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Abstract
Background  Prior studies suggested that canonical Activin Receptor II (ActRII) and BMP receptor (BMPR) ligands can 
have opposing, distinct effects on skeletal muscle depending in part on differential downstream SMAD activation. It 
was therefore of interest to test ActRII ligands versus BMP ligands in settings of muscle differentiation and in vivo.

Methods and results  In human skeletal muscle cells, both ActRII ligands and BMP ligands inhibited myogenic 
differentiation: ActRII ligands in a SMAD2/3-dependent manner, and BMP ligands via SMAD1/5. Surprisingly, a 
neutralizing ActRIIA/B antibody mitigated the negative effects of both classes of ligands, indicating that some BMPs 
act at least partially through the ActRII receptors in skeletal muscle. Gene expression analysis showed that both 
ActRII and BMP ligands repress muscle differentiation genes in human myoblasts and myotubes. In mice, hepatic 
BMP9 over-expression induced liver toxicity, caused multi-organ wasting, and promoted a pro-atrophy gene 
signature despite elevated SMAD1/5 signaling in skeletal muscle. Local overexpression of BMP7 or BMP9, achieved by 
intramuscular AAV delivery, induced heterotopic ossification. Elevated SMAD1/5 signaling with increased expression 
of BMP target genes was also observed in sarcopenic muscles of old rats.

Conclusions  The canonical ActRII ligand-SMAD2/3 and BMP ligand-SMAD1/5 axes can both block human myoblast 
differentiation. Our observations further demonstrate the osteoinductive function of BMP ligands while pointing to a 
potential relevancy of blocking the BMP-SMAD1/5 axis in the setting of therapeutic anti-ActRIIA/B inhibition.
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Introduction
Adult skeletal muscle mass may fluctuate in size in 
response to various anabolic or catabolic stimuli. In set-
tings of muscle injury, muscle regeneration occurs—this 
requires activation of resident satellite cells (myoblasts), 
which proliferate, differentiate, and either fuse into 
mature myofibers or, in settings of severe injury, form 
new myofibers [1, 2]. Myoblast differentiation into myo-
tubes can therefore be studied as a proxy for both devel-
opmental and regenerative competence. Proliferating 
skeletal myoblasts express key myogenic regulatory fac-
tors—including MyoD1, myogenin, Myf4, and Myf5—as 
part of the process of differentiation and fusion [3].

Muscle mass is negatively regulated by myostatin (also 
known as growth and differentiation factor 8 or GDF8), 
Activin A (ActA), and GDF11 [4–9], all of which are part 
of a sub-class of TGFβ family proteins that have a com-
mon receptor system–they all bind the Activin type II 
receptors (ActRIIA or ActRIIB) and the activin receptor-
like kinase type I receptors, ALK4, ALK5, and/or ALK7, 
resulting in phosphorylation and activation of the tran-
scription factors SMAD2 and SMAD3 [4–9]. Myostatin 
was the first of these ligands to be associated with a skel-
etal muscle phenotype–namely, animals that are defi-
cient in myostatin have a significant increase in muscle 
mass, termed ‘double-muscling’ [10–13]. In contrast, 
global Activin A knockouts are not viable; however, dual 
pharmacological blockade of Activin A and myostatin in 
adult animals results in more skeletal muscle mass than 
blockade of myostatin alone [14, 15]. Moreover, the use 
of an antibody that blocks both type II receptors ActRIIA 
and ActRIIB, thereby inhibiting all the ligands that signal 
through those receptors (e.g., myostatin, GDF11, Activin 
A, Activin B, among others), also significant increases 
muscle mass [16, 17].

Bone morphogenic proteins (BMPs) are a distinct 
sub-class of TGFβ superfamily ligands; the BMPs have 
their own primary type II receptor, the BMP receptor 
II (BMPR2/BMPRII), and distinct preferences for type 
I ALK receptors, including ALK1, ALK2, ALK3, and/or 
ALK6 [18, 19]. In contrast to canonical ActRII ligands, 
which cause SMAD2/3 phosphorylation, BMP recep-
tor activation results in SMAD1/5 phosphorylation. 
Recently, it has been reported that BMP signaling can 
be beneficial for muscle growth; both BMP7 and BMP14 
(or GDF5) were shown to be sufficient for promoting 
muscle mass, with local over-expression of BMP7 via 
intramuscular AAV delivery increasing muscle growth 
in wild-type mice and rescuing a mouse model of dener-
vation-induced muscle atrophy [20, 21]. Mechanistically, 
it was suggested that the BMP ligand-SMAD1/5 axis 
can promote the pro-hypertrophy AKT/S6 pathway and 
dominate over ActRII ligand-SMAD2/3 signaling, in part 
by competing for the common mediator SMAD4, which 

hetero-oligomerizes with either SMAD2 and SMAD3 
or SMAD1 and SMAD5, a step thought to be necessary 
for SMAD functionality [19]. Thus, it has been suggested 
that activation of the BMP ligand-SMAD1/5 axis may be 
sufficient as a therapeutic modality aimed at ameliorating 
multiple forms of muscle atrophy [19]. However, others 
have suggested BMP ligands can have inhibitory effects 
on muscle. Both BMP2 and BMP7 inhibited primary 
human myoblast differentiation in a manner comparable 
to ActRII ligands and BMP9 delayed regeneration in a 
barium-chloride-induced skeletal muscle injury murine 
model [13, 22]. Historically, BMPs have been linked to 
their canonical osteoinductive effects on different cell 
types, including the induction of heterotopic ossification 
[23]. In vivo, injection of recombinant BMP9 protein was 
sufficient to promote heterotopic ossification in the set-
ting of cardiotoxin-induced muscle damage [23], build-
ing upon similar results in various models [24–26], which 
demonstrated that intramuscular adenoviral delivery of 
multiple human BMPs, including BMP7 and BMP9, was 
sufficient to promote orthotopic ossification in the mus-
cle of nude rodents.

Given the mixed results across prior published 
works, the current study aimed to explore differences 
and similarities between canonical ActRII and BMP/
BMPR signaling. We directly compared multiple ligands 
head-to-head and the functional relevancy of the type 
II ActRIIA/B receptors, as well as overexpression of the 
various receptor-activated SMADs (or R-SMADs) on 
human skeletal myoblasts, by assessing downstream sig-
naling and effects on myoblast differentiation. We then 
validated these results in human myotubes by assessing 
key signaling and transcriptional gene targets. We fur-
ther translated these results in mice with both a hepatic 
over-expression model as well as an intramuscular AAV-
mediated over-expression model to determine the impact 
of systemic or local BMP elevation on skeletal muscles 
and other organs in vivo. BMP ligands can inhibit cul-
tured human myoblast differentiation in a SMAD1/5-
dependent manner and, notably, at least in part through 
type II ActRIIA/B signaling, indicating likely physiologi-
cal relevancy of this type II receptor system in skeletal 
muscle. BMP ligands failed to directly promote the AKT/
S6 signaling pathway in myoblasts or myotubes following 
acute or longer treatment. SMAD2, SMAD3, SMAD1, 
and SMAD5 overexpression are each sufficient to reca-
pitulate the inhibitory functional phenotype on myogenic 
differentiation. In mice, hepatic BMP9 overexpression is 
associated with liver toxicity and multi-organ wasting/
cachexia while local muscle overexpression of BMP7 or 
BMP9 promoted pathological osteoinductive changes.
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Fig. 1 (See legend on next page.)
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Results
ActRII and BMP ligands inhibit human myoblast 
differentiation
ActRII ligands, including Activin A (ActA), myostatin 
(or GDF8), and GDF11, have been shown to block myo-
blast differentiation [13]. We first sought to compare the 
signaling and functional effects of ActRII ligands versus 
BMP ligands in human skeletal muscle cell culture.

Primary human muscle cell lines can serve as an in 
vitro surrogate for how ligands may act in humans [13]. 
However, primary cultures have several limitations, 
including restricted proliferation capacity and applica-
bility for stable cell line production. As such, we gener-
ated and characterized a human skeletal muscle cell line 
transduced with human telomerase reverse transcriptase 
(hTERT) and a temperature-sensitive SV40 large T anti-
gen (tsSV40). In brief, a single cell clone was selected and 
characterized based on SV40 expression at non-permis-
sive temperatures and molecular profiling was conducted 
to compare expression of relevant myogenic markers to 
primary cells at corresponding days of differentiation. 
These clonal transduced human Skeletal-Muscle Derived 
Cells (termed iHUSKMDC or iSKMDC in this report) 
are shown to be myoblasts with an ability to differentiate 
into myotubes and exhibited similar behavior to primary 
cells based on molecular profiling (Supplemental Fig. 1A 
and 1B).

