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C A C H E X I A

Perturbed BMP signaling and denervation promote 
muscle wasting in cancer cachexia
Roberta Sartori1,2,3†, Adam Hagg1,4,5†, Sandra Zampieri3,6,7‡, Andrea Armani2,3‡,  
Catherine E. Winbanks1‡, Laís R. Viana4,8, Mouna Haidar9, Kevin I. Watt1,4, Hongwei Qian1,4, 
Camilla Pezzini2,3, Pardis Zanganeh9, Bradley J. Turner9, Anna Larsson10, Gianpietro Zanchettin6, 
Elisa S. Pierobon6, Lucia Moletta6, Michele Valmasoni6, Alberto Ponzoni11, Shady Attar12, 
Gianfranco Da Dalt6, Cosimo Sperti6, Monika Kustermann13, Rachel E. Thomson1,4, Lars Larsson14,15,16, 
Kate L. Loveland17,18, Paola Costelli19, Aram Megighian3, Stefano Merigliano6, Fabio Penna19, 
Paul Gregorevic1,4,20,21*§, Marco Sandri2,3,7,22*§

Most patients with advanced solid cancers exhibit features of cachexia, a debilitating syndrome characterized by 
progressive loss of skeletal muscle mass and strength. Because the underlying mechanisms of this multifactorial 
syndrome are incompletely defined, effective therapeutics have yet to be developed. Here, we show that diminished 
bone morphogenetic protein (BMP) signaling is observed early in the onset of skeletal muscle wasting associated 
with cancer cachexia in mouse models and in patients with cancer. Cancer-mediated factors including Activin A 
and IL-6 trigger the expression of the BMP inhibitor Noggin in muscle, which blocks the actions of BMPs on muscle 
fibers and motor nerves, subsequently causing disruption of the neuromuscular junction (NMJ), denervation, and 
muscle wasting. Increasing BMP signaling in the muscles of tumor-bearing mice by gene delivery or pharmacological 
means can prevent muscle wasting and preserve measures of NMJ function. The data identify perturbed BMP 
signaling and denervation of muscle fibers as important pathogenic mechanisms of muscle wasting associated 
with tumor growth. Collectively, these findings present interventions that promote BMP-mediated signaling as 
an attractive strategy to counteract the loss of functional musculature in patients with cancer.

INTRODUCTION
Cachexia, a multifactorial syndrome characterized by severe wasting 
of skeletal muscle and fat despite nutritional support, is a common 
feature of advanced cancer (1,  2). The increasingly debilitating 
functional impairment of muscle experienced by cachectic individuals 
increases morbidity and reduces both tolerance and responsiveness to 
treatment regimens, complicating patient management and ultimately 

accounting for up to 30% of deaths associated with advanced cancer 
(3). Although the pathogenic mechanisms responsible for cancer 
cachexia remain incompletely defined, the loss of muscle mass and 
strength is considered the most important clinical feature of cancer 
cachexia and a key predictor of poor outcomes (4). Preservation of 
muscle mass independent of fat loss and tumor growth has been 
shown to extend survival in animal models of cachexia (5). These 
observations suggest that interventions capable of conserving and/or 
restoring functional muscle mass offer considerable potential in 
combination with anticancer regimens to enhance patient outcomes.

Muscle atrophy arises when hyperactivation of proteolysis and 
organelle degradation exceeds rates of protein synthesis and organelle 
biogenesis. Proteolysis occurs via calcium-dependent proteolytic 
pathways (6) and ubiquitin-mediated proteasomal and autophagic 
lysosomal processes (7) that are potentiated when cellular signaling 
events promote excessive transcription of genes encoding for rate-
limiting enzymes of the degradative systems (8). As a regulator of 
protein synthesis and degradation processes, the transforming growth 
factor– (TGF) network has emerged as one of the most important 
governors of muscle mass (9–11). Specific TGF family ligands that 
use Activin receptors (ActRs) and SMAD2/3 second messengers 
modulate protein turnover in favor of catabolism and have been 
associated with conditions characterized by muscle atrophy, including 
cachexia (12–14). Inhibition of ActR-SMAD2/3 signaling has been 
proposed as a therapeutic for cancer cachexia, after studies reporting 
improved survival in mice concomitant with preservation of muscle 
mass despite unchanged tumor growth, fat loss, and proinflammatory 
cytokine production (5). However, clinical translation has been 
hampered by the challenges of developing interventions that achieve 
efficacious targeting of excessive ActR-SMAD2/3 signaling in 
muscle without side effects in other cell types and tissues (15, 16), 
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highlighting the need to investigate alternative strategies to combat 
the muscle weakness underlying cachexia.

