), trabecular number (Tb. N), trabecular 
thickness (Tb. Th), trabecular separation (Tb. Sp), connectivity density (Conn. D), structure model index (SMI), and degree of anisotropy (DA). 
(C) Parameters of cortical bone mass, including bone volume fraction, total volume (TV), bone volume (BV), and cortical bone thickness (Tb. 
Th). *P < 0.05, **P < 0.02, ***P < 0.002. Error bars represent SEM.
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of Cyld–/– femurs but not defect in osteoblast function. These results 
suggest that the loss of CYLD in mice leads to osteoporosis.

Cyld–/– mice exhibit OC abnormalities. To address the mechanism 
by which CYLD regulates bone density, we performed histological 
analyses of femurs from Cyld+/+ and Cyld–/– mice. Consistent with 
the microCT results, H&E staining of femoral sections revealed 
a severe reduction in trabecular bone in Cyld–/– mice (Figure 2A). 
Moreover, the Cyld–/– trabecular bone contained increased OC 
activity, as revealed by positive staining with tartrate-resistant 
acid phosphatase (TRAP) (Figure 2B). Additionally, the OCs from 
Cyld–/– mice were markedly enlarged in size (Figure 2C). On the 
other hand, bone nodule assays to test the ability of osteoblasts 
to form mineralized bone in vitro did not show obvious differ-
ence between the Cyld–/– and wild-type mice (Supplemental Fig-
ure 1A; supplemental material available online with this article; 
doi:10.1172/JCI34257DS1). Furthermore, the Cyld–/– mice only 
had a weak increase in serum concentration of osteocalcin, an 
indicator of osteoblast activity (Supplemental Figure 1B). Thus, as 
seen with mice expressing a p62 mutant (18), the Cyld–/– mice have 
abnormalities predominantly in OCs, leading to osteoporosis.

CYLD negatively regulates osteoclastogenesis. The OC abnormalities in 
Cyld–/– mice led us to examine the role of CYLD in regulating OC 
differentiation. Bone marrow–derived macrophages (BMDMs) were 
cultured in M-CSF growth medium in either the absence or presence 
of RANKL. As expected, RANKL induced the generation of TRAP-
positive OCs at a concentration of 100 ng/ml (Figure 3A). Remark-
ably, the same concentration of RANKL induced a drastically higher 
number of OCs in the Cyld–/– BMDMs (Figure 3A). The Cyld–/– OCs 

were also notably larger (Figure 3A) and contained substantially 
more nuclei than the control OCs (Figure 3B). A dose-response assay 
revealed that loss of CYLD also rendered the cells responsive to lower 
doses of RANKL (Figure 3C). These results were not due to alteration 
in the surface expression of RANK (Supplemental Figure 2). The level 
of M-CSF receptor (M-CSFR) was also similar in the wild-type and 
Cyld–/– cells (Supplemental Figure 2). Consistent with these results, 
overexpression of CYLD in wild-type OC precursor cells strongly 
inhibited the osteoclastogenesis (Supplemental Figure 3).

We next performed real-time PCR to examine the effect of Cyld 
deficiency on the induction of osteoclastogenic markers, includ-
ing the early markers TRAP and cathepsin K and the late marker 
calcitonin receptor. Following RANKL stimulation, the expression 
of TRAP and cathepsin K was increased within 1–2 days, whereas 
the induction of calcitonin receptor occurred at 2–3 days (Figure 
3D). Importantly, induction of both the early and late osteoclasto-
genic markers was greatly potentiated in Cyld–/– cells (Figure 3D). 
Together, these results suggest a crucial role for CYLD in nega-
tively regulating osteoclastogenesis.

CYLD negatively regulates RANK signaling in preosteoclasts. To eluci-
date the molecular mechanism by which CYLD negatively regu-
lates osteoclastogenesis, we examined the effect of Cyld deficiency 
on RANKL-stimulated signaling events. Stimulation of wild-type 
BMDMs with RANKL resulted in rapid activation of MAPKs, includ-
ing ERK, JNK, and p38 (Figure 4A) as well as NF-κB (Figure 4B).  
The Cyld deficiency had no obvious effect on the early activation of 
MAPKs (Figure 4A). Similarly, during the initial phase of RANKL 
stimulation in BMDMs, the loss of CYLD did not substantially 
affect the activation of NF-κB (Figure 4B). Another transcription 
factor, AP-1, was not detected under the short-term stimulation 
conditions (data not shown). Thus, CYLD is not involved in regula-
tion of the initial phase of RANK signaling in BMDMs.

