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Soluble activin type II receptors (ActRIIA/ActRIIB), via 
binding to diverse TGF-β proteins, can increase muscle 
and bone mass, correct anemia or protect against diet-
induced obesity. While exciting, these multiple actions 
of soluble ActRIIA/IIB limit their therapeutic potential 
and highlight the need for new reagents that target spe-
cific ActRIIA/IIB ligands. Here, we modified the activin A 
and activin B prodomains, regions required for mature 
growth factor synthesis, to generate specific activin 
antagonists. Initially, the prodomains were fused to the 
Fc region of mouse IgG2A antibody and, subsequently, 
“fastener” residues (Lys45, Tyr96, His97, and Ala98; activin A 
numbering) that confer latency to other TGF-β proteins 
were incorporated. For the activin A prodomain, these 
modifications generated a reagent that potently (IC50 
5 nmol/l) and specifically inhibited activin A signaling 
in vitro, and activin A-induced muscle wasting in vivo. 
Interestingly, the modified activin B prodomain inhibited 
both activin A and B signaling in vitro (IC50 ~2 nmol/l) 
and in vivo, suggesting it could serve as a general activin 
antagonist. Importantly, unlike soluble ActRIIA/IIB, the 
modified prodomains did not inhibit myostatin or GDF-
11 activity. To underscore the therapeutic utility of spe-
cifically antagonising activin signaling, we demonstrate 
that the modified activin prodomains promote signifi-
cant increases in muscle mass.
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INTRODUCTION
Activin type II receptors (ActRIIA/ActRIIB) mediate the signal-
ing of a subset of transforming growth factor-β (TGF-β) ligands, 
including activin A, activin B, myostatin, and GDF-11.1 Ligand 
binding to ActRIIA/IIB leads to the activation of type I receptors 
(ALK4, 5, or 7), which initiate an intracellular signaling cascade 
centred on Smad2/3 transcription factors.2 Smad2/3 activation 

drives the expression of genes involved in cellular proliferation, 
differentiation, apoptosis and extracellular matrix deposition,3 
and is critical for the maintenance of adult tissue homeostasis. 
Accordingly, pharmacological blockade of the ActRIIA/IIB sig-
naling pathway offers great potential to restore homeostasis in 
disease-affected tissues.

To date, ligand traps consisting of the extracellular domains of 
human ActRIIA or ActRIIB fused to IgG Fc regions have proven 
the most efficacious therapeutic reagents.4–9 Soluble ActRIIA 
increases bone mass and strength and prevents cancer-induced 
bone destruction in models of myeloma and breast cancer,5,8 by 
antagonising local activin A signaling. Interestingly, by inhibit-
ing GDF-11, soluble ActRIIA also improves ineffective erythro-
poiesis and corrects anemia in a mouse model of β-thalassemia.10 
Soluble ActRIIB has even broader therapeutic potential, as it not 
only mimics the effects of soluble ActRIIA on bone growth and 
erythropoiesis,7,9 but also dramatically increases muscle mass, 
predominantly by antagonizing myostatin activity.4 As such, 
soluble ActRIIB has been used variously to improve muscle mass 
and function in the mdx mouse model of Duchenne muscular 
dystrophy,11 and to reverse muscle wasting and prolong survival 
in murine models of cancer cachexia.12 Recently, the potential 
of targeting the ActRIIA/IIB pathway to induce skeletal muscle 
hypertrophy has been confirmed using a human anti-ActRIIA/IIB 
antibody.13 Surprisingly, this reagent also increased the mass and 
thermogenic activity of brown adipose tissue.14

Although, individually, these studies demonstrate the thera-
peutic potential of inhibiting the ActRIIA/IIB pathway, collec-
tively they highlight problems associated with using ligand traps 
that target multiple TGF-β proteins. Thus, there is a growing 
acceptance that interventions that target either one, or a small 
subset, of ActRIIA/IIB ligands will be the most effective way to 
achieve a desired outcome (e.g., muscle growth) with minimum 
risk of incurring significant off-target effects. In support, develop-
ment of a modified soluble ActRIIB with negligible activin bind-
ing was recently shown to inhibit GDF-11 activity and promote 
erythropoiesis in mice.9
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Previously, we have shown that similar specificity for activins 
can be achieved by modifying the prodomain of activin A.1 Like all 
TGF-β proteins, activin A is synthesized as a large precursor mol-
ecule with the N-terminal prodomain mediating the folding of the 
C-terminal mature domain.15 Following processing and secretion, 
the prodomain remains noncovalently associated with activin A; 
however, the affinity of the interaction is not sufficient to suppress 
biological activity.16,17 In contrast, TGF-β1, myostatin and GDF-11 
bind their prodomains with high affinity and are secreted from 
the cell in a latent form.18–20 By linking the N-terminal region of 
the activin A prodomain to the C-terminal region of the TGF-β1 
prodomain, we generated a reagent that could antagonize activin 
A and B, but had low affinity for myostatin and GDF-11.1

Subsequently, the crystal structure of pro-TGF-β1 was 
solved.21 The structure indicated that TGF-β1 is secreted in a 
latent form due to covalent dimerization of prodomain chains and 
the presence of “fastener” residues (Lys27, Tyr74, Tyr75, Ala76, and 
Arg238), which tightly link various prodomain regions together. 
In this study, we modified the activin A and activin B prodo-
mains to mimic the adaptions that confer latency to TGF-β1 and 
myostatin. The increased potency, specificity and stability of the 
resultant activin antagonists suggests that these reagents could be 
utilized to block pathogenic activin signaling in conditions such 
as cancer cachexia.12

