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The cytokines RANKL and TNF activate NF-κB signaling in osteoclast precursors (OCPs) to induce osteoclast 
(OC) formation. Conversely, TNF can limit OC formation through NF-κB p100, which acts as an inhibitor, 
and TNF receptor–associated receptor 3 (TRAF3); however, a role for TRAF3 in RANKL-mediated OC forma-
tion is unknown. We found that TRAF3 limits RANKL-induced osteoclastogenesis by suppressing canoni-
cal and noncanonical NF-κB signaling. Conditional OC-specific Traf3-KO (cKO) mice had mild osteoporosis 
and increased OC formation. RANKL induced TRAF3 degradation via the lysosome/autophagy system. The 
autophagy/lysosome inhibitor chloroquine reduced RANKL-induced OC formation and function by increas-
ing TRAF3 expression in OCPs in vitro and in vivo. Although chloroquine had no effect on basal bone resorp-
tion, it inhibited parathyroid hormone– and ovariectomy-induced OC activation in WT, but not cKO, mice. 
Deletion of the transcription factor gene Relb resulted in increased TRAF3 expression in OCPs, which was 
associated with decreased RANKL-induced TRAF3 degradation. RelB directly increased expression of BECN1, 
a key autophagy regulator, by binding to its promoter. These data indicate that autophagic/lysosomal degrada-
tion of TRAF3 is an important step in RANKL-induced NF-κB activation in OCPs. Furthermore, treatments 
that increase TRAF3 levels in OCPs, including pharmacological inhibition of its degradation with compounds 
such as chloroquine, may limit bone destruction in common bone diseases.

Introduction
Bone homeostasis is maintained by a delicate balance between 
osteoclastic bone resorption and osteoblastic bone formation. 
Disruption of this balance with a higher rate of bone resorption 
occurs in metabolic and inflammatory bone disorders, such as 
postmenopausal osteoporosis and RA, resulting in increased risk 
of fracture and joint destruction, respectively (1). Osteoclasts 
(OCs) resorb bone in physiologic and pathologic conditions (2), 
and their formation and activity are increased in osteoporosis 
and RA as a result of increased production of proinflammatory 
cytokines, such as TNF and RANKL, which activate NF-κB (3).

NF-κB transcriptional factors regulate immune and numerous 
other cellular responses and play critical roles in skeletal development, 
endochondral ossification, OC and osteoblast functions, and com-
mon bone diseases (4). In mammals, there are 5 NF-κB family mem-
bers: RelA (p65), RelB, and c-Rel, and the precursor proteins NF-κB1 
(p105) and NF-κB2 (p100), which are processed into p50 and p52, 
respectively (5). Canonical NF-κB signals through IKKβ and NF-κB 
essential modulator (NEMO), leading to phosphorylation of IκBα 
and translocation of p65/p50 heterodimers into nuclei in response 
to cytokines; noncanonical NF-κB stimulates IKKα-mediated phos-
phorylation of p100 through activation of NF-κB–inducing kinase 
(NIK) and leads to processing of p100 to p52 and release of RelB/p52 
complexes. Noncanonical signaling is induced by TNF family mem-
bers, including RANKL, CD40 ligand, BAFF, and lymphotoxin-β (5).

A role for NF-κB signaling in bone was first identified in reports 
of defective cytokine-induced osteoclastogenesis in NF-κB1/2 

double-KO mice (6, 7), but NF-κB–induced osteoclastogenesis 
by cytokines remains incompletely understood. NF-κB is a piv-
otal regulator of RANKL- and TNF-induced osteoclast precursor 
(OCP) differentiation and is activated via TNF receptor–associat-
ed factors (TRAFs), which share a common C-terminal structural 
TRAF domain that mediates oligomerization and receptor bind-
ing. RANKL activates both canonical and noncanonical NF-κB sig-
naling in OCPs through TRAF6 and NIK, leading to activation of 
IKKβ and IKKα, respectively (4, 8), and to stimulatory and inhibi-
tory signaling in the cells (5). Similarly, TNF stimulates OC for-
mation directly, but it also limits RANKL-and TNF-mediated OC 
formation by increasing cellular levels of NF-κB p100 (9) and other 
inhibitory proteins (4, 10). TNF typically induces fewer OCs than 
RANKL in vitro when WT OCPs are used, but it induces similar 
numbers of OCs from Nfkb2–/– OCPs as RANKL and also robust 
OC formation in Rankl–/– and Rank–/– mice deficient in p100. 
These findings indicate that p100 inhibits TNF-induced osteo-
clastogenesis by a TNF receptor–associated receptor 3–dependent 
(TRAF3-dependent) mechanism (9), but the mechanism whereby 
TRAF3 inhibits osteoclastogenesis has been unclear, although it 
does involve NIK degradation (11).

Apart from their role as adaptor proteins, TRAFs also act as E3 
ubiquitin ligases, a function crucial for the activation of NF-κB 
signaling (12). Overexpression and genetic studies identified 
positive activation roles for TRAF2, -5, and -6 in canonical NF-κB 
signaling (13–15). However, study of the role of TRAF3 in NF-κB 
signaling has been difficult because most Traf3-KO mice die within 
the first week after birth (16). A report that TRAF3 is constitutively 
bound to NIK and mediates NIK ubiquitination and degradation 
in B cells identified a critical negative regulatory role of TRAF3 
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in noncanonical signaling (17). Furthermore, Traf3–/– mice have 
marked B cell accumulation of NIK, and compound deficiency of 
NF-κB p100 rescued their early postnatal lethality (18). Although 
deficiency of NIK or its downstream signaling molecule, RelB, 
appears to have little effect on basal bone homeostasis, Nik–/– 
and RelB–/– mice have defective osteoclastogenesis in response to 
pathologic osteolysis in vivo (8, 19). Additionally, transgenic mice 
with OC-targeted overexpression of a mutant NIK lacking the 
TRAF3-binding domain have decreased bone mass and increased 
bone erosion in a serum-transfer model of RA (11). Collectively, 
these data indicate that NIK and TRAF3 play important negative 
regulatory roles in noncanonical NF-κB signaling.

Results
Mice with OC-specific deletion of TRAF3 have increased osteoclastogenesis 
and osteoporosis, mediated by increased canonical and noncanonical NF-κB 
signaling. Culture of WT BM cells with M-CSF for 2 days followed by 
RANKL typically results in microscopically recognizable OCs 4 days  
later (data not shown). Expression of NFATc1, the master regula-
tor of osteoclastogenesis (4), increased significantly 4 days after 
RANKL treatment, while TRAF3 protein levels decreased progres-
sively (Figure 1A) and TRAF3 mRNA levels remained unchanged 
(Supplemental Figure 1A; supplemental material available online 
with this article; doi:10.1172/JCI66947DS1). We generated a 
TRAF3 retroviral expression vector by inserting a human TRAF3 
cDNA fragment into a pMX-IRES-GFP retroviral expression vec-
tor. After transfecting pMX-IRES-GFP or pMX-TRAF3-IRES-GFP 
vectors into PlatE packaging cells using Fugene 6, virus superna-
tants were collected and added to WT OCPs generated by cultur-
ing BM cells with M-CSF for 3 days (20). Approximately 60%–70% 
infection efficiency was confirmed in all samples by flow cytometry 
(data not shown). GFP+ cells were sorted and cultured with M-CSF 
plus RANKL. Numerous tartrate-resistant acid phosphatase–posi-
tive (TRAP+) OCs were observed in pMX-GFP–infected cells, but 
OC formation was decreased approximately 3-fold in pMX-TRAF3-
IRES-GFP–infected cells (Figure 1B).

