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mTORC1 impedes osteoclast differentiation via
calcineurin and NFATc1
HoangDinh Huynh1 & Yihong Wan1

Rapamycins are immunosuppressant and anti-cancer drugs that inhibit the kinase mTOR.

Clinically, they often cause bone pain, bone necrosis, and high bone turnover, yet the

mechanisms are unclear. Here we show that mTORC1 activity is high in osteoclast precursors

but downregulated upon RANKL treatment. Loss-of-function genetic models reveal that while

early Raptor deletion in hematopoietic stem cells blunts osteoclastogenesis due to com-

promised proliferation/survival, late Raptor deletion in osteoclast precursors instead aug-

ments osteoclastogenesis. Gain-of-function genetic models by TSC1 deletion in HSCs or

osteoclast precursors cause constitutive mTORC1 activation, impairing osteoclastogenesis.

Pharmacologically, rapamycin treatment at low but clinically relevant doses exacerbates

osteoclast differentiation and bone resorption, leading to bone loss. Mechanistically, RANKL

inactivates mTORC1 via calcineurin-mediated mTORC1 dephosphorylation, consequently

activating NFATc1 by reducing mTORC1-mediated NFATc1 phosphorylation. These findings

uncover biphasic roles of mTORC1 in osteoclastogenesis, dosage-dependent effects of

rapamycin on bone, and a previously unrecognized calcineurin–mTORC1–NFATc1

phosphorylation-regulatory signaling cascade.
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Bone is a dynamic tissue that undergoes continuous remo-
deling throughout the lifespan via balancing bone resorp-
tion by osteoclasts and bone formation by osteoblasts.

Osteoclasts are of hematopoietic lineage, whereas osteoblasts are
of mesenchymal origin. The synchronization between bone
resorption and bone formation maintains bone mass and pre-
serves bone quality in adult skeleton. However, excessive osteo-
clastogenesis and bone resorption under pathological states
results in skeletal disorders such as osteoporosis, rheumatoid
arthritis, Paget’s disease, and lytic bone metastasis of cancer
malignancies, representing a major health concern and socio-
economic burden. Macrophage colony-stimulating factor (M-
CSF) and receptor activator of nuclear factor-kappa B ligand
(RANKL) are two cytokines essential for osteoclastogenesis1–4.
M-CSF promotes the proliferation and survival of osteoclast
precursors through its receptor, M-CSFR. Upon binding to its
receptor RANK, RANKL triggers various downstream mitogen-
activated protein kinase (MAPK) signaling cascades, such as p38,
c-Jun N-terminal kinase (JNK), and extracellular signal-regulated
kinase (ERK) pathways, as well as activates multiple transcrip-
tional factors, including nuclear factor-activated T cells c1
(NFATc1), NFκB and AP15,6. However, our understanding of the
signaling pathways that govern osteoclast differentiation is far
from complete.

The NFAT gene family, which consists of five members7, was
identified three decades ago. This family is known to play key
roles in many biological processes such as immune cell activation,
lymphoid development, heart valve formation, cardiac and ske-
letal muscle hypertrophy, organization of vascular system, and
osteoclast differentiation8–12. The functions of NFAT1-4 proteins
are crucially regulated by the calcium/calmodulin-dependent
phosphatase calcineurin8,9,13. Dephosphorylating NFAT proteins
at serine residues by activated calcineurin induces a conforma-
tional change that exposes their nuclear localization signal and
facilitates their translocation from cytosol into the nucleus, where
they regulate the transcription of target genes such as cathepsin K
(CTSK)14–16. In particular, NFATc1 (also known as NFAT2) is
not only required but also sufficient for osteoclastogenesis, as its
overexpression in osteoclast precursors induces osteoclast differ-
entiation in the absence of RANKL in vitro and in vivo12,17.

Given NFATc1 is a master transcription factor for osteoclast
differentiation, its activity must be dynamically regulated and tightly
controlled. Prolonged NFATc1 activation over time may cause
excessive osteoclastogenesis and bone resorption, leading to bone
loss in various skeletal disorders18–25. Therefore, better molecular
characterization of NFATc1 regulation in osteoclast will be
important for the understanding of bone diseases and the devel-
opment of new anti-resorptive therapeutic. Several transcriptional
negative regulators of NFATc1 have been reported in osteoclasts,
such as interferon regulatory factor-8 (IRF-8), V-maf musculoa-
poneurotic fibrosarcoma oncogene homolog B (MafB), inhibitors of
differentiation (Ids), and LIM homeobox 2 (Lhx2)26–29. Recent
studies have also uncovered negative regulations of NFATc1
through post-translational modifications and post-transcriptional
regulations, such as ubiquitination, methylation, deacetylation, and
non-coding RNA miRNA-12430–34.

The mechanistic target of rapamycin (mTOR) is a serine/
threonine kinase in the phosphoinositide 3-kinase (PI3K)-related
kinase family that forms two distinct complexes. mTOR complex
1 (mTORC1) contains Raptor and is sensitive to rapamycin,
whereas mTORC2 contains Rictor and is rapamycin-
insensitive35. mTORC1 is recognized for its role in regulating
multiple cellular processes that control organismal growth and
homeostasis, including protein synthesis, autophagy, metabolism
and lipogenesis. Increasingly, the function of mTORC1 in
immunity and inflammation has also been recognized. As such,

rapamycin has been FDA approved as immunosuppressant and
cancer drugs. Despite the biological and clinical importance, there
are only a few reports on how mTORC1 impacts osteoclasto-
genesis, including two recent studies presenting conflicting results
without clear molecular mechanisms36,37. In the present study,
we have investigated the roles of mTORC1 signaling in osteo-
clastogenesis using comprehensive and integrated strategies
combining genetic and pharmacological mouse models, gain- and
loss-of-function approaches, in vitro and in vivo. Our findings
have also revealed the underlying molecular mechanisms for the
clinically observed rapamycin-induced high bone turnover and
bone loss. These studies provide a unifying explanation for the
seemingly contradictory observations in current basic and clinical
research. More fundamentally, we have identified a previously
unrecognized calcineurin—mTORC1—NFATc1 phosphorylation
and dephosphorylation signaling cascade, which may exert
widespread impact on many fields including cancer and
immunity.

Results
mTORC1 signaling subsides during osteoclast differentiation.
In the course of studying osteoclastogenesis, we found that there
was an inverse relationship of osteoclast differentiation and
mTORC1 signaling. Quantified by S6K1 phosphorylation,
mTORC1 activity in osteoclast differentiation cultures was
reduced by RANKL and further decreased by rosiglitazone, an
agonist for the pro-osteoclastogenic nuclear receptor PPARγ38

(Fig. 1a, d). Moreover, mouse genetic models with enhanced
osteoclastogenesis, such as very low density lipoprotein receptor
(VLDLR) knockout mice vs. littermate wild-type controls,
exhibited lower mTORC1 activity in their bone marrow osteoclast
differentiation cultures (Fig. 1a, Supplementary Fig. 1a–b)39. In
contrast, mouse genetic models with attenuated osteoclastogen-
esis, such as reelin (Reln) knockout mice vs. littermate wild-type
controls, exhibited higher mTORC1 activity in their osteoclast
differentiation cultures (Fig. 1b–d, Supplementary Fig. 1c-l).

To pharmacologically probe the roles of mTORC1 in
osteoclastogenesis, we treated osteoclast differentiation cultures
with various amount of rapamycin, a potent inhibitor of
mTORC140. In this assay, wildtype bone marrow osteoclast
precursors were first expanded with M-CSF for 3 days, and then
differentiated into osteoclasts with RANKL for 3 days with
rapamycin added at indicated concentration (Fig. 1e). Osteoclast
differentiation was quantified by osteoclast markers such as
TRAP (tartrate-resistant acid phosphatase) (Fig. 1e); osteoclast
precursor proliferation was measured by BrdU incorporation
(Fig. 1f). At higher dose (30 nM), rapamycin severely impaired
osteoclast differentiation (Fig. 1e), correlated with drastic
inhibition of proliferation (Fig. 1f) as previously reported41.
Interestingly, at lower dose (0.05 nM), rapamycin instead
enhanced osteoclast differentiation (Fig. 1e), with only modest
inhibition of proliferation (Fig. 1f). To dissect whether the pro-
osteoclastogenic effects of low-dose rapamycin occurred during
proliferation or differentiation, we restricted rapamycin treatment
to the first 3 days of M-CSF treatment or the latter 3 days of
RANKL treatment, and compared with all 6-day treatment. The
results showed that low dose rapamycin enhanced osteoclast
differentiation when added during the differentiation stage only
(days 4–6) (Fig. 1e), but less optimal or no effect when added
during the proliferation stage (days 1–3) or when added
throughout the process (days 1–6) (Supplementary Fig. 1m, n).
Moreover, enhanced osteoclast differentiation by low dose
rapamycin resulted from mTORC1 signaling inhibition (Fig. 1g,
h). Together, these findings suggest that mTORC1 functions as a
switch in osteoclastogenesis to promote proliferation but must be
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downregulated for differentiation to occur, and the effects of
rapamycin are dosage-dependent.

Early mTORC1 deletion in HSCs impairs osteoclast pre-
cursors. To genetically examine the biphasic functions of
mTORC1 during osteoclastogenesis in vivo, we generated con-
ditional knockout (cKO) mice for the essential mTORC1 reg-
ulatory subunit Raptor35,42. We first deleted Raptor in
hematopoietic stem cells (HSCs) by breeding Raptorfl/fl mice with
Vav1 codon-improved Cre (iCre) mice, termed Vav1-iCre43.
Raptor deletion by Vav1-iCre resulted in early lethality from
embryonic stage to postnatal day 2, consistent with a previous
report44. Through many breeding pairs, we could only obtain two
Raptorfl/fl;Vav1-iCre cKO pups, with an estimated survival rate to
adulthood of <1%. The two Raptorfl/fl-Vav1-iCre cKO mice
exhibited growth retardation, shorter femurs and tibiae, spleno-
megaly (Fig. 2a–e), and reduced bone marrow cellularity (Fig. 2f,
Supplementary Table 1). We next tested whether these mice had
any defect in osteoclastogenesis ex vivo. Osteoclast differentiation
from the bone marrow of Raptorfl/fl-Vav1-iCre cKO mice was

completely blunted, shown by osteoclast markers (Fig. 2g),
osteoclastogenic transcription factors (Fig. 2h), TRAP staining
(Fig. 2i), and resorptive activity (Fig. 2j). Vav1-iCre conferred
99% of Raptor deletion in osteoclast differentiation cultures
(Fig. 2k). This failure of osteoclastogenesis correlated with a 65%
reduction in precursor proliferation (Fig. 2l), along with elevated
osteoclast apoptosis (Fig. 2m).