RESULTS
Modification of the activin A and activin B 
prodomains
The prodomains of TGF-β family proteins can be expressed 
independently and retain the capacity to recomplex with 
their respective mature growth factors.22–24 We produced the 
activin A, activin B, TGF-β1, and myostatin prodomains and 
assessed their inhibitory activity and specificity in vitro (see 
Supplementary Figures 1 and 2 for complete amino acid 
sequences of all proteins used in this study). The wild-type 
activin prodomains were very poor antagonists of activin A and 
B signaling (Supplementary Figure 3a), indicating that they 
are readily displaced in the presence of ActRIIA/IIB. In con-
trast, the biological activity of TGF-β1 and myostatin was fully 
suppressed by their respective prodomains (Supplementary 
Figure 3a). Interestingly, the TGF-β1 prodomain not only 
antagonized TGF-β1 signaling, but also potently inhibited TGF-
β2, TGF-β3, myostatin, and GDF-11 activity (Supplementary 
Figure 3b). The recently solved crystal structure of pro-TGF-β1 
(Figure  1a)21 indicates that the C-terminal portion of the α1 
prodomain helix forms the primary contacts with the mature 
growth factor. This region of the TGF-β1 prodomain (Figure 1c, 
underlined) is highly conserved in the prodomains of TGF-β2, 
TGF-β3, myostatin, and GDF-11, which explains why the TGF-
β1 prodomain can bind and inhibit the activity of these other 
growth factors. The prodomains of activin A and activin B (and 
most other TGF-β proteins) are sufficiently distinct across the 
α1 helix region (Figure 1c) to suggest that they may only bind 
to their mature growth factors. Thus, these prodomains could 
be developed as specific antagonists, if their affinity for activin 
A and activin B could be enhanced.

The crystal structure of pro-TGF-β1 (Figure 1a),21 together 
with earlier studies,17 identified two regions of the prodomain that 
confer latency to the mature growth factor: (i) cysteine residues 
(Cys223 and Cys225) towards the C-terminus that covalently link 
prodomain chains and (ii) “fastener” residues (Lys27, Tyr74, Tyr75, 
Ala76 and Arg238), which tightly link various prodomain regions 
together and are highly conserved in other latent TGF-β pro-
teins (Figure 1b,c). These two features of latent TGF-β proteins 
were incorporated into the activin A and activin B prodomains. 
Specifically, to covalently link activin prodomain chains, we gen-
erated fusion proteins with the Fc regions of mouse IgG2A. The 
Fc chains form covalent links, allowing the activin prodomains 
to dimerize. Second, to introduce a “fastener,” we substituted 
residues in the activin A (Asn44-Met45; Ile87-Glu102) and activin 
B (Ile83-Glu102) prodomains with the corresponding myostatin 
prodomain residues (Ser39-Lys40; Asp87-Thr94) (Figure 1c, boxed 
residues). We chose to incorporate the myostatin fastener resi-
dues, rather than those from TGF-β1, because the myostatin and 
activin prodomains are more highly conserved in the surround-
ing regions. Together, these modifications dramatically increased 
affinity of the activin prodomains for activin A or activin B >100-
fold (Figure 1d,e).

The modified activin prodomains are potent and 
specific activin antagonists
The modified activin A and activin B prodomains were assessed 
for their ability to suppress ActRIIA/IIB-mediated release of follicle 
stimulating hormone (FSH) by LβT2 pituitary gonadotrope cells. 
The modified activin A prodomain potently inhibited activin A sig-
naling (IC50 5 nmol/l), but displayed weak affinity for activin B (IC50 
>100 nmol/l) and no inhibitory activity towards myostatin or GDF-
11 (Figure 2a). Mechanistically, the modified activin A prodomain 
specifically blocked the ability of activin A to bind ActRIIA/IIB1 
and stimulate Smad2 phosphorylation (Figure 2c). Thus, the modi-
fied activin A prodomain represents the first example of a highly 
selective activin A antagonist. Interestingly, the modified activin B 
prodomain suppressed FSH release (Figure 2b) and Smad2 phos-
phorylation (Figure 2d) stimulated by both activin isoforms with 
similar potency (IC50 1–3 nmol/l), but did not block myostatin or 
GDF-11 activity (Figure 2b). The modified activin B prodomain 
may, therefore, serve as a general activin antagonist.

The potencies of the prodomains relative to commonly used 
activin antagonists were also examined in the LβT2 cell assay 
system. The modified activin A prodomain (IC50 5 nmol/l) was 
a less potent antagonist of activin A signaling than the activin B 
prodomain (IC50 1.3 nmol/l), soluble ActRIIA (IC50 0.8 nmol/l) 
or soluble ActRIIB (IC50 2 nmol/l) (Figure 2e). However, this 
reduced potency would be compensated in vivo by the high speci-
ficity of this reagent. Similarly, the potency of the modified activin 
B prodomain to inhibit activin B signaling was three- to seven-
fold lower than observed for soluble ActRIIA or soluble ActRIIB 
(Figure 2f), but far surpassed ActRIIA and ActRIIB in terms of 
ligand specificity.1 Notably, in comparison to our first generation 
activin A antagonist,1 the introduction of an Fc domain and fas-
tener residues significantly increased potency (Supplementary 
Figure 4).
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Modified prodomains can specifically block activin-
induced muscle wasting
We next assessed the ability of the modified prodomains to block 
activin A and B in vivo bioactivity. Recently, we demonstrated 
that adeno-associated viral vector (rAAV6) delivery of activin A 
or activin B gene expression constructs into the tibialis anterior 

(TA) muscles of wild-type mice caused profound muscle wasting 
and fibrosis.25 These effects of activin A were associated with sig-
nificant changes in gene expression (Supplementary Table S1)  
consistent with perturbation of signaling homeostasis, metabolic 
control, and the potentiation of pro-fibrotic markers. To deter-
mine if modified activin prodomains were protective, rAAV6 