We next generated 2 new lines of mice with TRAF3 expression 
targeted to OC lineage cells: Traf3f/f;cathepsin Kcre (which we call 
C-cKO) and Traf3f/f;lysozyme Mcre (L-cKO) mice, and found that 
C-cKO BM cells cultured with M-CSF plus RANKL for 3 days 
formed TRAP+ multinucleated OCs, but WT cultures did not 
(Supplemental Figure 1B). Although C-cKO and WT cells had 
formed similar numbers of OCs 2 days later, C-cKO OCs were 
larger, resulting in significantly increased OC area (Supplemental 
Figure 1B) and suggesting that TRAF3 negatively regulates osteo-
clastogenesis and perhaps fusion. We observed similar findings in 
cells from L-cKO mice (data not shown). L-cKO and C-cKO mice 
have normal bone phenotypes, similar to WT mice (Supplemen-
tal Figure 1C). Thus, we used Cre littermates as WT controls for 
future experiments. When we used RANKL at low concentrations 
(≤5 μg/ml), WT OCs generally formed later and were smaller (data 
not shown), but C-cKO cells in these conditions had greater OC-
forming ability than WT cells (Figure 1C) and increased resorption 
pit areas when cultured on bone slices with M-CSF plus RANKL 
for 9 days, although OC numbers were similar by this time (Sup-
plemental Figure 2). We also cultured these cells on 6-well plates 
for 6 days, resuspended the cells with 0.25% trypsin/EDTA, and 
replated equal numbers of OCs on bone slices in 96-well plates 
for an additional 4 days. Resorption pit area and numbers were 
similar between C-cKO and WT OCs (data not shown), consistent 

with TRAF3 having its major role in RANKL-induced OC forma-
tion rather than function.

Importantly, we found that 2-month-old C-cKO mice have mild 
osteoporosis, as indicated by significantly reduced tibial trabecular 
bone volume (BV) (Figure 1D), trabecular number, and thickness, 
with mean values for trabecular connectivity and separation being 
numerically lower and higher, respectively, but these did not reach 
statistical significance (Supplemental Figure 1D). These were 
associated with increased OC numbers and surfaces (Figure 1E),  
compared with control mice.

Previous TRAF3 overexpression studies in B cells suggested 
that TRAF3 suppresses canonical NF-κB activation (21). To test 
the mechanism by which TRAF3 inhibits osteoclastogenesis, we 
examined canonical and noncanonical protein levels in OCPs 
overexpressing TRAF3 in response to RANKL and observed mark-
edly increased expression of NFATc1, NIK, p52, RelB, and RelA 
in pMX-GFP–infected OCPs (Figure 1F). In RANKL-treated pMX-
TRAF3-IRES-GFP–infected OCPs, induction of NFATc1, NIK, 
RelA, and RelB was reduced compared with GFP-infected controls, 
accompanied by decreased p100 to p52 processing (Figure 1F).  
Consistent with these findings, we observed increased RelA, RelB, 
and NIK levels and increased p100 to p52 processing in L-cKO 
OCPs, even without RANKL stimulation (Figure 1G). Further 
addition of RANKL did not affect expression levels of these mol-
ecules, presumably reflecting prior exposure of primary cells to 
RANKL in vivo or the effects of constitutively active NIK. Fur-
thermore, RelA nuclear translocation is increased in L-cKO OCPs 
under basal and RANKL-induced conditions (Figure 1H), indicat-
ing enhanced NF-κB signaling. We observed similar findings in 
C-cKO cells (data not shown).

TRAF3 ring finger domain is required for RANKL-induced TRAF3 
degradation through a lysosome/autophagosome-dependent mechanism. 
TRAF3 contains 3 major domains: a ring finger (RF), required for 
suppression of NIK (22); a zinc finger (ZF), required for NF-κB 
activation (23); and a TRAF domain, which binds degradation-
targeted proteins, such as NIK (22). We overexpressed RANK and 
TRAF3 in 293T cells to examine which TRAF3 domain or domains 
are required for its degradation. TRAF3 protein levels decreased 
significantly in these cells with serum starvation, which can induce 
autophagy in many cell types (24), and with RANKL treatment 
(Figure 2A). In contrast, TRAF3 accumulated with serum starva-
tion or RANKL in cells expressing TRAF3 deletion mutants lack-
ing either the RF or the RF and ZF domains. In contrast, with 
serum-starvation or RANKL treatment, TRAF3 levels decreased 
slightly in cells with the TRAF domain deleted. We observed simi-
lar findings in L-cKO OCPs infected with WT and mutant TRAF3 
retroviruses. These findings contrast with a report that a NIK 
mutant lacking the TRAF3-binding domain is constitutively active 
(11). They suggest that the TRAF3-binding domain of NIK is nec-
essary for NIK proteasomal degradation, while the TRAF domain 
of TRAF3 is not essential for TRAF3 degradation.

CD40 or BAFF-R engagement in B cells induces rapid, protea-
some-dependent TRAF3 degradation (25). To determine whether 
RANKL induces TRAF3 ubiquitination and degradation in OCPs, 
we incubated endogenous TRAF3 proteins with a high-binding 
affinity ubiquitin matrix and captured ubiquitinated proteins 
using an anti-TRAF3 Ab. RANKL markedly increased TRAF3 
ubiquitination (Figure 2B), which can occur in proteasomes, lyso-
somes, and autophagosomes in mammalian cells (26). To examine 
the mechanism involved, we pretreated WT OCPs with the lyso-
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Figure 1
Mice with OC-specific deletion of TRAF3 have increased osteoclastogenesis and mild osteoporosis mediated by increased canonical and nonca-
nonical NF-κB signaling. (A) WBs of TRAF3 and NFATc1 expression in WT BM cells treated with M-CSF plus RANKL. Lanes were run on the same 
gel, but were noncontiguous. (B) OCs formed from FACSAria-sorted WT OCPs infected with GFP or TRAF3-IRES-GFP (TRAF3-GFP) retroviruses 
treated with RANKL. Original magnification, ×10. *OC centers. TRAP+ OCs were counted. (C) BM-derived C-cKO or WT cells cultured with RANKL. 
*P < 0.05. (D) Representative tibial μCT scans from 2-month-old CatK-Cre or C-cKO mice. *P < 0.05. (E) Representative TRAP-stained tibial sec-
tions and bone histomorphometry from 2-month-old WT or C-cKO mice; boxed areas in lower images. Scale bars: 500 μm (upper panels); 50 μm 
(lower panels). OcS/BS, OC surface/bone surface (%). *P < 0.05. (F) WBs of whole cell lysates of WT OCPs infected with GFP or TRAF3-IRES-
GFP retroviruses and cultured with RANKL for 5 days. (G and H) WBs of WT and L-cKO OCPs treated with RANKL for 48 hours. Cyto, cytoplasmic.
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some inhibitors chloroquine (CQ) for 6 hours or NH4Cl for 1 hour 
or with the proteasome inhibitor MG132 for 4 hours, followed by 
RANKL, and evaluated the extent of TRAF3 degradation by West-
ern blot (WB). Pretreatment with either CQ or NH4Cl, but not 
MG132, markedly increased TRAF3 levels in response to RANKL 

(Figure 2C). To confirm that MG132 functioned effectively as a 
proteasome inhibitor (27), we treated WT OCPs with RANKL plus 
MG132 for 15 and 30 minutes and found that compared with 
DMSO control, MG132 blocked RANKL-induced IκBα degrada-
tion (Figure 2C).