Late mTORC1 deletion enhances osteoclast differentiation. To
specifically eliminate Raptor in the myeloid lineage, we next
deleted Raptor using lysozyme (Lyz) Cre. Raptorfl/fl-Lyz cKO
mice did not exhibit any gross phenotype with normal body
weight, bone marrow cellularity, and spleen weight compared
with Raptorfl/fl littermate controls (Supplementary Fig. 2a–c,
Supplementary Table 2). In contrast to Raptorfl/fl-Vav1-iCre, we
observed increased osteoclast differentiation in Raptorfl/fl-Lyz
cKO bone marrow cultures, shown by osteoclast markers
(Fig. 3a), osteoclastogenic transcription factors (Fig. 3b), TRAP
staining (Fig. 3c), and resorptive activity (Fig. 3d). Lyz-Cre con-
ferred 63% Raptor deletion in the osteoclast differentiation
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Fig. 1 The inverse relationship of osteoclast differentiation and mTORC1 Signaling. a mTORC1 signaling in bone marrow osteoclast differentiation cultures
from VLDLR−/− mice or wild-type (WT) littermate controls 60 h after RANKL treatment with or without rosiglitazone, measured by S6K1
phosphorylation. p/T, ratio of p-S6K1/total S6K1. b Representative images of TRAP-stained bone marrow osteoclast differentiation cultures from Reln−/−
mice or WT littermate controls. c Expression of osteoclast markers in bone marrow osteoclast differentiation cultures (n= 6). d mTORC1 signaling in bone
marrow osteoclast differentiation cultures from Reelin−/− mice or WT littermate controls 60 h after RANKL treatment with or without rosiglitazone,
measured by S6K1 phosphorylation. p/T ratio of p-S6K1/total S6K1. e TRAP expression on day 6 of bone marrow osteoclast differentiation cultures treated
with rapamycin at indicated dose and time (n= 9–11). f Osteoclast precursor proliferation by BrdU incorporation (n= 10). g Representative images of
TRAP-stained osteoclast differentiation cultures on day 9. Quantification of osteoclast diameter (n= 18–20). ** compares RANKL+ Rapa with RANKL. h
mTORC1 signaling in bone marrow osteoclast differentiation cultures 40 h after RANKL treatment with or without rapamycin, measured by S6K1
phosphorylation. p/T ratio of p-S6K1/total S6K1. Error bars, SEM; *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001; n.s. non-significant. Full-size scans of
immunoblots are shown in Supplementary Fig. 6
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culture (Supplementary Fig. 2d). The enhanced osteoclastogenesis
in Raptorfl/fl-Lyz cultures correlated with 16% decreased osteo-
clast precursor proliferation (Fig. 3e) and attenuated osteoclast
apoptosis (Supplementary Fig. 2e). As expected, mTORC1-
signaling was reduced in Raptorfl/fl-Lyz osteoclast cultures
(Fig. 3f, g). In contrast, NFκB activity at the same time point was
unaltered, measured by IκBα level (Supplementary Fig. 2f, g).
Consistent with our ex vivo osteoclastogenesis assay, ELISA
analyses showed that the serum bone resorption marker CTX-1
(carboxy-terminal telopeptides of type I collagen) was higher in
Raptorfl/fl-Lyz cKO mice (Fig. 3h). Serum bone formation marker
P1NP (amino-terminal propeptide of type I procollagen) was
unaltered (Fig. 3i). µCT of the trabecular bones in proximal tibiae
revealed that Raptorfl/fl-Lyz cKO mice displayed a low-bone-mass
phenotype (Fig. 3j–p), with decreased bone volume/tissue volume

ratio (BV/TV) (Fig. 3k), bone surface (BS) (Fig. 3l), trabecular
number (Tb.N) (Fig. 3m), and connectivity (Conn.) (Fig. 3n), as
well as increased trabecular separation (Tb.Sp) (Fig. 3o) and
structure model index (SMI) (Fig. 3p). In accordance with serum
bone markers, static bone histomorphometry showed that femurs
of Raptorfl/fl-Lyz cKO mice had higher osteoclast number and
surface (Fig. 3q, r); osteoblast number and surface also trended
higher although not significant (Fig. 3s, t). Dynamic histomor-
phometry by double calcein labeling showed increased bone
formation rate and mineral apposition rate (Supplementary
Fig. 2h–j), consistent with the results that osteoblast differentia-
tion was enhanced (Supplementary Fig. 2k, l). Nonetheless, the
low-bone-mass phenotype in Raptorfl/fl-Lyz cKO mice (Fig. 3j–p)
indicated that the increased bone resorption was dominant over
increased bone formation. Collectively, the results from these two

Raptorfl/fl 25

20

B
od

y 
w

ei
gh

t (
g)

15

10

5

0

Raptorfl/fl

Vav1-iCre
Raptorfl/fl Raptorfl/fl

Vav1-iCre

Raptorfl/fl

Rf/f

Raptorfl/fl-Vav1i

cm

Rf/f-Vav

Rfl/fl Rfl/fl-Vav

Rfl/fl Rfl/fl-Vav

**

****

V

40 0.8

0.6

0.4

B
rd

U
 in

co
rp

or
at

io
n 

(O
D

 4
50

)

0.2

0.0

0.020

0.015

0.010
R

el
at

iv
e 

C
A

S
P

9 
m

R
N

A

0.005

0.000

Apoptosis

* **** ****

Resorptive activity Proliferation

30

C
a2+

 (
μM

)
20

10

0

0.10

0.08

0.06

R
el

at
iv

e 
R

ap
to

r 
m

R
N

A

0.04

0.02

****
0.00

RANKL RANKL+Rosi

Rf/f Rf/f-Vav Rf/f Rf/f-Vav

Rf/f Rf/f-Vav

V RANKL RANKL+Rosi

Rf/f Rf/f-Vav Rf/f Rf/f-Vav

Rf/f Rf/f-Vav

V RANKL RANKL+Rosi

100 μm
Rf/f Rf/f-Vav Rf/f Rf/f-Vav

Rf/f Rf/f-Vav

V RANKL RANKL+Rosi

Rf/f Rf/f-Vav Rf/f Rf/f-Vav

Rf/f Rf/f-Vav
V RANKL RANKL+Rosi

Rf/f Rf/f-Vav Rf/f Rf/f-Vav

Raptorfl/fl 0.008

0.006

S
pl

ee
n/

bo
dy

 w
ei

gh
t

0.004

0.002

0.000

Raptorfl/fl

-Vav1i

Raptorfl/fl
20 0.4 0.006

0.004

R
el

at
iv

e 
C

T
S

K
 m

R
N

A

0.002

****
****

0.000

0.3

0.2

R
el

at
iv

e 
T

R
A

P
 m

R
N

A

0.1
**** ***

0.0

15

T
ot

al
 B

M
 c

el
ls

 (
×

10
7 )

fr
om

 2
 h

in
d 

le
gs

10

5

0.08

0.06

0.04

R
el

at
iv

e 
c-

fo
s 

m
R

N
A

R
el

at
iv

e 
N

F
A

T
c1

 m
R

N
A

0.02

**

****

***

***

0.00

0.3

0.2

0.1

0.0

0

Raptorfl/fl

-Vav1i

Raptorfl/fl Raptorfl/fl-Vav1i

Raptorfl/fl Raptorfl/fl-Vav1i

Raptorfl/fl

V
eh

ic
le

R
A

N
K

L
R

A
N

K
L 

+
 R

os
i

Raptorfl/fl-Vav1i
TRAP

Raptorfl/fl Raptorfl/fl-Vav1i

cm

a b c d

e f g

h i j

k

l

m

Fig. 2 Early mTORC1 deletion in HSCs impairs osteoclast precursor proliferation and survival. Analyses of Raptorfl/fl-Vav1-iCre cKO mice and littermate
controls. a Images of the pups at 6 weeks of age (n= 2). b Pup body weight at 6 weeks of age (n= 2). c Representative image of spleen at 6 weeks of age.
d Quantification of spleen/body weight ratio at 6 weeks of age (n= 2). e Representative image of bone length at 6 weeks of age. f Total bone marrow cells
in 6 weeks old mice (n= 2). g, h Expression of osteoclast markers (g) and osteoclastogenic transcription factors (h) in bone marrow osteoclast
differentiation cultures (n= 6). Rosi rosiglitazone. i Representative images of TRAP-stained bone marrow osteoclast differentiation cultures. j Osteoclast
resorptive activity measured by calcium release from bone plates (n= 8). k Raptor expression in bone marrow osteoclast differentiation cultures (n= 6). l
Osteoclast precursor proliferation by BrdU incorporation (n= 10).m Caspase 9 expression in bone marrow osteoclast differentiation cultures (n= 6). Error
bars, SEM; *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001; n.s. non-significant. R raptor
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genetic models support the biphasic roles of mTORC1 to pro-
mote precursor proliferation but impede osteoclast differentia-
tion; mTORC1 signaling and cell proliferation need to be
downregulated for efficient osteoclast differentiation.