Figure 1 Generation of modified activin A and activin B prodomains. (a) Crystal structure of the mature TGF-β1 dimer (orange and turquoise) 
bound to its prodomain chains (green and purple) (PDB ID:3RJR).21 Within this structure, the α1 and α2 helices of the prodomain form the primary 
contacts with the mature dimer. Adapted by permission from Macmillan Publishers Ltd: Nature,21 copyright (2011). (b) The prodomain fastener is 
centred on Lys27 in the α1 helix, which forms a series of bonds/contacts with residues in the pro- (Tyr74, Tyr75 and Ala76) and mature (Ser351) domains. 
Reprinted by permission from Macmillan Publishers Ltd: Nature,21 copyright (2011). (c) The fastener residues (red) are invariant among the TGF-β 
isoforms, and highly conserved in myostatin and GDF-11. Activin A and activin B lack an identifiable fastener. Nonfastener residues in the activin A 
and activin B prodomains (boxed) were substituted for the corresponding fastener residues from the myostatin prodomain (boxed). (d,e) Introduction 
of fastener residues and an Fc-tag dramatically increased the ability of the activin prodomains to block activin A- or activin B-induced stimulation of 
the Smad2/3-responsive A3-Lux luciferase reporter in HEK293T cells. Luciferase activity was measured and plotted as % control. Data are mean ± SD 
(n = 3) from a representative experiment.
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vectors encoding for activin A or activin B were delivered to 
muscles alone, or in combination with vectors that increased 
expression of the activin A or activin B prodomains. As antici-
pated, 4 weeks after rAAV6:activin A delivery into TA muscles, 
significant muscle atrophy was observed (33% decrease; Figure 
3a). Codelivery of rAAV6:activin A with rAAV6:activin A 
prodomain or rAAV6:activin B prodomain not only prevented 
this loss of muscle mass, but led to mass increases of 8 and 
17%, respectively, compared to the mass of control TA muscles, 
which received rAAV6:control vector (Figure 3a). Expression 
of activin A and B prodomain was confirmed in treated TA 
muscles by Western blot for FLAG (Figure 3b), and qRT-PCR 
indicated that the presence of the modified prodomains did 

not affect activin A mRNA levels (Figure 3c). Hematoxylin 
and eosin-stained cryosections revealed smaller muscle fibers 
within TA muscles injected with rAAV6:activin A alone. 
However, muscle fiber size was preserved in muscles coexpress-
ing modified activin A or activin B prodomain, with activin 
A (Figure  3d,e). Mechanistically, the modified prodomains 
blocked activin A’s ability to bind to its signaling receptors1 and 
stimulate phosphorylation of Smad3 in TA muscles (Figure 3f). 
Suppression of Smad3 phosphorylation was accompanied by 
a significant reduction in the expression of activin A-induced 
atrophy-related genes, including Igfn1 and Mss51 (Figure 4a). 
As activin A can promote fibrosis as well as cause atrophy in 
skeletal muscle,25 we next sought to determine whether the 

Figure 2 Modified activin prodomains are potent and specific activin A and B antagonists. LβT2 cells were stimulated with 0.2 nmol/l activin A, 
activin B, myostatin or GDF-11 in the absence or presence of increasing concentrations (0.01–100 nmol/l) of modified activin A prodomain (a) or 
modified activin B prodomain (b). FSH production was measured and plotted as % control (a,b), while the degree of Smad2 phosphorylation was 
determined by Western blot, using phosphor-Smad2 and total-Smad2 antibodies (c,d). To assess the potency of the modified activin prodomains, 
relative to soluble activin receptors, LβT2 cells were stimulated with 0.2 nmol/l activin A (e), or activin B (f), and treated with increasing doses of 
antagonists (0.01–100 nmol/l). FSH production was measured and plotted as % control. Data are mean ± SD from three representative experiments.
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modified activin prodomains also suppressed activin A-induced 
upregulation of genes associated with extracellular matrix depo-
sition (Supplementary Table S1). In TA muscles treated with 
activin A, Comp, Eln, Adamts8, and Mfap4 mRNA expression, 
quantified by qRT-PCR, increased 3- to 12-fold. However, the 
expression of modified activin A and B prodomains completely 
blocked the potentiation of these genes by activin A (Figure 4b). 
Thus, the ability of activin A to promote atrophy in muscle fibers 
and activate extracellular matrix deposition by myofibroblasts 
is completely inhibited by delivery of the modified activin A or 
activin B prodomains.

Consistent with our in vitro data (Figure 2), activin 
B-induced muscle wasting was only prevented with codelivery of 

the rAAV6:activin B prodomain (whereas the activin A prodo-
main had no effect; Figure 5a). This was not due to a lack of 
expression of the modified activin A prodomain, as it was 
present in TA muscles at levels comparable to the activin B 
prodomain (Figure 5b). Nor, did the presence of the activin A 
prodomain increase activin B mRNA expression within skeletal 
muscle (Figure 5c). Consistent with this evidence of specificity 
for activin A by the activin A prodomain, muscle fiber atrophy 
caused by overexpression of activin B was prevented by code-
livery of rAAV6:activin B prodomain, but not rAAV6:activin A 
prodomain (Figure 5d,e). Mechanistically, only the activin B 
prodomain blocked activin B-induced Smad3 phosphorylation 
in TA muscles (Figure 5f).

Figure 3 Activin A-induced muscle wasting is reversed by both the modified activin A and activin B prodomains. rAAV6:activin A (109 vector 
genomes. v.g.) was injected into the right TA muscle of C57BL/6 mice alone, or in combination with rAAV6:activin A prodomain or rAAV6:activin B 
prodomain (1010 v.g.). Four weeks after AAV injections, TA muscles were excised and weighed (a, n = 7 for Con, Act A, and Act A + Act B pro; n = 8 
for Act A + Act A pro). In these muscles, the expression of prodomains (b) and activin A (c, n = 4 for Con and Act A + Act B pro; n = 3 for Act A and 
Act A + Act A pro) were assessed by Western blot and qRT-PCR, respectively. (d,e) Muscle atrophy in response to activin A and reversal following 
prodomain treatment, was a product of changes in muscle fiber size (reported here as representative hematoxylin and eosin-stained cryosections  
(d, bar = 100 µm), and a box and whisker plot (e, n = 3 for Con, Act A + Act A pro, and Act A + Act B Pro; n = 4 for Act A; at least 200 myofibers were 
counted per TA muscle) comprising minimum, lower quartile, median, upper quartile, and maximum values for myofiber diameter). (f) Western blot 
analysis of TA muscles 4 weeks after vector administration demonstrated that activin A-induced Smad3 phosphorylation was inhibited by the modified 
activin A and B prodomains (n = 7 for Con, Act A, and Act A + Act B pro; n = 3 for Act A + Act A pro).

