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Myostatin (also known as growth and differentiation factor 8) is 
a secreted member of the transforming growth factor- (TGF-) 
family that is mainly expressed in skeletal muscle, which is also 
its primary target tissue. Deletion of the myostatin gene (Mstn) 
in mice leads to muscle hypertrophy, and animal studies support 
the concept that myostatin is a negative regulator of muscle 
growth and regeneration1–5. However, myostatin deficiency also 
increases bone formation, mainly through loading-associated 
effects on bone6–11. Here we report a previously unknown  
direct role for myostatin in osteoclastogenesis and in the 
progressive loss of articular bone in rheumatoid arthritis (RA). 
We demonstrate that myostatin is highly expressed in the 
synovial tissues of RA subjects and of human tumor necrosis 
factor (TNF)- transgenic (hTNFtg) mice, a model for human 
RA12. Myostatin strongly accelerates receptor activator of 
nuclear factor B ligand (RANKL)-mediated osteoclast 
formation in vitro through transcription factor SMAD2-
dependent regulation of nuclear factor of activated T-cells 
(NFATC1). Myostatin deficiency or antibody-mediated inhibition 
leads to an amelioration of arthritis severity in hTNFtg mice, 
chiefly reflected by less bone destruction. Consistent with these 
effects in hTNFtg mice, the lack of myostatin leads to increased 
grip strength and less bone erosion in the K/BxN serum-
induced arthritis model in mice. The results strongly suggest 
that myostatin is a potent therapeutic target for interfering with 
osteoclast formation and joint destruction in RA.

Bone remodeling becomes disturbed in a variety of pathological 
conditions that affect the skeleton, including RA, in which there is 
local and/or systemic alteration in the levels of proinflammatory 
cytokines that are known to stimulate bone resorption in vitro and  
in vivo13,14. RA is the prototypic autoimmune disease primarily 
affecting the joints, and it is characterized by chronic inflammation  
and progressive cartilage and bone destruction15. Joints affected by 
RA usually lack signs of compensatory repair, which contributes to 

the rapid and progressive loss of joint structure. During the patho-
genesis of RA, at the interface of the inflamed hyperplastic synovium 
and bone tissue, focal bone erosions occur, which are predominantly 
generated by osteoclasts16–20. Many of the cytokines and growth  
factors implicated in the chronic inflammatory process of RA have 
also been demonstrated to affect osteoclast differentiation13,14,21.  
In this context, TNF-α is a key cytokine in promoting bone destruc-
tion. It increases the number of bone-resorbing osteoclasts and 
decreases the number of bone-forming osteoblasts22–25, thereby  
leading to an overall shift toward bone resorption.

Myostatin is a member of the TGF-β superfamily, several  
members of which have been implicated in bone turnover. However, 
the evidence that myostatin has a role in this context has been largely 
indirect6–11. To assess whether myostatin is involved directly in  
bone resorption and has a role in RA pathology, we first investigated 
the expression of myostatin in vivo as well as its regulation by inflam-
matory cytokines in vitro. Indeed, we observed high expression of 
myostatin in synovial membranes of patients with RA, with the most 
prominent staining of myostatin in synovial fibroblasts. In contrast, 
only very few myostatin-expressing cells were found in synovial  
tissues from control patients with osteoarthritis (OA) (Fig. 1a).  
In line with these results, expression of MSTN was identified in  
synovial fibroblasts obtained from subjects with RA (Fig. 1b) and 
higher levels of MSTN were also evident in synovial tissues from 
patients with RA compared to those with OA (Fig. 1c). These data 
suggested that the inflammatory environment of the synovium from 
people with RA leads to an upregulation of myostatin in synovial 
cells. We confirmed this hypothesis in vitro, where we found that 
stimulation of synovial fibroblasts from individuals with OA or  
those with RA with the recombinant inflammatory cytokines TNF-α,  
interleukin-1 (IL-1) and interleukin-17 (IL-17) resulted in higher 
expression of MSTN. The degree of stimulation compared to basal 
levels was approximately 1.7-fold, 1.8-fold and 3.0-fold, respec-
tively, for the OA group and about 2.5-fold, 2.5-fold and 3.5-fold,  
respectively, for the RA group (Fig. 1d).
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To further study whether chronic exposure to inflammatory  
factors results in upregulation of myostatin, we measured its expres-
sion in synovial membranes of hTNFtg mice, which develop a  
TNF-α–dependent chronic destructive arthritis12. We observed a 
strong expression of myostatin in synovial tissues of hTNFtg mice, 
whereas we found only negligible staining for myostatin synovial  
tissues of wild-type (WT, strain C57BL/6) mice (Fig. 1e), indicat-
ing that chronic inflammation leads to a sustained upregulation 
of myostatin. Again, expression of Mstn was detected in synovial  
fibroblasts of hTNFtg mice (Fig. 1f).