Figure 2
RANKL-induced TRAF3 degradation is lysosome mediated. (A) 293T cells transfected with HA-tagged WT or mutant TRAF3 constructs. L-cKO 
BM-derived OCPs infected with WT or mutant pMX-TRAF3 viruses were serum deprived or treated with RANKL for 8 hours. (B) Ubiquitinated 
(Ub) proteins from whole cell lysates of RANKL-treated (2 hours) WT OCPs using UbiQapture-Q Matrix blotted with anti-TRAF3 Ab. (C) WT OCPs 
pretreated with NH4Cl (50 mM) for 1 hour, CQ (50 mM) for 6 hours, or MG132 (20 mM) for 4 hours were treated with RANKL for 8 hours. For IκBα, 
WT OCPs were treated with DMSO or MG132 with or without RANKL for indicated times. Lanes were run on the same gel, but were noncontigu-
ous in B and C. (D) WT OCPs pretreated with bafilomycin (Bafilo; 50 ng/ml) for 16 hours or 3-MA (3-MA (5 mM) for 2 hours were treated with or 
without RANKL for 8 hours in serum-enriched or -deprived conditions. (E) TRAF3-GFP retrovirus–infected WT OCPs treated with RANKL for 
8 hours were fixed and double-stained with TRAF3 and LAMP2 Abs. Left plot shows background staining with isotype control Abs. (F) TRAF3-
GFP retrovirus–infected WT OCPs stained with anti-LAMP2 Ab. Colocalization assessed using confocal microscopy. Original magnification, ×60. 
(G) TRAF3-GFP retrovirus–infected WT OCPs treated with or without RANKL or CQ (2 mM) were stained with anti-LAMP2 Ab. TRAF3/LAMP2 
double-positive cells were counted. Original magnification, ×20. *P < 0.05.
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Figure 3
CQ inhibits OC formation in vitro. (A) Typical in vitro OC 
formation time-course. BM-derived WT OCPs were 
treated with M-CSF (M) for 2 days and with M-CSF 
plus RANKL (R) for 4 days. CQ was added on day 2 
(B), or day 4 (C). Original magnification, ×4. *P < 0.05.  
(D) WBs of WT OCPs treated with RANKL with or 
without CQ (10 μM) for 3 days. (E) WBs of Traf3f/f 
OCPs infected with MSCV-GFP (GFP) or MSCV-Cre-
GFP (Cre-GFP) retroviruses and GFP-FACS sorted 
or (F) cultured with RANKL with or without CQ (2 μM) 
for 5 days. (G) WBs of whole cell lysates from WT or 
TRAF3 L-cKO mouse tissues. (H) WBs of BM cells 
cultured with RANKL with or without CQ (2 μM) for  
5 days. **P < 0.01 vs. PBS.



research article

302 The Journal of Clinical Investigation   http://www.jci.org   Volume 124   Number 1   January 2014

Figure 4
CQ affects OC function in vitro and in vivo. (A) WT OCPs cultured with RANKL with or without CQ (5 μM) for 9 days. TRAP staining (left panels) 
and toluidine blue (right panels, to highlight resorption pits). Values are means + SEM of 4 wells. **P < 0.01 vs PBS. Original magnification, ×20. 
(B–D) Representative TRAP-stained sections and OC numbers in calvarial (B) and tibial (C) sections from 10- to 12-week-old male WT or L-cKO 
mice treated with CQ (50 mg/kg/d i.p. for 10 days) and given supracalvarial injections of hPTH(1-34 aa) (10 μg/mouse) 4×/d for 3 days beginning 
on day 7. (D) Representative H&E-stained tibial sections from the mice in C illustrating marrow fibrosis (arrows) and values for percentage of 
marrow space occupied by marrow fibrosis. Values are means + SEM of 4 mice/group. *P < 0.05. Boxed areas in B–D are illustrated at higher 
magnification in Supplemental Figure 5. Scale bars: 50 μm (B); 500 μm (C and D).
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We next tested autophagy inhibitors on RANKL-induced TRAF3 
degradation. Bafilomycin A1 blocks fusion of the autophago-
some and the lysosome (28); it increased accumulation of TRAF3  
(Figure 2D). 3-Methyladenine (3-MA), which blocks PI3K, had no 
effect on TRAF3 degradation in serum-enriched conditions. How-
ever, TRAF3 accumulated in serum-deprived OCPs treated with 
3-MA (Figure 2D), consistent with 3-MA–inhibiting autophagy 
only in serum-deprived cells (29). We next infected WT OCPs with 
a pMX-TRAF3-GFP retrovirus and found that TRAF3 and LAMP2 
(a lysosome marker) were coexpressed in approximately 23% of 
RANKL-treated cells (Figure 2E). Confocal microscopy showed that 
the TRAF3-GFP fusion protein was localized mostly in the cytosol 
in OCPs (Figure 2F). RANKL significantly increased colocalization 
of TRAF3 and LAMP2, which was reduced by CQ (Figure 2G).

CQ inhibits RANKL-induced OC formation by preventing lysosomal degra-
dation of TRAF3. To determine whether CQ affects OC formation, we 

cultured WT BM cells with M-CSF for 2 days, added RANKL, and 
stained them for TRAP activity on days 2, 4, 5, and 6. Two days after 
RANKL addition, OCPs differentiated into TRAP+ mononuclear cells, 
which we called pre-OCs, that ultimately fused to form OCs over the 
following 2 days (Figure 3A). When we added CQ during the initial 
stages of OC formation, the total number of OCs and large OCs and 
OC area were significantly reduced dose dependently, with the highest 
dose (10 μM) inducing a 3-fold reduction in OC numbers (Figure 3B).  
Addition of CQ during the later stages of OC formation reduced OC 
area, with no effect on total and large OC numbers (Figure 3C). Fur-
thermore, when these OCPs were treated with RANKL plus CQ for 3 
days, the percentage of apoptotic and dead cells was similar to that in 
controls (6.1 vs. 5.3%, data not shown). Thus, CQ inhibits OCP dif-
ferentiation, but not OCP fusion or OC survival.