70 kDa-

a b

d

Act A + 
Act A Pro

Act A + 
Act B Pro

Con Act A

f

TA
 (

m
g)

0

20

40

Act A +
Act A pro

60

Act A +
Act B pro

Act ACon

Act ACon
Act A +

Act A pro
Act A +

Act B pro

Act ACon
Act A +

Act A pro
Act A +

Act B pro

Act ACon Act A +
Act A pro

Act A +
Act B pro

Act ACon Act A +
Act A pro

Act A +
Act B pro

Act ACon Act A +
Act A pro

Act A +
Act B pro

A
ct

 A
/1

8S
 m

R
N

A

100

101

102

103c

0

25

50

75

e

p-Smad3
52 kDa -

Smad3
52 kDa -

p-
S

m
ad

3/
S

m
ad

3

0

1

2

3100

a

d
c

b

a

bbb

a
aa

b

a

a

a

b

TA
 fi

be
r 

di
am

et
er

 (
µm

)

α-FLAG Ab

Prodomain

Molecular Therapy 5



© The American Society of Gene & Cell Therapy
Development of Novel Activin-Targeted Therapeutics

Administration of activin inhibitors reveals 
endogenous activins regulate skeletal muscle mass
Recent studies suggest that activins may act in concert with myo-
statin to negatively regulate muscle mass,26,27 especially in condi-
tions of disease.12 To determine whether endogenous activins have 
a role in regulating skeletal muscle mass after development, we 
utilized local injection of rAAV6 vectors encoding either modi-
fied activin A or activin B prodomains into the right TA muscles 
of wild-type and myostatin-deficient mice. Four weeks post-AAV 
injections, the activin A and activin B prodomains caused small 
(14 and 11%, respectively), but significant increases in TA muscle 
mass in wild-type mice (Figure 6a), indicating that endogenous 
activin A and B can negatively regulate muscle mass. Interestingly, 
in Mstn-/- mice, which already display a hypermuscular pheno-
type,27 the modified activin A and B prodomains induced a propor-
tionally greater increase in muscle mass (Figure 6b). In particular, 
rAAV6:activin B prodomain administration, which inhibits both 
activin A and activin B signaling, resulted in the greatest muscle 
hypertrophy (50% increase; Figure 6b). The expression of both 
activin A and activin B prodomains was confirmed by Western 
blot in the treated TA muscles only (Figure 6c,d). Hematoxylin 
and eosin staining of the prodomain-treated TA muscles demon-
strated normal muscle architecture with larger fibers compared 
with muscles receiving control vector (Figure 6e,f). As activin A 
and activin B mRNA levels are low in skeletal muscle, and do not 
change following myostatin knockout (Supplementary Figure 5), 
we predict that circulating activin A and B contribute to the nega-
tive regulation of muscle mass. In support of this hypothesis, 
activin A (55 ± 12 pg/ml) and activin B (532 ± 182 pg/ml) are read-
ily detectable in mouse serum.28 Together, these results indicate 
that specifically blocking activin signaling can lead to a significant 
increase in muscle mass.

DISCUSSION
Activin A and B are key autocrine/paracrine regulators of bone 
formation, reproduction, inflammation, metabolism and wound 
repair.7,29–32 Recent animal studies have highlighted the therapeu-
tic potential of specifically targeting the activin signaling pathway. 
First, activins appear to play a dominant role in the development 
and progression of the severe wasting syndrome cachexia.12 In 
multiple cancer cachexia models, including colon-26 (C26) tumor-
bearing mice and inhibin-deficient mice, activin A and B levels are 
dramatically elevated,28 and we have shown that activins alone can 
induce the profound losses of skeletal muscle and fat mass that 
are key indicators of mortality in cachexia.25 Importantly, block-
ing signaling by activin-related ligands in these cachexia mod-
els, using soluble ActRIIB, reverses muscle wasting and prolongs 
survival.12 Second, endogenous activin A inhibits osteoblast dif-
ferentiation and matrix mineralization and is, therefore, a potent 
negative regulator of bone growth.7 Blocking activin A signaling, 
using soluble ActRIIA, increases bone formation and improves 
skeletal integrity in both normal mice and ovariectomized mice 
with established bone loss.6,8 In addition, soluble ActRIIA treat-
ment improves osteolytic disease and prolongs survival in mouse 
models of multiple myeloma.5 While the ability of soluble activin 
type II receptors to block activin signaling and, thereby, reverse 
cachexia or promote bone growth is exciting, these reagents 

antagonize multiple TGF-β ligands, including specific BMPs that 
are associated with vascular remodeling.25,33 Inhibiting the endog-
enous signaling of these other ligands may, in some cases, be con-
tra-indicated.34 On this basis, there is a significant need to develop 
effective, activin-specific interventions, with increased selectivity 
over soluble ActRIIA and ActRIIB.

As a strategy to develop improved activin inhibitors, we 
focused on understanding the mechanisms that underlie the syn-
thesis, secretion and activation of activin-related proteins.17,35–37 
We have shown that the activin A and activin B prodomains 
template the correct folding and dimerization of their respec-
tive growth factors, and that extracellularly, prodomains stabilize 
mature activin dimers.37 However, the affinity of prodomain bind-
ing to activin A or B is insufficient to inhibit biological activity.1 In 
contrast, the TGF-β isoforms, myostatin and GDF-11 bind their 

Figure 4 Activin A-induced increases in the expression of extracellu-
lar matrix and atrophy-related genes are blocked following prodo-
main treatment. qRT-PCR analysis of TA muscles examined 28 days 
after injection with rAAV6:activin A vector alone, or in combination with 
rAAV6:activin prodomain vectors. The increased transcription of atro-
phy-related (a) and extracellular matrix (b) genes induced by activin 
A was completely inhibited by the activin A and activin B prodomains 
(a and b; n = 4 for Con, Act A, and Act A + Act B pro; n = 3 for Act A 
+ Act A pro).
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prodomains with high affinity and are secreted in a latent form.18–20  
This knowledge led to the development of our first activin antago-
nist, which was generated by fusing the N-terminus of the activin 
A prodomain to the C-terminus of the TGF-β1 prodomain. This 
reagent preferentially inhibited activin A, over activin B, and dem-
onstrated low affinity for myostatin and GDF-11.1 The subsequent 
resolution of the pro-TGF-β1 crystal structure21 provided much 
more refined information regarding prodomain residues that con-
fer latency to mature TGF-β1, and enabled us to develop more 
potent and specific activin antagonists.