We next examined the role of CYLD in RANK signaling in develop-
ing OCs, hereafter referred to preosteoclasts. Active NF-κB and AP-1 
were detected in the nuclei of preosteoclasts exposed to RANKL for 2 
days (Figure 4C). Interestingly, the activity of both NF-κB and AP-1  
was markedly enhanced in Cyld–/– cells. Recent studies suggest that 
OC development involves induction of NFATc1, a master regulator 
of osteoclastogenesis (5, 29). Since NF-κB and AP-1 have been impli-
cated in the induction of NFATc1, we examined whether the loss 
of CYLD also promoted NFATc1 induction. Indeed, substantially 
higher levels of NFATc1 were induced by RANKL in Cyld–/– cells than 
in the control cells (Figure 4D). On the other hand, the loss of CYLD 
did not affect the induction of TRAF6 or constitutive expression 
of the protein kinase Tak1 (Figure 4D). These results suggest that 
CYLD regulates the sustained activation of NF-κB and AP-1 and 
induction of NFATc1 in preosteoclasts, which provides a molecular 
insight into the role of CYLD in regulating osteoclastogenesis.

Induction of CYLD expression under conditions of OC differentiation. 
Because of the distinct roles of CYLD in BMDMs and preosteo-
clasts, we examined its expression pattern under conditions of 

Figure 2
Cyld–/– mice have enlarged OCs. (A) H&E staining of femoral sec-
tions of age-matched Cyld+/+ and Cyld–/– mice (14 weeks old), showing 
reduced trabecular bone (white arrowheads) in Cyld–/– femur. White 
arrows indicate bone marrow. (B) Increased TRAP activity in Cyld–/–  
bone compared with Cyld+/+ (black arrows). Original magnification, 
×30. (C) Higher-magnification (×150) images showing the enlarged 
TRAP-positive OCs in 2 different Cyld+/+ and Cyld–/– mice.
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RANKL-induced OC differentiation. Consistent with its dispens-
able role during the early phase of RANK signaling, the level of 
CYLD was extremely low in BMDMs (Figure 5A). Interestingly, 
CYLD expression was markedly increased after 1 day of RANKL 
stimulation and further upregulated after prolonged stimu-
lation (Figure 5A and data not shown). The RANKL-induced 
upregulation of CYLD protein was associated with induction of 
Cyld mRNA, as determined by parallel real-time PCR assays (Fig-
ure 5B). This pattern of CYLD expression provides a good expla-
nation for its specific signaling function in preosteoclasts.

Since RANKL stimulates rapid activation of both canonical NF-κB  
and MAPKs in BMDMs, the delayed induction of CYLD expression 

suggested the requirement of additional regulators. As an initial 
approach to address this issue, we examined whether CYLD expres-
sion is also induced by other macrophage inducers, including the 
bacterial endotoxin LPS and the proinflammatory cytokine TNF-α. 
In contrast to RANKL, neither TNF-α nor LPS substantially increased 
the expression of CYLD (Figure 5C). On the other hand, LPS potent-
ly increased the expression of a known proinflammatory media-
tor, iNOS, and both TNF-α and LPS induced the expression of the 
Nfkb2 gene product p100 (Figure 5C). Thus, the induction of CYLD 
appeared to be specifically mediated by the OC inducer RANKL.

An important feature of RANKL-stimulated signaling is the 
induction of noncanonical NF-κB (30), a process that is regulated 

Figure 3
Enhanced OC differentiation from Cyld–/– bone marrow cells. (A) Bone marrow cells derived from age-matched Cyld+/+ and Cyld–/– mice were 
cultured in M-CSF media either in the absence (NT) or presence of 100 ng/ml of GST-RANKL for 4 days and then subjected to TRAP staining. 
The images of RANKL-stimulated cells are presented as lower (×20) and higher (×100) magnifications. (B) Average number of nuclei per OC 
calculated based on counting in 15 Cyld+/+ and 15 Cyld–/– OCs. (C) Bone marrow cells derived from CYLD+/+ and CYLD–/– mice were cultured 
in M-CSF media supplemented with the indicated amounts of GST-RANKL. After 7 days, OCs were detected by TRAP staining. Note that this 
experiment used a longer differentiation time (7 days) than that shown in Figure 3A in order to detect OCs in the wild-type cell culture at low doses 
of GST-RANKL. (D) Real-time RT-PCR was performed using RNA isolated from BMDMs or BMDMs cultured in the presence of both M-CSF and 
100 ng/ml GST-RANKL for the indicated times. The relative mRNA level of individual genes was expressed as fold induction compared with NT 
Cyld+/+ cells. Data represent mean values of 3 independent experiments, with error bars indicating SD.