Recent studies have independently identified that the bone 
morphogenetic protein (BMP) pathway operates in parallel, and in 
opposition, to ActR-SMAD2/3 signaling as a vital positive regulator 
of muscle mass (17, 18). The BMP pathway performs an essential 
role in mitigating proteolysis by repressing the transcription of 
atrophy-associated E3 ubiquitin ligases that facilitate proteasome-
dependent protein breakdown, including MUSA1 (Muscle Ubiquitin 
ligase of the SCF complex in Atrophy-1) (Fbxo30) (17, 18). Because 
the experimental inhibition of BMP signaling in mouse models of 
nutritional deficit and neurogenic atrophy provokes exacerbated 
muscle wasting and weakness reminiscent of that associated with 
advanced cachexia (17,  18), we reasoned that perturbation of 
BMP signaling in muscle may be implicated in the etiology of cancer 
cachexia. The BMP pathway has also been identified as a regulator of 
neuromuscular junction (NMJ) formation and remodeling during 
insect development (19–21). Consequently, we hypothesized that 
perturbation of BMP signaling in adult mammalian musculature could 
contribute to the development of defects in the interaction between 
motor nerves and muscle fibers via the NMJ, with deleterious con-
sequences for regulation of muscle mass and function. From studies 
examining mouse models of cancer cachexia, we report data that 
identify markedly diminished BMP signaling and disruption of NMJ 
architecture, leading to myofiber denervation as events underlying 
muscle wasting associated with cachexia due to advanced cancer. 
Moreover, comparing the preclinical data with those obtained from 
biopsies and blood samples from patients with cachexia-inducing 
cancers, we suggest that similar BMP signaling and NMJ alterations 
might also be present in patients.

RESULTS
BMP signaling in muscle is down-regulated in models 
of cancer cachexia, and restoring BMP activity ameliorates 
cancer-mediated muscle wasting
Because the genetic or pharmacological inhibition of BMP-SMAD1/5/8 
signaling exacerbates muscle atrophy under catabolic conditions 
such as fasting and denervation (17, 18), we examined the phos-
phorylation of SMAD1/5/8 (p-SMAD1/5/8) as a measure of BMP 
pathway activation in the muscles of C26 tumor–bearing mice, as 
an established model of cancer cachexia (22). We found that the 
tibialis anterior (TA) and the gastrocnemius (GAS) hindlimb muscles 
of cachectic mice displayed a down-regulation of p-SMAD1/5/8 
compared to the muscles of controls (Fig. 1A and fig. S1A). To 
confirm the depression of BMP-SMAD1/5/8 signaling in cachectic 
muscles, we purified nuclei from the TA muscles of additional 
cohorts of tumor-bearing and control mice and observed a decreased 
nuclear abundance of p-SMAD1 in cachectic mice (fig. S1B). A time 
course analysis revealed that nuclear p-SMAD1/5/8 content was 
reduced early in the manifestation of cancer-induced muscle atrophy 
and as cachexia progressed (fig. S1C). p-SMAD3 was increased in 
the muscles of tumor-bearing mice early in the time course of 
cachexia development but not during the ensuing stages of muscle 
wasting (fig. S1, D to F). As a marker of perturbed BMP-SMAD1/5/8 
signaling in cancer cachexia, we examined the expression of the E3 
ubiquitin ligase Fbxo30 (Musa1), a bona fide downstream target that 
is repressed by p-SMAD1/5/8 (17, 18). By comparing the expression 
of Fbxo30 (MUSA1) with the other atrophy-related ubiquitin ligases 

Fbxo32 (Atrogin1), Trim63 (MuRF1, Muscle RING-finger protein-1), 
and Fbxo21 (SMART, Specific of Muscle Atrophy and Regulated by 
Transcription) (23), we observed that Fbxo30 (MUSA1) was up-regulated 
in the TA (Fig. 1B) and other muscles of C26 tumor–bearing mice 
(fig. S2, A to C). Ligands that promote SMAD2/3 signaling con-
stitute one mode by which the actions of endogenous BMPs can 
be antagonized, increased expression of Noggin, an inhibitor of BMPs, 
and can also inhibit SMAD1/5/8 signaling, as previously published 
(24, 25). Accordingly, we found that Noggin (Nog) expression was 
increased in the TA (Fig. 1C) and other muscles of cachectic mice 
bearing C26 tumors (fig. S2, D and E). Other components of the 
BMP pathway were also affected in muscle as a consequence of 
tumor growth. Expression of Bmp7 was reduced, whereas two other 
BMP inhibitors, Gremlin1 (Grem1) and Chordin (Chrd), were 
up-regulated in cachectic C26 tumor–bearing mice (fig. S3A), and 
the expression of several different type I and type II BMP receptors 
was altered in the TA and GAS muscles of cachectic mice (fig. S3, 
B and C). Collectively, these findings demonstrate that regulatory 
components of the BMP pathway are modulated in skeletal muscles 
in mice by processes associated with tumor growth.