These findings prompted us to hypothesize that myostatin is 
involved in inflammatory bone destruction and raised the question 
of whether myostatin contributes directly to osteoclast-mediated 
bone resorption. Given that myostatin alone was not able to induce 
osteoclast formation of bone marrow–derived macrophages (BMMs) 
(Fig. 2a), we investigated the effects of myostatin on RANKL-induced 
osteoclastogenesis. Notably, the presence of myostatin significantly 
increased the ability of osteoclast precursors to differentiate into 
mature osteoclasts, reflected by a 3.8-fold higher number of osteo-
clasts after 4 d of differentiation in the presence of myostatin plus 
RANKL and macrophage colony-stimulating factor (M-CSF) com-
pared to RANKL and M-CSF treatment alone (Fig. 2a).

Further, the conventional setting of osteoclast differentiation with 
M-CSF and RANKL alone generated only a few small osteoclasts  
during this short period of time (Fig. 2a). In contrast, we found  
that treatment of the cells with myostatin plus this conventional  
treatment resulted in very large osteoclasts with a huge cytoplasmatic 
compartment (eightfold greater compared to conventional treatment) 
and a very high number of nuclei (sevenfold greater compared to 
conventional treatment) (Fig. 2b). Notably, we found that myostatin  
did not influence the proliferation of apoptosis of treated BMMs 
(Supplementary Fig. 1a,b).

In line with these observations, BMMs obtained from myostatin- 
deficient mice (Mstn−/−) showed a reduced RANKL-induced  
osteoclast formation in vitro (about 44% of WT BMMs) (Fig. 2c),  
and tibiae of Mstn−/− mice displayed lower osteoclast numbers of 

about 34%, compared to WT mice (Supplementary Fig. 1c), sug-
gesting that myostatin-deficiency leads to a defect in osteoclast  
development. Accordingly, comparison of osteoclast morphologies 
revealed that osteoclasts from Mstn−/− mice were about one-third 
the size of osteoclasts from WT mice and contained about 50% 
fewer nuclei (Fig. 2d). As our BMM cultures are pure populations 
(confirmed by induction of cell death after M-CSF withdrawal; 
Supplementary Fig. 1d), these results strongly indicated an addi-
tional autocrine role of myostatin during osteoclast development. 
Finally, resorption pit analyses revealed a larger number of resorp-
tion pits formed by osteoclasts and a larger area overall from both 
WT and Mstn−/− mice in the presence of myostatin compared to 
RANKL treatment alone (Fig. 2e,f). Although pit numbers and overall 
resorption area were larger, no differences in resorption area per pit 
were detectable, indicating that myostatin has no effect on osteoclast  
activity per se (Fig. 2f).

As myostatin binds to and activates a heterodimeric complex 
of activin receptor 2B (ACVR2B) and ALK4 (officially known as 
ACVR1B) or ALK5 (officially known as TGFBR1)26, we analyzed 
the expression of both myostatin and its receptors. Expression of 
myostatin in osteoclast precursors and mature osteoclasts but not in 
macrophages indicates that expression is induced by RANKL early 
in the differentiation process (Fig. 2g). The expression of myosta-
tin and the identification of transcripts for ACVR2B and ALK4 and 
ALK5 in macrophages, osteoclast precursors and osteoclasts (Fig. 2g)  
further substantiate the hypothesis that myostatin is not only a  
paracrine stimulator of osteoclastogenesis but also an autocrine regu-
lator of osteoclast formation. Moreover, co-culture experiments clearly 
showed that both the paracrine and autocrine actions of myostatin are 
important in the differentiation of osteoclasts. In particular, the lack 
of myostatin in BMMs cultured with WT osteoblasts led to a nearly 
50% lower number of osteoclasts compared to co-cultures of WT 
BMMs and WT osteoblasts, whereas myostatin deficiency in osteob-
lasts resulted in a more than 90% lower number of osteoclasts after 
co-culture with WT BMMs, indicating that the paracrine action of 
myostatin is of critical importance (Fig. 2h).
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Figure 1  High levels of myostatin  
in synovial tissues of arthritic  
individuals and mice.  
(a) Representative  
immunohistochemical  
staining (n = 14) of myostatin  
(red) in synovial tissues of  
subjects with OA and RA (n = 4  
subjects each). Counterstaining  
was methyl green. Scale bars,  
200 µm. (b) Expression of MSTN in synovial fibroblasts (SF) of subjects with RA (RASF, n = 7). (c) Expression of MSTN in synovial tissues of subjects 
with RA compared to those with OA (n = 4 for each group). (d) Quantitative analysis of MSTN in OASF and RASF stimulated with various inflammatory 
cytokines. Con, unstimulated SF. Data show means ± s.e.m. of multiple measurements of two subjects with OA and three with RA. (e) Representative 
immunohistochemical staining (n = 6) of myostatin (red) in joint sections of WT and hTNFtg mice at 12 weeks of age (n = 3 mice each). Counterstaining 
was methyl green. Scale bars, 200 µm. (f) Expression of Mstn in synovial fibroblasts of hTNFtg mice (hTNFtg SF, n = 2). For gene expression analyses, 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH or Gapdh) served as control. C, negative control. #, different human patients or mice. ns, not 
significant; *P < 0.05; Kruskal-Wallis test with pairwise comparisons (d).