We first compared relative canonical SMAD1/5 signal-
ing across the BMP ligand family and selected ligands 
representing distinct sub-classes [18] and potencies, 
including ligands previously linked to muscle growth 
(Fig.  1A; upper left). Next, we followed up with further 
experiments to investigate the downstream effects these 
BMP ligands—BMP7, BMP9, BMP10, or BMP14—com-
pared to ActRII ligands—ActA, GDF8, or GDF11.

Consistent with previous results in other cell types, in 
human skeletal muscle cells, ActA, GDF8, and GDF11 
acutely induce SMAD2 phosphorylation whereas BMP7, 
BMP9, BMP10, and BMP14 promote SMAD1/5 phos-
phorylation in a dose-dependent manner (Fig. 1A; bottom 
left). Among the BMP ligands tested, BMP9 and BMP10 
showed stronger potency compared to BMP7, with 

BMP14 as the relatively weakest activator of SMAD1/5 
signaling.

Given that prior reports have suggested involvement of 
non-SMAD signaling within the TGFβ superfamily, we 
next sought to determine the effects of ligands on alter-
native pathways [27–29]. Of note, it was previously sug-
gested that BMPs may promote positive skeletal muscle 
regulation via the pro-hypertrophy AKT/S6 pathway [20, 
21]. ActRII ligands (GDF8 and ActA) and BMP ligands 
(BMP7 and BMP9) acutely induced their respective 
SMAD signaling in fully differentiated myotubes without 
strong induction of p38 or AKT/S6 signaling (Fig.  1A; 
right). To determine wither ligands may have longer term 
effects, we also treated cells for 24-hours and failed to 
observe consistent BMP-mediated increased pAKT or 
pS6 in myoblasts or myotubes despite previous studies 
suggesting activation of this pathway [20, 21] (Supple-
mental Fig. 1C).

Multiple reports have suggested competition and inter-
play between the canonical ActRII and BMP axes, both 
at the receptor and SMAD signaling levels [20, 30, 31]. 
As such, we selected ActA, BMP7, and BMP9 to further 
test a dose response of co-treatment in human myoblasts 
and assess changes in their downstream SMAD response. 
Combined ActA and either BMP showed minimal, if any, 
acute crosstalk inhibition of their respective phosphory-
lated SMAD signaling at the doses tested. (Fig. 1B).

Finally, to determine their functional effects on myo-
genic differentiation, human myoblasts were allowed 
to differentiate for 5 days in the presence or absence of 
ligand (0.3–300 ng/ml) and we assessed differentiation by 
myosin heavy chain (MYHC) staining. Doses were cho-
sen based on the observed phosphorylated SMAD signal-
ing patterns. As positive controls, the proinflammatory 
cytokine TNFα blocked differentiation, whereas the pro-
anabolic IGF1 promoted differentiation (Fig. 1C). In line 
with prior reports [4, 13], ActRII ligands significantly 
inhibited differentiation in a dose-dependent manner. 
All BMP ligands tested blocked differentiation to vary-
ing degrees relative to their phosphorylated SMAD1/5 
potencies, confirming a common myogenic func-
tional effect across these TGFβ family members. Taken 
together, in human muscle cells, ActRII and BMP ligands 

(See figure on previous page.)
Fig. 1  ActRII and BMP ligands promote distinct SMAD signaling yet similar differentiation blockade in human myoblasts​. (A) Western blotting analysis 
for SMAD signaling with BMP ligands at 300 ng/ml (upper left), SMAD signaling with a dose response of ActRII and BMP ligands (bottom left), and non-
SMAD signaling with a dose response of ActRII and BMP ligands (right). Human transduced myoblasts (iHUSKMDC) were acutely stimulated with vehicle 
as a negative control, BMP ligands, or ActRII ligands for 30 min. (B) Western blotting analysis with combined ligands. Human iHUSKMDC myoblasts were 
stimulated with vehicle as a negative control or with increasing doses of ActA ± BMP9 (left) or ActA ± BMP7 (right) at 1, 10, or 100 ng/ml. (C) Human 
myoblast differentiation assay with individual ligands. iHUSKMDC myoblasts were differentiated into myotubes with vehicle as negative control, TNFα (30 
ng/ml) or IGF1 (10 ng/ml) as positive controls or increasing doses of ActRII or BMP ligands (0.3, 30, or 300 ng/ml). Representative images are shown per 
treatment, with myotubes (green) identified using anti-MyHC antibody staining and nuclei (blue) using DAPI staining. ​Scale bar, 100 μm. Differentiation 
was quantified by evaluating the percentage of nuclei within myotubes that were positively identified using anti-MyHC antibody staining. Differences 
between groups were analyzed using one-way ANOVA (compared to UNT group). Data are means ± SD. Asterisks indicate differences with the control. 
Statistical analyses were conducted with a One-way ANOVA. *p ≤.05; **p ≤.01; ***p ≤.001; ****p ≤.0001 compared to control
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Fig. 2 (See legend on next page.)
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promote distinct canonical SMAD responses with mini-
mal signaling crosstalk yet show similar blockade of myo-
genic differentiation.

Receptor-activated SMAD (R-SMAD) overexpression 
promotes blockade of human myoblast differentiation
Although non-SMAD pathways have been previously 
reported for TGFβ family members, 25–27 in our human 
muscle cells, we failed to see clear, consistent alterna-
tive signaling. As such, for the first time, we generated 
SMAD-overexpressing skeletal muscle cell lines to assess 
the direct effects of individual SMADs within this cell 
context. Specifically, we generated stable overexpres-
sion cell pools of wild-type receptor activated SMADs 
or R-SMADs—SMAD1, SMAD5, SMAD2, or SMAD3. 
The empty vector control line was able to differentiate 
comparable to the parental iHUSKMDC cells (Supple-
mental Fig. 2A). Total protein levels of each SMAD were 
validated by western blotting analysis. Overexpression 
of each R-SMAD was associated with increased corre-
sponding phosphorylated R-SMAD at baseline, dem-
onstrating induction of SMAD signaling in the absence 
of exogenous ligand (Fig.  2A and B). Persistent SMAD 
signaling was observed in each cell line throughout the 
myogenic differentiation process (Supplemental Fig. 2B.) 
Expression profiling of this skeletal muscle cell system 
showed detectable levels of endogenous ActRII and BMP 
ligands, suggesting an autocrine feedback response (Sup-
plemental Fig. 1B).

To assess functional implications of R-SMAD over-
expression, myoblasts were allowed to differentiate for 
5 days without added recombinant protein ligands that 
activated SMAD signaling (ActRII ligands and BMPs), 
followed by anti-MYHC staining. Overexpression of 
SMAD2 or SMAD3 alone blocked myoblast differentia-
tion into myotubes, similar to exogenous ActRII ligand 
treatment and in line with prior reports [4, 13], demon-
strating that SMAD2 or SMAD3 signaling is sufficient to 
inhibit myogenic differentiation (Fig.  2A). Overexpres-
sion of SMAD1 or SMAD5 blocked myoblast differentia-
tion in a dose-dependent manner, with higher SMAD1/5 
signaling corresponding to the inhibitory phenotype, 

suggesting a SMAD signaling threshold effect (Fig.  2B). 
Together these data indicate that R-SMAD signaling 
through either the SMAD2/3 or SMAD1/5 axes mediates 
the inhibitory effects of ActRII and BMP ligands on myo-
genic differentiation.

ActRII inhibition rescues activin A and BMP ligand-
mediated effects on human skeletal muscle cells
Receptor binding and signaling by ActRII and BMP 
ligands are highly promiscuous, given that ligands across 
sub-families have been shown to bind and engage with 
activin type II receptors (ActRIIA and ActRIIB) and the 
BMP type II receptor (BMPR2) [32, 33]. Multiple BMP 
ligands, including BMP7 and BMP9, can reportedly bind 
and signal through ActRII receptors within some cell 
types [34, 35]. Previous studies demonstrated that BMP7 
can bind with high affinity to ActRIIA relative to BMPR2 
whereas BMP9 has a relatively higher affinity to BMPR2 
[33, 36].