CQ is an anti-malarial agent, and like its derivative, hydroxychlo-
roquine, has been used early in the treatment of systemic lupus 

Figure 5
CQ prevents OVX-induced bone loss in WT, but not in C-cKO mice. OVX or sham-operated 8- to 9-week-old WT and C-cKO mice treated with 
PBS or CQ (50 mg/kg/d i.p. for 28 days). (A) Representative μCT images of tibiae and trabecular BVs. (B) Representative TRAP-stained tibial 
sections and histomorphometric data for OC surface and numbers. Values are the mean + SEM of 5∼9 mice/group. *P < 0.05. Boxed areas are 
shown at higher magnification in Supplemental Figure 6B. Scale bar: 500 μm.
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erythematosus and RA, but the precise mechanism of action in 
autoimmune diseases is not clear (30). We found that TRAF3 levels 
increased markedly in OCPs after CQ treatment (10 μM for 3 days); 
this was accompanied by decreased NFATc1 expression (Figure 3D). 
We infected OCPs from Traf3f/f mice with MSCV-Cre-GFP (where 
MSCV indicates murine stem cell virus) or MSCV-GFP retrovirus 
and sorted GFP+ cells to verify deletion of TRAF3 (Figure 3E). Sorted 
GFP+ cells then were cultured with or without CQ in OC formation 
assays. TRAF3-deficient and WT OCPs formed similar numbers of 
OCs, and CQ reduced OC numbers from WT cells (∼80%), but had 
no effect on TRAF3-deficient cells (Figure 3F). We next confirmed 
specific deletion of TRAF3 protein in BM cells and OCPs from 
L-cKO mice (Figure 3G) and found that CQ did not inhibit RANKL-
induced OC formation in TRAF3-deficient cells (Figure 3H).

CQ inhibits OC formation in vitro and PTH- and ovariectomy-induced 
bone resorption in vivo via TRAF3. We next cultured WT OCPs on 
bone slices with RANKL for 9 days and found that CQ-treated 
cells formed few TRAP+ OCs (12 ± 3 vs. 656 ± 17 in controls) and 
few resorption pits, which covered very little of the bone slices 
(0.04 ± 0.01 mm2) compared with controls where pits occupied 
most of the surface (6.9 ± 0.7 mm2) (Figure 4A). We then treated 
3-week- or 3-month-old WT and C-cKO mice with CQ (25 mg/kg 

i.p, once daily) for 28 days and found no significant difference in 
BV or other structural parameter values assessed by μCT in tibiae 
compared with those of vehicle-treated mice (Supplemental Fig-
ure 3, A and B), suggesting that this regimen of CQ has no effect 
on basal bone resorption or bone mass. Further time-course and 
dose-response studies will be required to determine whether CQ 
can inhibit basal bone resorption.

To determine whether CQ affects osteoblast formation or func-
tion, we performed CFU-F, CFU–alkaline phosphatase (CFU-ALP), 
and bone nodule formation assays using 2 μM CQ, which inhibits 
OC formation. We found that CQ had no effects on any of these 
indices of osteoblast function in WT BM stromal cells (Supple-
mental Figure 4A), suggesting that the predominant effect of 
CQ is on OCs. Parathyroid hormone (PTH) is a primary regula-
tor of calcium homeostasis and has both anabolic and catabolic 
effects, associated with intermittent or continuous administra-
tion, respectively (31, 32). To test whether CQ affects PTH-induced 
bone formation, we administered PTH (2 μg/kg, 3×/d) intermit-
tently to WT mice for 14 days along with CQ (50 mg/kg, 1×/d). 
PTH treatment significantly increased trabecular BV, trabecular 
thickness, and mineral apposition (MAR) and bone formation 
rates (BFR), but CQ had no effect (Supplemental Figure 4, B–D).

Figure 6
RelB positively regulates RANKL-induced TRAF3 degradation. (A) WBs of WT and RelB–/– BM whole cell lysates and TRAF3 levels quantified 
densitometrically (mean + SEM of 3 blots). (B) WBs of RANKL-treated RelB–/– OCPs. (C) WBs of WT or RelB–/– OCPs infected with pMY-GFP 
or pMY-RelB-GFP retrovirus for 2 days and treated with RANKL for 8 hours. Arrowhead, specific RelB band. Lanes were run on the same gel, 
but were noncontiguous. (D) WT or RelB–/– OCPs infected with control GFP shRNA (Ctl-shRNA) or TRAF3 shRNA lentiviruses for 2 days were 
cultured with MCSF plus RANKL for 4 days. TRAF3 knockdown was confirmed by RT-PCR. Total numbers of OCs and large OCs were counted. 
(E) EM images of WT or RelB–/– OCPs treated with RANKL for 4 days in 2-well culture chambers showing autophagosomes (arrows).
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We next examined the effects of CQ in an in vivo model of patho-
logic bone resorption in which PTH stimulates OC formation by 
inducing RANKL expression (33). We treated L-cKO or Cre-nega-
tive control mice with CQ (50 mg/kg, 1×/d) for 7 days followed by 
CQ plus PTH (10 μg/mouse, 4×/d, s.c. over calvariae) for another 
3 days (34). CQ markedly reduced PTH-induced OC formation in 
calvariae and tibiae in WT mice compared with PBS treatment, but 
not in L-cKO mice (Figure 4, B and C, and Supplemental Figure 
5, A and B). A similar pattern of change was observed in serum 
TRAP5b levels (Supplemental Figure 5D). Furthermore, marrow 
fibrosis (a hallmark of PTH-induced resorption) was observed in all 
groups except the WT mice treated with CQ and PTH (Figure 4D  
and Supplemental Figure 5C). Similar results were obtained in a 
separate experiment using C-cKO mice (data not shown).

To further evaluate the effects of CQ on bone resorption in vivo, 
we used 8- to 9-week-old female C-cKO or Cre-negative control mice 
in an ovariectomy (OVX) model. Two days after surgery, mice were 
treated with PBS or CQ (50 mg/kg, i.p. 1×/d) for 28 days, and tibiae 
were analyzed using μCT and histology. Four weeks after surgery, 
uterine weights and tibial BVs in OVX mice were markedly reduced 
compared with those of sham-operated WT and C-cKO mice, con-
sistent with OVX, and BVs were significantly lower in C-cKO than 
in WT mice (Figure 5A and Supplemental Figure 6A). In addition, 
CQ prevented OVX-induced bone loss and increased OC num-
bers and surfaces in WT mice, but not in C-cKO mice (Figure 5,  
A and B, and Supplemental Figure 6, B and C).

RelB is required for RANKL-induced TRAF3 lysosomal degradation by 
regulating BECN1 expression. We next investigated basal and induc-
ible TRAF3 levels in RelB–/– OCPs, in part because RANKL/NIK/
p100 signaling activates RelB (5) and also to determine whether 
RelB regulates TRAF3 degradation. Basal TRAF3 protein levels 
were 5-fold higher in RelB–/– BM cells than in WT cells (Figure 6A).  
In addition, in contrast to the time-dependent decrease in TRAF3 
levels induced by RANKL in WT OCPs (Figure 1A), significant 
accumulation of TRAF3 protein was observed in RANKL-treated 
RelB–/– OCPs (Figure 6B), suggesting that RelB promotes RANKL-
induced TRAF3 degradation. To test this, we infected RelB–/– 
OCPs with pMY-RelB to determine whether adding back RelB 
could restore RANKL-induced TRAF3 degradation. TRAF3 levels 
decreased significantly in GFP control virus–infected OCPs 8 hours 
after RANKL stimulation (similar to Figure 2C). This decrease did 
not occur in GFP control virus–infected RelB–/– OCPs, but was seen 
in RelB–/– OCPs overexpressing pMY-RelB (Figure 6C).