research article

1862	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 118   Number 5   May 2008

by NF-κB–inducing kinase (NIK) and involves processing of the  
NF-κB2 precursor protein p100 to generate p52 (31). To examine the 
involvement of noncanonical NF-κB in CYLD induction, we exam-
ined RANKL-stimulated expression of CYLD in Nik–/– and control 
BMDMs. As expected, RANKL stimulated the processing of p100 
(generation of p52) in wild-type but not Nik–/– cells (Figure 5D). 
Interestingly, the RANKL-induced expression of CYLD was severely 
attenuated, although not completely blocked, in Nik–/– cells. Thus, 
optimal induction of CYLD by RANKL requires the noncanonical 
NF-κB signaling pathway, which may function in cooperation with 
the canonical NF-κB and other signaling pathways.

CYLD is assembled into the TRAF6 complex and negatively regulates 
TRAF6 ubiquitination in preosteoclasts. TRAF6 is a master signaling 
molecule controlling multiple downstream pathways induced by 
RANKL. Ubiquitination of TRAF6 plays an important role in its 
signaling function, including the regulation of osteoclastogenesis 
(8–10). The finding that CYLD negatively regulates RANK signal-
ing and osteoclastogenesis prompted us to examine whether the 
loss of CYLD altered ubiquitination of TRAF6 in preosteoclasts. 
As expected, polyubiquitinated TRAF6 was detected in RANKL-
induced preosteoclasts (Figure 6A). Importantly, substantially 
more ubiquitinated TRAF6 was accumulated in Cyld–/– cells (Fig-
ure 6A). Moreover, the TRAF6 ubiquitination in Cyld–/– cells was 
more persistent than in Cyld+/+ cells, as revealed when the cells 
were chased in RANKL-free media (Figure 6A, lanes 5 and 6). Con-
sistent with these results, transfected CYLD potently inhibited 
RANK-induced TRAF6 ubiquitination (Supplemental Figure 4). 

Thus, CYLD plays a nonredundant role in suppressing the ubiqui-
tination of TRAF6 during RANKL-induced OC differentiation, a 
finding that provides an insight into the molecular mechanism by 
which CYLD regulates osteoclastogenesis.

We next examined the physical association between CYLD 
and TRAF6. The expression level of both CYLD and TRAF6 
was upregulated in RANKL-induced preosteoclasts (Figure 6B, 
middle and bottom panels). Moreover, TRAF6 and CYLD were 
coprecipitated (Figure 6B, top panel), indicating their presence 
in the same complex. Together, these results emphasize a physi-
ological role of CYLD in negatively regulating TRAF6 ubiqui-
tination mediated by RANKL.

p62 physically interacts with CYLD and promotes the CYLD/TRAF6 
association. Prior studies have identified p62 as a component 
of the TRAF6 complex during osteoclastogenesis (14). Like 
CYLD, p62 is markedly induced during RANKL-stimulated OC 
differentiation (Figure 6C and ref. 14). Since p62 is known as 
an adaptor of TRAF6, we examined whether CYLD was physi-
cally associated with p62. Indeed, a stable complex of p62 and 
CYLD was readily identified from preosteoclasts by coimmu-
noprecipitation assays (Figure 6C). The p62/CYLD interaction 
was also demonstrated using transfected 293 cells (Figure 6D). 
Interestingly, a p62 mutant lacking its C-terminal UBA domain 
(p62ΔUBA) was largely defective in CYLD binding (Figure 6D). 
This phenotype of p62ΔUBA was not due to the variation in its 
expression, since this mutant was expressed at even higher levels 
than the wild-type p62.