To test whether preserving BMP-SMAD1/5/8 signaling can 
prevent muscle atrophy underlying cachexia, we overexpressed a 
constitutively active variant of the BMP type I receptor, caBMPR1A 
(17), in the limb muscles of C26 tumor–bearing mice. Expression of 
caBMPR1A (fig. S4A) in TA muscles maintained p-SMAD1/5/8 
abundance (Fig. 1D), preserved the mass of treated muscles (Fig. 1, E 
and F), and blunted the expression of Trim63 (MuRF1) and Fbxo30 
(MUSA1) (fig. S4B). As an alternative approach, we tested whether 
increasing SMAD1/5/8 signaling via overexpression of BMP7 could 
recapitulate the protective effects associated with caBMPR1A ex-
pression and observed that adeno-associated viral (AAV) vector–
mediated overexpression of BMP7  in the TA muscles of C26 
tumor–bearing mice (fig. S4C) preserved p-SMAD1/5/8 abundance 
(Fig. 1G), reduced loss of muscle mass (Fig. 1, H and I), and blunted the 
expression of Fbxo30 (MUSA1) (fig. S4D). Because MUSA1 is a driver 
of protein degradation that is negatively regulated by p-SMAD1/5/8 
and induced in cachectic muscles (fig. S5A), we determined its con-
tribution to cachexia using a loss-of-function approach. Consistent 
with the data that MUSA1 is downstream of BMP signaling, inhibi-
tion of MUSA1 by RNA interference (fig. S5B) ameliorated the loss 
of muscle mass in C26 tumor–bearing mice (Fig. 1J).

To establish whether BMP signaling is diminished in other es-
tablished animal models of cachexia, we examined the muscles of 
inhibin- null mice (Inha−/−), which develop cachexia subsequent 
to formation of gonadal tumors (fig. S6, A and B) (26). Consistent 
with our observations of C26 tumor–bearing mice, we observed 
that BMP signaling is also reduced in the muscles of cachectic 
Inha−/− mice when compared to control mice (fig. S6C) and was 
associated with increased Fbxo30 (MUSA1) gene expression (fig. S6D), 
Nog (fig. S6E). Moreover, as with the C26 tumor–bearing mice 
treated with AAV:BMP7, we observed that BMP7 overexpression in the 
TA muscles of Inha−/− mice maintained p-SMAD1/5/8 abundance 
(fig. S6F) and attenuated muscle wasting (fig. S6, G and H). Because 
the loss of body mass in C26 tumor–bearing mice and Inha−/− mice 
has been associated with elevated circulating concentrations of 
Activin A (26, 27) and as Activin A is sufficient to cause muscle 
wasting independently of tumor development and progression 
(14, 27), we investigated the effect of Activin A overexpression on 
BMP pathway activity. Using AAV vector–mediated gene delivery, 
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Fig. 1. BMP pathway activity in muscles is down-regulated in C26 model of cachexia and its reactivation protects muscles from 
tumor-induced atrophy. (A) Immunoblot and densitometric analysis of phosphorylated SMAD1/5/8 (p-SMAD1/5/8) protein quantity 
in the tibialis anterior (TA) muscles of C26 tumor–bearing (n = 22) and sham-injected (n = 19) mice. GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase. (B) Gene expression analysis of Fbxo32 (Atrogin1), Trim63 (MuRF1), Fbxo30 (MUSA1), Fbxo21 (SMART), and (C) Nog 
in TA muscles from C26 tumor–bearing (n = 6) and sham-injected (n = 5) mice. (D) Immunoblot and densitometric analysis of 
p-SMAD1/5/8 protein in TA muscles examined 2 weeks after transfection by electroporation with constructs expressing enhanced 
green fluorescent protein (eGFP) or eGFP and caBMPR1A in mice bearing C26 tumors (n = 5) compared with controls (n = 5). (E) Cryo-
sections of TA muscles examined in (D). Green, GFP; red, wheat germ agglutinin staining; blue, 4′,6-diamidino-2-phenylindole. Scale 
bar, 200 m. (F) Cross-sectional area of transfected muscle fibers (green) in C26 tumor–bearing mice (n = 6) and sham-injected mice 
(n = 5). (G) Immunoblot and densitometric analysis of p-SMAD1/5/8 in the TA muscles from C26 tumor–bearing mice (n = 11) examined 
4 weeks after tumor implantation and intramuscular injection of AAV:BMP7 or control vector (AAV:Cntr) and from sham-injected 
mice (n = 11). (H) Hematoxylin and eosin–stained cryosections, and (I) muscle fiber cross-sectional area (CSA) of TA muscles from C26 
tumor–bearing mice (n = 5) and sham-injected mice (n = 4) treated with AAV:BMP7 or AAV:Cntr. Scale bar, 200 m. (J) Cross-sectional 
area of GFP-positive TA muscle fibers transfected with bicistronic expression plasmids encoding eGFP, and shRNAs against Fbxo30 
(Musa1) or scrambled shRNA 1 week before C26 tumor inoculation (n = 6). Data presented as means ± SEM. Unpaired two-tailed 
Student’s t tests or Mann-Whitney test were used for experiments comparing two groups (A to C). A two-way repeated-measures 
ANOVA with Sidak’s multiple comparisons test (F, I, and J) or with Benjamini, Krieger, and Yekutieli adjustment (D and G) was 
performed for experiments comparing more than two groups. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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we transduced the TA muscles of adult mice with an inducible 
Activin A expression vector, which was sufficient to cause a ~40% 
reduction in muscle mass within 4 weeks of induction (fig. S7A). 
Activin A–mediated muscle atrophy was associated with decreased 
p-SMAD1/5/8, increased p-SMAD2 and p-SMAD3 (fig. S7, B to D), 
and increased expression of Fbxo30 (MUSA1) (fig. S7E) and Nog 
(fig. S7F). The expression of Grem1 and Chrd was not affected by 
Activin A overexpression (fig. S7G). In addition, the expression of 
either caBMPR1A (fig. S7H) (12) or BMP7 (fig. S7I) was associated 
with amelioration of Activin A–mediated muscle atrophy. The obser-
vations across these mouse models demonstrate that signaling via 
the BMP-SMAD1/5/8 axis is inhibited in settings of muscle atro-
phy associated with cachexia and that restoring signaling via the 
BMP-SMAD1/5/8 pathway and/or repression of the SMAD1/5/8 
target MUSA1 is beneficial for preservation of muscle mass in settings 
of cachexia.