M-CSF plus RANKL–treated RelB−/− BM cells generated signifi-
cantly fewer mature OCs than WT cells (8). To further investigate 
the role of TRAF3 in these conditions, we infected WT and RelB−/− 
OCPs with control GFP (Ctl-GFP) or TRAF3 shRNA lentivirus and 
confirmed TRAF3 knockdown by RT-PCR. TRAF3 mRNA levels were 
35% higher in RelB−/− than in control OCPs (Figure 6D), and RelB−/− 
cells formed fewer OCs than WT cells. TRAF3 knockdown induced 
significantly more OCs from RelB−/− cells (267 ± 18 to 490 ± 54) and 
to a greater extent than WT virus-infected cells (367 ± 6; Figure 6D).

Figure 7
RANKL-induced TRAF3 degradation is absent in BECN1, but not in ATG5/7 knockdown OCPs. (A) WBs of WT OCPs treated with RANKL. (B–E) 
WT OCPs infected with Ctl-GFP, BECN1, or ATG5 and ATG7 shRNA lentiviruses for 2 days. (B) mRNA levels of BECN1, ATG5, and ATG7. (C) 
WB of infected cells treated with RANKL for 8 hours. (D) OCs formed from infected cells cultured with RANKL for 5 days. *P < 0.05 vs. Ctl-GFP 
shRNA. (E) EM images and numbers of autophagosomes (arrows, expressed/cell in at least 50 cells/preparation from 2 independent experi-
ments) in infected cells.
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teins (Figure 7A). Moreover, RANKL-induced TRAF3 degradation 
and autolysosome formation were impaired in cells with shRNA 
knockdown of BECN1, but not of ATG5/7 (Figure 7, B, C, and E), 
associated with a significant reduction in OC numbers (Figure 7D). 
TRAF3 levels in OCPs treated with ATG5/7 shRNA fell in response 
to RANKL, similar to control shRNA, but this was associated with 
reduced osteoclastogenesis and increased autolysosome numbers, 
suggesting that ATG5/7 may regulate the degradation of other 
modulators that contribute to RANKL-induced OC formation.

BECN1 associates with PI3KIII/Vps34 as a platform that modu-
lates autophagosome formation during early steps of autophagy 
(37). The reduction in TRAF3 induced by RANKL was accompa-
nied by increased RelB and BECN1 protein and mRNA levels in 
WT OCPS, but not in RelB–/– OCPs (Figure 8, A and B), suggesting 
an association between RelB and BECN1. There are 4 κB binding 
sites in the BECN1 promoter and in its first intron region, and 
RelA upregulates BECN1 transcriptional activity (37). We there-

To further explore the role of RelB in RANKL-induced TRAF3 
lysosomal degradation, we used transmission EM (widely used to 
monitor autophagy) (35) to evaluate the ability of WT and RelB–/– 
cells to form autophagosomes. Initial steps in autophagy include 
formation and expansion of an isolation membrane, also called a 
phagophore, the edges of which fuse to form an autophagosome, 
a double-membraned vesicle that sequesters cytoplasmic material. 
Autophagosomes then fuse with lysosomes to form autolysosomes 
where the captured material, together with the inner membrane is 
degraded (36). Autophagic vacuoles with their characteristic dou-
ble membranes formed in WT, but not in RelB−/−, cells in response 
to RANKL (Figure 6E).

Having demonstrated that RANKL-induced TRAF3 degrada-
tion is lysosome/autophagy-mediated, we next examined protein 
levels in OCPs of ATG5, ATG7, ATG8, and beclin 1 (BECN1), key 
molecules in autophagosome formation (37). RANKL upregulated 
expression of BECN1 (∼3-fold), but not of the other autophagic pro-

Figure 8
RelB binds to the BECN1 promoter and regulates its expression. Whole cell lysate WBs (A) and RT-PCR–detected BECN1 mRNA levels (B) in WT 
or RelB–/– OCPs treated with RANKL or vehicle for 8 hours. (C) 293T cells transfected with RelA- or RelB-expressing plasmids or cotransfected 
with a human BECN1 promoter pGL3-Luc reporter and a Renilla luciferase plasmid and RelA- and/or RelB-expressing plasmids. RANKL-treated 
samples were cotransfected with a hRANK plasmid. (D) RelA- or RelB siRNAs were transfected into 293T cells 48 hours before cotransfection with 
pGL3-Luc and Renilla plasmids. Protein levels were assessed by WB. Dual-luciferase assays were performed 24 hours after transfection. Values 
in C and D are means + SEM from 3 independent experiments. *P < 0.05; **P < 0.01. (E) WT OCPs treated with RANKL for 8 hours and sheared 
chromatin precipitated with RelA- or RelB-specific Abs, or IgG (negative control [CTL]). Recovered DNA was used as a template for PCR. Primers 
for the A κB site inside the IκBα promoter and a non-κB site in the proximal BECN1 promoter region were positive and negative controls, respec-
tively. RelA or RelB binding to the indicated promoters was quantified by real-time PCR. Data are representative of 2 independent experiments.
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in these NF-κB pathways and also whether it might have positive 
regulatory roles, as reported in other cell types (12).

In normal eukaryotic cells, autophagosomes digest dam-
aged organelles and misfolded and long-lived proteins (47) and 
ultimately fuse with lysosomes, leading to degradation of their 
contents. Human genome-wide association data suggest a link 
between autophagy genes and osteoporosis (48), and the OC ruf-
fled border membrane has been described as an autophagosome 
that fuses with lysosomes to facilitate secretion of matrix-degrad-
ing enzymes, especially cathepsin K. Furthermore, autophagy 
proteins, including Atg5, Atg7, Atg4B, and LC3, are important 
for generating the ruffled border (49). However, a potential role 
for autophagy in OC formation has not been reported. Here, we 
demonstrate for what we believe is the first time that autophagy 
also plays a role in osteoclastogenesis by regulating degradation of 
TRAF3, which we show undergoes ubiquitination and sequential 
autophagic-lysosomal degradation in response to RANKL. Our 
data are supported by a report that proteasome inhibition only 
marginally reduced TRAF3 degradation upon LTβR stimulation 
in 293T cells (50). However, TRAF3 can undergo K48-linked poly-
ubiquitination by Triad3A and subsequent proteasomal degrada-
tion following virus infection in A549 human epithelial cells (51). 
Thus, the fate of TRAF3 may vary in response to different stimuli 
and be cell context dependent. In B cells, CD40 or BAFF recep-
tor activation reduced TRAF3 degradation in a TRAF2/cIAP1/2-
dependent manner, and CD40-induced TRAF3 degradation was 
inhibited by a small-molecule mimetic, which inhibits cIAPs (52). 
We found that knockdown of cIAP1/2 reduced RANKL-induced 
TRAF3 degradation and decreased OC formation (Supplemental 
Figure 8), but the precise function of cIAPs in RANKL-induced 
TRAF3 lysosomal degradation will require further study.