Figure 4
RANK signaling is normal in BMDMs but 
aberrant in preosteoclasts in the absence of 
CYLD. (A) BMDMs were cultured in M-CSF–
containing medium and stimulated with GST-
RANKL (100 ng/ml) for the indicated times 
and subjected to IB assays using phospho-
specific (P-) or regular antibodies against the 
indicated MAPKs or tubulin. (B) BMDMs were 
stimulated with GST-RANKL for the indicated 
times as in A, and the nuclear NF-κB DNA 
binding activity was detected by EMSA. (C) 
BMDMs were cultured for 2 days in M-CSF 
medium lacking (represented by 0) or contain-
ing the indicated amounts of GST-RANKL. 
Nuclear extracts were subjected to EMSA to 
detect the activation of NF-κB or AP-1. An IB 
of lamin B was included as a loading control. 
(D) BMDMs were cultured in M-CSF medium 
for 2 days in the absence of RANKL (NT) 
or for the indicated days in the presence of 
RANKL. Total cell lysates were subjected to 
IB to detect the indicated proteins.
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The strong interaction of p62 with CYLD led us to examine 
whether p62 facilitates the assembly of CYLD into the TRAF6 
complex. We found that in 293 cells, endogenous TRAF6 did not 
appreciably associate with CYLD (Figure 6E, top panel, lane 2), a 
finding that was consistent with a previous report (32). Remark-
ably, however, expression of p62 in the cells induced the complex 
formation between CYLD and TRAF6 (Figure 6E, top panel, lane 3, 
and Supplemental Figure 5). Furthermore, this function of p62 was 
correlated with its CYLD-binding activity, since it was not seen with 
the p62ΔUBA mutant (lane 4). Thus, p62 appears to function as an 
adaptor recruiting CYLD to TRAF6, thus providing a molecular 
insight into the negative function of p62 in osteoclastogenesis. On 
the other hand, the association of p62 with TRAF6 was not affect-
ed by CYLD (Supplemental Figure 6). CYLD was also not involved 
in RANK-mediated activation of PKCζ (Supplemental Figure 6), 
which is thought to involve the positive signaling function of p62. 
These findings suggest that CYLD may specifically mediate the 
negative signaling function of p62 by deubiquitinating TRAF6.

Discussion
Osteoclastogenesis is a tightly controlled biological process that 
involves both positive and negative regulation. Compared with the 
positive players, the negative regulators of this process are relatively 
less well understood. Prior studies have identified the suppressive 
role of SHIP-1 and IRAK-M in OC formation. Both proteins are 
abundantly expressed in macrophages, the OC precursors, and 
have inhibitory roles in innate immune signaling (33, 34). SHIP-1 
controls osteoclastogenesis by targeting M-CSFR signaling, while 
IRAK-M acts by inhibiting the IL-1 receptor pathway (35–37). Our 
present study suggests that CYLD, unlike SHIP-1 or IRAK-M, func-
tions as a specific negative regulator of OC development by sup-
pressing RANK signaling.

We have previously shown that loss of CYLD in macrophages 
has no obvious effect on the signaling events mediated by innate 
immune stimuli, such as TNF-α and LPS (22, 24). Similarly, we have 
found in the present study that CYLD does not regulate RANKL-
stimulated initial signaling in BMDMs. In sharp contrast, CYLD 
has a crucial role in controlling RANKL-stimulated signaling in 
preosteoclasts. This functional diversity of CYLD is likely due to its 

differential expression. The level of CYLD is very low in BMDMs, 
but it is drastically upregulated in preosteoclasts. Interestingly, the 
induction of CYLD expression is specific for RANKL signal, as it is 
not seen with the proinflammatory stimuli TNF-α and LPS, which 
potentially explains the functional specificity of CYLD in RANK 
signaling. Although how RANKL specifically induces the expres-
sion of CYLD is incompletely understood, our data suggest the 
requirement of a noncanonical NF-κB signaling pathway. Thus, as 
depicted in Figure 7, we believe Cyld to be a novel target gene of 
RANK signaling that is involved in the feedback inhibition.