Prior publications have demonstrated that antibody-
mediated ActRIIA/B inhibition (αActRII) is sufficient to 
reduce ActA and GDF8 downstream SMAD signaling 
as well as attenuate their blockade of skeletal muscle dif-
ferentiation [16]. Whether ActRII signaling is function-
ally relevant to BMP ligands within skeletal muscle cells, 
however, is unclear. As such, myoblasts were treated with 
ActA, BMP7, or BMP9 in the presence or absence of an 
αActRII antibody, either acutely for signaling or for mul-
tiple days to assess myogenic differentiation. Consistent 
with previous results, αActRII blocked ActA-mediated 
SMAD2 phosphorylation and rescued myogenic differen-
tiation [13, 17] (Fig.  2C). Surprisingly, both BMP7- and 
BMP9-mediated signaling and differentiation blockade 
were at least partially rescued with the αActRII anti-
body. BMP7 was more responsive to antibody treatment, 
showing similar rescue compared to the canonical ActRII 
ligand, ActA; this is notable since these cells also express 
BMPR2, which is not bound by the anti-ActRIIA/B anti-
body and, thus, amenable for ligand binding (data not 
shown) (Fig.  2C). Similarly, αActRII-mediated block-
ade of SMAD1/5 signaling was also observed with other 
members of the larger BMP ligand family (Supplemental 

(See figure on previous page.)
Fig. 2  R-SMAD overexpression blocks human myoblast differentiation and ActRII inhibition mitigates ligand inhibitory effects. (A) Differentiation assay 
and western blotting analysis validation for SMAD2 and SMAD3 over-expressing lines. Stable skeletal muscle cell lines (iHUSKMDC) with SMAD2 or SMAD3 
over-expression (OE) were differentiated into myotubes. Representative images (n = 3 replicates) are shown for each treatment, using anti-MyHC antibody 
staining for myotubes (green) and nuclei (blue) using DAPI staining. Scale bar, 100 μm. Western blotting analysis at day 0 of differentiation was used to 
confirm overexpression and signaling with SMAD-selective antibodies. (B) Differentiation assay and western blotting analysis validation for SMAD1 and 
SMAD5 over-expressing lines. Stable skeletal muscle cell lines (iHUSKMDC) with SMAD1 or SMAD5 over-expression (OE) at lower and higher levels were 
differentiated into myotubes. Representative images (n = 3 replicates) are shown for each treatment, using anti-MyHC antibody staining for myotubes 
(green) and nuclei (blue) using DAPI staining. Scale bar, 100 μm. Western blotting analysis at day 0 of differentiation was used to confirm relative overex-
pression and signaling with SMAD-selective antibodies across the lines. (C) Differentiation assay and western blotting analysis to assess ActRII inhibition 
effects. Human myoblasts (iHUSKMDC) were pre-treated with a selective anti-ActRIIA/B neutralizing antibody or isotype control (25 or 100 nM) followed 
by stimulation with 10 ng/ml ActA, BMP7, or BMP9. Scale bar, 100 μm. Representative images (n = 2) are shown per treatment, with myotubes (green) 
identified using anti-MyHC antibody staining and nuclei (blue) using DAPI staining. ​Scale bar, 100 μm
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Fig. 3 (See legend on next page.)
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Fig. 2C). Thus, in skeletal muscle cells, BMP ligands can 
promote downstream effects in a partly ActRII-depen-
dent fashion, demonstrating a putative key role for BMP 
inhibition with the use of anti-ActRIIA/B neutralizing 
antibodies.

ActRII and BMP ligands suppress myogenic markers in 
differentiating human myoblasts and differentiated human 
myotubes
Since we found that both ActRII ligands and BMPs func-
tionally inhibit human myoblast differentiation into 
myotubes, we next sought to assess the effects of select 
representative ligands on the expression of key myogen-
esis markers. Treatment of differentiating (day 0 of differ-
entiation) iHUSKMDC myoblasts with ActA, BMP7, and 
BMP9 for 24 h suppressed mRNA levels for the myogenic 
marker myogenin (MYOG), as well as the mRNA levels 
for myosin heavy chain (MYHC) genes (MYH1, MYH2, 
MYH3, MYH8) (Fig.  3A). Prior data demonstrated that 
BMP signaling can have pro-osteoinductive effects on 
multiple cell types, including resident Sca1+ muscle stro-
mal cells [37]. To determine whether BMPs might have 
an early osteo-inductive influence on myoblasts, expres-
sion of osteogenic differentiation markers were also 
assessed. Sclerostin (SOST), a negative regulator of bone 
formation, was significantly increased in response to 
BMP7 and BMP9; however, expression of the osteoblast 
marker osteocalcin (BGALP) was significantly repressed 
and RUNX2, an early osteogenic differentiation marker, 
was unchanged (Supplemental Fig. 3).

To further elucidate the transcriptional networks asso-
ciated with ActRII- and BMP-ligand-mediated responses 
in differentiated muscle cells (day 8 of differentiation), 
we performed RNA sequencing using single or com-
bined ligand treatment across multiple ligands in each 
family. Primary human HUSKMDC myotubes were 
treated for 24-hours with ActA, GDF8, GDF11, BMP7, 
BMP9, BMP14 or combined ActA with BMP7, BMP9, 
or BMP14 to confirm our data in myoblasts. Genes were 
considered differentially expressed if their expression 
was perturbed > 1.5-fold compared to vehicle with a Ben-
jamini-Hochberg adjusted p value < 0.05.

In differentiated myotubes, pro-atrophy marker 
MAFBX expression was notably unperturbed whereas 
MURF1 expression was significantly reduced with BMP7 

or BMP9 and trended toward a decrease with all other 
ligands (Fig.  3B; left). However, all ligands significantly 
repressed MYOD1 as compared to baseline, except for 
BMP14, which showed a downward trend. A similar 
trend was observed with MYOG across ligand treatment. 
Subsequent qPCR validated these biomarkers, showing a 
significant repression of both MYOD1 and MYOG with 
all ligands, along with decreased expression of MYH2 
(Fig.  3B; right)—similar perturbations of myogenic 
marker in myoblasts and consistent with prior reports 
on the mechanism underlying the negative regulation of 
human muscle cells by GDF8 [38].

Hepatic over-expression of BMP9 in mice results in liver 
toxicity with a cachexia-like phenotype and an induction 
of a pro-atrophy gene program in skeletal muscles
BMP9 promotes heterotopic ossification of isolated 
mouse muscle resident Sca1+ stromal cells ex vivo [37] 
and was recently shown to block isolated primary murine 
skeletal muscle cell differentiation, but its full effects on 
adult skeletal muscle remain unclear [22]. Given our find-
ings in cultured iHUSKMDCs, we investigated the effects 
of hepatic over-expression of BMP9 in mice. We deliv-
ered 20 ug of murine BMP9 DNA plasmid into C57BL6J 
male mice by hydrodynamic tail vein injection. The con-
trol group received an empty DNA vector. Hydrody-
namic delivery (HDD) of BMP9 plasmid induced hepatic 
overexpression of the BMP9 gene, Gdf2 (Supplemental 
Fig.  4A). Seven days following BMP9 over-expression, 
mice lost ∼ 20% body weight and displayed a reduction 
in blood glucose levels (Fig. 4A), which is consistent with 
prior reports on BMP9-mediated glucose metabolism 
[39, 40]. Of note, BMP9 HDD increased liver damage 
enzymes: alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) (Fig.  4A), suggesting that local 
BMP9 over-expression was associated with hepatotox-
icity that could have had systemic effects. Weights of 
heart, liver, and epididymal fat were lower in BMP9 over-
expressing mice compared to controls by ∼ 22%, ∼ 27%, 
and ∼ 35% respectively (Fig. 4B), demonstrating a global 
wasting syndrome.