Impaired BMP signaling contributes to NMJ dismantling 
and myofiber denervation in cachexia
As we have shown that BMP-SMAD1/5/8 signaling is important for 
conservation of muscle mass when the NMJ is compromised (17, 18), 
we hypothesized that interactions between motor nerves and muscle 
fibers may also become compromised in cancer and, therefore, may 
contribute to muscle atrophy. To test this hypothesis, we immuno-
labeled the presynaptic and postsynaptic components of the NMJ in 
various skeletal muscles and used confocal microscopy to assess the 
morphology of the NMJ. The extensor digitorum longus (EDL) 
muscles of noncachectic tumor–free mice exhibited normal axon and 
terminal morphology and consistently colocalized labeling of pre-
synaptic neurofilament/synaptic vesicle and postsynaptic acetylcholine 
receptors (AChRs) (Fig. 2A). In contrast, EDL muscles from end-
stage tumor–bearing mice displayed a notable lack of colocalization 
between pre- and postsynaptic structures, as well as evidence of 
motor neuron terminal retraction and degeneration (Fig. 2A), 
accompanied by reduced peripheral synapse area and volume (Fig. 2, B 
to D). To determine whether the NMJ degeneration and axon retraction 
occur before cachexia onset or are a consequence of muscle loss, 
we examined NMJ morphology across the time course of cachexia. 
Indices of disrupted presynaptic architecture and NMJ degeneration 
were observed in the muscles of tumor-bearing mice before muscle 
loss occurred (T1; Fig. 2E). Quantitative measurements confirmed that 
up to 60% of NMJs [as identified by labeling with -bungarotoxin 
(BTX)] were affected within the muscles of cachectic mice (T3; 
Fig. 2E). The number of motor neurons in the lumbar spinal cord 
did not differ between sham and cachectic mice (Fig. 2F), indicating 
that the observed NMJ degeneration associated with cachexia is not 
a consequence of spinal motor neuron loss but likely a product of 
abnormalities at the peripheral synapse. Defects in NMJ organization 
were consistently observed in multiple appendicular muscles from 
tumor-bearing mice, including the TA and GAS (fig. S8, A and B). 
To confirm the perturbation of NMJ organization, we examined the 
muscles of tumor-bearing mice for localization of neural cell adhesion 
molecule (NCAM), which is typically enriched in the postsynaptic 
endplates of the NMJ but becomes transiently redistributed on the 
muscle fiber membrane or cytoplasm proximal to the NMJ when 
innervation is lost (28). Immunofluorescent analyses identified the 
presence of denervated NCAM-positive fibers in different muscles from 
mice bearing C26 tumors (fig. S8, C to G), which were predominantly 
type IIb and IIx by myosin heavy-chain composition (fig. S8, C to G). 

Examination of NCAM1 (Ncam1), AChRg (Chrng), muscle-
associated receptor tyrosine kinase (Musk), myogenin (Myog), and runt-
related transcription factor 1 (Runx1) transcription as established 
markers of denervation and NMJ remodeling (29, 30) demonstrated 
that most of the markers were up-regulated in different appendicular 
muscles and axial musculature from mice bearing C26 tumors 
(Fig. 2G and fig. S9, A to C). To determine the functional relevance 
of these morphological defects in NMJ organization, we recorded 
electromyographic responses to sciatic nerve stimulation in the 
EDL, GAS, and TA muscles of cachectic C26 tumor–bearing mice. 
Abnormal compound muscle action potentials (CMAPs) were 
consistently detected in the muscles of C26 tumor–bearing mice 
(Fig. 2, H to J, and fig. S10, A to F), thereby confirming that muscle 
fiber innervation and neurotransmission are functionally impaired 
in muscles rendered cachectic by advanced cancer. Specifically, 
quantification of electromyographic analyses determined that 
cachectic muscles of C26 tumor–bearing mice exhibited prolonged 
and polyphasic CMAP whose amplitude declined after repetitive 
nerve stimulation at 10 Hz for 20 s compared to muscles of sham mice 
(Fig. 2, K to M, and fig. S10, A to F). Having identified a mechanism 
implicating repression of BMP signaling and perturbation of the 
NMJ as an early step in cancer cachexia, we reasoned that increasing 
the otherwise perturbed BMP signaling in muscles associated 
with cancer progression could not only counteract muscle atrophy 
(Fig. 1, E, F, H, and I) but also prevent the manifestation of NMJ 
pathology in the setting of cachexia. In C26 tumor–bearing mice, a 
systemic dose of AAV:BMP7 or AAV:caBMPR1A was sufficient to 
correct parameters of NMJ function, compared with tumor-bearing 
mice receiving control vector (Fig. 2, K to M, and fig. S10, G to L).