Specifically, the pro-TGF-β1 crystal structure identified “fas-
tener” residues, which link three separate regions of the prodo-
main (α1 helix, β1 sheet, and α5 helix) and effectively lock mature 
TGF-β1 in the latent complex.21 As the prodomains of all TGF-β 
proteins are predicted to have a similar fold, we reasoned that 
the introduction of “fastener” residues into the activin A and 
activin B prodomains would increase affinity for their mature 

growth factors. Covalent dimerization of TGF-β1 prodomains 
also contributes to latency and to mimic this, we fused the 
activin A and activin B prodomains (with introduced fastener 
residues) to the Fc-region of mouse IgG2A antibody. The modi-
fied activin A prodomain specifically antagonized activin A sig-
naling in vitro (IC50 5 nmol/l), while displaying very low affinity 
for activin B and no binding to myostatin or GDF-11. Thus, the 
modified activin A prodomain represents the first specific activin 
A antagonist and, potentially, a reagent that could be used for 
the treatment of diseases with skeletal fragility. In support of a 
therapeutic role, we showed that rAAV6-mediated delivery of 
the modified activin A prodomain into skeletal muscle protected 
against activin A-induced wasting, but could not block atrophy 
driven by activin B.

The modified activin B prodomain inhibited both activin A 
(IC50 1 nmol/l) and activin B (IC50 3 nmol/l) activity in vitro, but 
showed negligible affinity for myostatin or GDF-11. In an attempt 

Figure 5 Activin B-induced muscle wasting is reversed by the modified activin B prodomain. rAAV6:activin B (109 v.g.) was injected into the 
right TA muscle of C57BL/6 mice alone, or in combination with rAAV6:activin A prodomain or rAAV6:activin B prodomain (1010 v.g.). Four weeks after 
AAV injections, TA muscles were excised and weighed (a, n = 10 for Con and Act B; n = 5 for Act B + Act A pro; n = 7 for Act B + Act B pro). In these 
muscles, the expression of prodomains (b) and activin B (c, n = 4 for Con, Act B, and Act B + Act B pro; n = 3 Act B + Act A pro) were assessed by 
Western blot and qRT-PCR, respectively. (d,e) Muscle atrophy in response to activin B and reversal following activin B prodomain treatment, was a 
product of changes in muscle fiber size (reported here as representative hematoxylin and eosin-stained cryosections (d, bar = 100 µm), and a box and 
whisker plot (e n = 3 for Con, Act B, and Act B + Act A pro; n = 4 for Act B + Act B pro; at least 200 myofibers were counted per TA muscle), compris-
ing minimum, lower quartile, median, upper quartile, and maximum values for myofiber diameter). (f) Western blot analysis of TA muscles 4 weeks 
after vector administration demonstrated that activin B-induced Smad3 phosphorylation was only inhibited by the modified activin B prodomain (n 
= 9 for Con and Act B; n = 3 for Act B + Act A pro and Act B + Act B pro).
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to increase the specificity of the modified activin B prodomain, 
we mutated select residues within the α1 and α2 helices and the 
intervening latency lasso, which form the epitopes for growth fac-
tor binding. However, no mutations enabled the activin B prodo-
main to distinguish between the activin isoforms. Interestingly, 
the generation of a reagent that inhibits only activin A and B may 
be serendipitous, as recent studies have shown that circulating 
levels of these growth factors are often coelevated in disease.28,38 
In particular, de Kretser et al.38 demonstrated in a large cohort of 
acute respiratory failure patients that activin A and B levels are 
often elevated, and are predictive of the risk of death. These find-
ings, together with the demonstration that activin A and B are 
produced by many cancer cell lines25 support the development of 
the modified activin B prodomain as a therapeutic agent. To this 
end, we have shown that this reagent can block both activin A and 
activin B-induced muscle wasting in vivo.

The development of activin-specific antagonists also provides 
an opportunity to uncover novel functions for these growth fac-
tors. In this study, we demonstrate for the first time that activin 
A and activin B contribute to the regulation of muscle homeosta-
sis after birth. While it is clear that myostatin is a major negative 
regulator of muscle mass (Mstn-/- mice have a hypermuscular phe-
notype associated with increased fiber formation during devel-
opment and increased fiber size with maturation), many studies 
have alluded to the involvement of additional TGF-β proteins. 
For example, the administration of follistatin or soluble ActRIIB 
to Mstn-/- mice results in a further increase in muscle mass,27,39 
and activin A or activin B heterozygous mice present with small 
increases in musculature.26 rAAV6-mediated delivery of the 
modified activin prodomains to the tibialis anterior muscles of 
normal mice resulted in significant increases (11–14%) in muscle 
mass, and these increases were further amplified in Mstn-/- mice 

Figure 6 Activins contribute to the regulation of skeletal muscle mass. Right TA muscles of wild-type (a) and Mstn-/- (b) C57BL/6 mice were injected 
with rAAV6:activin A prodomain (1.5 x 1011 v.g.) or rAAV6:activin B prodomain (1010 v.g.), while the left TA muscles were injected with an equivalent dose 
of control vector. Four weeks after rAAV6 injections, TA muscles that were administered the prodomains increased in mass in both wild-type (a, n = 8  
for Con and Act A pro; n = 5 for Con and Act B pro) and Mstn-/- (b, n = 7 for Con and Act A pro; n = 4 for Con and Act B pro) mice. (c,d) Western 
blot analysis confirmed expression of the prodomains in the treated TA muscles. (e,f) Muscle growth in response to prodomain treatment, was a 
product of increased fiber size (reported here as representative hematoxylin and eosin-stained cryosections), most notable in the Mstn-/- mice. Paired 
Student’s t-test used for statistical analysis.
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(17–50%). These findings indicate that activins act in concert 
with myostatin to negatively regulate muscle mass and that, in the 
absence of myostatin, the role of activins as negative regulators 
of muscle mass become more dominant. The inhibitory activity 
of activins is likely due to circulating forms, as neither activin A 
nor activin B are well expressed in skeletal muscle. In support, a 
recent study has determined the normal range for serum activin 
A (87 ± 4 pg/ml) and activin B (females, 85 ± 5 pg/ml; males, 61 ± 4 
pg/ml) in healthy humans aged 18–50 years.38

In conclusion, we have for the first time developed the means 
to specifically inhibit activin isoforms in vivo. Future studies will 
determine whether these reagents can mimic the protective effects 
of soluble activin type II receptors in disease settings associated 
with muscle wasting and loss of bone density, without the accom-
panying off-target effects.

