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Osteoclasts are the cells responsible for bone resorption, a process that is essential for the maintenance of healthy
bones. Bone diseases, such as osteoporosis, which are characterized by high rates of bone resorption and loss of bone
mass, may benefit from treatments that inhibit osteoclast formation and/or function. The RANKL/RANK pathway is critical
for both osteoclast formation and function, and these effects are thought to be mediated by the transcription factor nuclear
factor of activated T cells, cytoplasmic 1 (NFATc1). In this issue of the JCI, Bae et al. challenge the convention that
NFATc1 is the sole critical regulator of RANKL/RANK-dependent osteoclast activation. Specifically, the authors show that
MYC drives metabolic reprogramming in osteoclasts and that MYC induces estrogen receptor–related receptor α (ERRα)
to regulate osteoclastogenesis. Importantly, both loss of MYC and pharmacological inhibition of ERRα attenuated bone
loss in a mouse model of osteoporosis. Together, the results of this study suggest that the MYC/ERRα pathway should be
further explored as a drug target for bone diseases.
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Osteoclasts in bone health  
and disease
Osteoclasts, which are essential for nor-
mal bone health, are multinucleated giant 
cells that mediate bone resorption (1). 
These cells originate from hematopoietic, 
myeloid, multipotential precursors that dif-
ferentiate into mature osteoclasts, primari-
ly through interactions with two cytokines: 
macrophage-CSF (M-CSF, also known as, 
CSF-1) and RANKL (2). RANKL is neces-
sary for osteoclast formation and func-
tion, as mice lacking RANKL or its cognate 
cell-surface receptor, RANK, fail to form 
osteoclasts or resorb bone under homeo-
static conditions (3, 4). Whether osteoclasts 
can form in the absence of RANKL/RANK 
signaling in vivo during states of inflamma-
tion or malignancy in bone remains con-
troversial (5, 6). The most common bone 
disease is osteoporosis, which affects more 
than 8 million Americans, accounts for 
approximately 1.6 million fractures yearly, 
and has an annual cost to the US health care 

system of 22 billion dollars (7). Osteoporo-
sis develops when the rates of bone resorp-
tion exceed those of bone formation, caus-
ing low bone mass and an increased risk of 
fragility fractures (8). Current therapies for 
this condition and other metabolic bone 
diseases that are associated with excessive 
resorption confer a risk for severe, albe-
it rare, adverse effects that limit the use 
of these treatments (9). Hence, there is a 
substantial need to fully understand the 
mechanisms by which RANKL stimulates 
osteoclast-mediated bone resorption in 
order to identify novel drug targets that can 
be exploited to develop better therapies for 
these conditions.

A number of molecules have been iden-
tified as downstream mediators of RANK/
RANKL signaling in osteoclasts and osteo-
clast precursors. These include TNF recep-
tor–associated factor 6 (TRAF6), NF-κB, 
MAPK, and activator protein 1 (AP-1) (10), 
all of which are costimulated by immuno-
receptor tyrosine–based activation motif 

(ITAM) signaling (11). These factors down-
stream of RANKL/RANK are thought to 
influence osteoclasts through their effects 
on a common transcription factor, nucle-
ar factor of activated T cells, cytoplasmic 1 
(NFATc1) (12, 13). Several lines of evidence 
point to a critical role of NFATc1 in osteo-
clast formation and function. Specifically, 
NFATc1-deficient embryonic stem cells 
cannot differentiate into osteoclasts, ecto-
pic expression of NFATc1 in osteoclast pre-
cursors results in their differentiation into 
mature cells in the absence of RANKL, and 
targeted disruption of Nfatc1 in hematopoi-
etic cells in mice increases bone mass, with a 
marked decrease in osteoclasts (12, 13).

In this issue, Bae et al. provide data to 
challenge the view that NFATc1 is the sole 
critical transcription factor responsible 
for mediating RANKL responses in osteo-
clasts (14). The transcription factor MYC is 
well described to have multiple effects on 
cellular differentiation and proliferation 
in a variety of cell types (15). Bae and col-
leagues examined whether MYC has a sim-
ilar role in osteoclasts. It has been known 
for fifteen years that MYC does influence 
RANKL-induced effects on osteoclasts. 
RAW 264.7 cells are a transformed murine 
myeloid cell line that can be driven into 
an osteoclast-like phenotype by treatment 
with RANKL. Battaglino et al. (16) showed 
that RANKL treatment of RAW 264.7 cells 
stimulated the expression of MYC and that 
MYC inhibition blocked the ability of these 
cells to resorb bone. Subsequently, Daum-
er et al. (17) demonstrated that MYC influ-
ences the activity of the tartrate- resistant 
acid phosphatase promoter, which is an 
important gene for osteoclast function. 
More recently, Indo et al. (18) demon-
strated in osteoclasts that MYC influences 
glutamine metabolism (glutaminolysis), 
which is used by cells to generate energy 
for metabolic pathways.