Excessive mTORC1 inhibits osteoclast differentiation. As a
complementary strategy to the loss-of-function models, we also

generated gain-of-function models by conditionally activating
mTORC1 via the deletion of Tsc1 suppressor. Tsc1 deletion in
hematopoietic stem cells in Tsc1fl/fl-Vav1-iCre cKO mice led to
decreased body weight (Fig. 4a), splenomegaly (Fig. 4b), shorter
femurs and tibiae (Fig. 4c), as well as defects in bone marrow
cellularity (Fig. 4d, Supplementary Table 3). Bone marrow
osteoclast differentiation was severely blunted for Tsc1fl/fl-Vav1-
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iCre cKO cultures, shown by TRAP staining (Fig. 4e), osteoclast
markers (Fig. 4f), osteoclastogenic transcription factors (Fig. 4g),
and resorptive activity (Fig. 4h). Tsc1 deletion efficiency by Vav1-
iCre was >99% (Fig. 4i). The impaired osteoclastogenesis in
Tsc1fl/fl-Vav1-iCre cultures correlated with increased precursor
proliferation (Fig. 4j, k) and decreased osteoclast apoptosis
(Fig. 4l), as the result of constitutive mTORC1 signaling (Fig. 4m,
n). Consistent with our ex vivo osteoclastogenesis assay, ELISA
showed that serum CTX-1 was decreased in Tsc1fl/fl-Vav1-iCre
cKO mice (Fig. 4o). Serum P1NP was also lower possibly due to a
compensatory effect due to the coupling mechanisms (Fig. 4p).
Nonetheless, the reduction in bone resorption was dominant as
µCT revealed a high-bone-mass phenotype in the Tsc1fl/fl-Vav1-
iCre cKO mice (Fig. 4q–w).

To more specifically determine the effects of mTORC1
activation in the myeloid lineage, we conditionally deleted Tsc1
with Lyz-Cre. Tsc1fl/fl-Lyz cKO mice had normal body weight
and femur/tibia lengths (Supplementary Fig. 3a, b), but also
exhibited splenomegaly (Supplementary Fig. 3c, d) and mild
defects in bone marrow cellularity (Supplementary Fig. 3e,
Supplementary Table 4). Osteoclastogenesis from Tsc1fl/fl-Lyz
cKO bone marrow was also impaired, shown by osteoclast
markers (Fig. 5a), osteoclastogenic transcription factors (Fig. 5b),
TRAP staining (Fig. 5c), and resorptive activity (Fig. 5d). Lyz-Cre
conferred 92% Tsc1 deletion in the osteoclast differentiation
cultures (Supplementary Fig. 3f). Once again, the diminished
osteoclastogenesis in Tsc1fl/fl-Lyz cultures correlated with
increased osteoclast precursor proliferation (Fig. 5e, Supplemen-
tary Fig. 3g) and decreased osteoclast apoptosis (Supplementary
Fig. 3h), owing to elevated mTORC1 signaling (Fig. 5f, g). NFκB
activity at the same time point was unaffected (Supplementary
Fig. 3i, j). ELISA showed that Tsc1fl/fl-Lyz cKO mice also had a
decrease in CTX-1 (Fig. 5h), accompanied by a reduction in
P1NP (Fig. 5i). Static bone histomorphometry showed that
femurs of Tsc1fl/fl-Lyz cKO mice exhibited lower osteoclast
number and surface (Fig. 5j); osteoblast number and surface also
trended lower but not significant (Fig. 5k). Dynamic histomor-
phometry by double calcein showed that bone formation rate and
mineral apposition rate were decreased in Tsc1fl/fl-Lyz cKO mice
(Supplementary Fig. 3k, m), in line with the reduced osteoblast
differentiation (Supplementary Fig. 3n, o). µCT revealed a high-
bone-mass phenotype in the Tsc1fl/fl-Lyz cKO mice, suggesting
that the reduced bone resorption was dominant over the reduced
bone formation (Fig. 5l–r). Together, these results reveal that
constitutive mTORC1 activation prevents osteoclast differentia-
tion and mTORC1 is a suppressor of RANKL signaling.

Calcineurin inhibits mTORC1 via dephosphorylation. We next
investigated the mechanisms for how RANKL downregulates
mTORC1 signaling. Our data showed that mTOR phosphoryla-
tion was diminished upon RANKL stimulation (Figs. 3f and 5f),

suggesting that some type of serine-threonine phosphatase
downstream of RANKL signaling may be responsible. Because
calcineurin (also known as PP2B or PP3) is a RANKL-activated
serine-threonine phosphatase, we decided to examine whether
calcineurin regulates mTORC1. First, we treated osteoclast cul-
tures with increasing doses of cyclosporin A (CsA), a potent
inhibitor of calcineurin45. At 20–400 nM, CsA increased
mTORC1 signaling (Fig. 6a), consequently diminishing osteoclast
differentiation, shown by the decreased TRAP expression (Sup-
plementary Fig. 4a) as well as the reduced number and size of
multinucleated osteoclasts (Fig. 6b). Next, our co-
immunoprecipitation (co-IP) analysis revealed that calcineurin
could physically bind to mTOR kinase (Fig. 6c), suggesting that
mTOR may be a direct calcineurin substrate. It has been well
known that substrates for calcineurin contain two short specific
motifs, PxIxIT and LxVP, which are highly conserved features
critical for their dephosphorylation by calcineurin (Supplemen-
tary Fig. 4b)46. PxIxIT is primary the docking site that specifies
the binding to calcineurin, with proline at position 1, hydro-
phobic residues at position 3 and 5, and a hydrophilic residue at
position 6; whereas LxVP is a secondary motif that directs the
binding to active calcineurin. Our bioinformatics analysis iden-
tified multiple cases of both motifs in mTOR kinase (Fig. 6d),
further supporting mTOR as a direct substrate for calcineurin-
mediated dephosphorylation upon RANKL stimulation.

mTORC1 inhibits NFATc1 via phosphorylation. We next
examined the mechanisms for how mTORC1 kinase impedes
osteoclast differentiation. NFATc1—a master transcriptional
factor required for osteoclast differentiation—is activated by a
reduction of phosphorylation and subsequently nuclear translo-
cation12,47–51. Consistent with the literature, we could detect by
western blot multiple NFATc1 bands in osteoclast precursors and
a downward shift of NFATc1 bands upon RANKL stimulation,
possibly due to a combination of decreased phosphorylation and
increased dephosphorylation at multiple sites (Supplementary
Fig. 4c). This reduced NFATc1 phosphorylation correlated with
the mRNA induction of osteoclast markers such as TRAP (Sup-
plementary Fig. 4d) and osteoclastogenic transcription factors
such as NFATc1 itself (Supplementary Fig. 4e). Although calci-
neurin represents a major NFATc1 phosphatase49–51, the kinase
(s) responsible for NFATc1 phosphorylation in osteoclast pre-
cursors is still unclear. Given mTORC1 is an anti-
osteoclastogenic serine–threonine kinase (Figs. 1–5), we hypo-
thesize that mTORC1 phosphorylates NFATc1 during precursor
proliferation stage, and the downregulation of mTORC1 activity
upon RANKL stimulation permits efficient reduction of NFATc1
phosphorylation and consequently osteoclast differentiation. To
test this hypothesis, we examined the effects of mTORC1 inhi-
bition or activation on NFATc1 mobility shift in bone marrow
osteoclast differentiation cultures. As the result of lower

Fig. 3 Late mTORC1 deletion in myeloid lineage enhances osteoclastogenesis. Analyses of Raptorfl/fl-Lyz-Cre cKO mice and littermate controls. a, b
Expression of osteoclast markers (a) and osteoclastogenic transcription factors (b) in bone marrow osteoclast differentiation cultures (n= 6). c
Representative images of TRAP-stained osteoclast differentiation cultures. d Osteoclast resorptive activity measured by calcium release from bone plates
(n= 16). e Osteoclast precursor proliferation by BrdU incorporation (n= 10). f, g mTORC1 signaling in bone marrow osteoclast differentiation cultures
from Raptorfl/fl-Lyz mice or littermate controls 50 h after RANKL treatment. f Phosphorylation of mTOR; g Phosphorylation of S6K1. p/T, ratio of
phosphorylated/total protein. h–t Bone phenotype in 3-month-old male mice. h Serum CTX-1 bone resorption marker (n= 8). i Serum P1NP bone
formation marker (n= 8). j Representative μCT images of the trabecular bone of the tibial metaphysis (top) and the entire proximal tibia (bottom). k–p
Quantification of trabecular bone volume and architecture in proximal tibiae by μCT (n= 8–10). k BV/TV bone volume/tissue volume ratio; l BS bone
surface; m Tb.N trabecular number; n Conn. D. connectivity density; o Tb.Sp trabecular separation; p SMI structure model index. q–t Bone
histomorphometry of distal femurs (n= 6). Oc.S osteoclast surface, B.S bone surface, Oc.N osteoclast number, Ob.S osteoblast surface, Ob.N osteoblast
number. Error bars, SEM; *, p < 0.05; **, p < 0.01; ***, p < 0.005; ****, p < 0.001; n.s. non-significant. R raptor. Full-size scans of immunoblots are shown in
Supplementary Fig. 7
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mTORC1 signaling (Fig. 3f, g), NFATc1 was shifted down in
Raptorfl/fl-Lyz cKO osteoclast cultures vs. control cultures
(Fig. 6e), indicating a reduced NFATc1 phosphorylation. In
agreement, as the result of constitutive mTORC1 activation
(Fig. 5f, g), NFATc1 was shifted up in Tsc1fl/fl-Lyz or Tsc1fl/fl-
Vav1-iCre cKO osteoclast cultures (Fig. 6f, Supplementary
Fig. 4f), indicating an elevated NFATc1 phosphorylation. Fur-
thermore, our co-IP analyses showed that mTOR kinase could

physically bind to NFATc1 in both bone marrow osteoclast
precursors (Fig. 6g) and RAW264.7 osteoclast precursors
(Supplementary Fig. 4g), supporting the notion that NFATc1 may
be an mTORC1 substrate.