Hepatic BMP9 over-expression resulted in skeletal 
muscle atrophy with quadriceps muscle weights lower 
in BMP9 over-expressing mice compared to controls 
by ∼ 13% (Fig.  4C). Weights of the gastrocnemius, the 

(See figure on previous page.)
Fig. 3  ActRII and BMP ligands similarly repress myogenic markers in human myoblasts and differentiated human myotubes. (A) qPCR analysis of myo-
genic differentiation gene markers in ligand-treated myoblasts. Human myoblasts (iHUSKMDC) were stimulated with vehicle as a negative control or 
single 300 ng/ml dose of ActA, BMP7, or BMP9 for 24 h with downstream gene expression determined by qPCR (n = 4/treatment). Data are mean ± stan-
dard deviation (SD) from the mean. Asterisks indicate differences with the control. Statistical analyses were conducted with a One-way ANOVA. *p ≤.05; 
**p ≤.01; ***p ≤.001; ****p ≤.0001 compared to control. (B) Heatmap for muscle and bone marker gene expression profiles in ligand-treated human 
myotubes. ActRII and BMP ligands show similar transcriptional signature on myogenic markers (left). Primary human myotubes (HUSKMDC) stimulated as 
above were analyzed by qPCR for select genes (n = 5/treatment) (right). Data are mean ± standard deviation (SD) from the mean. Asterisks in the heatmap 
indicate significant differential expression between the control and the treatment. Asterisks in the bar plot indicate differences with the control group. 
Statistical analyses were conducted with a One-way ANOVA. *p ≤.05; **p ≤.01; ***p ≤.001; ****p ≤.0001 compared to control
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soleus, and tibialis anterior muscles were not significantly 
affected at the time of takedown (Fig. 4C). To determine 
the impact of high levels of BMP9 on the regulation of 
protein synthesis and degradation markers in skeletal 
muscles, we performed immunoblotting in quadriceps 
because this muscle showed the weight loss (Fig.  4D). 
Compared to control animals, in BMP9 over-expressing 
mice, phosphorylation of SMAD1/5 was higher, while 
phosphorylation of SMAD2 was lower in quadriceps 
muscles (Fig. 4D), demonstrating on-target BMP effects 
in muscle without compensatory SMAD2 pathway acti-
vation. Levels of phosphorylated as well as total ribo-
somal protein S6, a downstream target of the mTORC1/
S6K1 protein synthesis pathway, were lower in BMP9 
overexpressing mice compared to a control group by 
∼ 82% and ∼ 30% respectively (Fig. 4D). We also quanti-
fied protein amounts for the E3 ubiquitin ligases MuRF1 
and MAFbx, which are transcriptionally upregulated 
under atrophic conditions, and induce muscle atrophy 
via proteasomal protein degradation pathway 31. MuRF1 
and MAFbx protein levels were higher in quadriceps 
muscles of BMP9 over-expressing mice compared to con-
trols by 1878% and 374.5% respectively and correlated 
with SMAD1/5 phosphorylation levels (Fig. 4D; Supple-
mental Fig. 4B), demonstrating a pro-atrophic condition.

We next performed gene expression analyses in two 
muscles: quadriceps, which atrophied with BMP9 over-
expression, and gastrocnemius, which did not atrophy. 
Both muscles showed a similar mRNA expression pro-
file with up-regulation of pro-atrophy markers MAFbx/
Fbxo32, MuRF1/Trim6331 along with the metallo-
thioneins Mt1 and Mt232,33 (Fig.  4E). Of the canoni-
cal SMAD2/3 activating myokines, only Mstn (or Gdf8) 
levels were increased in BMP9 over-expressing mice. In 
line with the myogenic biomarkers observed in cell cul-
ture, we observed reduced expression of Myod and Myog 
as well as the myosin Myh2 with BMP9 over-expressing 
mice, further supporting a direct on-target BMP9 effect 
in skeletal muscle (Fig.  4E). Thus, despite differences in 
observed muscle mass effects, both gastrocnemius and 
quadricep muscles showed a near identical pro-atrophy 
gene signature with a concomitant suppression of myo-
genic genes and myosins, suggesting that skeletal muscle 
is primed for wasting in the setting of elevated systemic 
BMP9 levels.

Taken together, despite the increased SMAD1/5 phos-
phorylation observed, there were increased levels of Mt1 
and Mt2 along with Foxo1, MAFbx/Fbxo32 and MuRF1/
Trim63, as well as reduced levels of phosphorylated 
S6, indicating decreased mTORC1/S6K1 signaling in a 
pro-atrophic state in the absence of SMAD2/3 signal-
ing. In addition, SMAD1/5 phosphorylation levels cor-
related with elevated atrophy signaling and repressed 
Myh2 expression (Supplemental Fig. 4B). Therefore, our 

results contrast prior models showing that elevated BMP-
SMAD1/5 signaling is dominant and sufficient to pro-
mote a pro-hypertrophy response [19].

Intramuscular over-expression of BMP7 and BMP9 in mice 
results in heterotopic ossification in skeletal muscles
Given the observed liver toxicity with hepatic BMP9 
overexpression, we next assessed the intramuscular over-
expression of BMP9 and BMP7 to determine local effects 
and compare functionalities across ligands. Previously, it 
was shown that local intramuscular AAV: BMP7 delivery 
was sufficient to promote skeletal muscle hypertrophy 
28 days following injection with increased Igf1 expres-
sion and elevated AKT/S6 signaling in wild-type mice. 
In addition, muscle specific over-expression of BMP7 
was shown to have a protective effect in the setting of 
denervation-induced muscle atrophy19 [20]. We designed 
rAAV1 vectors encoding either murine BMP9 or BMP7, 
which were delivered to the tibialis anterior (TA) muscles 
of adult 13-week-old mice at a similar dose to prior stud-
ies to assess chronic 28-day changes. Both AAV1:BMP7 
and AAV1:BMP9 increased mRNA expression of their 
respective BMP ligands by day 7 as evident by RNA-
scope (Supplemental Fig.  5A). Of note, given our prior 
observations with hepatic BMP9 by HDD, there was no 
evidence of hepatoxicity by histology following intra-
muscular AAV gene delivery at 1 month (Supplemental 
Fig. 5B). After 1 month, muscle-specific over-expression 
of both AAV1:BMP7 and AAV1:BMP9 had osteoinduc-
tive effects, with a more pronounced phenotype observed 
with BMP9. AAV1:BMP7 injected mice showed partial 
ossification of the TA, while AAV1:Bmp9 injected mice 
had widespread TA ossification (Fig.  5A and B). Thus, 
at an equivalent AAV dose and treatment time to prior 
reports, we failed to demonstrate a beneficial effect of 
muscle, instead observing osteogenic changes.

In aged rodent muscles, the TGFβ pathway is upregulated 
with increased expression of BMP gene markers 
co-incident with increased pSMAD1/5
Previous studies have shown increased SMAD2/3 activa-
tion with age in rat muscles [38]. In addition, increased 
circulating levels of the activin/TGFβ signaling marker 
follistatin-like 3 (FSTL3/FLRG) have been shown in old 
human plasma [41]. These observations suggest a regu-
latory role of activin/TGFβ signaling with age [38, 41]. 
Of note, BMP7 was among the conserved age-related 
plasma protein that increased in both humans and mice 
[41]. Skeletal muscle SMAD1/5 activation was shown to 
decrease in mice from 1-week to 6-months of age [19], 
but changes to the pathway in the setting of age-related 
muscle loss (or sarcopenia) are unclear.

We previously performed comprehensive transcrip-
tional profiling of multiple muscle groups form old rats 
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and identified up-regulated markers of TGFβ signaling 
co-incident with sarcopenia, suggesting a putative causal 
role for the pathway in the setting of aging [42, 43]. In 
these profiled sarcopenic skeletal muscles, we observed 

consistently elevated BMP markers Id2 and Id3, indica-
tive of an increased BMP signaling axis (Fig.  6A). To 
confirm changes in BMP signaling with sarcopenia, we 
assessed SMAD1/5 phosphorylation by immunoblotting 

Fig. 4 (See legend on next page.)
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in a sarcopenic muscle (tibialis anterior) and a non-sarco-
penic muscle (triceps) from rats (Fig. 6B; left). SMAD1/5 
phosphorylation was increased in aged rat tibialis ante-
rior, but unperturbed in triceps, demonstrating that the 
BMP-SMAD1/5 axis is in fact elevated with sarcopenia in 
rats (Fig. 6B; right).