The expression pattern of CYLD is reminiscent of that of p62 
(14), a signaling adaptor with positive and negative roles in regulat-
ing osteoclastogenesis. p62 physically associates with TRAF6 and 
appears to promote RANK signaling by recruiting atypical PKCs 
to TRAF6 (14). Under overexpression conditions, p62 also induces 
the self-ubiquitination activity of TRAF6, although the physiologi-
cal relevance remains unclear (38). How p62 negatively regulates 
RANK signaling has remained poorly understood, although this 
function of p62 is known to require its C-terminal region (3, 15–18). 
Our present study shows that p62 physically interacts with CYLD 
and promotes the binding of CYLD to TRAF6. CYLD is assembled 
into the TRAF6 complex and plays an essential role in preventing 
excessive ubiquitination of TRAF6 in preosteoclasts. Moreover, the 
C-terminal region of p62 is essential for its adaptor function to pro-
mote CYLD/TRAF6 interaction. These findings suggest an intrigu-
ing molecular interplay between p62 and CYLD and shed light on 
how p62 negatively regulates RANK signaling (Figure 7).

A recent study demonstrates that transgenic mice expressing 
a mutated form of p62 develop osteoporosis, although the p62 
mutation is insufficient to cause the full PDB phenotype (18). In 
particular, the p62 mutation causes abnormal osteoclastogenesis 
but does not enhance osteoblast numbers and activity, as seen 
in PDB. These findings suggest that p62 mutations may predis-
pose individuals to, but be insufficient for, the development of 
PDB. Our data indicate that CYLD may mediate an important 
part of the negative signaling functions of p62. As seen with the 
p62-mutant transgenic mice, Cyld–/– mice spontaneously develop 
osteoporosis, although they do not show significant abnormali-
ties in osteoblast development and function. Our in vitro studies 

Figure 5
Induction of CYLD expression by RANKL but not by LPS or 
TNF-α. (A) Wild-type BMDMs were cultured in M-CSF–con-
taining medium in the absence of RANKL (NT) or for the 
indicated times in the presence of GST-RANKL (100 ng/ml). 
Total cell lysates were subjected to IB to detect CYLD and 
tubulin. (B) Real-time RT-PCR was performed using RNA 
isolated from cells as described in A to determine the relative 
expression of Cyld mRNA. (C) Wild-type BMDMs were cul-
tured in M-CSF medium for 1 day in either the absence (NT) 
or presence of the indicated inducers. Total cell lysates were 
subjected to IB to detect the indicated proteins. (D) BMDMs 
prepared from Nik-knockout (NIK–/–) and control (NIK+/+) 
mice were cultured for 1 day in the absence (–) or presence 
(+) of GST-RANKL (100 ng/ml) followed by IB to detect the 
expression of CYLD (top panel) or processing of p100 (mid-
dle 2 panels). A tubulin IB was used as a loading control.
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further reveal that the Cyld deficiency strongly promotes osteo-
clastogenesis, causing the formation of increased numbers of large 
and multinucleated OCs. These phenotypes are associated with 
aberrant RANK signaling. It is likely that the enhanced RANK 
signaling in Cyld–/– cells promotes formation of mononuclear 
preosteoclasts, which in turn fuse to form the multinucleated 
OCs. Since larger OCs have been reported in diseases associated 
with excessive bone resorption, such as PDB, our present study 

suggests CYLD as a potential genetic 
factor involved in the development 
of bone disorders.

Methods
Mice. Cyld-knockout mice were generated 
as described previously (22). Heterozygous 
(Cyld+/–) mice were intercrossed to generate 
Cyld–/– and Cyld+/+ littermates, and genotyp-
ing was performed by PCR using tail DNA 
(24). Nik-knockout mice were provided by 
Amgen Inc. All mice were housed in spe-
cific pathogen–free cages and monitored 
periodically (every 3 months) for the lack 
of common pathogens. Animal experi-
ments were performed in accordance with 
protocols approved by the Pennsylvania 
State University College of Medicine Insti-
tutional Animal Care and Use Committee.