Complementary to these genetic approaches, our pharmaco-
logical experiments showed that NFATc1 in osteoclast differ-
entiation cultures was further shifted down upon
mTORC1 suppression by rapamycin, which was reverted up
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upon mTORC1 activation by CsA calcineurin inhibition (Fig. 6h).
TRAP mRNA induction (Fig. 6i) correlated with the changes in
NFATc1 mobility (Fig. 6h) rather than NFATc1 mRNA (Fig. 6j),
indicating that NFATc1 regulation at protein level is more
important. As a result, NFATc1 nuclear localization was
enhanced by rapamycin but attenuated by CsA (Supplementary
Fig. 4h, i), further supporting that mTORC1 negatively regulates
NFATc1 functions possibly by increasing NFATc1
phosphorylation.

We next performed bioinformatic analyses to identify
evolutionarily conserved mTORC1 phosphorylation sites in
NFATc1. A previous phosphoproteomic study combining posi-
tional scanning peptide libraries and quantitative mass spectro-
metry has determined the consensus mTOR phosphorylation
motifs, which show selectivity toward peptide substrates with
proline, hydrophobic residues (L, V), and aromatic residues (F,
W, Y) at +1 position (downstream of serine or threonine)52. This
pattern of specificity at the +1 position is concordant with known
mTOR phosphorylated sites (Supplementary Fig. 5a). Moreover,
this mTOR phosphoproteomic study has detected an NFATc1
phosphopeptide with proline at +1 position (Supplementary
Fig. 5b)52. According to these motifs, we identified approximately
60 potential mTORC1 phosphorylation sites in human and
mouse NFATc1 (Supplementary Fig. 5c–h). To pinpoint the
evolutionally conserved sites, we performed amino-acid sequence
alignments of NFATc1 proteins from human and mouse, as well
as four other vertebrates including rat, pig, monkey, and
chimpanzee (Supplementary Fig. 5i–l). This exercise revealed 30
fully conserved sites, with 18 carrying serine-proline motifs,
including the site identified in the mTOR phosphoproteomic
study52. These results indicate that NFATc1 may be predomi-
nantly phosphorylated by mTORC1 at serine residues followed by
proline (Supplementary Fig. 5i–l). Collectively, our data provide
evidence for a working model in which RANKL activated
calcineurin suppresses mTORC1 signaling by dephosphorylation,
which in turn promotes NFATc1 functions by reducing NFATc1
phosphorylation (Fig. 6k). This new calcineurin ⊣ mTORC1 ⊣
NFATc1 signaling cascade may act in synergy with presently
known mechanisms to effectively enhance osteoclast differentia-
tion (Fig. 6k).

Rapamycin increases bone resorption in vivo. Our ex vivo
findings show that rapamycin exerts dosage-dependent effects on
osteoclastogenesis, with inhibition by high dose but augmentation
by low dose (Fig. 1e–g). In light of the clinical usage of rapamycin
as immunosuppressant and cancer drugs, such as the FDA-
approved Sirolimus and Everolimus, we performed in vivo
rapamycin treatment to examine the effects on osteoclastogenesis,
bone resorption and bone mass. The recommended dose for

Sirolimus and Everolimus is ~6–20 mg/day, which translates to
~60–400 μg/kg/day for an individual with 50–100 kg body weight.
Thus, we treated wildtype mice with rapamycin at similar doses −
75 μg/kg/day (injecting 150 μg/kg every 2 days) and 350 μg/kg/
day (injecting 700 μg/kg every 2 days). At both doses, in vivo
rapamycin treatment enhanced bone marrow osteoclast differ-
entiation after both 1 month and 2 months (Fig. 7a–d). Con-
sistent with these observations in ex vivo bone marrow
osteoclastogenesis assays, in vivo analyses showed that rapamycin
treatment increased bone resorption (Fig. 7e) and decreased bone
formation (Fig. 7f), leading to a lower bone mass (Fig. 7g–m).
These results reveal potential bone loss effects of rapamycin
treatment at clinically relevant dosage.

Discussion
Our study using a series of gain- and loss-of-function mouse
genetic models uncovers mTORC1 as a key proliferation-to-
differentiation switch during osteoclastogenesis. mTORC1 is not
only required but also must be dynamically regulated so that it is
activated during proliferation but inactivated during differentia-
tion. Our examination of the pharmacological effects of rapa-
mycin in vitro and in vivo reveals a dosage-dependent regulation
of osteoclastogenesis by rapamycin. Importantly, our mechanistic
investigation identifies a previously unrecognized but funda-
mentally important calcineurin ⊣ mTORC1 ⊣ NFATc1
phosphorylation-regulatory signaling cascade that will broadly
impact many fields such as bone, immunity, and cancer.

Our data suggest that mTORC1 is a direct calcineurin sub-
strate, because our co-IP showed that calcineurin can bind to
mTOR kinase, and mTOR contains several PxIxIT and LxVP
motifs that are required for functional calcineurin substrates
(Fig. 6c, d, Supplementary Fig. 4b). In contrast, our co-IP could
not detect calcineurin binding to S6K1 kinase, and our bioin-
formatic analysis did not find any PxIxIT or LxVP motif on S6K1,
suggesting that mTOR rather than S6K1 is a direct calcineurin
substrate. Nonetheless, alternative or complementary mechan-
isms may exist, for example, calcineurin may use mTOR kinase as
an anchor to dephosphorylate other mTORC1 subunits.

Similarly, our data suggest that NFATc1 is a direct
mTORC1 substrate, because our genetic and pharmacological
studies support a functional role of mTOR kinase in promoting
NFATc1 phosphorylation (Fig. 6e, f, h, Supplementary Fig. 4f);
our co-IP and bioinformatic analyses support the physical bind-
ing of mTOR kinase to NFATc1 as well as their enzyme substrate
relationship (Fig. 6g, Supplementary Fig. 5). Nonetheless,
mTORC1 may also phosphorylate other substrates to confer
alternative or complementary mechanisms for its regulation of
both MCSF-mediated osteoclast precursor proliferation and
RANKL-mediated osteoclast differentiation. We have observed

Fig. 4 Constitutive mTORC1 activation in HSCs blunts osteoclastogenesis. Analyses of Tsc1fl/fl-Vav1-iCre cKO mice and littermate controls. a Pup body
weight at 2 months old (n= 10–11). b Representative image of spleen at 2 months old (left). Quantification of spleen/body weight ratio (n= 10–11) (right).
c Representative image of bone length in 2 months old pups. d Total bone marrow cells in 2 months old pups (n= 3). e Representative images of TRAP-
stained osteoclast differentiation cultures. f, g Expression of osteoclast markers (f) and osteoclastogenic transcription factors (g) in bone marrow
osteoclast differentiation cultures (n= 6). h Osteoclast resorptive activity measured by calcium release from bone plates (n= 16). i Tsc1 expression in
bone marrow osteoclast differentiation cultures (n= 6). j Osteoclast precursor proliferation by BrdU incorporation (n= 10). k Representative image of
culture media color changes in Tsc1fl/fl-Vav1-iCre cKO bone marrow cultures. l Caspase 9 expression in bone marrow osteoclast differentiation cultures (n
= 6). m, n mTORC1 signaling in bone marrow osteoclast differentiation cultures 60 h after RANKL treatment. m Phosphorylation of mTOR; n
Phosphorylation of S6K1. p/T ratio of phosphorylated/total protein. o Serum CTX-1 bone resorption marker (n= 8). p Serum P1NP bone formation marker
(n= 8). q Representative μCT images of the trabecular bone of the tibial metaphysis (top) and the entire proximal tibia (bottom). r–w Quantification of
trabecular bone volume and architecture in proximal tibiae by μCT (n= 8). r BV/TV bone volume/tissue volume ratio, s BS bone surface, t Tb.N trabecular
number, u Conn. D. connectivity density, v Tb.Sp trabecular separation, w SMI structure model index. Error bars, SEM; *p < 0.05; **p < 0.01; ***p < 0.005;
****p < 0.001; n.s. non-significant. T Tsc1. Full-size scans of immunoblots are shown in Supplementary Fig. 8
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Fig. 5 Constitutive mTORC1 activation in myeloid lineage impedes osteoclast differentiation. Analyses of Tsc1fl/fl-Lyz-Cre cKO mice and littermate controls.
a, b Expression of osteoclast markers (a) and osteoclastogenic transcription factors (b) in bone marrow osteoclast differentiation cultures (n= 6). c
Representative images of TRAP-stained osteoclast differentiation cultures. d Osteoclast resorptive activity measured by calcium release from bone plates
(n= 16). e Osteoclast precursor proliferation by BrdU incorporation (n= 10). f, gmTORC1 signaling in bone marrow osteoclast differentiation cultures 60 h
after RANKL treatment. f Phosphorylation of mTOR; g Phosphorylation of S6K1. p/T ratio of phosphorylated/total protein. h–r Bone phenotype in 2-month-
old male mice. h Serum CTX-1 bone resorption marker (n= 8). i Serum P1NP bone formation marker (n= 8). j Bone histomorphometry of distal femurs (n
= 6). Oc.S osteoclast surface, B.S bone surface, Oc.N osteoclast number. k Bone histomorphometry of distal femurs (n= 6). Ob.S osteoblast surface, B.S
bone surface, Ob.N osteoblast number. l Representative μCT images of the trabecular bone of the tibial metaphysis (top) and the entire proximal tibia
(bottom). m–r Quantification of trabecular bone volume and architecture in proximal tibiae by μCT (n= 8). m BV/TV bone volume/tissue volume ratio, n
BS bone surface, o Tb.N trabecular number, p Tb.Sp trabecular separation, q Conn. D. connectivity density, r SMI structure model index. Error bars, SEM;
*p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001; n.s. non-significant. T Tsc1. Full-size scans of immunoblots are shown in Supplementary Fig. 9
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decreased NFATc1 phosphorylation upon Raptor deletion before
RANKL treatment (Fig. 6e). NFATc1 has been shown to regulate
the proliferation of both hematopoietic and non-hematopoietic
cell types53,54, thus it is likely that mTORC1 phosphorylation of
NFATc1 also impact osteoclast progenitor proliferation. In
addition, many mTORC1 downstream targets have been shown
to contribute to its regulation of cell growth and proliferation;
hence it is possible that these other pathways are also involved.
Furthermore, our data suggest that mTOR is only one of the
kinases that phosphorylate NFATc1. As shown in Fig. 6e,
NFATc1 was still partially phosphorylated in the absence of

Raptor, indicating that other kinases were also involved. Raptor
deletion shifted the balance by decreasing phosphorylated
NFATc1 before RANKL treatment and increasing depho-
sphorylated NFATc1 after RANKL treatment. Besides NFATc1,
other signaling pathways induced by RANKL, such as AP-1 and
NFkB, are also required for a robust osteoclastogenesis. There-
fore, partial NFATc1 dephosphorylation due to Raptor deletion
was not able to lead to pronounced RANKL-independent osteo-
clastogenesis (Fig. 3a–c).