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



l e t t e r s

nature medicine  VOLUME 21 | NUMBER 9 | SEPTEMBER 2015	 1087

In addition, myostatin did not regulate expression of RANKL 
and M-CSF in mouse synovial fibroblasts and osteoblasts, suggest-
ing that the paracrine action of myostatin on osteoclast formation 
is a direct effect (Supplementary Fig. 1e). We also found reduced 
osteoclast differentiation of BMMs after administration of a specific 
ALK4, ALK5, and ALK7 (officially known as ACVR1C) inhibitor 
compared to untreated differentiation controls (Fig. 2i), thereby con-
firming that the enhanced osteoclast formation is a receptor-mediated 
effect of myostatin. However, the ~90% lower number of osteoclasts  
suggests that in addition to myostatin, activin signaling, which 
has been shown to be important for osteoclast differentiation, may 
account for the ALK-inhibitory effects27,28.

To explore whether autocrine actions of TNF-α and IL-1, both 
known to be important for osteoclastogenesis29, are involved in 
myostatin-enhanced osteoclast development, we tested neutralizing 
antibodies against both cytokines. We found no inhibition of myosta-
tin-enhanced osteoclast formation in the presence of a neutralizing 
TNF-α–specific antibody, but we observed a pronounced inhibi-
tion in the presence of a blocking IL-1 antibody. However, the IL-1  
antibody also inhibited osteoclast development independently of 
myostatin (Fig. 2j), suggesting that an autocrine activity of IL-1 is 
indeed critical for osteoclastogenesis, but that it does not directly 
influence the stimulating effect of myostatin on this process.

These data prompted us to ask whether the loss of myostatin pro-
tects against bone damage during inflammatory destructive arthritis. 
To this end, we crossed hTNFtg mice, which develop a destructive 
RA-like disease12,18, with Mstn−/− mice. Notably, clinical symptoms of 
arthritis occurred at less severity in hTNFtg;Mstn−/− mice compared 
to hTNFtg mice. Mstn−/− mice showed no clinical signs of arthri-
tis. In particular, in hTNFtg;Mstn−/− mice paw swelling was delayed 
and occurred at about 66% of the degree observed in hTNFtg mice; 
this was accompanied by a higher grip strength of about 53% in the 
hTNFtg;Mstn−/− mice (Fig. 3a). In addition, hTNFtg;Mstn−/− mice 
showed significantly higher values of grip strength over time than 
hTNFtg mice, suggesting that structural damage is less pronounced 
in the absence of myostatin (Fig. 3a).

Because grip strength is influenced not only by arthritic joint  
damage but also by muscle mass and function, the possibility that 
the loss of myostatin influences this clinical parameter of arthritis 
through its effects on muscle cells cannot be excluded. However, 
microcomputerized tomography (microCT) and histomorphometric 
analyses showed a substantially reduced degree of joint destruction  
in arthritic mice lacking myostatin compared to the hTNFtg mice  
(Fig. 3b,c). Morphometric measurements confirmed less inflamma-
tion and bone erosion of 45% and 65%, respectively, compared to 
hTNFtg mice (Fig. 3). Moreover, the lower amount of bone erosion 

b

0

0.1

0.2

0.3

0.4

0.5

O
C

 s
iz

e 
(m

m
2 )

+
– +
+

**

50

200

150

100

250

300

0

N
uc

le
i p

er
 O

C
 

+
– +
+

**

d

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07

O
C

 s
iz

e 
(m

m
2 )

***

W
T

M
stn

–/
–

W
T

M
stn

–/
–

N
uc

le
i p

er
 O

C
 

10

40

30

20

50

0

**

RANKL
– –+ +
– – + +

O
C

 n
um

be
r

0
50

200
150
100

250
300

Myostatin

***

a RANKL

RANKL + myostatin 

500 µm

500 µm

e RANKL + myostatinRANKL

WT

Mstn–/–

10 µm 10 µm

10 µm10 µm

0

50

200

150

100

RANKL

O
C

 n
um

be
r

***

W
T

M
stn

–/
–

W
T

M
stn

–/
–

c

Mstn–/–

WT

500 µm

500 µm

W
T

M
stn

–/
–

 A
re

a 
pe

r 
pi

t (
µm

2 )

0

2

4

6

8

10

ns
ns

W
T

M
stn

–/
–

f

****

RANKL

100

1,000

10

1

N
um

be
r

of
 r

es
or

pt
io

n 
pi

ts

W
T

M
stn

–/
–

****

RANKL/myostatin 

100

10

1

1,000

10,000

R
es

or
pt

io
n 

ar
ea

 (
µm

2 )