Having observed that Noggin is up-regulated at the transcript 
(Fig. 1C) and protein (Fig. 3A) level in cachectic muscles, we sought 
to establish whether inhibition of the BMP pathway is sufficient to 
recapitulate the denervation phenotype of tumor-bearing mice. We 
found that overexpression of Noggin in the muscles of healthy mice 
(fig. S11, A and B) induced muscle atrophy (Fig. 3, B and C, and fig. 
S11C) to a greater extent than Chordin overexpression (fig. S11D); 
induced the expression of Fbxo32 (Atrogin1), Trim63 (MuRF1), 
and Fbx30 (MUSA1) (Fig. 3D); recapitulated the loss of presynaptic 
motor neuron terminals (Fig. 3, E and F); up-regulated the presence of 
denervation markers (Fig. 3G); induced the appearance of denervated 
NCAM-positive fibers (fig. S11E); and caused electromyographic 
patterns that are consistent with denervation such as CMAP alteration 
and spontaneous myofiber depolarization (Fig. 3, H and I, and 
fig. S11, F and G). Conversely, Noggin inhibition in mice bearing 
C26 tumors (fig. S11H) blunted the up-regulation of Trim63 (MuRF1) 
(fig. S11I) and largely prevented the up-regulation of genes associated 
with denervation (fig. S11J). Together, these data demonstrate that 
tumor growth is associated with increased expression of the BMP inhibi-
tor Noggin in skeletal muscles and that increased Noggin abundance 
can promote degeneration of the NMJ architecture in healthy mice.

To identify factors that contribute to the up-regulation of Noggin 
transcription in the muscles of tumor-bearing mice and to establish 
whether Noggin is linked to cachexia or tumor growth, we inoculated 
mice with the noncachectic MC38 colon carcinoma cell line (31). 
Mice developed tumors (Fig. 4A) but did not demonstrate a loss of body 
mass and muscle mass (Fig. 4B and fig. S12, A and B). Furthermore, 
the transcription of Fbxo32 (Atrogin1), Trim63 (MuRF1), Fbxo30 
(MUSA1) and Fbxo21 (SMART), Nog, and genes associated with 
denervation was not differential regulated in the muscles of mice 
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Fig. 2. NMJ impairment and denerva-
tion in cachexia. (A) Labeled presynaptic 
(neurofilament (2H3); synaptic vesicle 
(SV2); red) and postsynaptic (bungarotoxin 
(BTX); green) NMJ components in 
EDL muscles from C26 tumor–bearing 
mice and sham-injected mice. Scale bars, 
20 m. (B) NMJ area, (C) volume, and 
(D) fragmentation in EDL muscles of 
C26 tumor–bearing mice (n = 5) com-
pared to sham-injected mice (n = 6). 
(E) Proportion of innervated (Inn) 
(green/red label overlap) and dener-
vated (Den) (lack of green/red overlap) 
NMJs in the EDL muscles during the 
progression of lean mass (LM) loss. 
(controls, n = 6; C26 T1 and T2, n = 6; 
C26 T3, n = 5). (F) Number of motor 
neurons (MNs) per ventral horn and total 
number, in the lumbar spinal cord of 
cachectic mice (n = 5) and sham-injected 
(n = 5) mice. (G) Transcription of Ncam1, 
Musk, Myog, and Runx1 (genes associated 
with denervation) is increased in EDL 
muscles of C26 tumor–bearing mice (n = 8) 
compared to sham-injected mice (n = 7). 
Representative electromyographic traces 
of abnormal nerve-evoked compound 
muscle action potentials (CMAPs) detected 
in (H) the EDL muscles of 5 of 6 C26 
tumor–bearing mice compared with 
sham-injected mice (n = 5) in (I) the TA 
muscles of 9 of 10 C26 tumor–bearing 
mice compared with sham-injected mice 
(n = 7) and in (J) the GAS muscles of 
C26 tumor–bearing mice (n = 6) compared 
with control mice (n = 6) (arrows indi-
cate stimulus artifacts). (K) CMAP duration 
from TA muscles of C26 tumor–bearing 
mice examined 4 weeks after tumor 
implantation and 5 weeks after systemic 
administration of AAV:BMP7 (n = 13), 
AAV:caBMPR1A (n = 5), or AAV:Cntr (n = 9) 
and control mice (n = 5), as recorded 
after single nerve stimuli delivered at 
0.5 Hz. (L) CMAP amplitude decay 
(percentage of beginning) in the last 
5 s after repetitive nerve stimulation at 
10 Hz for 20 s from TA muscles of C26 
tumor–bearing mice examined 4 weeks 
after tumor implantation and 5 weeks after 
systemic administration of AAV:BMP7 
(n = 10), AAV:caBMPR1A (n = 5), or AAV:Cntr 
(n = 5) and control mice (n = 5). (M) Pro-
portion (percentage of total) of bipha-
sic (physiological) versus polyphasic 
(pathological) CMAPs under different 
experimental conditions showed in (L). 
Data presented as means ± SEM. Un-
paired two-tailed Student’s t tests (B, D, F, 
and G) or Mann-Whitney test (C and K) were used for experiments comparing two groups. A one-way ANOVA with Tukey multiple comparisons test (E) or with Benjamini, 
Krieger, and Yekutieli adjustment (L) was performed for experiments comparing more than two groups. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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bearing noncachectic MC38 tumors com-
pared to tumor-free mice (Fig. 4, C to E). 
Because inflammatory cytokines have 
been identified as mediators of cachexia in 
the C26 tumor model and because skeletal 
muscles can constitute a paracrine/
autocrine source of inflammatory cyto-
kines such as interleukin-6 (IL-6) (32–34), 
we measured IL-6 serum concentra-
tions and gene expression in the muscles 
of mice bearing C26 and MC38 tumors. 
We found that IL6 gene expression was 
increased in the TA muscles of mice 
bearing cachectic C26 tumors but not 
in the muscles of mice bearing noncachectic MC38 tumors (Fig. 4F). 
Concentrations of IL-6 were increased in the sera of C26 tumor–
bearing mice but not in MC38 tumor–bearing mice (Fig. 4G). 
Because Activin A is a negative regulator of muscle mass, which is 
increased in settings of cachexia associated with tumor growth 
(26, 27), we measured Activin A in the muscles and sera of MC38 
tumor–bearing mice. Although Activin A gene expression did not 