Discussion
Our group has a longstanding interest in mechanisms 
controlling skeletal muscle mass, particularly through 
the TGFβ superfamily, and have previously demonstrated 
that ActRII-SMAD2/3 signaling ligands, such as myo-
statin (GDF8) and Activin A, act predominantly by inhib-
iting genes that are normally induced during myogenesis 
and upon myoblast differentiation28. However, ActRII 
ligands can induce muscle atrophy in certain settings, as 
was shown with liver-induced over-expression of GDF11, 
which was sufficient to induce full-body cachexia 39–42. 
Importantly, a neutralizing antibody that blocks signal-
ing through ActRIIA/B was shown to promote signifi-
cant skeletal muscle growth in rodents as well as increase 
lean mass and reduce adiposity in humans [44]. Recently, 
however, studies have suggested an alternative means of 
drugging the TGFβ family for similar purposes—namely 
that BMP-SMAD1/5 signaling opposes ActRII-SMAD2/3 
activation and promotes skeletal muscle hypertro-
phy, including via intramuscular AAV delivery of BMP 
ligands, thereby emphasizing a potential role as a clini-
cal intervention [20]. As such, it was of interest to bet-
ter understand the relevant roles of the ActRII-SMAD2/3 
and BMP-SMAD1/5 axes within skeletal muscle, espe-
cially given prior data on the anti-myogenic differentia-
tion and pro-osteoinductive effects of BMP signaling [20, 
24–26].

In line with other past studies and similar to canoni-
cal ActRII-SMAD2/3 ligands (ActA, GDF8, and GDF11), 
we found that multiple BMP ligands inhibit human 
myoblast differentiation at doses sufficient to activate 
SMAD1/5 signaling. Other groups have suggested that 
BMP ligands may stimulate mTORC1 signaling through 
AKT activation, thereby promoting anabolic signaling 
in skeletal muscle [20, 21]. To test this, we examined the 

activation of alternative pathways in response to acute 
and prolonged BMP stimulation. ActRII ligands (GDF8 
and Activin A) and BMP ligands (BMP7 and BMP9) 
acutely induced their respective canonical SMAD signal-
ing in both differentiating myoblasts and fully differenti-
ated myotubes. However, in contradiction to these prior 
reports, BMP ligands did not directly promote AKT/S6 
phosphorylation. This discrepancy challenges the prem-
ise that BMP signaling acts as a functional antagonist 
to ActRII-SMAD2/3 signaling in skeletal muscle cells. 
Instead, BMP ligands appear to share a similar inhibitory 
effect on differentiation and myogenic gene expression. 
This was confirmed in our qPCR and RNAseq analyses, 
which showed that both BMP and ActRII ligands can 
downregulate key myogenic regulators, including MyoD1 
and myogenin, as well as critical myosin heavy chain iso-
forms required for sarcomere formation.

Given the likely essential role of canonical down-
stream SMAD signaling, we also wanted to understand 
if SMAD1/5 over-expression itself was able to mediate 
the inhibition of myoblast differentiation, as was the case 
with SMAD2 and SMAD3 over-expression. We found 
that SMAD1 or SMAD5 were able to block myoblast dif-
ferentiation when sufficiently over-expressed. We chose 
SMAD1 and SMAD5 as representatives of their R-SMAD 
family—we did not include SMAD8 in our analysis given 
recent data suggesting it may act in a dominant negative 
fashion in some cell contexts.

Prior studies demonstrated that BMP ligands can pro-
mote downstream SMAD1/5 phosphorylation through 
both BMPR2 as well as ActRII receptor complexes in 
non-muscle cell types [34, 35]. It was previously shown 
that a selective anti-ActRIIA/B monoclonal antibody 
was sufficient to block downstream signaling and effects 
of ActA and GDF8 in skeletal muscle [16]. As such, we 
assessed the consequences of a neutralizing ActRIIA/B 
(αActRII) antibody on different ligands. We confirmed 
published reports showing prevention of ActA-mediated 
signaling and differentiation blockade. Importantly, how-
ever, we also saw that ActRII inhibition could mitigate 
the effects of multiple BMPs, including both BMP9 and 
BMP7, albeit with a stronger rescue for BMP7, in line 

(See figure on previous page.)
Fig. 4  BMP9 overexpression promotes liver toxicity, multi-organ wasting, and elevated muscle atrophy markers despite BMP-SMAD1/5 signaling. (A) 
Body weight, blood glucose, and levels of liver damage enzymes: alanine aminotransferase (ALT) and aspartate aminotransferase (AST). (B) Heart, liver 
and epididymal fat pat weights. (C) Weights of lower limb skeletal muscles: quadriceps, gastrocnemius, tibialis anterior, and soleus. In all graphs, light 
gray bars represent a control group that received an empty vector via a hydrodynamic tail vein injection (n = 11–12) and dark gray bars represent a group 
that received 20 ug of BMP9 DNA (n = 14). (D) Impact of hepatic BMP9 over-expression for 7 days on signaling in quadriceps muscles. Immunoblots for 
phosphorylated SMAD1/5 and phosphorylated SMAD2 and total SMAD1 and total SMAD2/3; phosphorylated ribosomal protein 6 S and total S6, MuRF1 
and MAFbx in quadriceps muscles of mice that received DNA with an empty vector (control) or BMP9 DNA (BMP9). Immunoblots for vinculin as shown as 
protein loading controls. Molecular weights are shown on the left-hand side for each blot and arrows point to the protein bands of interest. (E) Impact of 
hepatic BMP9 over-expression for 7 days on gene expression in quadriceps and gastrocnemius muscles. mRNA amounts for specific genes were quanti-
fied by real-time quantitative polymerase chain reaction and expression levels were normalized to a geometric mean of reference genes. Vertical dotted 
lines in each graph show mRNA levels for each gene in the control group that received DNA with an empty vector (n = 12). Dark gray bars show mRNA 
levels for specific genes in the group that received BMP9 DNA (n = 14), relative to the control group. Data are mean ± standard deviation (SD) from the 
mean. Statistical analyses were conducted with an un-paired t-test. *p ≤.05; **p ≤.01; ***p ≤.001; ****p ≤.0001 compared to control



Page 12 of 18Egerman et al. Skeletal Muscle            (2025) 15:4 

with its known relative binding affinities for type II recep-
tors [33, 36]. While many BMP ligands have been shown 
to bind and signal through ActRIIA and/or ActRIIB [32, 
34, 35], it is surprising that neutralization of just the 
ActRIIA/B receptors, leaving the BMPR2 unblocked, 
would have such a significant effect on SMAD1/5 sig-
naling and myoblast differentiation. The partial rescue 
of the BMP9 effect with selective ActRII inhibition is in 
line with its higher affinity for BMPR2 relative to either 
ActRII receptor [33, 36]. However, although BMP7 pref-
erentially binds ActRIIA over BMPR2 [33, 36], it is nota-
ble that BMPR2 could not compensate for downstream 

function—the anti-ActRII antibody significantly reduced 
BMP7-mediated signaling and alleviated the inhibitory 
differentiation phenotype on par with the canonical Act-
RII ligand ActA. These unexpected results suggest that 
the clinical therapeutic benefit observed with ActRII 
inhibition may in fact also involve blockade of relevant 
BMP signaling [16].