MYC contributes to RANKL/
RANK signaling
Members of the Bae et al. group previ-
ously demonstrated that MYC inhibi-
tion abrogates RANKL-induced NFATc1 
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Osteoclasts are the cells responsible for bone resorption, a process that is 
essential for the maintenance of healthy bones. Bone diseases, such as 
osteoporosis, which are characterized by high rates of bone resorption and 
loss of bone mass, may benefit from treatments that inhibit osteoclast 
formation and/or function. The RANKL/RANK pathway is critical for both 
osteoclast formation and function, and these effects are thought to be 
mediated by the transcription factor nuclear factor of activated T cells, 
cytoplasmic 1 (NFATc1). In this issue of the JCI, Bae et al. challenge the 
convention that NFATc1 is the sole critical regulator of RANKL/RANK-
dependent osteoclast activation. Specifically, the authors show that MYC 
drives metabolic reprogramming in osteoclasts and that MYC induces 
estrogen receptor–related receptor α (ERRα) to regulate osteoclastogenesis. 
Importantly, both loss of MYC and pharmacological inhibition of ERRα 
attenuated bone loss in a mouse model of osteoporosis. Together, the 
results of this study suggest that the MYC/ERRα pathway should be further 
explored as a drug target for bone diseases.
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ChIP analysis showed that RANKL treat-
ment recruits MYC to the Esrra promoter. 
Moreover, MYC expression did not rescue 
osteoclastogenesis in MYCΔΜ cells in which 
ERRα was inhibited with the small-mole-
cule inhibitor XCT790. Additional studies 
showed that the effects of RANKL on res-
piration were lost when ERRα was inhib-
ited or deficient. Finally, coexpression of 
conditionally activated NFATc1 and ERRα 
in MYC-deficient OCP cultures partially 
rescued osteoclastogenesis. In total, these 
results demonstrate that ERRα mediates 
some of the effects of MYC on osteoclasts 
and synergizes with NFATc1 to mediate 
RANKL-stimulated bone resorption.

Bae et al. also evaluated the effect of 
the MYC/ERRα pathway on in vivo osteo-
clastogenesis and resorption (14). Specifi-
cally, the authors used the well-described 
ovariectomy model in mice to produce 
estrogen deficiency, which mimics post-
menopausal osteoporosis and enhances 
osteoclastogenesis and bone resorption 
rates (21). Compared with ovariectomized 
WT mice, ovariectomized MYCΔΜ mice 
had considerably less bone loss. Impor-
tantly, treatment of ovariectomized WT 
mice with the ERRα inhibitor XCT790 
reduced bone loss, although, not to the 
same degree as that seen in MYCΔΜ mice.

Concluding remarks
Taken together, the studies by Bae and col-
leagues (14) demonstrate that MYC func-
tions as an important molecule mediating 
RANKL/RANK signaling in osteoclasts 
through mechanisms that are both depen-
dent on and independent of NFATc1 (Figure 
1). Hence, these results argue that NFATc1 
is not the only critical regulator of RANKL/
RANK-mediated signaling in osteoclasts. 
Additionally, this study shows that RANKL/
RANK-mediated MYC signaling has signif-
icant effects on osteoclast energy metab-
olism, which is essential for these cells to 
perform the work of bone resorption. Most 
important, these studies identify the MYC/
ERRα pathway as a potential drug target for 
the development of novel therapies to treat 
metabolic bone diseases caused by exces-
sive osteoclast activity.
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Bae et al. performed transcriptomic 
analysis of RANKL-treated WT and MYCΔΜ 
cells to identify additional pathways down-
stream of RANKL and MYC. This analy-
sis revealed that the expression of genes 
associated with metabolic pathways, such 
as the TCA cycle and oxidative phosphory-
lation, were MYC dependent, as they were 
induced by RANKL in WT, but not MYCΔΜ, 
cells. Furthermore, oxygen consumption, 
ATP production, and respiratory capaci-
ty and reserve were decreased in MYCΔΜ 
cells, with no difference in mitochondrial 
mass between WT and MYCΔΜ cells. These 
findings are complementary to the work 
of Nishikawa et al. (20), who previously 
described an important role of mitochondri-
al respiration in osteoclast differentiation.

Bae et al. subsequently used gene 
set enrichment analysis to identify tran-
scription factor–binding motifs that were 
enriched in the promoters of the MYC-de-
pendent genes identified in their transcrip-
tomic analysis. This enrichment revealed 
estrogen-related receptor α (ERRα) to be 
a MYC-dependent transcription factor 
with binding motifs within the first 2 kb 
of MYC-regulated gene promoters. Addi-
tionally, RANKL stimulated ERRα expres-
sion in WT, but not MYCΔΜ cells, and 

expression and RANKL-stimulated 
recruitment of MYC to the Nfatc1 pro-
moter (19). Hence, they hypothesized 
that MYC is an upstream signal utilized 
by RANKL-RANK interaction at the cell 
surface to enhance NFATc1 production 
and stimulate osteoclast formation and 
function. Now, these authors have stud-
ied a mouse model in which MYC was 
conditionally deleted in myeloid lineage 
cells (MYCΔΜ mice). Not surprisingly, giv-
en their previous data demonstrating that 
MYC is an upstream signal that mediates 
RANKL-induced NFATc1 expression, 
MYCΔΜ mice had increased bone mass 
and decreased osteoclasts, with a normal 
number of bone-forming osteoblasts. In 
vitro, cultured bone marrow osteoclast 
precursor cells (OCPs) from MYCΔΜ mice 
completely failed to form mature osteo-
clasts in response to RANKL and M-CSF 
and had decreased NFATc1 expression. 
However, transduction of MYC-deficient 
OCPs with a conditionally active NFATc1 
construct did not rescue osteoclastogen-
esis in these cells. This unexpected result 
argues that additional, NFATc1-inde-
pendent pathways downstream of MYC 
mediate the ability of RANKL/RANK sig-
naling to influence osteoclasts.

Figure 1. Mechanisms of osteoclast activation. In both osteoclast precursor cells and mature osteo-
clasts, RANKL/RANK signaling stimulates MYC expression through as-yet undefined mechanisms. 
MYC, in turn, stimulates the production of ERRα and NFATc1 and may also affect additional path-
ways. All of these signals ultimately produce multinucleated osteoclasts that can resorb bone.
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