h
100

80

60

***
***

***
***

***

nsO
C

 n
um

be
r

40

20

0

W
T O

B/W
T B

M
M

W
T O

B/M
stn

–/
–  B

M
M

M
stn

–/
–  O

B/W
T B

M
M

M
stn

–/
–  O

B/M
stn

–/
–  B

M
M

i 200

150

100

***
***

***

**

O
C

 n
um

be
r

50

0
R

R/M
yo

R/M
yo

/A
LK

i

R/M
yo

/A
LK

i

Recovery

R/A
LK

i

R/A
LK

i

j

300

200

ns
With myostatin

** ***

O
C

 n
um

be
r

100

0

Con
Ig

G1

Ig
G1/

Ig
G2b

Ig
G2b

Ant
i-T

NF

Ant
i-T

NF/IL
-1

Ant
i-I

L-
1

Without
myostatin

100
80
60

***

40
20
0

Con

Ig
G2b

Ant
i-I

L-
1

g

Mstn

Gapdh

BM
M
pO

C
OC

Acvr2b Acvr1b Tgfbr1 Gapdh

BM
M
pO

C
OC BM

M
pO

C
OC BM

M
pO

C
OC BM

M
pO

C
OC

Figure 2  Myostatin directly enhances osteoclast differentiation.  
(a) Representative TRAP staining (n = 9) (left) and the number of OCs  
after 4 d of differentiation (right), demonstrating the effect of myostatin  
on osteoclast (OC) formation. (b) Corresponding OC size and number of  
nuclei per OC. (c) Representative image of TRAP-stained OCs (n = 9)  
generated from WT and Mstn−/− BMMs and the number of OCs after  
4 d of differentiation (right). (d) Corresponding OC size and number  
of nuclei per OC. (e) Representative images (n = 24) of pit formation  
by WT and Mstn−/− OCs after 6 d. (f) Number of resorption pits (left),  
resorption area (center) and resorption area per pit (right). M-CSF was  
present in all settings throughout all osteoclast differentiation assays.  
(g) Top, expression of Mstn. Bottom, expression of activin receptor IIB (Acvr2b)  
and ALK4 (encoded by Acvr1b) and ALK5 (encoded by Tgfbr1) in BMMs, OC precursors  
(pOC) and mature OCs. Gapdh served as control. (h) Formation of OCs in co-cultures of osteoblasts with BMMs. (i) Inhibition of OC formation by a 
specific ALK4/5/7 inhibitor. (j) Effect of antibody-mediated TNF-α and IL-1 inhibition on OC formation. All data represent means ± s.e.m. of multiple 
measurements of at least three mice. ns, not significant; **P < 0.01, ***P < 0.001. For a and b we used the Wilcoxon test; for c, d, and f we used the 
Mann-Whitney U test; and for h, i, and j we used the Kruskal-Wallis test with pairwise comparisons.
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appeared to be a result of reduced osteoclast formation in myostatin-
deficient arthritic mice (Fig. 3d,e).

In line with these data, treatment of hTNFtg mice with myostatin-
specific antibody either intraperitoneally or locally in the hind paws 
led to a distinct improvement in disease severity. To analyze the effects 
on the occurrence of arthritic bone erosion, we initiated treatment at 
week 5, when hTNFtg mice exhibit the first histological signs of arthri-
tis but do not yet exhibit full-blown disease30. We found that hTNFtg 
mice demonstrated fewer clinical signs, 10% less inflammation and 
31% less bone erosion when treated intraperitoneally with myostatin-
specific antibodies compared to vehicle-treated mice (Supplementary 
Fig. 1f,g). Amelioration of the disease was even stronger and nearly 
identical to that in the hTNFtg;Mstn−/− mice when the antibodies were 
administered subcutaneously into the hind paws of hTNFtg mice, as 
seen by ~42% less inflammation, 58% less bone erosion, and reduced 
osteoclast numbers by ~36% (Fig. 3f–h).

To evaluate whether reduced bone erosion is a result of reduced 
inflammation, we induced acute arthritis by using the K/BxN serum 
transfer model in Mstn−/− mice and WT mice. Of note, we again 
observed clearly less bone erosion associated with a lower number of 
osteoclasts (by about 50% and 60%, respectively) despite almost unal-
tered inflammation in the myostatin-deficient mice compared to the 
WT mice (Supplementary Fig. 2a–d). These results indicate that the 
observed reduction in bone erosion in arthritic myostatin-deficient 
mice is not a secondary effect of reduced inflammation.

To elucidate the mechanisms by which myostatin exerts its effect 
on osteoclast formation, we focused on the expression of the key dif-
ferentiation markers integrin αv and integrin β3, c-src, NFATC1, DC-
STAMP, ATP6V0D2, and calcitonin receptor in WT mice. Although 
RANKL induced the expression of all these differentiation mark-
ers, myostatin alone did not induce any of these markers (Fig. 4a). 
However, myostatin was clearly able to enhance RANKL-induced 
expression of integrin αv, integrin β3, DC-STAMP and calcitonin 
receptor during osteoclastogenesis, whereas no further increase of 

c-src and ATP6V0D2 was observed (Fig. 4a). As activation of the 
mitogen-activated protein kinase (MAPK) and nuclear factor-κB 
(NF-κB) pathways are key signaling events after RANKL stimulation 
in osteoclast precursor cells31,32, we subsequently analyzed the effect 
of myostatin on these pathways. RANKL induced the phosphorylation 
of extracellular signal-regulated kinase 1/2 (ERK1/2), p38 MAPK-α  
(p38α), c-Jun N-terminal kinase (JNK), IκBα and NF-κB, but 
myostatin did not amplify RANKL-induced activation of the MAPK  
(Fig. 4b) or NF-κB (Supplementary Fig. 2e,f) pathways.