Plasmids, antibodies, and reagents. Expres-
sion vectors encoding pEGFP-p62 and 
pEGFP-p62ΔUBA were provided by Jiake 
Xu (University of Western Australia, 
Nedlands, Western Australia, Australia) 
and described previously (16), and the 
expression vectors for FLAG-tagged p62 
and FLAG-tagged RANK were provided 
by Gregory D. Longmore (Washington 
University, St. Louis, Missouri, USA) and 
Yongwon Choi (University of Pennsyl-
vania, Philadelphia, Pennsylvania, USA). 
pCLXSN(GFP), pCLXSN(GFP)-CYLD, 
pcDNA-HA-CYLD, and pcDNA-HA-CYLD 
1-932 (a catalytically inactive mutant) 
were described previously (39, 40). PE-
conjugated anti-mouse RANK (clone 
IK22/5) and anti-mouse M-CSFR (CD115, 
clone AFS98) were from eBioscience.  
Antibodies against iNOS (M-19), TRAF6 
(H274), lamin B (H-90), p62 (SQSTM 1,  
D-3), anti-PKCζ (C-20), and tubulin (TU-02)  
were purchased from Santa Cruz Biotech-
nology Inc. The antibody for phospho-
PKCζ (anti–p-PKCζ, ζ Thr410) was from 
Cell Signaling Technology. Anti-ubiquitin, 
anti-NFATc1 (NFAT2), and anti-Tak1 were 
provided by Vincent Chau (Pennsylvania 
State University College of Medicine), 
Nancy Rice (National Cancer Institute–
Frederick, Frederick, Maryland, USA), and 
Jun Ninomiya-Tsuji (North Carolina State 
University, Raleigh, North Carolina, USA), 

respectively. Other antibodies have been described previously (31, 41). LPS 
(E. coli 0127:B8) and murine TNF-α were from Sigma-Aldrich and Pepro-
Tech, respectively. Recombinant M-CSF and GST-RANKL were generous 
gifts from Steven Teitelbaum (Washington University School of Medicine, 
St. Louis, Missouri, USA).

Cell line and transfection. Human embryonic kidney cell line 293T was cul-
tured in DMEM medium with 5% FBS. The cells were seeded in 12-well 
plates and transfected using Lipofectamine 2000 (Invitrogen).

Figure 6
CYLD targets TRAF6, which is promoted by p62. (A) Wild-type and Cyld–/– BMDMs were cultured 
for 2 days in M-CSF medium in either the absence (–) or presence (+) of GST-RANKL. TRAF6 
was isolated by IP followed by IB to detect ubiquitin-conjugated TRAF6 (upper panel) or unmodified 
TRAF6 (lower panel). In lanes 5 and 6, the RANKL-treated cells were chased in RANKL-free media 
overnight before the TRAF6 ubiquitination assay. (B) Wild-type BMDMs were cultured for 2 days in 
M-CSF medium in the absence or presence of GST-RANKL. TRAF6 was isolated by IP followed by 
detection of the associated CYLD by IB (top panel). The lysates were subjected to IB to monitor the 
expression of CYLD and TRAF6 (middle and bottom panels). (C) Wild-type BMDMs were cultured 
for 2 days in M-CSF medium in the absence or presence of GST-RANKL. CYLD was isolated by IP 
followed by detection of the associated p62 by IB (top panel). The cell lysates were subjected to IB to 
monitor the expression of CYLD and p62 (middle and bottom panels). (D) 293 cells were transfected 
with CYLD along with vector control (V), wild-type p62, or p62ΔUBA. CYLD was isolated by IP, and 
its associated p62 was detected by IB (top panel). Protein expression in cell lysates was monitored 
by direct IB (middle and bottom panels). (E) 293T cells were transfected with either an empty vector 
or expression vectors encoding wild-type p62 or p62ΔUBA. Lanes 2–4 were also transfected with 
CYLD. Endogenous TRAF6 was isolated by IP followed by IB to detect the associated CYLD or the 
precipitated TRAF6 (top 2 panels). The cell lysates were subjected to IB to detect the expression of 
CYLD, EGFP-tagged p62 proteins, and TRAF6 (bottom 3 panels).
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MicroCT. Femurs of age-matched Cyld+/+ and Cyld–/– male mice (14 weeks 
of age; 7 mice/group) were subjected to analysis by using a Scanco vivaCT 
40 scanner (Scanco Medical). Distal femoral metaphysis, 263 μm–1,040 μm 
from the growth plate, was assessed for trabecular bone architecture. Fem-
oral mid-diaphysis was analyzed for cortical bone morphology. Data were 
analyzed for statistical significance using Mann-Whitney U test (GraphPad 
Prism). A P value of less than 0.05 was considered significant.

Histology. Femurs of age-matched Cyld+/+ and Cyld–/– male mice (14 weeks of 
age) were fixed in 10% neutral buffered formalin for 2 days, decalcified in 10% 
EDTA for 10 days, and embedded in paraffin. Sections (6 μm) were cut and 
subjected to H&E and TRAP staining using a TRAP assay kit (Sigma-Aldrich).