Our finding that RelB is required for RANKL-induced TRAF3 
lysosomal degradation is important because it points to a nega-
tive feedback loop between NF-κB signaling and TRAF3. Many 
factors known to induce autophagy, including TNF (53), also act 
as NF-κB activators. Depletion of essential autophagy modulators, 
including Atg5, Atg7, BECN1, and Vsp34 by RNAi inhibited TNF-
driven NF-κB activation in human cancer cell lines (54). Similarly, 
KO of the genes encoding IKKα, IKKβ, IKKγ, or their upstream 
activator, TAK1, reduced autophagy induced by nutrient depletion 
or by treatment with rapamycin or other autophagy stimulators 
(55). However, the detailed molecular mechanisms are still unclear. 
We found that RANKL-induced TRAF3 degradation is absent in 
RelB–/– OCPs (Figure 8A). Our data suggest that RelB induction of 
TRAF3 lysosomal degradation is through transcriptional modu-
lation of the early autophagic protein BECN1 (Figure 8E), with 
degradation of TRAF3 leading to activation of NF-κB signaling. 
Although the mechanism by which BECN1 might target TRAF3 
for transfer to the lysosome is unclear, our findings have identified 
a RelB-regulated autophagy pathway involving NF-κB activation.

Given the essential functions of NF-κB in inflammation, autoim-
mune disease, and oncogenesis, large numbers of natural or syn-
thetic NF-κB inhibitors have been produced (56). Although many 
of these inhibitors suppress osteoclastogenesis and bone resorption, 
none of them has progressed to clinical trials for the treatment of 
common bone diseases, such as postmenopausal osteoporosis or RA 
(4). Biologic inhibitors directed at pathogenetic cytokines, such as 
TNF, IL-1, and IL-6, have been approved for the treatment of inflam-
matory arthritis (57, 58). However, these treatments fail to achieve 
remission in up to 40% of patients (57). Thus, additional insights 

fore cotransfected a pGL3-BECN1 reporter vector, including  
1.1 kbp upstream of the human BECN1 promoter (37), togeth-
er with RelA or RelB expression vectors into 293T cells and per-
formed dual luciferase assays. We confirmed RelA and RelB overex-
pression in 293T cells by WB (Figure 8C). BECN1 transcriptional 
activity was upregulated significantly by RelB, but only minimally 
by RelA, overexpression (Figure 8C), which may reflect RelA pro-
tein levels being relatively low in our assays compared with pub-
lished levels (37). RANKL markedly increased BECN1 transcrip-
tional activity, consistent with the increased BECN1 protein level 
induced by RANKL (Figure 8C). However, RANKL did not increase 
BECN1 activity further when RelA or RelB was overexpressed. Fur-
thermore, siRNA knockdown of RelA or RelB in 293T cells result-
ed in reduced protein levels and an approximately 50% reduction 
in BECN1 promoter activity (Figure 8D). To further assess interac-
tion of RelB with the BECN1 promoter, we performed ChIP assays. 
An A κB site is conserved in humans and mice (37), and real-time 
PCR and standard PCR analyses of ChIP DNA revealed that RelB 
binds to this A κB site with a lower binding ability than RelA. Nei-
ther nonspecific IgG nor primers covering the proximal BECN1 
promoter region displayed detectable binding (Figure 8E).

Discussion
TRAF3, a relatively understudied TRAF family member, has been 
shown recently to act as an important multifunctional regula-
tor of type I IFN and balanced cytokine production by serving as 
an adaptor molecule that facilitates assembly of a NIK/TRAF2/
activated/cellular inhibitor of apoptosis (cIAP) complex (38). NIK 
plays a key role in noncanonical NF-κB signaling, and its stabil-
ity is regulated by TRAF3 in B cells (17) and in OCPs (11). Here, 
we have shown using gain- and loss-of-function approaches that 
TRAF3 suppresses RANKL-induced OC formation, consistent 
with TRAF3 being a negative regulator of noncanonical signal-
ing (11). Mice that we generated with conditional KO of TRAF3 
in OCPs were osteoporotic with increased OC numbers (Figure 1,  
D and E), indicating that TRAF3 plays an important protective 
role in physiological bone remodeling.

Our finding that TRAF3 also inhibits expression of p65 is con-
sistent with the increased p65-binding activity in Traf3–/– cells (39) 
and increased phospho-p65 level in TRAF3 knockdown cells in 
response to TNF or LTβR (40), but the mechanism whereby TRAF3 
inhibits NF-κB signaling is unclear. TRAF3 deficiency did not alter 
protein levels of RANK or DC-STAMP (Supplemental Figure 7, 
A and B), key regulators of RANKL-induced OCP differentiation 
and fusion (41, 42). TRAF3 could inhibit both NF-κB pathways 
by affecting NIK-IKKα signaling because IKKα is required for 
formation of IKKα/IKKβ/IKKγ and IKKα/IKKα complexes in the 
canonical and noncanonical pathways, respectively (43, 44). In 
addition, TRAF3 overexpression upregulated expression of type I 
IFN (Supplemental Figure 7C), which can act as a negative regula-
tor of osteoclastogenesis (45). Thus, TRAF3 might also suppress 
OC formation through RANKL/IFN-α signaling crosstalk. The 
primary role of canonical signaling appears to be to mediate OCP 
survival (46). However, when we inhibited RANKL-induced OC 
formation with CQ to prevent TRAF3 lysosomal degradation, we 
found no change in OCP proliferation or apoptosis rates (Figure 3,  
C and D), despite seeing a CQ-induced reduction in levels of the 
p65 target gene NFATc1 (Figure 4A) and a reduction in p65 lev-
els in OCPs when TRAF3 was overexpressed (Figure 1F). Further 
studies will be required to determine exactly how TRAF3 functions 
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NIK (clone H-248), RelB (clone C19), p65 (clone C20), p50 (clone NLS), 
and BECN1 (clone H-300). p100/p52 Ab was from Millipore. HA (clone 
H6908) and β-actin (clone AC-40) Abs were from Sigma-Aldrich. Recom-
binant M-CSF and RANKL were from R&D Systems. MG132, bafilo-
mycin A1, 3-MA, NH4Cl, and CQ were from Sigma-Aldrich. LAMP2 Ab, 
clone GL2A7, was from Abcam.

Plasmid construction and retroviral transfer Abs and reagents. The retroviral vector 
pMX-TRAF3-IRES-GFP WT and mutants were generated by inserting a cDNA 
fragment encoding TRAF3 WT and mutants into a pMX-IRES-GFP retroviral 
expression vector from K. Matsuo (Keio University, Minato, Tokyo, Japan). A 
pMX-TRAF3-GFP fusion protein vector was generated by inserting a TRAF3 
PCR fragment into BamHI-NcoI sites of pMX-TRAF3-IRES-GFP. pMY-GFP 
vector, was from A. Hirao (Keio University). We generated pMY-RelB-GFP by 
inserting a RelB cDNA fragment into the pMY-GFP vector. MSCV-Cre and 
MSCV-Cre-GFP were from T. Reya (UCSD, La Jolla, California, USA). Retrovi-
rus packaging was performed by transfecting plasmids into Plat-E cells (pMY 
virus) or 293T cells (MSCV virus) using Fugene 6 (Roche) following the manu-
facturer’s protocol. WT and mutant TRAF3 constructs were from S.C. Sun 
(17) (University of Texas, MD Anderson Cancer Center, Houston, Texas, USA). 
These plasmids were transfected into 293T cells using Fugene 6.