change in muscles of mice bearing noncachectic MC38 tumors, the 
circulating amounts of Activin A were increased in serum of MC38 
and C26 mice (fig. S12, C and D) compared to controls. Because 
IL-6 signatures were elevated in cachectic mice bearing C26 tumors 
compared with noncachectic mice bearing MC38 tumors, to deter-
mine whether IL-6 can promote local Noggin induction, we injected 
the hindlimb muscles of healthy tumor-free mice with AAV vectors 
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Fig. 3. Noggin overexpression recapitulates 
NMJ dismantling and myofiber denervation. 
(A) Noggin protein concentration detected by 
ELISA in TA muscle lysates of C26 tumor–bearing 
mice (n = 6) compared to sham-injected mice 
(n = 6). (B) Progressive loss of TA muscle mass 
from C57BL/6 mice examined 4 weeks (n = 8) and 
8 weeks (n = 4) after local administration of 
AAV:Noggin versus control vector (AAV:Cntr). 
(C) EDL muscle mass from C57BL/6 mice examined 
8 weeks after local administration of AAV:Noggin 
or control vector (AAV:Cntr) (n = 4). (D) Transcrip-
tion of Fbxo32 (Atrogin1), Trim63 (MuRF1), and 
Fbxo30 (MUSA1) in TA muscles examined 4 weeks 
after treatment with AAV:Noggin or AAV:Cntr 
(n = 8). (E) Labeled presynaptic (green) and post-
synaptic (red) NMJ components in EDL muscles 
8 weeks after injection with AAV:Noggin or 
AAV:Cntr. Scale bars, 20 m. (F) Proportion of 
innervated (Inn) and denervated (Den) NMJs in the 
EDL muscles depicted in (E) (n = 4). (G) Expression 
of genes associated with denervation in TA muscles 
4 weeks after treatment with AAV:Noggin or 
AAV:Cntr (n = 8). (H) Nerve-evoked CMAPs alter-
ations quantified in fig. S11 (F and G) and 
(I) spontaneous myofiber depolarization revealed 
by fibrillation potentials in four of five TA muscles 
treated with AAV:Noggin for 8 weeks (arrows 
indicate stimulus artifacts) (n = 5). Data presented 
as means ± SEM. Paired two-tailed Student’s t tests 
were used for experiments comparing two groups 
(A, C, D, F, and G). One-way ANOVA with Tukey’s 
multiple comparisons test was used to compare 
the different experimental groups in (B). *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001.
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designed to increase the local expression 
of IL6. AAV-mediated IL-6 expression 
in limb muscles for 2 weeks was suffi-
cient to increase the expression of Nog 
(Fig. 4H) and, to a lesser extent, Chrd, 
but not Grem1 (fig. S12, E and F). 
Because elevated blood concentrations 
of IL-6 and Activin A are observed in 
cachectic mice bearing C26 tumors, we 
examined the individual and combined 
effects of these cytokines on Nog ex-
pression in skeletal muscle. We observed 
that Nog transcription was increased in 
muscles expressing IL-6 and, to a lesser 
extent, Activin and further potentiated 
by the coexpression of the two cytokines 
(fig. S12G). Cross-reactivity of the 
pathways was not observed as Activin 
A expression did not alter phosphoryl
ation of signal transducers and activators 
of transcription 3 (p-STAT3; fig. S12H) 
and IL-6 did not affect p-SMAD2 (fig. 
S12I). These findings are consistent with 
a synergistic action of the two pathways 
upon Noggin expression in muscles. 
In contrast to the effects of IL-6 and 
Activin, overexpression of tumor necrosis 
factor–, another proinflammatory 
cytokine known to signal via IL-6/gp130-
independent mechanisms (27, 35), did 
not promote up-regulation of Nog (fig. 
S12, J to L). These findings support an 
important role of the IL-6/STAT path-
way in Nog regulation in skeletal muscle. 
Consistent with these observations, IL-6 
overexpression promoted recruitment 
of p-STAT3 to several STAT binding 
sites in the promoter regions of Nog 
and Chrd (fig. S13, A and B). Last, by 
knocking down STAT3 (fig. S13, C and 
D) in muscles treated with AAV:IL-6, 
Nog expression was blunted when STAT3 
was inhibited (Fig. 4I). These data sug-
gest that the IL-6/STAT3 axis contributes 
to the regulation of Nog transcription 
in muscles.