We next investigated whether, in turn, RANKL-mediated acti-
vation of ERK1/2 and p38, two MAPKs known to be essential for 
the development of osteoclasts32,33, has any effect on myostatin- 
accelerated osteoclast formation. To this end, we used specific inhibi-
tors of both MAPKs in the absence and presence of myostatin and 
studied RANKL-induced osteoclastogenesis. Without addition of 
myostatin, inhibition of both ERK1/2 and p38α resulted in a nearly 
complete inhibition of RANKL-mediated osteoclast formation, indi-
cating that both MAPK pathways are indeed crucial for osteoclast 
development (Fig. 4c). Notably, and in contrast to inhibition of p38α, 
myostatin was potently able to counteract the consequences of ERK1/2 
inhibition on osteoclast formation, suggesting that RANKL-induced 
and ERK-dependent target genes can be additionally activated by 
myostatin independently of ERK (Fig. 4d). In line with this notion, we 
found that RANKL-induced expression of NFATC1 and DC-STAMP, 
which was enhanced by myostatin, was reduced after ERK inhibi-
tion but remained high and unaffected in the presence of myostatin 
(Fig. 4e). Moreover, an increased activation of an NFATC1-luciferase 
reporter construct upon stimulation with RANKL and myosta-
tin compared to RANKL alone confirmed that myostatin further  
activates NFATC1-dependent signaling pathways (Fig. 4f).

Because the increase in RANKL-induced NFATC1 expression 
in the presence of myostatin seemed to be independent of MAPK  
activation, we next wondered whether SMAD2, a known down-
stream signaling target of myostatin, mediates the observed effects on  
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osteoclastogenesis. Indeed, we found that Smad2 was consistently 
activated by myostatin (Fig. 4b). This activation occurred independ-
ently of RANKL-stimulation and was not influenced by the inhibition 
of ERK (Fig. 4e). These observations together led us ask whether the 
activation of Smad2 by itself would be sufficient to enhance RANKL-
induced osteoclastogenesis. Indeed, transfection of BMMs with a 
constitutively active SMAD2 construct (caSMAD2) led to greater 
RANKL-induced osteoclast development by twofold compared to 
control (Fig. 4g) and osteoclast size (threefold compared to control, 
Fig. 4h).

In the light of a recent report suggesting a role for SMAD2 in the 
nuclear translocation of c-fos during RANKL-induced osteoclastogen-
esis34, we finally studied a potential interaction of phosphorylated 
SMAD2 (pSMAD2) with NFATC1. Indeed, co-immunoprecipitation 
experiments showed that at co-stimulation of osteoclast precursor  

cells with RANKL and myostatin, NFATC1 was bound to pSMAD2 
(Fig. 4i), suggesting that the effect of myostatin on osteoclast  
development is mediated by pSMAD2-dependent increased nuclear 
translocation of NFATC1.

In summary, we show that exposure of arthritic synovial fibrob-
lasts to inflammatory cytokines results in a sustained upregulation 
of myostatin in vitro and in vivo. We further identified myostatin as 
an important direct paracrine and autocrine regulator of RANKL-
induced osteoclast development in vitro. Myostatin exerts its effects 
through increased SMAD2-dependent nuclear translocation of 
NFATC1 and subsequent upregulation of osteoclast differentiation 
genes. Moreover, the loss or pharmacological inhibition of myostatin 
strongly reduces osteoclast formation and bone destruction in the 
hTNFtg mouse model of RA as well as in the serum-transfer-induced 
arthritis model. These data demonstrate that myostatin is critically 
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Figure 4  Myostatin enhances expression of key differentiation genes via SMAD2-dependent nuclear translocation of NFATC1. (a) Representative 
immunoblottings (n = 34) of OC differentiation markers upon stimulation of WT BMMs with RANKL (R), myostatin (M) or RANKL plus myostatin 
treatment for 3 and 5 d. (n = 4 mice). Ctrl, BMMs with M-CSF. GAPDH, loading control; CalcR, calcitonin receptor. (b) Representative immunoblottings 
(n = 20) of pp38MAPK (n = 4 mice), pERK1/2 (n = 6 mice), pJNK (n = 4 mice) and pSMAD2 (n = 6 mice) after stimulation of WT BMMs with 
myostatin, RANKL, or both at the indicated time points. (c) Representative TRAP stainings (n = 36) of OC formation after challenge with ERK (U0126) 
or p38MAPK (SB203580) inhibitors (n = 3 mice). Scale bars, 500 µm. (d) OC formation by RANKL (gray bars) or RANKL plus myostatin (black bars) 
after ERK and p38MAPK inhibition (n = 3 mice). (e) Representative immunoblottings (n = 46) of OC differentiation markers and SMAD2 activation 
upon stimulation of WT BMMs with myostatin, RANKL or RANKL + myostatin challenged either with or without 1 µM U0126 for 3 and 5 d (n = 5 mice). 
(f) Luciferase activity of RAW 264.7 cells transfected with pNFAT-Luc (n = 3 independent transfections). (g,h) Representative TRAP stainings (n = 6) 
of WT OCs transfected either with wtSMAD2 or caSMAD2 and (g) numbers of wtSMAD2 (gray bars) and caSMAD2 (black bars) transfected OCs and (h) 
corresponding OC size (n = 3 mice). Scale bars, 500 µm. (i) Co-Immunoprecipitation (IP) of pSMAD2 and NFATC1 in nuclear extracts from RANKL and 
RANKL + myostatin stimulated OC precursors (n = 3 mice). Lysis buffer (LB) plus antibody (Ab), negative control. All data show means ± s.e.m.; ns, not 
significant; *P < 0.05, **P < 0.01, ***P < 0.001. For d we used the Wilcoxon test; for g and h we used the Mann-Whitney U test.
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involved in osteoclast differentiation and bone destruction in RA, 
suggesting that myostatin may be a highly interesting pharmacologi-
cal target for interfering with osteoclast formation and inflammatory 
joint destruction.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Human synovial tissues. All studies were approved by the ethics committees of 
the Medical University of the University Hospital Muenster. Samples of synovial 
tissues from subjects with RA or OA (according to the 1987 revised American 
College of Rheumatology criteria for RA and OA) were obtained at joint 
replacement surgery and provided by the Department of Orthopaedic Surgery, 
St. Joseph Hospital, Sendenhorst, Germany; by the Department of Orthopaedic 
Surgery of the University of Magdeburg School of Medicine, Magdeburg, 
Germany; and the Department of Orthopaedic Surgery, KMG-Kliniken Kyritz, 
Germany. All subjects gave informed consent prior to surgery.