MATERIALS AND METHODS
Generation of modified activin A and B prodomains. The modified activin 
A and B prodomains were first obtained by PCR targeted to the activin 
prodomain regions (activin A residues 1–305, activin A sense primer: 
CTAGTCTAGAATGCCCTTGCTTTGGCTGAGAGG, and antisense  
primer: CTAGGTTTAAACCTATTTGTCGTCGTCGTCTTTGTAGTC 
GTGAGG- ATGGTCTTCAGACTGCCTAGCCTG. Activin B residues 
1–287, activin B sense primer: CTAGTCTAGAATGGATGGACTTCCA 
GGTCGAGCTCTGGGGGCCGCCTGCCTTCTGCT-G, and antisense  
primer: CTAGGCGGCCGCCTATTTGTCGTCGTCGTCTTTGTAGTC 
GTG- CCTGCTGTCGCCCAG-CCGAGCCTGCACC). The prodo-
main PCR products were cloned into the XbaI and NotI sites of the 
pCDNA3.1(-) plasmid vector (Life Technologies, Carlsbad, CA). The 
primers incorporated a 3′ FLAG tag. The FLAG-tagged prodomains were 
subsequently fused to the Fc-domains of a class IgG2A mouse antibody. 
This was achieved by first amplifying the prodomain regions of activin A 
and B (activin A sense primer: CTAGGAATTCATGCCCTTGCTTTGG 
CTGAGAGGATTTC, and antisense primer: CTAGAGATCTTTTGTCG 
TCGTCGTCTTTGTAGTCGGAG. Activin B sense primer: CTAGG 
AATTCATGGATGGACTTCCAGGTCGAGCTCTGGG, and antisense 
primer: CTAGAGATCTTTTGTCGTCGTCGTCTTTGTAGTCGGAG) 
and cloning the constructs into the EcoRI and BglII sites of pFUSE-
mIgG2a-Fc (InvivoGen, San Diego, CA). Finally, the fastener region from 
the myostatin prodomain (residues 87–94) was substituted into the activin 
A or B prodomains using overlap-extension PCR (Activin A-fastener 
sense primer: TTGTTTCCGTTGTAGCGTGATAATCGTCATCCTCT 
ATCTCCACATACCCGTTCTCCCG-AC, and antisense primer: CGCTAC 
AACGGAAACAATCATTACCTTTGCCGAG- TCAGGAACAGCCAGG 
AAGACGC. Activin B-fastener sense primer: GATTATCACGCTAC 
AACGGAAACAATCATCAGCTTCGCCGAGACAGATG, and anti-
sense primer: GCGTGATAATCGTCATCCTCGATCTCCACGCGGCCG 
TCCTCGCGC) in combination with flanking primers (detailed above). 
The prodomain fastener PCR products were then recloned into the EcoRI 
and BglII sites of pFUSE-mIgG2a-Fc (InvivoGen). For the activin A pro-
peptide, residues in the α1 helix also involved in formation of the fastener 
(Asn44/Met45) were replaced with the corresponding Myostatin prodomain 
residues (Ser39/Lys40) using the QuikChange Lightning mutagenesis kit 
(Agilent Technologies). This final step was not required for the activin B 
propeptide, as the corresponding fastener residues are similar to that of 
Myostatin (Ser56/Arg57).

Production of modified activin A and B prodomains.  HEK-293 EBNA 
cells stably expressing the modified activin A prodomain were revived in 
DMEM/F12 (Sigma Aldrich, St Louis, MO) supplemented with 10% fetal 
bovine serum (SAFC, Sigma Aldrich), 2 mg/l puromycin and 300 mg/l 
G418 (Life Technologies) and seeded into a T-flask. For production, cells 

were scaled up in Excell293 media (SAFC, Sigma Aldrich) supplemented 
with 2.5% fetal bovine serum (SAFC, Sigma Aldrich), 2 mg/l puromycin 
and 300 mg/l G418. Production was carried out in a single use disposable 
Wave cellbag (GE Healthcare). The culture was fed with the following: 6 g/l 
Glucose (Sigma Aldrich), 2 mmol/l Glutamax-I (Life Technologies), 5 g/l 
LucraTone Lupin (Solarbia), 0.2 mmol/l Butyric acid (Sigma Aldrich). To 
purify the recombinant protein, conditioned media was first centrifuged 
at 2,975g (Beckman Coulter, CA) for 10 minutes, 4 °C and the superna-
tant clarified using a 0.2 µm filter (Nalgene), the supernatant was loaded 
onto a protein A Ab-Capcher column (CosmoBio, Japan), and eluted using 
0.1 mol/l citrate (pH 3.5) and neutralized with Tris buffer (pH 8.5). Eluted 
fractions containing the modified activin A prodomain were pooled and 
concentrated, followed by buffer exchange into PBS (pH 7.2) using a 
30 kDa Amicon Ultra centrifugal unit (Merck Millipore, Billerica, MA). 
Final material was sterile filtered using a 0.2 µm syringe filter (Sartorius, 
Goettingen, Germany).

The modified activin B prodomain was produced by transient 
transfection of plasmid DNA into HEK-293F cells using linear 
polyethylenimine (PEI, 25,000 Mw; BD Biosciences, NJ). The HEK-293F 
cells were cultured in Freestyle 293 expression medium (Life Technologies) 
at 37 °C in a humidified atmosphere with 5% CO2. Posttransfection, the 
culture was fed with the following: final 6 g/l Glucose (Sigma Aldrich), 2 
mmol/l Glutamax-I (Life Technologies), 5 g/l LucraTone Lupin (Solarbia), 
0.2 mmol/l Butyric acid (Sigma Aldrich). The culture was harvested by 
centrifugation at 2,975g (Beckman Coulter) for 10 minutes, 4 °C and 
the supernatant clarified using a 0.2 µm filter (3M Purification). The 
material was purified as above. The recoveries and yields of the activin 
prodomains were determined by comparison to FLAG-tagged standards 
using Western blot analysis (Rabbit anti-FLAG monoclonal antibody; 
Cell Signaling Technologies) and densitometry with a Chemidoc system 
(Bio-Rad, Berkeley, CA). The purity of the activin prodomains (typically 
more than 95%) was assessed by silver stain (Bio-Rad).