Impaired BMP signaling and  
NMJ remodeling in patients 
with cachexia-inducing cancer
To establish the clinical significance of 
our findings of down-regulated BMP 
pathway activity and NMJ abnormali-
ties early in the manifestation of cancer 
cachexia in mice, we examined muscle, 
nerve, and blood parameters for patients diagnosed with cachexia-
inducing cancer and cancer-free individuals. Individual enrollment 
comprised a total of 79 patients admitted for resection of a cancer 
type commonly associated with cachexia and 23 cancer-free 

individuals (Cntr) admitted for abdominal surgery. Patients with 
cancer were classified on the basis of body mass index (BMI), muscle 
mass, and body weight loss in the 6 months preceding surgery as either 
precachectic (PC; weight loss of <5%, <2% in individuals with low 
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Fig. 4. The noncachectic colon cancer 
cell line MC38 does not induce IL-6 
or Noggin expression or features of 
denervation in the muscles of mice. 
(A) MC38 final tumor weight (4 weeks 
after tumor inoculation) (n = 8). (B) Body 
weight (percentage of initial weight) of 
MC38 tumor–bearing mice (n = 8) during 
cancer growth and control mice (n = 6). 
(C) Transcription of Fbxo32 (Atrogin1), 
Trim63 (MuRF1), Fbxo30 (MUSA1), and 
Fbxo21 (SMART) in TA muscles of MC38 
tumor–bearing mice (n = 8) examined 
4 weeks after tumor inoculation and 
sham-injected mice (n = 6). Transcription 
of (D) Nog and (E) genes associated 
with denervation in TA muscles from 
MC38 tumor–bearing mice (n = 8) and 
control mice (n = 6). (F) Transcription of 
IL6 in TA muscles from noncachectic 
mice bearing MC38 tumors (n = 8) and 
control mice (n = 6) and from cachectic 
mice bearing C26 tumors (n = 5) and 
control mice (n = 6). (G) IL-6 concentrations 
in the serum of noncachectic MC38 
tumor–bearing mice (n = 8) compared 
to control mice (n = 6) and in the serum 
of cachectic C26 tumor–bearing mice 
(n = 7) compared to control mice (n = 6). 
(H) Nog transcription in the TA muscles 
of C57BL/6 mice examined 2 weeks after 
injection of AAV:IL-6 (n = 6) or AAV:Cntr 
(n = 6). (I) Nog transcription in TA muscles 
examined 2 weeks after transduction 
with AAV:IL-6 or control vector and 
AAV:shSTAT3 or AAV:shLacZ (n = 6). Data 
presented as means ± SEM. Unpaired 
or paired two-tailed Student’s t tests or 
Mann-Whitney test were used for 
experiments comparing two groups 

(B, C, D, E, and H). A one-way ANOVA (F) or a Kruskal-Wallis test (G) with Benjamini, Krieger, and Yekutieli adjustment 
was performed for experiments comparing more than two groups. A two-way repeated-measures ANOVA with Sidak’s 
multiple comparisons test was performed for experiments comparing multiple variables (I). **P < 0.01, ***P < 0.001, 
and ****P < 0.0001.
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muscle mass, or BMI of <20) or as cachectic (C; weight loss of >5%, 
>2% in individuals with low muscle mass, or BMI of <20). Low 
muscle mass was defined on the basis of skeletal muscle index (SMI) 
and BMI in females as an SMI of <38.6 cm2/m2 for a BMI of <30 and 
an SMI of <46.6 cm2/m2 for a BMI of >30 and in males as an SMI of 
<52.3 cm2/m2 for a BMI of <30 and an SMI of <54.3 cm2/m2 for a 
BMI of >30 (36). These criteria identified 39 patients with cancer as 
PC and 40 patients with cancer as C (fig. S14A). Two percent of all 
patients approached for study enrollment declined participation. 
The three groups (Cntr, PC, and C) were comparable for param-
eters of sex, age, comorbidities, and medications, whereas the C 
group, as expected, presented a substantially reduced BMI and in-
creased recent weight loss (table S1). Characteristics for the oncology 
patients and the indication for which the control individuals had 
surgery are reported in tables S2 and S3, respectively. Analysis of 
gene expression was performed for abdominal muscle biopsies 
from all 102 patients, as planned. When compared to Cntr, NOG 
gene expression was up-regulated in muscle biopsies from PC and C 
patients with cancer (Fig. 5A). In addition to increased expression 
of NOG, expression of the E3 ligases FBXO30 (MUSA1) and TRIM63 
(MuRF1) were also increased in the muscle biopsies of PC 
and C patients with cancer (Fig. 5B and fig. S14B), whereas 
FBXO32 (Atrogin1) and FBXO21 (SMART) were not increased 
(fig. S14B-D).