Immunohistochemistry. Tissue samples from subjects with RA and OA as 
well as hind paws of Mstn−/−, hTNFtg and hTNFtg;Mstn−/− mice were fixed in 
4% paraformaldehyde overnight, embedded into paraffin and sectioned into 
5 µm slices. We additionally decalcified mouse hind paws in 10% EDTA/TBS 
before paraffin embedding. Human and mouse tissue sections were pre-treated 
with 1× Trypsin/EDTA (PAA Laboratories, Pasching, Austria) for 15 min at  
37 °C, blocked with 5% horse serum and stained with rabbit anti-human 
myostatin antibodies (NBP1-51196, Novus Biologicals, Cambridge, UK) 
overnight at 4 °C. We performed immunohistochemistry with an alkaline 
phosphatase technique using Vectastain ABC-A, Vector Red Substance and 
secondary biotinylated antibodies (Vector Laboratories, Burlingame, CA). 
Methyl green was used for counterstaining (Vector Laboratories, Burlingame, 
CA). Analyses were done in a non-blinded manner.

Fibroblasts and osteoblasts. We isolated human synovial fibroblasts by 
enzymatic digestion of synovial tissues using dispase II. Likewise, synovial 
fibroblasts from mice were isolated from deskinned dispase II digested hind 
paws. All cells were cultured in DMEM with 10% FCS at 37 °C and 5% CO2. 
Initial contaminations with other cells (especially synovial macrophages) were 
eliminated by passaging of the cells. Human and mouse synovial fibroblasts 
were used between passages 4 and 7. Human synovial fibroblasts were chal-
lenged with hTNF-α (100 ng/ml, Peprotech, Hamburg, Germany), hIL-1α 
(20 ng/ml, R&D Systems, Nordenstadt, Germany), hIL-6/IL-6R (100 ng/ml, 
Peprotech), hTGF-β1 (20 ng/ml, R&D Systems) and IL-17 (20 ng/ml, R&D 
Systems) for 48 h and myostatin was assessed in supernatants by a commercial 
ELISA according to the manufacturer’s recommendations (USCN Life Science, 
Hölzel Diagnostika, Cologne, Germany) or by qPCR. Mouse fibroblasts and 
osteoblasts (differentiated for 21 d, see co-cultures) were stimulated with  
30 ng/ml myostatin for 48 h and MCSF and RANKL were determined in 
supernatants by ELISA according to the manufacturer’s recommendations 
(R&D Systems, Nordenstadt, Germany).

RT-PCR and quantitative PCR. Total RNA was isolated from syno-
vial tissues, cultivated synovial fibroblasts, bone marrow macrophages, 
and in vitro differentiated osteoclast precursors and osteoclasts using 
the RNeasy Mini kit (QIAGEN, Hilden, Germany). 1 µg total RNA was 
used for first strand cDNA synthesis (Life Technologies, Darmstadt, 
Germany) and 4 µl cDNA was then used for PCR using Taq-Polymerase 
(OmniBioLabs, Cologne, Germany) and the following primers: human 
myostatin (sense 5′-AGAGGGGCTGTGTAATGCATG-3′ and antisense  
5′-GATGAGTCTCAGGATTTGCAC-3′ (427bp)), mouse myostatin35, ACVR2B,  
ALK4, ALK5 (ref. 36), GAPDH37. Amplified transcripts of human MSTN and 
mouse Mstn were verified by sequencing (Sequiserve, Vaterstetten, Germany). 
For real-time PCR, samples of total RNA were reverse transcribed using a first 
strand cDNA synthesis kit (ThermoFisher Scientific, Schwerte, Germany). We 
performed amplification of the generated cDNA in a TaqMan 7300, using the 
following myostatin primer: sense 5′-AGGAGAAGATGGGCTGAATCCG-3′ 
and antisense 5′-AGAGGGTAACGACAGCATCGTG-3′ and the predesigned 
TaqMan gene expression primer Hs99999905_m1 for GAPDH, by following 
the manufacturer’s guidelines (Applied Biosystems, Weiterstadt, Germany).