Upon binding of RANKL to its receptor RANK, the resulted
complex triggers activation of various immediate downstream
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signaling cascades such as mitogen-activated protein kinases
(MAPK) including p38, c-Jun N-terminal kinase (JNK) and
extracellular signal-regulated kinase (ERK), as well as transcrip-
tion factors such as NFκB and AP-147. These pathways in the

triggering phase are activated within an hour of RANKL stimu-
lation. The transition of triggering phase to amplifying phase
requires the induction of NFATc1 activity, which allows further
downstream signaling. During the amplifying phase starting
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around 24 h after RANKL stimulation, intracellular Ca2+ levels
oscillate, and activate the Ca2+/calmodulin-dependent phospha-
tase calcineurin, which dephosphorylates NFATc1 and induces
NFATc1 nuclear translocation, leading to the increased tran-
scription of NFATc1 target genes14,15. Consistent with this
notion, we did not observe any significant changes of
NFATc1 shift or S6K1 phosphorylation level at 24 h of RANKL
stimulation (Supplememtary Fig. 1o, p). However, we began to
see the downward shift of NFATc1 and the decreased phos-
phorylation of S6K1 at ~36 h, and the best effects for both were
observed between 48 and 60 h after RANKL treatment. As
osteoclasts became more mature at 72 h of RANKL stimulation,
we could not detect p-S6K1 (Supplementary Fig. 1q). Therefore,
we chose 48–60 h window for our experiments to see clear effects
on mTORC1 and NFATc1. At this time window, we did not
observe any change in IκBα levels in the mutant mice (Supple-
mentary Fig. 2f, g, 3i, j). However, it is possible that other sig-
naling pathways such as NFκB may be altered as direct or indirect
consequences at other time points.

Our pharmacological studies in vivo using clinically relevant
dose of rapamycin revealed a pro-osteoclastogenic and
resorption-enhancing effect, contributing to a decreased bone
mass. Nonetheless, in addition to the osteoclast-autonomous
signaling supported by our study, the bone loss effects of rapa-
mycin may be also contributed by other tissues and cell types,
such as the reported increased RANKL but decreased OPG
expression from marrow stromal cells55. Moreover, it has been
shown that the effects of rapamycin and mTOR on osteoclasto-
genesis may be influenced by the bioenergetics
microenvironment56.

Consistent with our current findings using in vivo mouse
models (Figs. 1–5), a previous in vitro study has also shown that
mTORC1 inhibition by rapamycin enhances osteoclast differ-
entiation from RAW264.7 macrophages57. In accordance with
our current findings of increased osteoclastogenesis in
rapamycin-treated mice (Fig. 7), a previous pharmacological
study has also shown that rapamycin led to increased bone
remodeling and bone loss in healthy male rats58. Clinically, it has
been observed that in osteoporotic women with elevated osteo-
clast activity and bone resorption, mTOR expression was lower
by three-fold in their peripheral blood cells, which include cir-
culating osteoclast precursors59. Sirolimus has been shown to
increase bone resorptive marker in renal transplant patients,
leading to high bone turnover osteopenia60. Moreover, bone pain
and bone necrosis have been widely reported as a common side
effect of sirolimus. Nonetheless, several studies have also shown
that sirolimus reduces osteoclastic bone resorption61–64. Despite
these clinical observations, there has not been a deep molecular
and cellular understanding for how rapamycin affects osteoclas-
togenesis and bone turnover. Highly clinically relevant, our study
is the first providing mechanistic basis for these seemingly con-
tradictory reports via revealing the biphasic regulation by
mTORC1 and the dosage-dependent effects of rapamycin on
osteoclastogenesis, genetically and pharmacologically, in vitro and

in vivo. The long-term effects of rapamycin drugs on bone are
still unclear due to the limited clinical information to date65. Our
work will facilitate future clinical studies to carefully examine the
dosage-dependent impact of rapamycin on skeletal fitness, and
select the optimal dose range to prevent any potential bone loss
deleterious effects from rapamycin treatment.

Despite the biological and clinical importance, there are only a
few reports on mTORC1 and osteoclastogenesis, including two
recent studies presenting conflicting results36,37. However, these
studies could not provide a unifying explanation for the contra-
dictory clinical observations. In one study, Dai et al. deleted
Raptor with Cathepsin K-Cre (Ctsk-Cre) to conclude that inac-
tivation of mTORC1 signaling in osteoclast increases bone mass
by inhibiting osteoclast differentiation in mice. This observation
is in line with earlier work showing that mTORC1 promotes
osteoclast precursor proliferation upon stimulation by M-
CSF36,41,61,66. However, Ctsk-Cre is known to be non-specific,
and often causes germline flox recombination and gene dele-
tion67. This raises significant concerns regarding their reported
in vivo bone phenotypes. Moreover, Dai et al. treated bone
marrow cells with rapamycin at 1–100 nM concentration to
conclude that rapamycin inhibits osteoclast differentiation
in vitro. However, IC50 for rapamycin is ~0.1 nM68–70. The
1–100 nM concentration they used is considered high, and may
not be clinically relevant.

In another study, Zhang et al. deleted Raptor or Tsc1 with
LyzM-Cre to inhibit or activate mTORC1 signaling, respec-
tively37. In agreement with this study, we observed similar in vivo
bone phenotypes as well as ex vivo osteoclast differentiation using
LyzM-Cre. However, Zhang et al. did not examine the pharma-
cological effects of rapamycin in vivo to address the clinically
observed high bone turnover and bone loss; they only treated the
in vitro osteoclast culture from Tsc1 cKO mice with rapamycin to
show rescuing effects. In addition, using only LyzM-Cre to
eliminate Raptor in myeloid lineage failed to reveal the require-
ment of mTORC1 signaling in osteoclastogenesis by promoting
precursor proliferation and survival, and contradicted the inhi-
bition of osteoclast differentiation by high dose of rapamycin
treatment. Thus, we used additional Vav1-iCre to delete Raptor
or Tsc1 in hematopoietic stem cells to reveal the consequences of
early genetic deletion and the relevance of complete mTOR
inhibition by high-dose rapamycin. Pharmacologically and
genetically, our data demonstrate that mTORC1 acts as a dual
regulator to control the proliferation-to-differentiation switch
during osteoclastogenesis, which is required for precursor pro-
liferation but must be downregulated for differentiation.

Zhang et al. concluded that mTORC1 inhibits NF-kB/
NFATc1 signaling to prevent osteoclast differentiation, but did
not provide a clear mechanism for how mTORC1 inhibits
NFATc137. First, it is well known that NFATc1 is activated by
calcineurin-mediated dephosphorylation and subsequent nuclear
translocation8,9,13–15. Consistent with this notion, our data
demonstrated that NFATc1 protein mobility is shifted downward
upon activation by RANKL and dephosphorylation by

Fig. 7 Rapamycin enhances osteoclastogenesis and bone resorption in vivo. a–d Ex vivo bone marrow osteoclast differentiation from 3 mice/group after
1 month (a, b) or 2 months (c, d) of rapamycin or vehicle treatment. a, c Expression of osteoclast markers in differentiation cultures (n= 6). Representative
results from 3 mice/group. (b, d) Representative images of TRAP-stained differentiation cultures. Rosi, rosiglitazone. e–m In vivo bone phenotype in mice
treated with vehicle control or rapamycin (Rapa) at 700 μg/kg every 2 days. e Serum CTX-1 bone resorption marker (n= 4). f Serum P1NP bone formation
marker (n= 4). g Representative μCT images of the trabecular bone of the tibial metaphysis (top) and the entire proximal tibia (bottom). h–m
Quantification of trabecular bone volume and architecture in proximal tibiae by μCT (n= 4). h BV/TV bone volume/tissue volume ratio, i BS bone surface,
j Tb.N trabecular number, k Tb.Sp trabecular separation, l Conn. D. connectivity density, m SMI structure model index. Error bars, SEM; *p < 0.05; **p <
0.01; ***p < 0.005; ****p < 0.001; n.s. non-significant
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calcineurin, and shifted further downward with low dose of
rapamycin. This pharmacological observation by rapamycin
treatment could be genetically replicated ex vivo with our Rap-
torfl/fl-Lyz cKO mice. Conversely, we also demonstrated the
reverse for an upward shift of NFATc1 by cyclosporin A (CsA),
which was also genetically replicated with Tsc1fl/fl-Lyz and Tsc1fl/
fl-Vav-iCre cKO mice. However, Zhang et al. did not examine the
dephosphorylation and phosphorylation shift of NFATc1 either
in their LyzM-Cre cKO mice or with rapamycin. Moreover,
Zhang et al. showed a single band of NFATc1 protein with higher
intensity in Raptor-LyzM and lower intensity in Tsc1-LyzM at the
same position of NFATc1 protein from wildtype mice—these
data are inconsistent with the fact that NFATc1 is depho-
sphorylated by calcineurin (early established findings) or phos-
phorylated by mTORC1 (our new findings). In addition to
revealing the functional significance of mTORC1 in phosphor-
ylating and inhibiting NFATc1, we have also provided compelling
evidence for a direct kinase–substrate relationship between
mTOR and NFATc1 by demonstrating their physical interaction
and identifying multiple evolutionarily conserved mTOR phos-
phorylation motifs in NFATc1. We found no significant change
in NFκB signaling. Thus, our study is the first to our knowledge
to reveal the novel molecular mechanism of NFATc1 inhibition
by mTORC1-mediated phosphorylation, which will exert broad
impact on multiple fields including bone, immunology, and
cancer.