Determination of the in vitro bioactivity of modified activin A and B 
prodomains.  Two in vitro bioassays were used to assess the ability of the 
modified activin A and B prodomains to block activin signaling. First, 
mouse pituitary gonadotrope cells (LβT2), which release follicle stimulat-
ing hormone (FSH) in response to activin-related ligands, were plated in 
48-well plates at a density of 2.5 × 105 cells/well in DMEM media contain-
ing 10% FCS and incubated for 24 hours. Cells were washed with DMEM 
containing 0.2% FCS, and treated with 200 pmol/l of activin A, activin B, 
myostatin, or GDF-11, and increasing doses of TGF-β antagonists (modi-
fied activin A prodomain, modified activin B prodomain, ActRIIA, or 
ActRIIB) for 24 hours in the same media. FSH levels were determined by 
a specific rat FSH immunofluorometric assay as previously described40 
employing reagents kindly provided by A Grootenhuis and J Verhagen 
(N.V. Organon, The Hague, Netherlands).

Alternatively, HEK293F cells were transfected with the Smad2/3-
responsive A3-Luciferase reporter construct and FAST2 transcription 
factor, as previously described,37 using Lipofectamine 2000 (Life 
Technologies). At 24 hours posttransfection, cells were treated with 
recombinant TGF-β1, myostatin, activin A or activin B (R&D Systems, 
Minneapolis, MN) in the presence of increasing concentration of wild-type 
or modified prodomains. After 16 hours incubation, cells were harvested 
in solubilization buffer (1% Triton X-100, 25 mmol/l glycylglycine, pH 
7.8, 15 mmol/l MgSO4, 4 mmol/l EGTA, and 1 mmol/l dithiothreitol), and 
the Smad2/3-induced luciferase activity was determined.

Smad phosphorylation. To assess the capacity of the modified prodo-
mains to suppress activin-mediated signaling, we measured Smad2 phos-
phorylation via Western blot, in LβT2 cells. Cells were seeded at 2 × 106 
cells/well in poly-lysine coated six-well plates. The following day, the 
media was changed to DMEM, 0.2% FCS and 50 mmol/l HEPES, contain-
ing 200 pmol/l activin A/B with increasing concentrations of activin A or 
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B prodomains (0–60 nmol/l). After 30 minutes of treatment, cells were 
washed with PBS and lysed in 100 µl RIPA buffer (50 mmol/l Tris-base, 1% 
Nonidet P-40, 0.5% deoxycholic acid, 0.1% sodium dodecyl sulfate, and 
0.9% saline (pH 8.0)), containing protease inhibitor cocktail tablets (Roche 
Applied Sciences, Penzberg, Germany) and phosphatase inhibitors. Lysates 
were collected, clarified by centrifugation, and combined with reducing 
sample buffer (Life Technologies) and analyzed by Western blotting (Bio-
Rad). Phospho-Smad2 and Smad2 (Cell Signaling Technologies, Beverly, 
MA) antibodies were used at 1:2,000 dilutions, respectively. Bound pri-
mary antibodies were detected using goat anti-rabbit or sheep anti-
mouse horseradish peroxidise conjugates (GE Healthcare Life Sciences, 
Pittsburgh, PA). These studies were undertaken in three separate replicate 
cultures.

Production of AAV vectors.  cDNA constructs encoding for activin A, 
activin B, modified activin A prodomain (with 3′ FLAG tag followed by 
the Fc-domain of a class IgG2A mouse antibody, see Supplementary 
Figure 2), or modified activin B prodomain (with 3′ FLAG tag followed 
by the Fc-domain of a class IgG2A mouse antibody, see Supplementary 
Figure 2) were cloned into an AAV expression plasmid consisting of a 
CMV promoter/enhancer and SV40 poly-A region flanked by AAV2 ter-
minal repeats, using standard cloning techniques. These AAV plasmids 
were cotransfected with pDGM6 packaging plasmid into HEK-293 cells 
to generate type-6 pseudotyped viral vectors, which were harvested and 
purified as described previously.41 Briefly, HEK-293 cells were seeded at 
3.2–3.8 × 106 cells onto a 10 cm culture plate for 8–16 hours prior to trans-
fection. Plates were transfected with 10 µg of a vector-genome-containing 
plasmid and 20 µg of the packaging/helper plasmid pDGM6, by means 
of the calcium phosphate precipitate method.41 After 72 hours, the media 
and cells were collected and homogenized through a microfluidizer 
(Microfluidics, Westwood, MA) prior to 0.22 µm clarification (Millipore). 
Vectors were purified from the clarified lysate by affinity chromatography 
using HiTrap heparin columns (GE Healthcare), whereupon the elutant 
was ultracentrifuged overnight, and the vector-rich pellet was resuspended 
in sterile physiological Ringer’s solution. The purified vector preparations 
were quantified with a customized sequence-specific quantitative PCR-
based reaction (Life Technologies).41

Animal experiments.  All experiments were conducted in accordance with 
the relevant codes of practice for the care and use of animals for scientific 
purposes (National Institutes of Health, 1985, and the National Health 
& Medical Council of Australia, 2013). Vectors carrying transgenes of 
interest (or control construct) were injected at 109 – 1.5 × 1011 vg into the 
tibialis anterior (TA) muscles of 6- to 8-week-old male C57BL/6 mice, or 
6- to 10-week-old male Mstn-/- mice, while the mice were under isoflurane 
anesthesia. Following vector administration and recovery from anesthe-
sia, mice were monitored until designated endpoints, at which time they 
were killed humanely via cervical dislocation or CO2 asphyxiation, and 
the muscles and organs excised rapidly and weighed before subsequent 
processing.