Our in vitro data in isolated skeletal muscle cells 
emphasized the need of transability in vivo to determine 
the physiological effects of the BMP-SMAD1/5 axis on 
adult tissue within the skeletal muscle micro-environ-
ment. As such, we first asked what the effects were of a 

Fig. 5  Local AAV delivery of BMP7 and BMP9 promotes heterotopic ossification in mouse skeletal muscle. (A) H&E staining of tibialis anterior (TA) 
cross-sections from mice 1-month post-intramuscular AAV delivery. Representative images of n = 2 mice per group are shown, each at 4X, 10X, and 20X 
magnification (total numbers of mice were, n = 11 for AAV: BMP7 and n = 12 for AAV1: control or AAV1:BMP9). Boxes indicate select corresponding magni-
fied areas. Arrows indicate areas of ossification. (B) Images of dissected lower limbs from mice1-month post-intramuscular AAV delivery. Representative 
images of n = 2 mice per group are shown. Arrows indicate areas of ossification
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Fig. 6  Elevated SMAD1/5 signaling and BMP gene targets are observed in aged rat sarcopenic muscle. (A) Heatmap for TGFB pathway gene expression 
profiles in aged rat diaphragm, gastrocnemius, soleus, and tibialis anterior muscles. Tissues were profiled from multiple time points across the lifespan 
of rats (from 6 to 27 months). For age-related genes (see the original paper for details), the time points where the genes show significant differential 
expression vs. 6 months are marked by asterisks. Id1-3, BMP target genes, are highlighted in a black box. (B) SMAD1/5 immunoblotting analysis in select 
rat sarcopenic and non-sarcopenic muscles. Muscle weights for sarcopenic tibialis anterior (or TA) and non-sarcopenic triceps are shown on the left. 
Phosphorylated SMAD1/5 and total SMAD1 levels for each muscle group are shown on the right. Data are mean ± standard deviation (SD) from the mean. 
Statistical analyses were conducted with an un-paired t-test. *p ≤.05; **p ≤.01; ***p ≤.001; ****p ≤.0001 compared to control
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BMP ligand when over-expressed systemically. Hepatic 
overexpression of BMP9 resulted in liver toxicity, body 
weight loss, and a pro-atrophy gene signature with sup-
pressed mTORC1 signaling in skeletal muscle despite 
robust SMAD1/5 activation. Given the observed hepa-
totoxicity with BMP9 hydrodynamic gene delivery, we 
could not rule out the possibility of indirect effects on 
tissues secondary to the liver injury. However, our initial 
findings demonstrated that activated BMP9-SMAD1/5 
signaling in skeletal muscle is, at minimum, insufficient 
to mitigate the pro-wasting phenotype promoted under 
the observed conditions.

We next sought to confirm effects of local intramus-
cular BMP administration. This approach allowed us to 
achieve sustained, localized BMP activity without hepa-
toxic effects. Prior published work utilized AAV6:BMP7 
at 109-2.5 × 1010 vg per IM injection into young juvenile 
mice (2–8 weeks) [19, 20]—we injected AAV1:BMP7 
or AAV1:BMP9 into young fully mature adult mice (13 
week) at 1 × 1010 vg. Despite utilizing a similar dose, we 
showed that intramuscular BMP gene delivery leading to 
chronic over-expression caused heterotopic ossification 
with both ligands after 1 month. These results are in line 
with prior findings [24, 25]and in contrast to the benefi-
cial pro-hypertrophy results observed by others [20].

Taken together, while our study cannot rule out the 
possibility that BMP signaling may have therapeutic 
benefits on skeletal muscle when used at very specific, 
tightly controlled doses, our findings confirm the inhibi-
tory effects of BMPs on myogenic differentiation along-
side the osteoinductive and systemic toxicity associated 
with BMP ligand over-expression. These effects empha-
size the difficulty of achieving a therapeutic effect with-
out incurring significant risks even if there is a narrow 
therapeutic index, as previously claimed [20]. This con-
cern is particularly relevant given SMAD1/5 signaling 
is often already elevated in muscle disease settings [19], 
including in sarcopenia from our data, amplifying the rel-
ative risk of adverse effects when further activating this 
pathway therapeutically. In contrast, blockade of GDF8, 
GDF8 in combination with Activin A, and multiple 
ligands via the ActRIIA/B pathways, have been shown to 
be effective in increasing muscle mass across species. The 
anti-ActRIIA/B antibody demonstrated efficacy while 
blocking particular BMPs in addition to Myostatin, GDF8 
and GDF11, as evidenced by this manuscript.

Methods
Cell culture and treatment
Primary human skeletal muscle derived cells (HUSK-
MDC or SKDMC; Cook MyoSite) were transduced for 
stable expression of hTERT (human telomerase) and 
a temperature-sensitive SV40 large T antigen (SV40). 
Transduced HUSKMDCs (iHUSKMDCs or iSKMDCs) 

were cultured in growth medium consisting of MyoTonic 
Basal Medium with Growth Supplement (Cook Myo-
Site) and Pen-Strep (Gibco) at a permissive temperature 
of 33ºC. For experiments, cells were grown in T-75 flasks 
and switched to a non-permissive 37ºC temperature for 
five days (Day − 5; D-5) in total. Cells were seeded at 
D-2 to 6-well or 12-well collagen-coated plates at 1 × 106 
or 4.3 × 105 cells/well, respectively, and fed with fresh 
growth medium at D-1.

To initiate differentiation, confluent D0 myoblasts were 
washed twice with PBS (Ca+ Mg+) and switched to dif-
ferentiation medium consisting of serum-free MyoTonic 
medium (Cook MyoSite) supplemented with 2% horse 
serum (Gibco). To assess effects on acute signaling, D0 
myoblasts were serum starved in MB-2222 alone for 4 h 
prior to ligand treatment for 30 min. To assess effects on 
differentiation, ligands were added at the onset of differ-
entiation at D0 in MD-9999 + 2% horse serum and cells 
were allowed to differentiate for a total of 5 days with a 
media and fresh ligand change at D2. For molecular pro-
filing, primary human HUSKMDCs were allowed to dif-
ferentiate for 8 days in MD-9999 + 2% horse serum prior 
to a 24-hour ligand treatment. For the comparison of 
transcriptomic signatures of the iHUSKMDC and the 
primary HUSKMDC myoblasts and myotubes, we differ-
entiated primary HUSKMDC cultures and iHUSKMDC 
cultures to 4 different time points following a switch to 
differentiation media: day 0, 4, 7, and 11.

Human SMAD (SMAD1, SMAD5, SMAD2, SMAD3, 
or SMAD4) expressing stable cells were generated in the 
transduced iHUSKMDCs using lentiviral expression con-
structs followed by standard lentiviral vector production 
and infection protocol [32]. In brief, SMAD1, SMAD5, 
SMAD2, or SMAD3 cDNA (OriGene) were cloned into 
the EcoRI-BamHI blunt sites of PLVX-EF1a-IRES-Puro 
vector. All constructs were verified by Sanger sequenc-
ing. Stable cell pools were selected in Cook MyoSite 
growth media supplemented with 1.0 µg/mL puromycin.

Animal experiments
All procedures involving animals were approved by the 
Institutional Animal Care and Use Committee of Regen-
eron and New York Medical College (NY, USA). Male 
C57BL/6 J mice were purchased from The Jackson Labo-
ratory (USA) and housed in groups of 5 at Regeneron ani-
mal holding facilities under specific pathogen free (SPF) 
conditions, with controlled temperature and light (22℃, 
12-h light/12-h dark cycle: lights on at 0600 h/lights off 
at 1800  h) and with ad libitum access to food (PicoLab 
Rodent Diet 20, Lab Supply) and water.

For hydrodynamic gene delivery (HDD), mice at 
14 weeks of age were randomized into experimental 
groups by body weight criterion and were subjected to 
HDD. Control and mouse BMP9 (Gdf2) with an internal 
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myc-myc-His tag constructs were generated in a mam-
malian expression vector pRG977 and confirmed by DNA 
sequencing (Regeneron Pharmaceuticals, Tarrytown, 
NY). On study day 0, mice were injected via tail vein 
with twenty micrograms (20  µg)/28g mouse of control 
empty vector or mouse BMP9 plasmids in sterile saline. 
Seven days following DNA delivery, mice were sacrificed 
by CO2 asphyxiation and tissues were weighted and col-
lected (flash frozen or fixed for paraffin-embedding).

For intramuscular AAV delivery, we designed 
rAAV1 vectors encoding either murine BMP9 (Gdf2) 
or BMP7 (Bmp7) under the CMV promoter, followed 
by an optimized post-transcriptional regulatory ele-
ment (oPRE).These vectors were delivered to the tibi-
alis anterior (TA) muscles of 13-week-old adult male 
mice at a dose similar to prior studies [19]: 1e10 vg in 
50 µL of saline buffer. The control vector contained 
the promoter, an ORF stuffer, and oPRE. The AAV 
and plasmids were produced by VectorBuilder with 
the following IDs: pAAVExp]-CMV > ORF_Stuffer: 
oPRE (Vector ID: VB900151-4351qxj), AAV[Exp]-
CMV > mBmp7[NM_007557.3*:oPRE (Vector ID: 
VB240923-1665xpt), and pAAV[Exp]-CMV> [Bmp9-
mmh]: oPRE (Vector ID: VB240920-1558nge). Seven 
days or twenty-eight days following AAV delivery, 
mice were sacrificed by CO2 asphyxiation and tissues 
were weighted and collected (flash frozen or fixed for 
paraffin-embedding).