In vitro osteoclast generation and resorption assay. For isolation of mouse 
BMMs from WT and Mstn−/− mice, femurs and tibias of 4–6-week-old mice 
were aseptically removed and BMMs were flushed out of the marrow cavity 
with α-MEM. Cells were cultured in α-MEM containing 10% FCS at 37 °C 

and 5% CO2. We performed differentiation of BMMs by priming the cells 
with 50 ng/ml M-CSF for 72 h. After priming, we cultured the cells for fur-
ther 4-6 days in the presence of M-CSF (50 ng/ml) and RANKL (50 ng/ml) 
with or without myostatin (30 ng/ml). All recombinant proteins were pur-
chased from R&D Systems, Nordenstadt, Germany. Inhibition of autocrine 
TNF-α (MAB4101) and IL-1 (#MAB400) was achieved by incubation with 
neutralizing antibodies against TNF-α and IL-1 (25 µg/ml, R&D Systems, 
Nordenstadt, Germany) over the period of differentiation. For inhibition of 
myostatin-mediated receptor signaling, we used 1 uM of a specific ALK4/5/7 
inhibitor38 (SB431542, Sigma-Aldrich, Munich, Germany. For recovery of 
cells, inhibitors were removed and cells were differentiated for further 6 d. 
Inhibition of the MAPK p44/42 and p38 was achieved by administration of 
1 µM U0126 (Cell Signaling, Frankfurt, Germany) and SB203580 (Merck, 
Darmstadt, Germany), respectively. We performed recovery experiments to 
assess toxicity of the inhibitors. For this purpose, inhibitors were removed 
after 5 d and washed cells were differentiated for further 4–6 d. Osteoclast 
formation was evaluated by TRAP staining (Leukocyte Phosphatase Staining 
Kit; Sigma-Aldrich, Munich, Germany). Resorption activity was evaluated 
by osteoclast-mediated pit formation on calcium phosphate-coated 24-well 
plates according to the manufacturer’s recommendations (Cosmo Bio, Tokyo, 
Japan). For this, equal numbers of pre-fusion osteoclasts (72 h of differentia-
tion with RANKL and with or without myostatin) were seeded onto the plates 
and further differentiated for 72 h.

Co-cultures. We performed co-culture experiments of BMMs and osteoblasts 
by seeding BMMs onto in vitro–differentiated osteoblasts. Mouse osteoblast 
precursors were isolated from calvaria of 3–5-d-old mice and differentiation 
was carried out by culturing the pre-osteoblasts in differentiation medium 
(MEM+Ham’s F12 (1+1), 10% NBCS, l-ascorbate- 2-phosphate (0.2 mM),  
β-glycerolphosphate (10 mM), vitamin D3 (10 nM)) for 13 d. BMMs were 
seeded onto the osteoblast layer and cultured for 7 d in α-MEM contain-
ing 10% FCS, Prostaglandin E2 (1 µM) and vitamin D3 (10 nM). Osteoclast  
formation was assessed by TRAP staining.

Animals and treatments. Myostatin knockout mice1 (Mstn−/−) and human 
tumor necrosis factor α–transgenic mice (hTNFtg, Tg(TNF)197Gkl (ref. 12)),  
both on the C57BL/6 genetic background, were interbred to yield 
hTNFtg;Mstn−/− mice. All data were generated from age- and sex-matched 
female littermates at week 12 (except the inclusion of two male hTNFtg;Mstn−/− 
mice). Clinical signs of arthritis were determined once weekly as described 
previously18 without blinding of the investigator. Female age-matched hTNFtg 
mice were randomized and treated with a neutralizing antibody against 
myostatin RK35 (ref. 39) either at an intraperitoneal dose of 50 mg/kg two 
times weekly or at a subcutaneous dose of 10 mg/kg two times weekly into 
hind paws or with PBS as control from week 5 to 12. Clinical signs of arthritis 
were determined once weekly with blinding of the investigator. Mice with 
serum transfer-induced arthritis were generated by injection of 8–10-week-
old female Mstn−/− and WT control mice twice with 150 µl of arthritogenic 
serum from K/BxN mice (on day 0 and day 2; i.p.)40. Clinical symptoms of RA 
were documented every second or third day, beginning at day 4 after serum 
transfer. Paw swelling and grip strength was assessed in all four paws. Mice 
were killed on day 12 after serum transfer and both hind paws were prepared 
for histomorphometric analysis. Four-month-old WT and Mstn−/− mice were 
used for staining and quantification of osteoclasts in tibial heads. In all stud-
ies, no mice were excluded unless they died before the end of the study. All 
mouse procedures were approved by the local ethics committee ‘Landesamt 
für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen (LANUV)’ 
(number: 8.87-51.05.2011.033; 84-02.04.2014.A132).