Furthermore, our findings suggest that calcineurin is a phos-
phatase that inactivates mTORC1 upon RANKL stimulation by
demonstrating a physical interaction between calcineurin and
mTOR, as well as identifying calcineurin dephosphorylation
motifs in mTOR. Pharmacologically, we showed that calcineurin
inhibition by CsA enhances mTORC1 signaling. To our knowl-
edge, this finding is the first to show such key regulation, which
will be important in not only osteoclast but also numerous other
cell types regulated by calcium and mTORC1 signaling. Together,
our study uncovered a novel phosphorylation/dephosphorylation
signaling cascade during osteoclastogenesis that is comprised of
calcineurin ⊣ mTORC1 ⊣ NFATc1, providing important insights
to both mechanisms (biphasic functions) and pharmacological
treatment (dose-dependent effects). Importantly, we treated wild-
type mice with clinically relevant dose of rapamycin and observed
resorption-enhancing and bone loss consequences, thus providing
important understanding of the clinically observed bone dama-
ging effects in patients.

In summary, the significance and novelty of our current study
resides in the following aspects. We uncovered the biphasic and
dynamic regulation by mTORC1 in osteoclast proliferation and
differentiation, by establishing multiple genetic models. We
identified the dosage-dependent effects of rapamycin on osteo-
clastogenesis, and demonstrated that low but clinically relevant
dose of rapamycin treatment in vivo enhances bone resorption
and causes bone loss. Finally, we identified a fundamentally
important signaling cascade by which calcineurin inhibits
mTORC1, thus blocking its inhibition of NFATc1, which will
have broad and long-reaching impact in multiple fields such as
bone, immunology and cancer. Our studies with unprecedented
comprehension and precision will help to unify the field and
resolve the long-standing debate over the roles of mTORC1 and
rapamycin on osteoclastogenesis, providing novel mechanistic
and clinical insights.

Methods
Mice. VLDLR−/− mice71, Reln−/− mice72, Tsc1 flox mice73, Raptor flox mice74,
Lysozyme-Cre75, and Vav1-iCre transgenic mice43 were from Jackson Laboratory
and maintained on C57BL/6 background. Mice were fed standard rodent chow ad
libitum (Harlan Laboratories). To generate VLDLR−/− and wildtype littermates,

VLDLR+/− female were bred with VLDLR+/− male mice. To generate Reln−/− and
wild-type littermates, Reln+/− female were bred with Reln+/− male mice. To obtain
Raptorflox/flox;Vav1-iCre (or TSC1flox/flox;Vav1-iCre) cKO mice, male Raptorflox/flox

(or TSC1flox/flox) mice were bred with Raptorflox/+;Vav1-iCre (or TSC1flox/+;Vav1-
iCre) female mice76. To obtain Raptorflox/flox;Lysozyme-Cre (or TSC1flox/flox;
Lysozyme-Cre) cKO mice, female Raptorflox/flox (or TSC1flox/flox) mice were bred
with Raptorflox/flox;Lysozyme-Cre (or TSC1flox/flox;Lysozyme-Cre) male mice. All
experiments were conducted using littermates. Sample size estimate was based on
power analyses performed using SAS 9.3 TS X64_7PRO platform. All animal
experiments were approved by the Institutional Animal Care and Use Committee
of UT Southwestern Medical Center.

Bone marrow osteoclast differentiation. Osteoclasts were differentiated from
bone marrow cells as previously described38. Briefly, bone marrow cells were dif-
ferentiated with 40 ng/mL of mouse M-CSF (R&D Systems) in α-MEM containing
10% FBS for 3 days (day 1–3), then with 40 ng/mL of mouse M-CSF and 100 ng/
mL of mouse RANKL (R&D Systems) for 3–7 days (day 4–10), with or without
rosiglitazone (1 µM) (Cayman Chemical). TRAP (tartrate-resistant acid phospha-
tase) staining of osteoclasts was performed using a leukocyte acid phosphatase
staining kit (Sigma). Mature osteoclasts were identified as multinucleated (>3
nuclei) TRAP+ cells on day 10. Osteoclast differentiation was quantified by the
RNA expression of osteoclast markers on day 6 using RT-qPCR analysis. Osteoclast
precursor proliferation was quantified by bromodeoxyuridine (BrdU) incorpora-
tion (GE Healthcare) as previously described77. Osteoclast resorptive activity from
the entire culture was measured by calcium release from bone plates as previously
described78. Bone marrow osteoblast differentiation was performed as previously
described79. Osteoblast precursors were expanded for 4 days in Mesenchymal Stem
Cell (MSC) media using a Mouse MesenCult Proliferation Kit (StemCell Tech-
nologies) before the addition of osteoblast differentiation cocktail (StemCell
Technologies).

Bone analyses. µCT was performed to evaluate bone volume and architecture
using a Scanco µCT-35 instrument (SCANCO Medical) as described77. Bone his-
tomorphometry was conducted using Bioquant Image Analysis software (Bio-
quant). Dynamic histomorphometry was performed using femurs as described77.
Calcein (20 mg/kg) was injected into 6-week-old mice 2 and 7 days before bone
collection. As a bone resorption marker, serum CTX-1 was measured with the
RatLapsTM EIA kit (Immunodiagnostic Systems)80. As a bone formation marker,
serum P1NP was measured with the Rat/Mouse P1NP EIA kit (Immunodiagnostic
Systems)80.

RNA and protein analyses. RNA expression was analyzed by RT-qPCR. RNA was
extracted with TRIZOL (Invitrogen); reverse transcribed into cDNA using an ABI
High Capacity cDNA RT Kit (Invitrogen), and then analyzed using real-time
quantitative PCR (SYBR Greener, Invitrogen) with gene-specific primers in tri-
plicate. All RNA expression was normalized by ribosomal protein L19. To evaluate
mTORC1 signaling in osteoclast cultures, bone marrow cells were differentiated
with 40 ng/mL of mouse M-CSF (R&D Systems) in α-MEM containing 10% FBS
for 3 days (days 1–3), then with 40 ng/ml of mouse M-CSF and 100 ng/mL of
mouse RANKL (R&D Systems) with or without rosiglitazone (Cayman Chemical),
rapamycin (LC Laboratories), or cyclosporin A (Santa Cruz) dissolved in DMSO.
Cells were directly lysed in laemmli buffer (Bio-Rad) after 40–60 h of RANKL
treatment. Lysates were subjected to western blot analysis with anti-p-mTOR
(S2448), anti-mTOR, anti-p-S6K1 (T389), anti-S6K1 (Cell Signaling), anti-
NFATc1, anti-lamin B (Santa Cruz), or anti-β-actin (Sigma) antibodies. For all
immunoblot analysis, membranes were pre-cut. Protein alignments were per-
formed by ClustalW2 and Clustal Omega.

Cell lysis and immunoprecipitations. Immunoprecipitations were performed as
previously described81. Briefly, bone marrow cells were differentiated with 40 ng/
mL of mouse M-CSF (R&D Systems) in α-MEM containing 10% FBS for 5 days.
Cells rinsed once with cold PBS were lysed in cold lysis buffer (40 mM HEPES, [pH
7.4], 1 mM NaF, 1 mM pyrophosphate, 1 mM glycerophosphate, 0.3% NP-40, and
one tablet of EDTA-free protease inhibitors [Roche] per 25 mL) for NFATc1, or
(40 mM HEPES [pH 7.4], 60 µM CaCl2, 0.3% NP-40, and one tablet of EDTA-free
protease inhibitors per 25 mL) for calcineurin. The soluble fractions of cell lysates
were isolated by centrifugation at 12,000 xg for 10 min at 4 °C. For immunopre-
cipitation, rabbit anti-mTOR (Cell Signaling) or rabbit IgG control (Santa Cruz)
antibodies were added to the lysates and incubated with rotation for 1.5 h at 4 °C. A
volume of 30 µL of resuspended Protein A/G Plus-Agarose (Santa Cruz) was then
added, and the incubation continued for additional 1 h. Immunoprecipitates were
gently washed twice with low salt wash buffer (40 mM HEPES, [pH 7.4], 100 mM
NaCl, 1 mM NaF, 1 mM pyrophosphate, 1 mM glycerophosphate, 0.3% NP-40, and
one tablet of EDTA-free protease inhibitors per 25 mL) for NFATc1, or (40 mM
HEPES, [pH 7.4], 100 mM NaCl, 60 µM CaCl2, 0.3% NP-40, and one tablet of
EDTA-free protease inhibitors per 25 mL) for calcineurin, and one time with cold
PBS. Immunoprecipitated proteins were denatured by the addition of 20 µL of
laemmli buffer (Bio-Rad) and boiling for 2 min, resolved by 12% SDS-PAGE, and
analyzed by western blotting with goat anti-PP2B (calcineurin) or mouse anti-
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NFATc1 (Santa Cruz) antibodies. Nuclear protein extraction was previously
described82. Briefly, adherent macrophage or osteoclast cell cultures were washed
once with cold PBS, and removed with cell-lifter (Corning) in 1 mL cold PBS and
pelleted by centrifugation. Cells were resuspended with Cytoplasmic Extract (CE)
buffer (10 mM HEPES, 60 mM KCl, 1 mM EDTA, 0.075% NP-40, 1 mM DTT, 1
mM PMSF, and one tablet of EDTA-free protease inhibitors per 25 mL, adjusted to
[pH 7.6]), and incubated on ice for 3 min. Nuclei were pelleted by centrifugation
and washed once with CE buffer without NP-40. Nuclei pellets were resuspended
in Nuclear Extract (NE) buffer (20 mM Tris Cl, 400 mM NaCl, 1.5 mM MgCl2, 0.2
mM EDTA, 1 mM PMSF, 25% glycerol, and one tablet of EDTA-free protease
inhibitors per 25 mL, adjusted to [pH 8]), and incubated on ice for 30 min with
intermittent vortex. Supernatants were collected after centrifugation at 12,000 rpm
for 5 min, and subjected to western blot analysis.