For rat studies, male Sprague Dawley (SD) rats were 
purchased at 3–4 weeks of age from Envigo (Indianapo-
lis, USA) and aged at Envigo under specific pathogen 
free (SPF) conditions before being imported to New York 
Medical College (NYMC) animal holding facilities 8–12 
weeks prior to tissue collection. At NYMC, rats were 
housed two per cage at the SPF facility with controlled 
temperature and light (22℃, 12-h light/12-h dark cycle: 
lights on at 0600 h/lights off at 1800 h) and with ad libi-
tum access to food (2014 Teklad Global 14% Protein diet, 
Envigo) and water. Skeletal muscle tissues were collected 
on the same day between 9am and 1 pm. Prior to tissue 
collection, rats were anesthetized with 3.5% isoflurane 
and sacrificed by exsanguination and thoracotomy [43].

Histology and RNAscope
Tissues (livers and muscles) were fixed in 10% normal 
buffered formalin (NBF) for 24 h followed by 70% ethanol 
for 24 h. The tissues were then sent to Histoserv, Inc. for 
paraffin-embedding, sectioning and staining with Hema-
toxylin and Eosin (H&E). Slides were scanned using the 
AperioScan at 20X magnification.

RNAscope was performed according to the manufac-
turer’s protocol using the RNAscope Multiplex Fluores-
cent reagent kit V2 and the ACD HybEZ II hybridization 
system. Probes Mm-Bmp7-O1-C1 (#1326831-C1) and 

Mm-Gdf2-O1-C1 (#1326821-C1) were used. Slides were 
scanned using the Zeiss AxioScan at 40X magnification.

Biochemicals and antibodies
Information on all reagents and antibodies are listed the 
Supplementary Table 3. Recombinant human Activin A, 
GDF8/myostatin, GDF11, BMP2, BMP4, BMP5, BMP6, 
BMP7, BMP9, BMP10, BMP13, BMP14, long-R3-insu-
lin-like growth factor I (IGF1) and tumor necrosis fac-
tor alpha (TNFa) were were sourced from R&D Systems. 
The anti-ActRIIA/B monoclonal antibody (αActRII) 
was generated in-house at Regeneron. Stock solutions 
were prepared in either 4 mM HCl supplemented with 
bovine serum albumin (BSA) and 5% glycerol, PBS with 
0.1% BSA (TNFa), or 100 mM acetic acid (R3-IGF1) as 
per vendor protocol. The stock solution for the αActRII 
antibody was prepared in 10 mM histidine, pH 5.8. For 
Western blotting analysis, primary antibodies against 
the following were used: phospho-SMAD2 (Ser465/467), 
phospho-SMAD3 (Ser423/425), phospho-SMAD1/5 
(S463/465), total SMAD2/3, total SMAD3, total SMAD1, 
total SMAD5, phospho-S6 (S240/244), total S6, MuRF1, 
MAFbx, GAPDH, and vinculin were from Cell Signal-
ing. For secondary antibodies, horseradish peroxidase 
(HRP)-conjugated anti-rabbit IgG (Jackson ImmunoRe-
search were used with either Pierce™ ECL Western Blot-
ting Substrate (Thermo Scientific) or Immobilon Western 
Chemiluminescent HRP Substrate (Millipore). For immu-
nostaining, primary antibody against myosin heavy chain 
(anti-MYHC, clone A4.1025, Abcam) and secondary 
antibody (Alexa Fluor 488 F (AB’)) from Invitrogen were 
used.

Western blotting
For iHUSKMDCs, cells were washed in ice-cold PBS and 
lysed in RIPA buffer (Thermo) supplemented with Halt™ 
protease and phosphatase inhibitor cocktail (Thermo). 
Lysates were sonicated and centrifuged at 15,000  rpm 
for 10–15 min at 4 °C. For mouse tissues, frozen samples 
were pulverized with a mortar and pestle in liquid nitro-
gen, then homogenized in a Precellys® Cryolys Evolution. 
Homogenates were rotated for 30  min then centrifuged 
at 15,000  rpm for 10–15  min at 4  °C, supernatants col-
lected and sonicated. Total protein concentrations were 
determined using bicinchoninic acid (BCA) method as 
per manufacturer’s protocol (Thermo). Protein samples 
were prepared in sample buffer and denatured as per 
standard protocol. Equal amounts of protein were loaded 
per lane of 4–12% polyacrylamide Bis-Tris NuPAGE gels, 
separated by electrophoresis, and transferred onto PVDF 
membranes. Membranes were blocked in 5% w/v non-
fat milk powder in TBST (TBS with 0.1% Tween-20) or 
Immobilon® Block Chemiluminescent Blocker (Millipore) 
for 30–60  min. Membranes were incubated in primary 
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antibodies in 5% milk TBST or 1.5% FBS with 0.05% 
sodium azide in TBS followed by secondary antibodies. 
Protein bands were visualized using enhanced chemilu-
minescent detection (Thermo or Millipore) and mem-
branes were imaged by Azure Biosystem. Densitometry 
analysis was conducted as per standard protocol with Fiji 
[45].

Immunostaining and imaging for myogenic differentiation 
assay
Cells were fixed with 4% paraformaldehyde for 15 min-
utes at room temperature prior to permeabilization 
with 0.3% Triton-X100 in PBS for 15 minutes. Nonspe-
cific binding was blocked with 10% normal goat serum 
(Invitrogen) for 1 hour followed by incubation with anti-
MyHC (Abcam) diluted in PBS with 1% goat serum and 
0.1% Triton-X100 overnight at 4ºC. Cells were subse-
quently incubated with secondary antibody Alexa Fluor® 
488 F (AB’) for 1 h at room temperature. DAPI was added 
for 15 min at room temperature and cells were stored in 
PBS prior to imaging. Images were acquired using fluo-
rescence microscopy on an Axio Observer 7 to assess 
effects of molecules on muscle differentiation.

Percentage of nuclei of each image that were MYHC-
positive was quantified in the HALO Image Analysis 
Platform (v3.6.4134.309, Indica Labs, Albuquerque, New 
Mexico). Using the CytoNuclear FL v2.0.12 algorithm, 
nuclei were identified from the DAPI channel. Each 
nucleus was classified as positive or negative via visually 
tuned thresholding of the average nuclear MYHC fluo-
rescent signal intensity. Identical analysis settings were 
applied for all images of each experiment. The resulting 
markup images were inspected for accuracy in a blinded 
fashion.

RNA extraction and RT-qPCR
RNA was extracted from cultured transduced iHUSK-
MDCs or mouse tissues preserved in RNA later using 
MagMax-96 total RNA isolation kit (Thermo Fisher). 
The RNA concentration was quantified using NanoDrop 
Spectrophotometer (NanoDrop Technologies), and the 
integrity was assessed using Fragment Analyzer (Agi-
lent). RNA samples were reverse transcribed to cDNA 
using SuperScript IV VILO kit (Thermofisher Scientific). 
The cDNA was then used for RT-qPCR to determine the 
expression profile of genes of interest using an ABI Prism 
7900 sequence detection system in combination with 
Taqman® fast PCR Master Mix (Applied Biosystems). 
Transcript levels were normalized to a geometric mean 
of 3–10 reference genes that showed STD ≤ 0.5 across 
samples within an experiment. Fold changes were rela-
tive to controls and calculated as 2−ΔΔCT. Supplemental 
Tables S1 and S2 list specific probes and primers used in 
this study.

Bulk RNA-seq
RNA was extracted from primary HUSKDMC cells using 
MagMax-96 total RNA isolation kit (Thermo Fisher). 
The RNA concentration was quantified using NanoDrop 
Spectrophotometer (NanoDrop Technologies), and the 
integrity was assessed using Fragment Analyzer (Agi-
lent). Strand-specific RNA-seq libraries were prepared 
from 500 ng RNA using KAPA mRNA HyperPrep Kit for 
Illumina Platforms (Roche). Twelve-cycle PCR was per-
formed to amplify libraries. Sequencing was performed 
on NovaSeq 6000 (Illumina) using a 2 × 76, paired-end 
sequencing recipe. Sequencing reads were processed 
with ArrayStudio RNA-seq pipeline to quantify gene 
expression levels. For reference, we used hg19 genome 
reference.