Histology.  Harvested muscles were placed in OCT cryoprotectant and 
frozen in liquid nitrogen-cooled isopentane. The frozen samples were 
cryosectioned at 10 µm thickness and stained with hematoxylin and eosin 
as described previously.25 Sections were mounted using DePeX mount-
ing medium (VWR, Leicestershire, UK) and imaged at room tempera-
ture using a U-TV1X-2 camera mounted to an IX71 microscope, and an 
Olympus PlanC 10×/0.25 objective lens. DP2-BSW acquisition software 
(Olympus) was used to acquire images.

Gene expression profiling and bioinformatics.  Gene expression was 
analyzed in samples of mouse tibialis anterior hindlimb muscles col-
lected 7 days after administration of rAAV6:activin A or rAAV6:control 
as part of a previous study.25 Total RNA was extracted from frozen muscle 

via motorized homogenization and purification over RNeasy columns 
(Qiagen) according to the manufacturer’s recommended protocol. RNA 
quality was determined by the MultiNA capillary electrophoresis system 
(Shimadzu Biotech, Kyoto, Japan). Messenger RNA was enriched using 
the NEBNext Poly(A) mRNA Magnetic Isolation Module (New England 
Biolabs, Ipswich, MA) from 2 μg RNA and sequencing libraries were pre-
pared using the NEBNext mRNA Library Prep Reagent Set for Illumina 
(New England Biolabs). Libraries were quantified on a MultiNA system 
and sequenced at a concentration of 12 pmol/l on the Genome Analyzer 
IIx (Illumina, San Diego, CA). The technical quality of raw sequence data 
was checked with FastQC. More than [4@3.8M and 2@2.8M 35 nt reads 
=] 20 million 35-nucleotide-long reads were obtained from six samples 
from three animals of which >70% aligned uniquely to the mouse genome 
(mm10) using RNA-star42 with default settings in Galaxy 43. Reads align-
ing to exons with a mapping quality score >20 were counted and summed 
over genes for each sample using HTSeq (EMBL, Heidelberg, http://www-
huber.embl.de/users/anders/HTSeq/doc/overview.html). The resulting 
count matrix was tested for differential gene expression (DGE) between 
muscles treated with rAAV6:Activin-A and rAAV6:control, including a 
GLM design term for pairing of case and control legs from each of three 
animals, using the edgeR Bioconductor package (Fred Hutchinson Cancer 
Research Centre, http://www.bioconductor.org/packages/2.11/bioc/html/
edgeR.html) and false discovery rate control at P = 0.05.

Quantitative RT-PCR.  Total RNA was collected from TA muscles using 
TRIzol (Life Technologies). RNA (1–3 μg) was reverse transcribed using the 
High Capacity RNA-to-cDNA kit (Life Technologies). Expression levels of 
Igfn1, Mss51, Adamts8, Mfap4, Eln, and Comp were analyzed by quantitative 
RT-PCR, with 18S to standardize cDNA concentrations, using Taqman assay 
on-demand kits (Life Technologies) and ABI detection software. For detec-
tion of activin A and activin B gene expression, SYBR Green analysis was 
used (Activin A, Forward primer: GGAGTGTGATGGCAAGGTCAACA, 
Reverse primer: GTGGGCACA-CAGCATGACTTA. Activin B, Forward 
primer: GAAGAGTCGCACCGGCCCTTTGTGG, Reverse primer: GAA 
CTGTTGCCTGCAACAGAGGTTG). 18S was used to standardize cDNA 
concentrations (Forward primer: GGGAGCCTGAGAAACGGC, Reverse 
primer: GGGTCGGGAGTGGGTAATTT). Data were analyzed using the 
ΔΔCT method of analysis and normalized to a control value of 1.

Western blotting.  TA muscles were homogenized in RIPA-based lysis 
buffer (Millipore) supplemented with Phosphatase Inhibitor Cocktails 
and Protease Inhibitor Cocktails (Sigma Aldrich). Samples were centri-
fuged at 13,000g for 15 minutes at 4 °C and then denatured for 5 minutes 
at 95 °C. Protein concentration was determined using a protein assay kit 
(Thermo Scientific, Rockford, IL). Protein fractions were subsequently 
separated by SDS-PAGE using precast 4–12% Bis-Tris gels (Bio-Rad) blot-
ted onto nitrocellulose membranes (Bio-Rad) and incubated overnight at 
4 °C with antibodies against pSmad3 (Epitomics, Burlingame, CA), Smad3 
(Epitomics), FLAG (Cell Signaling, Beverly, MA) at 1:1,000 dilution or 
GAPDH (Santa Cruz Biotechnology, Dallas, TX) at 1:10,000 as described 
previously,43 then probed with HRP-conjugated secondary antibody for 1 
hour. Chemiluminescence was detected using ECL Western blotting detec-
tion reagents (GE Healthcare, Little Chalfont, Buckinghamshire, UK). 
Quantification of labeled Western blots was performed using ImageJ pixel 
analysis (US National Institutes of Health, Bethesda, MD). Densitometric 
analyses of Western blots are presented as band density and normalized to 
the control value of 1.

Statistical analysis. One-way analysis of variances were used to assess sta-
tistical differences across conditions, with the Student-Newman-Keuls post 
hoc test used for comparisons between the specific group means, unless 
otherwise stated, using GraphPad Prism v.6 (GraphPad, La Jolla, CA). Data 
columns with different letters achieved significance of P < 0.05. Data are 
presented as the means ± SEM, unless otherwise stated.
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http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html
http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html
http://www.bioconductor.org/packages/2.11/bioc/html/edgeR.html
http://www.bioconductor.org/packages/2.11/bioc/html/edgeR.html
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SUPPLEMENTARY MATERIAL
Figure S1. Amino acid sequences of myostatin, GDF-11, TGF-β1, TGF-
β2, TGF-β3, activin A, and activin B.
Figure S2. Amino acid sequences of the modified (a) activin A and (b) 
activin B prodomains (altered residues indicated in bold) fused to Fc 
domains of mIgG2a (italics).
Figure S3. Potency and specificity of wild-type TGF-β prodomains.
Figure S4. Comparison of first and second generation activin A 
antagonists.
Figure S5. Activin A and B expression within skeletal muscle.
Table S1. Genes up- or downregulated following 7 day treatment 
of tibialis anterior muscle with rAAV6:activin A, compared with tibialis 
anterior muscle receiving empty rAAV6.
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