In vitro OC formation and functional assays. BM cells (4 × 104) were cultured in 
96-well plates in α-MEM with 10% FBS and recombinant M-CSF (10 ng/ml  
in all experiments) for 2 days to enrich for OCPs. OCPs were infected with 
retrovirus for 2 days followed by RANKL (10 ng/ml in all experiments, unless 
otherwise stated; R&D Systems) for 5 to 7 days or treated with 2 to 10 μM  
CQ and RANKL for 5 days. Osteoclastogenesis was assessed by counting 
TRAP+ multinucleated cells with 3 or more nuclei. OC area was assessed 
using standard stereologic methods, an ocular eyepiece grid, an Olympus 
TH4-100 microscope, and a ×4 objective lens. WT BM cells were cultured 
with M-CSF for 2 days on bone slices to generate OCPs and then CQ (5 μM) 
and RANKL were added. Cells were fixed and stained for TRAP activity to 
allow counting of OCs, which were then removed; bone slices were stained 
with 0.5% toluidine blue to visualize resorption pits, as described (67).

In vitro CFU-F, CFU-ALP, and bone nodule formation assays. For CFU-F and 
CFU-ALP colony formation assays, BM cells from long bones were cultured 
in 10-cm dishes with 106 cells/dish in 10 ml α-MEM plus 10% FCS with or 
without 50 μg/ml ascorbic acid and 10 mM β-glycerophosphate. Media 
were changed every 3 to 4 days, and cultures were maintained for 24 days 
when cells were stained with H&E or for ALP activity. For bone nodule 
formation, BM cells were cultured in α-MEM plus 10% FCS for 7 to 10 days 
and cultured in osteoblast-inducing medium containing 50 μg/ml ascorbic 
acid and 10 mM β-glycerophosphate for 21 to 28 days; mineralized bone 
nodules were examined after Von Kossa staining.

WB analysis. Whole-cell lysate protein from retrovirus-infected OCPs, 
TRAF3 plasmid-transfected 293T cells, WT, or cKO OCPs were cultured 
in 60-mm dishes and lysed with RIPA Lysis Buffer (Millipore) containing 
a protease inhibitor cocktail (Roche). Lysates (10–40 μg) were loaded in 
10% SDS-PAGE gels and immunoblotted with Abs to TRAF3, NFATc1, 
c-Fos, p65, RelB, p50, GAPDH, NIK, p100, HA, HDAC, BECN1, RANK, 
DC-STAMP, or mouse actin.

In vitro ubiquitination assays. WT BM cells were treated with M-CSF for 2 days  
and RANKL was added for 2 hours. Whole cell lysates were prepared using 
lysis buffer containing 20 mM HEPES, 250 mM NaCl, 20 mM Tris-HCl, 
0.5% NP-40, 2 mM EDTA, 2 μg/ml leupeptin, 2 μg/ml aprotinin, 1 mM 
DTT, 1 mM PMSF, and 1 mM N-ethylmaleimide (Sigma-Aldrich) to limit 
deubiquitination and incubated with UbiQapture-Q matrix (Enzo Life 
Sciences) to pull down all ubiquitinated proteins, following the manufac-
turer’s protocol. Precipitates were subjected to WB using anti-TRAF3 Abs.

Flow cytometry and cell sorting. WT OCPs were infected with pMX-TRAF3-
GFP retrovirus for 3 days, and the cells were stained using an intracellular 

into the pathogenesis of joint destruction in this common disease 
and new drugs are needed. Our identification of TRAF3 as an inhibi-
tor of osteoclastogenesis suggests a new target for treatment of RA.

CQ was used for many years to reduce inflammation in RA until 
it was replaced by hydroxychloroquine because the latter has fewer 
ophthalmic side effects. However, clinical studies indicate that, 
when given alone or in combination with methotrexate, hydroxy-
chloroquine does not prevent joint destruction in 60%–70% of 
affected patients (58), suggesting that it may have limited use as 
an antiresorptive in most RA patients. CQ and hydroxychloro-
quine prevent acidification of the lysosomal compartment, but 
their mechanism of action is unclear, and reports of the effects of 
these drugs on OCs in vitro have been contradictory. For example, 
hydroxychloroquine had no inhibitory effect on human OCP dif-
ferentiation (59), while CQ inhibited the formation of large OCs 
in the later phases of osteoclastogenesis (60). This latter finding 
differs from our in vitro observations and may reflect differences 
in culture conditions, but it does support a role for this class of 
compounds as inhibitors of bone resorption. Our finding that CQ 
inhibits OC formation in vitro and in vivo by preventing TRAF3 
lysosomal degradation suggests that CQ could inhibit bone resorp-
tion in humans by this mechanism. The dose of CQ that we used in 
our in vivo studies (50 mg/kg) is higher than the dose of hydroxy-
chloroquine given to patients (∼5 mg/kg), and this could account 
for the efficacy we observed in our mouse studies coupled with 
the fact that PTH- and OVX-induced resorption is less complex 
than the severe inflammatory milieu in RA. Recent studies indi-
cate that CQ can have therapeutic efficacy in a number of other 
diseases, including cancer and pulmonary hypertension, and there 
are more than 30 clinical trials underway examining combinations 
of hydroxychloroquine with anticancer agents (61, 62). Other CQ 
derivatives could possibly have better anti-OC efficacy and fewer 
side effects, but further studies will be required to examine this.

In addition to this newly identified function of TRAF3 in bone 
homeostasis, TRAF3 has been implicated in the pathogenesis of a 
number of diseases, including multiple myeloma (63) and experi-
mental autoimmune encephalomyelitis/multiple sclerosis (64). 
TRAF3 mutations in humans with multiple myeloma result in the 
accumulation of NIK and constitutive activation of NF-κB, there-
by promoting myeloma cell survival. Strategies to increase TRAF3 
levels in OCPs by CQ or CQ derivatives should inhibit bone resorp-
tion in conditions in which RANKL is increased. Manipulating 
TRAF3 expression levels in other cell types, such as B cells, could 
also have beneficial therapeutic effects in patients with RA.