Differential expression analysis
We used DESeq2 to process the raw count without fil-
tering and calculate a gene’s fold change and p value 
between the vehicle condition and a ligand treated con-
dition. We then filtered out low-expression genes from 
DESeq2’s output. For each gene, we used DESeq2’s out-
put to determine the condition where the gene had a low 
mean expression level. If the gene had less than 10 reads 
in more than 20% of the samples in the higher express-
ing condition, the gene was excluded. The p values of the 
remaining genes were adjusted by the Benjamini-Hoch-
berg procedure. Genes were considered differentially 
expressed if their fold changes are greater than 1.5 and 
adjusted p value were smaller than 0.05.

Rat gene expression data
We took the age-related genes and fold changes of genes 
from the original paper [43] without modification. Note 
that the fold changes had been calculated by edgeR [43] 
and limma [43], and significant differential expression 
had been determined by a fold change greater than 1.5 
and a Benjamini-Hochberg adjusted p value smaller than 
0.05.

Statistical analysis
Data are expressed as mean ± SD. Statistical analyses 
were performed using GraphPad Prism (v. 9). Unpaired 
two-tailed Student t-tests were performed for statisti-
cal comparisons between two groups with p <.05 being 
considered statistically significant. One-way ANOVA 
tests were performed for statistical comparisons between 
more than two groups with p <.05 being considered sta-
tistically significant. Asterisks indicate the following: 
*p ≤.05; **p ≤.01; ***p ≤.001; ****p ≤.0001 compared to 
control.
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The online version contains supplementary material available at ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​
g​​/​​1​0​​.​1​1​​​8​6​​/​s​1​3​​3​9​5​-​​0​2​5​-​0​​0​3​7​3​-​7.

Supplementary Material 1: Fig. 1. Ligand differentiation blockade in 
primary HUSKMDCs, SKDMC gene expression profiles, and signaling in 
transduced iHUSKMDCs. (A) Primary human myoblast (HUSKMDC) differ-
entiation assay with individual ligands. Myoblasts were differentiated into 
myotubes with vehicle as negative control versus ActRII or BMP ligands 
(300 ng/ml). Representative images (n = 3) are shown per treatment, with 
myotubes (green) identified using anti-MyHC antibody staining and nuclei 
(blue) using DAPI staining. Scale bar, 100 μm. (B) Relative expression of 
activin/GDF/TGFB ligands, BMP ligands, and type I and type II receptors in 
primary HUSKMDCs and clonal transduced iHUSKMDCs. TPM (transcripts 
per million) values from RNA sequencing at 4 time points across dif-
ferentiation (day 0, 4, 7, and 11) for primary and clonal transduced cells. 
(C) Western blotting analysis for non-SMAD signaling with ActRII or BMP 
ligands. Human myoblasts oy myotubes (iHUSKMDC) were stimulated 
with vehicle as a negative control, BMP ligands, or ActRII ligands, for 24 h. 
Fig. 2. Characterization of stable iHUSKMDC cells, αActRII-mediated BMP 
blockade, differentiation assay quantification. (A) Differentiation assay in 
parental iHUSKMDC cells and empty vector control stable line. Parental 
and stable skeletal muscle (iHUSKMDC) cell lines were differentiated 
into myotubes. Representative images (n = 3 replicates) are shown per 
treatment, with myotubes (green) identified using anti-MyHC antibody 
staining and nuclei (blue) using DAPI staining. Scale bar, 100 μm. (B) 
Western blotting analysis for SMAD signaling time course in SMAD over-
expression (OE) lines. Western blotting analysis at day 0–5 of differentiation 
was used to confirm overexpression and signaling with SMAD-selective 
antibodies. (C) Western blotting analysis of anti-ActRII (αActRII) mediated 
blockade of BMP signaling in myoblasts. Human myoblasts (iHUSKMDC) 
were stimulated with vehicle as a negative control, BMP2, or BMP6 for 
30 min in the presence of an isotype control antibody or (αActRII). Ligands 
were used at 10 ng/ml and antibodies at 100 nM. Densitometry analysis 
by Fiji (Schindelin et al. 2012) are presented. (D and E) Quantification of 
differentiation assay from SMAD over-expression (OE) cells or ligands plus 
an isotype control antibody versus αActRII. Differentiation was quantified 
in the bar graph by evaluating the percentage of nuclei within myotubes 
that were positively identified using anti-MyHC antibody staining. Asterisks 
indicate differences between control and treatment groups. Statisti-
cal analyses were conducted with a One-way ANOVA. *p ≤.05; **p ≤.01; 
***p ≤.001; ****p ≤.0001 compared to control. Fig. 3. Effects of ActRII 
and BMP ligands on early induction of osteogenic markers in human 
myoblasts. qPCR analysis of osteogenic differentiation gene markers in 
ligand treated myoblasts. Human myoblasts (iHUSKMDCs) were stimulated 
with vehicle as a negative control or single 300 ng/ml dose of ActA, BMP7, 
or BMP9 for 24 h with downstream gene expression determined by qPCR 
(n = 4/treatment). Asterisks indicate differences between control and 
BMP9 groups. Statistical analyses were conducted with a One-way ANOVA. 
*p ≤.05; **p ≤.01; ***p ≤.001; ****p ≤.0001 compared to control. Fig. 4. 
Validation of hepatic BMP9 following HDD and quadricep pSMAD1/5 
signaling correlations. (A) qPCR analysis of BMP9 gene Gdf2 in liver from 
HDD mice. mRNA amounts for Gdf2 were quantified by real-time quantita-
tive polymerase chain reaction and expression levels were normalized to a 
geometric mean of reference genes. Control group received DNA with an 
empty vector (n = 12) and dark gray bar show mRNA levels for Gdf2 genes 
in the group that received BMP9 DNA (n = 14). Data are mean ± standard 
deviation (SD) from the mean. Statistical analyses were conducted with 
an un-paired t-test. *p ≤.05; **p ≤.01; ***p ≤.001; ****p ≤.0001 compared 
to control. (B) Correlation analyses for quadricep phosphor-SMAD1/5 
signaling. Correlation plots are shown between pSMAD1/5 and MURF1 
expression, MAFbx expression, or phospho-S6 expression in western blot 
by densitometry (relative density) as well as with Myh2 expression by 
qPCR (relative fold-change). Fig. 5. RNAscope validation at 1 week and 
liver histology at 1 month following IM AAV delivery. (A) BMP7 and BMP9 
RNA over-expression visualized in the muscle by RNAscope. RNAscope of 
BMP7 (Bmp7) or BMP9 (Bmp9) in tibialis anterior (TA) cross-sections from 
mice 1-week post-intramuscular AAV delivery. Representative images of 
n = 4 mice per group are shown, at 4X and/or 20X magnification (total 
numbers of mice were, n = 11 for AAV: BMP7 and n = 12 for AAV1: control 
or AAV1:BMP9). DAPI staining for nuclei is in blue and BMP-specific mRNA 

staining is in pink. (B) H&E staining of liver cross-sections from mice 
1-month post-intramuscular AAV delivery. Representative images of n = 3 
mice per group are shown, each at 10X magnification. Fig. 6. Densitom-
etry analyses for western blots in Figs. 1 and 2. Densitometry analysis were 
conducted by Fiji software (Schindelin et al. 2012). Fig. 7. Densitometry 
analyses for western blots in Figs. 4 and 6. Densitometry analysis were 
conducted by Fiji software (Schindelin et al. 2012). Statistical analyses were 
conducted with a One-way ANOVA (S7A) or unpaired T test (S7B). Data 
are means ± SD. Asterisks indicate differences with the control. Statisti-
cal analyses were conducted with a One-way ANOVA. *p ≤.05; **p ≤.01; 
***p ≤.001; ****p ≤.0001 compared to control. Fig. 8. Densitometry analy-
ses for western blots in Supplemental Fig. 1. Densitometry analysis were 
conducted by Fiji software (Schindelin et al. 2012).
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