In vivo rapamycin treatment. Rapamycin was administered as previously
described83. Briefly, rapamycin was dissolved in DMSO to 100 mg/mL. This stock
was diluted in 5% PEG-400 / 5% Tween-20, sterile filtered, aliquoted into 1 mL
portions, and stored at −80 °C. Male mice received intraperitoneally with indicated
dose of rapamycin or vehicle control containing an equal volume of diluent and
DMSO every other day. The abdomen was briefly swabbed with an alcohol wipe
prior to injection.

Statistical analyses. All statistical analyses were performed with Student’s t-test
and represented as mean ± SEM unless stated otherwise. The p values were
designated as *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001; and n.s., non-
significant (p > 0.05).

Data availability. All data generated or analyzed during this study are included in
this published article (and its supplementary information files).
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References
1. Lacey, D. L. et al. Osteoprotegerin ligand is a cytokine that regulates osteoclast

differentiation and activation. Cell 93, 165–176 (1998).
2. Mocsai, A. et al. The immunomodulatory adapter proteins DAP12 and Fc

receptor gamma-chain (FcRgamma) regulate development of functional
osteoclasts through the Syk tyrosine kinase. Proc. Natl Acad. Sci. USA 101,
6158–6163 (2004).

3. Takeshita, S. et al. SHIP-deficient mice are severely osteoporotic due to
increased numbers of hyper-resorptive osteoclasts. Nat. Med. 8, 943–949
(2002).

4. Yasuda, H. et al. Osteoclast differentiation factor is a ligand for
osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical to
TRANCE/RANKL. Proc. Natl Acad. Sci. USA 95, 3597–3602 (1998).

5. Soysa, N. S., Alles, N., Aoki, K. & Ohya, K. Osteoclast formation and
differentiation: an overview. J. Med. Dent. Sci. 59, 65–74 (2012).

6. Zaidi, M. Skeletal remodeling in health and disease. Nat. Med. 13, 791–801
(2007).

7. Shaw, J. P. et al. Identification of a putative regulator of early T cell activation
genes. Science 241, 202–205 (1988).

8. Crabtree, G. R. & Olson, E. N. NFAT signaling: choreographing the social lives
of cells. Cell 109(Suppl), S67–S79 (2002).

9. Graef, I. A., Chen, F. & Crabtree, G. R. NFAT signaling in vertebrate
development. Curr. Opin. Genet. Dev. 11, 505–512 (2001).

10. Hogan, P. G., Chen, L., Nardone, J. & Rao, A. Transcriptional regulation by
calcium, calcineurin, and NFAT. Genes Dev. 17, 2205–2232 (2003).

11. Kiani, A. et al. Expression and regulation of NFAT (nuclear factors of
activated T cells) in human CD34+ cells: down-regulation upon myeloid
differentiation. J. Leukoc. Biol. 76, 1057–1065 (2004).

12. Takayanagi, H. et al. Induction and activation of the transcription factor
NFATc1 (NFAT2) integrate RANKL signaling in terminal differentiation of
osteoclasts. Dev. Cell 3, 889–901 (2002).

13. Lopez-Rodriguez, C. et al. Bridging the NFAT and NF-kappaB families:
NFAT5 dimerization regulates cytokine gene transcription in response to
osmotic stress. Immunity 15, 47–58 (2001).

14. Horsley, V. & Pavlath, G. K. NFAT: ubiquitous regulator of cell differentiation
and adaptation. J. Cell. Biol. 156, 771–774 (2002).

15. Takayanagi, H. The role of NFAT in osteoclast formation. Ann. NY Acad. Sci.
1116, 227–237 (2007).

16. Song, I. et al. Regulatory mechanism of NFATc1 in RANKL-induced
osteoclast activation. FEBS Lett. 583, 2435–2440 (2009).

17. Matsuo, K. et al. Nuclear factor of activated T-cells (NFAT) rescues
osteoclastogenesis in precursors lacking c-Fos. J. Biol. Chem. 279,
26475–26480 (2004).

18. Haynes, D. R. et al. Osteoprotegerin and receptor activator of nuclear factor
kappaB ligand (RANKL) regulate osteoclast formation by cells in the human
rheumatoid arthritic joint. Rheumatology 40, 623–630 (2001).

19. Hughes, D. E. et al. Estrogen promotes apoptosis of murine osteoclasts
mediated by TGF-beta. Nat. Med. 2, 1132–1136 (1996).

20. Kameda, T. et al. Estrogen inhibits bone resorption by directly inducing
apoptosis of the bone-resorbing osteoclasts. J. Exp. Med. 186, 489–495 (1997).

21. Kong, Y. Y. et al. Activated T cells regulate bone loss and joint destruction in
adjuvant arthritis through osteoprotegerin ligand. Nature 402, 304–309
(1999).

22. Kousteni, S. et al. Reversal of bone loss in mice by nongenotropic signaling of
sex steroids. Science 298, 843–846 (2002).

23. Mundy, G. R. Metastasis to bone: causes, consequences and therapeutic
opportunities. Nat. Rev. Cancer 2, 584–593 (2002).

24. Roodman, G. D. Mechanisms of bone metastasis. N. Engl. J. Med. 350,
1655–1664 (2004).

25. Whyte, M. P. Paget’s disease of bone and genetic disorders of RANKL/OPG/
RANK/NF-kappaB signaling. Ann. NY Acad. Sci. 1068, 143–164 (2006).

26. Kim, J. H. et al. Lhx2 regulates bone remodeling in mice by modulating
RANKL signaling in osteoclasts. Cell Death Differ. 21, 1613–1621 (2014).

27. Kim, K. et al. MafB negatively regulates RANKL-mediated osteoclast
differentiation. Blood 109, 3253–3259 (2007).

28. Lee, J. et al. Id helix-loop-helix proteins negatively regulate TRANCE-
mediated osteoclast differentiation. Blood 107, 2686–2693 (2006).

29. Zhao, B. et al. Interferon regulatory factor-8 regulates bone metabolism by
suppressing osteoclastogenesis. Nat. Med. 15, 1066–1071 (2009).

30. Kim, J. H. et al. Negative feedback control of osteoclast formation through
ubiquitin-mediated down-regulation of NFATc1. J. Biol. Chem. 285,
5224–5231 (2010).

31. Kim, J. H. et al. RANKL induces NFATc1 acetylation and stability via histone
acetyltransferases during osteoclast differentiation. Biochem. J. 436, 253–262
(2011).

32. Lee, Y. et al. MicroRNA-124 regulates osteoclast differentiation. Bone 56,
383–389 (2013).

33. Yasui, T. et al. Epigenetic regulation of osteoclast differentiation: possible
involvement of Jmjd3 in the histone demethylation of Nfatc1. J. Bone Miner.
Res. 26, 2665–2671 (2011).

34. Li, X. et al. Nur77 prevents excessive osteoclastogenesis by inducing ubiquitin
ligase Cbl-b to mediate NFATc1 self-limitation. eLife 4, e07217 (2015).

35. Laplante, M. & Sabatini, D. M. mTOR signaling in growth control and disease.
Cell 149, 274–293 (2012).

36. Dai, Q. et al. Inactivation of regulatory-associated protein of mTOR (Raptor)/
mammalian target of rapamycin complex 1 (mTORC1) signaling in
osteoclasts increases bone mass by inhibiting osteoclast differentiation in mice.
J. Biol. Chem. 292, 196–204 (2017).

37. Zhang, Y. et al. mTORC1 inhibits NF-kappaB/NFATc1 signaling and prevents
osteoclast precursor differentiation, in vitro and in mice. J. Bone Miner. Res.
32, 1829–1840 (2017).

38. Wan, Y., Chong, L. W. & Evans, R. M. PPAR-gamma regulates
osteoclastogenesis in mice. Nat. Med. 13, 1496–1503 (2007).

39. Huynh, H., Wei, W. & Wan, Y. mTOR inhibition subdues milk disorder
caused by maternal VLDLR loss. Cell Rep. 19, 2014–2025 (2017).

40. Sabatini, D. M. mTOR and cancer: insights into a complex relationship. Nat.
Rev. Cancer 6, 729–734 (2006).

41. Glantschnig, H., Fisher, J. E., Wesolowski, G., Rodan, G. A. & Reszka, A. A.
M-CSF, TNFalpha and RANK ligand promote osteoclast survival by signaling
through mTOR/S6 kinase. Cell Death Differ. 10, 1165–1177 (2003).

42. Saxton, R. A. & Sabatini, D. M. mTOR signaling in growth, metabolism, and
disease. Cell 168, 960–976 (2017).

43. de Boer, J. et al. Transgenic mice with hematopoietic and lymphoid specific
expression of Cre. Eur. J. Immunol. 33, 314–325 (2003).

44. Knight, Z. A., Schmidt, S., Birsoy, K., Tan, K. & Friedman, J. M. A critical role
for mTORC1 in erythropoiesis and anemia. eLife 3, e01913 (2014).

45. Schreiber, S. L. & Crabtree, G. R. The mechanism of action of cyclosporin A
and FK506. Immunol. Today 13, 136–142 (1992).

46. Roy, J. & Cyert, M. S. Cracking the phosphatase code: docking interactions
determine substrate specificity. Sci. Signal. 2, re9 (2009).

47. Kuroda, Y. & Matsuo, K. Molecular mechanisms of triggering, amplifying and
targeting RANK signaling in osteoclasts. World J. Orthop. 3, 167–174 (2012).