Methods
Mice. All animals were 6 to 12 weeks old. WT C57BL/6 (B6) mice were from 
the National Cancer Institute (Frederick, Maryland, USA). RelB–/– mice 
have been described previously (65). Traf3-floxed mice (B6 background) 
were from L. Rui (University of Michigan, Ann Arbor, Michigan, USA) (66). 
Lysozyme M-Cre (Lyz2tm1(cre)Ifo/J; B6 background) mice were purchased 
from the Jackson Laboratories. Cathepsin K-Cre mice (B6 background) were 
provided by Y.-P. Li (University of Alabama at Birmingham, Birmingham, 
Alabama, USA). To generate cKO mice, Traf3-floxed mice were bred with 
cathepsin K-Cre or lysozyme M-Cre transgenic mice. Cathepsin K-Cre, lyso-
zyme M-Cre, and Traf3-floxed mice all have normal bone phenotypes (BV/ 
tissue volume [TV], Tb. N, Tb.Th, and Tb. Sp values; data not shown). Cre-
negative littermates were used as WT controls in all in vivo experiments.

Abs and reagents. The following Abs were from Santa Cruz Biotech-
nology Inc.: TRAF3 (clone M20), NFATc1 (clone 7A6), c-Fos (clone 4), 
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an hRANK construct. Cells were treated with RANKL or PBS, and dual-
luciferase assays were performed 24 hours after transfection. siRNA tar-
geting RelA or RelB (Santa Cruz Biotechnology Inc.) was transfected into 
293T cells following the manufacturer’s instructions. CHET4 and a Renilla 
luciferase plasmid were cotransfected by Fugene 6 48 hours later.

ChIP assay. ChIP was performed as described (37). In brief, BM-derived 
OCPs were treated with RANKL for 8 hours and fixed in 1% formaldehyde. 
Chromatin was sheared by sonication (16 rounds of 20 pulses with 2 min-
utes between rounds (Qsonica 125 sonicator). Then samples were incu-
bated overnight at 4°C with Abs to p65, RelB, and IgG (negative control). 
Precipitated DNAs were analyzed by real-time PCR. Primers for the mIkBa 
promoter (–316 to –15) were a positive control: 5′-GGACCCCAAAC-
CAAAATCG-3′ and 5′-TCAGGCGCGGGGAA-TTTCC-3′ as described (71). 
A primer set that covers the BECN1 proximal promoter region (–1897 to 
approximately –1513) was used as a negative control: 5′-GGGCAAGGCAT-
CATAAAACAGG-3′ and 5′-AGGAGATGAAGTTGACCTCC-3′. Specific 
primers for the A κB site in the BECN1 promoter region (–241 to approxi-
mately –1) are: 5′-AAGAAGCCTAGAGTCCCTGG-3′ and 5′-CCTGCGA-
CAGCGGAGAAAAG-3′.

Statistics. Values are shown as means + SEM of 4 samples unless otherwise 
stated. One-way ANOVA and nonparametric comparison (Bonferroni’s 
multiple comparison test) were used with Prism software version 4.0b for 
experiments with more than 2 groups. Two-tailed Student’s t test was used 
for other statistical analyses, and significance was set at P < 0.05.

Study approval. All animal experiments were performed using University 
of Rochester Medical Center ACUAC–approved protocols and conformed 
to the Guide for the Care and Use of Laboratory Animals (NIH. Revised 2011).
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staining kit (BD Bioscience). In brief, the cells were fixed and permea-
bilized by Cytofix/Cytoperm buffer, then stained with PE-Traf3 Ab and 
Rat anti-mouse LAMP2 Ab (Santa Cruz Biotechnology Inc.). The second-
ary Ab (biotinylated anti-rat IgG; Vector Laboratories) was visualized by 
APC-streptavidin (BD Biosciences). WT OCPs were treated with RANKL 
and 10 μM CQ for 3 days and stained with FITC–annexin V and prop-
idium iodide (BD Biosciences) for 15 minutes. Cytometric analyses were 
performed using a flow cytometer (FACS LSR II; BD Biosciences) and 
FlowJo software. GFP-positive retrovirus-infected OCPs were sorted using  
FACSAria (BD Biosciences).

Immunocytochemistry and confocal microscopy. pMX-TRAF3-GFP–infected 
OCPs were seeded into 8-well chamber slides (Lab-Tek, NUNC), fixed with 
4% paraformaldehyde, and permeabilized with 0.1% Triton X-100. After 
blocking with 5% goat serum in PBS for 4 hours, cells were incubated with 
anti-LAMP2 Ab (Abcam) in a humidity chamber at 4°C overnight. The 
next day, cells were washed and incubated with secondary Alexa Fluor 350–
labeled anti-rat Ab. Colocalization of TRAF3 and LAMP2 in single cells was 
assessed using a FV1000 Olympus Laser Scanning Confocal Microscope.

In vivo PTH and CQ treatment and histological analysis. CQ (50 mg/kg/d) was 
administered i.p. for 10 days to female WT or L-cKO mice (10 to 12 weeks 
old; 4/group), as described (68). On day 7, mice were given supracalvarial 
injections of vehicle or hPTH(1–34 aa) (EMD Biosciences; 10 μg/injection) 
4×/d for 3 days, (using a protocol that induces hypercalcemia and bone 
resorption; ref. 34), and killed 16 hours after the last injection. Calvarial 
and tibial sections were prepared as described (9). OC numbers and mar-
row fibrosis were measured in TRAP- and H&E-stained sections using an 
eyepiece grid and an Olympus TH4-100 microscope.

Six-week-old female WT mice (7–8/group) were injected i.p. daily with 
50 mg/kg CQ and with hPTH (2 μg/mouse s.c.) 3×/d for 14 days to induce 
bone formation, as described (69). Tibiae were used for μCT scanning. Cal-
cein labeling was described previously (70). MAR and BFR in endocortical 
and trabecular bone were measured using standard procedures and Visio-
pharm Integrator System image analysis software.

OVX-induced bone loss. OVX or sham surgeries were performed in WT or 
C-cKO mice (8 to 9 weeks old; 5–9/group). CQ treatment (50 mg/kg i.p. daily 
injection for 28 days) was started 2 days after surgery. Controls received 
PBS. Calcein labeling was performed as described above. OVX was con-
firmed by uterine weight and histology. Tibiae were assessed by micro-CT  
and histomorphometry.

Electron microscopy. WT or RelB–/– OCPs were infected with Ctl-GFP, ATG5 
shRNA, BECN1 shRNA, or ATG7 shRNA (Santa Cruz Biotechnology Inc.) 
for 2 days, cultured on glass chamber slides for 4 days with RANKL, fixed 
in 0.1 M sodium cacodylate–buffered 2.5% glutaraldehyde for 24 hours, 
and post-fixed in 1% buffered osmium tetroxide for 30 minutes. Slides were 
transitioned through graded ethanols to 100% and infiltrated with Spurr’s 
epoxy resin overnight. The slides were dipped into liquid nitrogen, and the 
entrapped cells were popped off and thin sectioned, then placed onto nickel 
grids, stained with aqueous uranyl acetate and lead citrate and examined 
using a Hitachi 7650 Transmission EM.

Reporter assay. A pGL3 luciferase reporter containing 1.1 kbp of the 
human BECN1 promoter (CHET4) was from C. Schneider (Università 
degli Studi di Udine, Udine, Italy) (37). CHET4 and pcDNA3-RelA-cFlag 
(Addgene) or pcDNA3-RelB-cFlag plasmids (Addgene) was cotransfected 
into 293T cells together with a Renilla luciferase plasmid with or without 
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