Bone marrow culture, retroviral infection, and in vitro osteoclastogenesis. 
BMDMs were prepared from femurs and tibia of age-matched Cyld+/+ and 
Cyld–/– mice (4–10 weeks of age) as previously described (41). For in vitro 
OC differentiation, the cells were cultured in 6-well plates (1 × 106/well) in 
DMEM growth medium supplemented with 15–30 ng/ml M-CSF and the 
indicated amounts of GST-RANKL. After 4–7 days, OCs were visualized by 
TRAP staining using a commercial kit (Sigma-Aldrich).

Retroviral infection of bone marrow cells was essentially as described 
previously (41, 42) except for the use of pCL-Eco (43) as the packaging 
plasmid. Briefly, bone marrow cells were cultured in macrophage growth 
medium using 6-well plates. The cells were infected twice, on days 3 and 
4, with pCLXSN(GFP) or pCLXSN(GFP)-CYLD and cultured in DMEM 
growth medium supplemented with M-CSF and GST-RANKL. OCs were 
visualized by fluorescence microscopy.

Flow cytometry. BMDMs were stained with PE-conjugated anti-mouse 
RANK or PE-conjugated anti-mouse M-CSFR and subjected to flow cytom-
etry analyses as previously described (22).

IB, EMSA, and ubiquitination assay. Whole-cell lysates were prepared from 
BMDMs or preosteoclasts in a cell lysis buffer supplemented with phosphatase 
inhibitors and subjected to IB as previously described (44). Nuclear extracts 
were prepared and subjected to EMSA using a 32P-radiolabeled oligonucle-
otide probes for NF-κB (5′-CAACGGCAGGGGAATTCCCCTCTCCTT-3′) 
and AP-1 (5′-GATCTAGTGATGAGTCAGCCG-3′).

For ubiquitination assays, cells were lysed in kinase lysis buf-
fer supplemented with 1 mM N-ethylmaleimide (NEM). TRAF6 was 
immunoprecipitated using TRAF6-specific antibody, and the ubiquitin-
conjugated TRAF6 was detected by IB using anti-ubiquitin antibody.

Real-time quantitative RT-PCR. Total RNA was isolated from preosteoclasts 
using TRI reagent (Molecular Research Center Inc.) and subjected to cDNA 

synthesis using RNase H–reverse transcriptase (Invitrogen) and oligo-dT prim-
ers. The initial quantity of cDNA samples was calculated from primer-specific 
standard curves with iCycler Data Analysis software. Real-time quantitative 
PCR was performed using iCycler Sequence Detection System (Bio-Rad) and 
RT2 Real-Time SYBR green PCR master mix (SuperArray). The expression of 
individual genes was calculated by a standard curve method and normalized 
to the expression of actin for Figure 3D and GAPDH for Figure 5B. Data are 
presented as fold change between the RANKL-induced cells (both Cyld+/+ and 
Cyld–/–) and the unstimulated Cyld+/+ cells. The gene-specific primer sets (all 
for murine genes) were: Cyld, 5′-GGACAGTACATCCAAGACCG-3′ and 5′-
GAACTGCATGCGGTTGCTC-3′; TRAP, 5′-TGGTCCAGGAGCTTAACTGC-
3′ and 5′-GTCAGGAGTGGGAGCCATATG-3′; cathepsin K, 5′-GTGGGT-
GTTCAAGTTTCTGC-3′ and 5′-GGTGAGTCTTCTTCCATAGC-3′; 
calcitonin receptor, 5′-CTCCAACAAGGTGCTTGGGA-3′ and 5′-GAAGCAG-
TAGATAGTCGCCA-3′; actin, 5′-CGTGAAAAGATGACCCAGATCA-3′ and 
5′-CACAGCCTGGATGGCTACGT-3′; GAPDH, 5′-CTCATGACCACAGTC-
CATGCCATC-3′ and 5′-CTGCTTCACCACCTTCTTGATGTC-3′.
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Figure 7
A model of CYLD function in RANK signaling. Engagement of 
RANK by RANKL induces TRAF6 ubiquitination (Ub) and activation 
of downstream signaling molecules, leading to induction of genes 
involved in osteoclastogenesis. The RANK signaling also results in 
upregulation of CYLD as well as p62. CYLD targets TRAF6 via the 
assistance of p62, thereby negatively regulating TRAF6 ubiquitina-
tion and RANK signaling.
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