Micro-CT and histomorphometric analysis. We performed micro-CT on 
hind paws using MICRO-CT40 equipment (SCANCO-Medical, Switzerland). 
Serial decalcified paraffin-embedded sections (5 µm) of hind paws were 
stained with toluidine blue and TRAP for assessment of inflammation, bone 
erosion, and osteoclast numbers, respectively. We performed quantitative 
histomorphometric analysis on sections in a blinded manner using a Zeiss 
Observer.Z1 microscope and Zeiss AxioVision 4.8. software.
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Immunoblotting. BMMs were cultured in the presence of 50 ng/ml M-CSF 
for 3 days. Cells were then stimulated with 50 ng/ml RANKL alone or in 
combination with 30 ng/ml myostatin for 0, 5, 10, 30, and 60 min. Cells were 
lysed in buffer containing 10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 
0.2% sodium deoxycholate, 1% NP-40, 1 mM NaF, 2 mM Na3VO4, and protease 
inhibitors (Roche Diagnostics, Mannheim, Germany). We performed western 
blotting with specific antibodies against integrin alpha-v (NBP1-96739, 1:1000, 
Novus Biologicals, Cambridge, UK), beta-3 (#4702, 1:1000) and Smad2 (#5339, 
1:1000) (Cell Signaling, Frankfurt, Germany), c-src (AM00146PU-N, 1:1000, 
Acris, Herford, Germany), calcitonin receptor (250618, 1:100, Abbiotec,  
San Diego, USA), Atp6v0d2 (sc-69111, 1:200), DC-STAMP (sc-98769, 1:200), 
NFATc1 (sc-7294, 1:200) (all from Santa Cruz Biotechnology, Heidelberg, 
Germany) and the phosphorylated forms of p38α MAPK (#9211), ERK MAPK 
(#9101), JNK (#4668), Smad2 (#3101), IκBα (#2859) and NFκB (#3033) (all 
from Cell Signaling). For the purpose of control, blots were stripped and re-
probed for GAPDH (#3683, 1:1000, Cell Signaling). All phospho-antibodies 
were used as 1:1000 dilutions.

Luciferase reporter assay. RAW 264.7 cells (mouse leukemic monocyte mac-
rophage cell line) were transfected with the reporter plasmid, pNFAT-Luc 
(Agilent Technologies, Waldbronn, Germany) and Renilla luciferase vector 
(pRL-TK) control reporter vector (Promega, Mannheim Germany) using 
Lipofectamine2000 (Invitrogen). The pRL-TK plasmid, which expresses 
Renilla luciferase was used for normalization of transfection efficiency. After 
transfection for 6 h, we stimulated the cells with 50 ng/ml RANKL, 30 ng/ml 
myostatin or both for 17 h. Cells were harvested and their luciferase activities 
were measured using the dual luciferase reporter assay system (Promega).

Transfection of wtSMAD2 and caSMAD2. We performed transfection of 
wtSMAD2 and caSMAD2 (ref. 41) using jetPRIME (Polyplus-transfection, 
Illkirch, France) according to the manufacturer’s instructions. Wt BMMs 
were incubated with 50 ng/ml M-CSF for 3 d, then transfected for 5 h and 
subsequently differentiated with 50 ng/ml RANKL for 7 d. Osteoclasts were 
stained by TRAP.

Co-immunoprecipitation. We performed co-immunoprecipitation using 
Dynabeads (Life Technologies) according to the manufacturer’s proto-
col. Phospho-SMAD2 antibodies (Cell Signaling) were coupled to protein 
G–labeled Dynabeads. Equal amounts of nuclear extracts from BMMs dif-
ferentiated with RANKL and RANKL+myostatin for 72 h were transferred 
to the pSMAD2 (#3101) antibody-bead complex and incubated for 1.5 h  
at room temperature. NFATC1 was subsequently detected by western  
blotting (sc-7294).

Assessment of cell viability, proliferation and apoptosis. For assessment 
of viability of BMM, cells were cultured with or without M-CSF or with  
M-CSF and myostatin for 72 h. Viability of BMMs was measured by the  
cellular reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT-test). We assessed the influence of myostatin on proliferation  
of BMMs by counting the cells after culture in the presence of 50 ng/ml  
M-CSF and various concentrations of myostatin for 72 h. Apoptotic cell death 
of osteoclasts was quantified using the cell death detection ELISA (Roche 
Diagnostics) according to the manufacturers’ instructions. We evaluated  
apoptosis by using in vitro–differentiated osteoclasts obtained by adminis-
tration of 30 ng/ml M-CSF and 50 ng/ml RANKL with or without 30 ng/ml 
myostatin for 5 d. Administration of M-CSF and myostatin alone served  
as controls.

Statistical analysis. No statistical method was used to predetermine sample  
size. Rather, sample size was based on preliminary data and observed effect 
sizes. We performed statistical analysis using GraphPad Prism Software,  
4.0 (Graph Pad Software Inc., San Diego, CA). If the normal distribution 
was not valid, statistical significance was evaluated using the Mann-Whitney  
rank-sum test (two-tailed) for differences between two independent groups 
and the Wilcoxon matched-pair signed-rank test (two-tailed) for compari-
son of differences within pairs. Statistical significance of overall differences 
between multiple groups was analyzed by the Kruskal-Wallis one-way analy-
sis of variance. If the test was significant, pairwise comparisons were done 
by the multiple comparisons criterion. A value of P < 0.05 was considered  
statistically significant.
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