48. Crabtree, G. R. & Schreiber, S. L. SnapShot: Ca2+-calcineurin-NFAT
signaling. Cell 138, 210, 210 e211 (2009).

49. Wesselborg, S., Fruman, D. A., Sagoo, J. K., Bierer, B. E. & Burakoff, S. J.
Identification of a physical interaction between calcineurin and nuclear factor
of activated T cells (NFATp). J. Biol. Chem. 271, 1274–1277 (1996).

ARTICLE COMMUNICATIONS BIOLOGY | DOI: 10.1038/s42003-018-0028-4

14 COMMUNICATIONS BIOLOGY |  (2018) 1:29 | DOI: 10.1038/s42003-018-0028-4 |www.nature.com/commsbio

www.nature.com/commsbio


50. Loh, C. et al. Calcineurin binds the transcription factor NFAT1 and reversibly
regulates its activity. J. Biol. Chem. 271, 10884–10891 (1996).

51. Masuda, E. S. et al. Control of NFATx1 nuclear translocation by a calcineurin-
regulated inhibitory domain. Mol. Cell. Biol. 17, 2066–2075 (1997).

52. Hsu, P. P. et al. The mTOR-regulated phosphoproteome reveals a mechanism
of mTORC1-mediated inhibition of growth factor signaling. Science 332,
1317–1322 (2011).

53. Li, L., Duan, Z., Yu, J. & Dang, H. X. NFATc1 regulates cell proliferation,
migration, and invasion of ovarian cancer SKOV3 cells in vitro and in vivo.
Oncol. Rep. 36, 918–928 (2016).

54. Mognol, G. P., Carneiro, F. R., Robbs, B. K., Faget, D. V. & Viola, J. P. Cell
cycle and apoptosis regulation by NFAT transcription factors: new roles for an
old player. Cell Death Dis. 7, e2199 (2016).

55. Hofbauer, L. C. et al. Effects of immunosuppressants on receptor activator of
NF-kappaB ligand and osteoprotegerin production by human osteoblastic and
coronary artery smooth muscle cells. Biochem. Biophys. Res. Commun. 280,
334–339 (2001).

56. Tiedemann, K. et al Regulation of osteoclast growth and fusion by mTOR/
raptor and mTOR/rictor/Akt. Front. Cell. Dev. Biol. 5, 54 (2017).

57. Shui, C., Riggs, B. L. & Khosla, S. The immunosuppressant rapamycin, alone
or with transforming growth factor-beta, enhances osteoclast differentiation of
RAW264.7 monocyte-macrophage cells in the presence of RANK-ligand.
Calcif. Tissue Int. 71, 437–446 (2002).

58. Rubert, M. et al. Sirolimus and tacrolimus rather than cyclosporine A cause
bone loss in healthy adult male rats. Bone Rep. 2, 74–81 (2015).

59. Tchetina, E. V., Maslova, K. A., Krylov, M. Y. & Myakotkin, V. A. Association
of bone loss with the upregulation of survival-related genes and concomitant
downregulation of Mammalian target of rapamycin and osteoblast
differentiation-related genes in the peripheral blood of late postmenopausal
osteoporotic women. J. Osteoporos. 2015, 802694 (2015).

60. Campistol, J. M. et al. Bone metabolism in renal transplant patients treated
with cyclosporine or sirolimus. Transpl. Int. 18, 1028–1035 (2005).

61. Westenfeld, R. et al. Impact of sirolimus, tacrolimus and mycophenolate
mofetil on osteoclastogenesis–implications for post-transplantation bone
disease. Nephrol. Dial. Transplant. 26, 4115–4123 (2011).

62. Kneissel, M. et al. Everolimus suppresses cancellous bone loss, bone
resorption, and cathepsin K expression by osteoclasts. Bone 35, 1144–1156
(2004).

63. Gnant, M. et al. Effect of everolimus on bone marker levels and progressive
disease in bone in BOLERO-2. J. Natl Cancer Inst. 105, 654–663 (2013).

64. Browne, A. J. et al. Concurrent antitumor and bone-protective effects of
everolimus in osteotropic breast cancer. Breast Cancer Res. 19, 92 (2017).

65. Broom, R. J. et al. Everolimus and zoledronic acid in patients with renal cell
carcinoma with bone metastases: a randomized first-line phase II trial. Clin.
Genitourin. Cancer 13, 50–58 (2015).

66. Indo, Y. et al. Metabolic regulation of osteoclast differentiation and function. J.
Bone Miner. Res. 28, 2392–2399 (2013).

67. Winkeler, C. L., Kladney, R. D., Maggi, L. B. Jr & Weber, J. D. Cathepsin K-
Cre causes unexpected germline deletion of genes in mice. PLoS ONE 7,
e42005 (2012).

68. Mulholland, D. J. et al. Cell autonomous role of PTEN in regulating
castration-resistant prostate cancer growth. Cancer Cell 19, 792–804 (2011).

69. Kaneda, M. M. et al. PI3Kgamma is a molecular switch that controls immune
suppression. Nature 539, 437–442 (2016).

70. Knoechel, B. et al. An epigenetic mechanism of resistance to targeted therapy
in T cell acute lymphoblastic leukemia. Nat. Genet. 46, 364–370 (2014).

71. Frykman, P. K., Brown, M. S., Yamamoto, T., Goldstein, J. L. & Herz, J.
Normal plasma lipoproteins and fertility in gene-targeted mice homozygous
for a disruption in the gene encoding very low density lipoprotein receptor.
Proc. Natl Acad. Sci. USA 92, 8453–8457 (1995).

72. Falconer, D. S. Two new mutants, ‘trembler’ and ‘reeler’, with neurological
actions in the house mouse (Mus musculus L.). J. Genet. 50, 192–201 (1951).

73. Kwiatkowski, D. J. et al. A mouse model of TSC1 reveals sex-dependent
lethality from liver hemangiomas, and up-regulation of p70S6 kinase activity
in Tsc1 null cells. Hum. Mol. Genet. 11, 525–534 (2002).

74. Sengupta, S., Peterson, T. R., Laplante, M., Oh, S. & Sabatini, D. M. mTORC1
controls fasting-induced ketogenesis and its modulation by ageing. Nature
468, 1100–1104 (2010).

75. Clausen, B. E., Burkhardt, C., Reith, W., Renkawitz, R. & Forster, I.
Conditional gene targeting in macrophages and granulocytes using LysMcre
mice. Transgenic. Res. 8, 265–277 (1999).

76. Joseph, C. et al. Deciphering hematopoietic stem cells in their niches: a critical
appraisal of genetic models, lineage tracing, and imaging strategies. Cell Stem
Cell 13, 520–533 (2013).

77. Wei, W. et al. Biphasic and dosage-dependent regulation of osteoclastogenesis
by beta-catenin. Mol. Cell. Biol. 31, 4706–4719 (2011).

78. Krzeszinski, J. Y. et al. miR-34a blocks osteoporosis and bone metastasis by
inhibiting osteoclastogenesis and Tgif2. Nature 512, 431–435 (2014).

79. Wei, W. et al. Orexin regulates bone remodeling via a dominant positive
central action and a subordinate negative peripheral action. Cell Metab. 19,
927–940 (2014).

80. Wei, W. et al. Fibroblast growth factor 21 promotes bone loss by potentiating
the effects of peroxisome proliferator-activated receptor gamma. Proc. Natl
Acad. Sci. USA 109, 3143–3148 (2012).

81. Sancak, Y. et al. PRAS40 is an insulin-regulated inhibitor of the mTORC1
protein kinase. Mol. Cell. 25, 903–915 (2007).

82. Dignam, J. D., Lebovitz, R. M. & Roeder, R. G. Accurate transcription
initiation by RNA polymerase II in a soluble extract from isolated mammalian
nuclei. Nucleic Acids Res. 11, 1475–1489 (1983).

83. Johnson, S. C. et al. mTOR inhibition alleviates mitochondrial disease in a
mouse model of Leigh syndrome. Science 342, 1524–1528 (2013).

Acknowledgements
We thank Drs. Paul Dechow and Jerry Feng (Baylor College of Dentistry) for assistance
with histomorphometry; Dr. Sean Morrison (UT Southwestern Medical Center) for
assistance with μCT. Y.W. is Lawrence Raisz Professor in Bone Cell Metabolism and a
Virginia Murchison Linthicum Scholar in Medical Research. This work was in part
supported by NIH (R01DK089113, Y.W.), CPRIT (RP130145, Y.W.), DOD (W81XWH-
13-1-0318, Y.W.), The Welch Foundation (I-1751, Y.W.), March of Dimes (#6-FY13-
137, Y.W.) and UTSW Endowed Scholar Startup Fund (Y.W.).

Author contributions
H.H. and Y.W. conceived the project, designed the experiments, and wrote the manu-
script. H.H. conducted all of the experiments and data analyses.

Additional information
Supplementary information accompanies this paper at https://doi.org/10.1038/s42003-
018-0028-4.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

COMMUNICATIONS BIOLOGY | DOI: 10.1038/s42003-018-0028-4 ARTICLE

COMMUNICATIONS BIOLOGY |  (2018) 1:29 | DOI: 10.1038/s42003-018-0028-4 |www.nature.com/commsbio 15

https://doi.org/10.1038/s42003-018-0028-4
https://doi.org/10.1038/s42003-018-0028-4
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	mTORC1 impedes osteoclast differentiation via calcineurin and NFATc1
	Results
	mTORC1�signaling subsides during osteoclast differentiation
	Early mTORC1 deletion in HSCs impairs osteoclast precursors
	Late mTORC1 deletion enhances osteoclast differentiation
	Excessive mTORC1 inhibits osteoclast differentiation
	Calcineurin inhibits mTORC1 via dephosphorylation
	mTORC1 inhibits NFATc1 via phosphorylation
	Rapamycin increases bone resorption in�vivo

	Discussion
	Methods
	Mice
	Bone marrow osteoclast differentiation
	Bone analyses
	RNA and protein analyses
	Cell lysis and immunoprecipitations
	In vivo rapamycin treatment
	Statistical analyses
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