Because ligands that promote SMAD2/3 signaling constitute 
another mode by which the actions of endogenous BMPs may be 
antagonized, we analyzed serum concentrations of Activin A and 
the transcription of Activin A in muscle biopsies from patients. The 
Activin A enzyme-linked immunosorbent assay (ELISA) assay was 
performed using only nonhemolyzed (nh) samples from a subset of 
65 patients with cachexia-inducing cancer (PC, n = 32; C, n = 33) 
and 15 cntr (fig. S14A). The three subgroups (Cntrnh, PCnh, and 
Cnh) were comparable for parameters of sex, age, and medications, 
whereas the Cnh group presented a reduced BMI, an increased mag-
nitude of recent weight loss, and increased incidence of comorbidi-
ties, as reported in table S4. Characteristics for this subset of 
oncology patients and the indication for which the cntr individuals 
had surgery are depicted in tables S5 and S6, respectively. The serum 
concentration of Activin A was increased for Cnh patients (fig. S14E) 
in agreement with previous reports (12, 13), and the transcription 
of Activin A was not different in the muscle biopsies of patients 
with cancer (fig. S14F).

Because cancer growth results in an alteration of NMJ before 
cachexia onset in rodents, we subsequently examined the plasma 
concentrations of biomarkers of NMJ remodeling and degeneration 
in patients. During NMJ degeneration, a cleaved form of Agrin, a key 
protein component of the terminal presynaptic structure required 
for NMJ stability, is released into the circulation (37–39). We ob-
served that the concentration of soluble C-terminal Agrin fragment 
was increased in the plasma of PCnh and Cnh patients with cancer 
when compared to Cntrnh (Fig. 5C). Measurement of soluble NCAM, 
another circulating marker of synapse degeneration (40, 41), identi-
fied a similar effect of increased concentration in the serum samples 
of PCnh and Cnh patients with cancer when compared to Cntrnh 
(Fig. 5D).

To assess whether morphological markers presented evidence of 
muscle and nerve pathology, we examined sections of muscle biopsies 
from patients. Analyses were conducted using only samples free of tech-
nical limitations (ftl); (criteria for exclusion included swollen/damaged 

fibers consequent to imperfect freezing procedure, incorrect muscle 
fiber orientation in the plane of section, staining artifacts, and 
insufficient biopsy quantity) from a subset of 46 patients with 
cachexia-inducing cancer (PC, n = 24; C, n = 22) and 17 Cntr 
(fig. S14A). The three subgroups (Cntrftl, PCftl, and Cftl) were com-
parable for parameters of sex, age, comorbidities, and medications, 
whereas the Cftl group presented with increased recent weight loss 
(table S7). Tumor type, the stage of cancer, and the disease for 
which control patients had surgery are reported in tables S8 and S9. 
Morphological analyses of muscle biopsies revealed the presence of 
severely atrophic fibers in Cftl patients with cancer compared to 
Cntrftl patients (Fig. 5, E to H). Analysis of muscle biopsy cryosections 
identified a decrease in myofiber diameter in Cftl when compared to 
Cntrftl (Fig. 5E). In line with previous observations related to 
sexual dimorphism (42), biopsies of female Cntrftl and PCftl patients 
comprised muscle fibers of reduced diameter compared to males. 
(fig. S14G). The atrophy factor, an index of extremely small muscle 
fibers (43), was increased only in Cftl patients (Fig. 5F). Severely 
atrophic fibers exhibited features characteristic of denervation such 
as reduced circularity and increased angularity (Fig. 5, G to I). 
Moreover, histochemical reaction of sections from muscle biopsies 
for slow and fast myofibrillar adenosine triphosphatase (ATPase) 
activity revealed extensive grouping of muscle fiber types in patients 
with cancer (Fig. 5, J and K, and fig. S14H). This phenotype is con-
sistent with fiber type grouping observed in other settings where pre-
viously denervated muscle fibers have reacquired innervation from 
a motor nerve supplying a neighboring muscle fiber and subsequently 
adopted the myosin ATPase profile of the adjacent motor unit 
(44, 45). Large groupings (>20 fibers) of slow type fibers were more 
common in the muscle biopsies of Cftl patients than Cntrftl and 
more commonly observed in the muscles of PCftl patients (Fig. 5K). 
Consistent with a denervation phenotype, the prevalence of NCAM-
positive muscle fibers was also increased in the muscles of PCftl and 
Cftl patients with cancer compared to Cntrftl (Fig. 5, L and M). Sim-
ilarly, indicators of NMJ remodeling and degeneration observed in 
serum samples and further supported by morphological analyses of 
muscle biopsies of patients with cancer were associated with in-
creased transcription of genes associated with NMJ remodeling, 
including MYOG and RUNX1 but not CHRNG, in the biopsies 
of PC and C patients compared with Cntr (Fig. 5N). Collectively, 
these findings reported for patients with cancer are consistent with 
the aforementioned animal data that describe the remodeling and 
degeneration of the NMJ in advance of advanced cachexia, which is 
associated with impaired BMP-SMAD1/5/8 signaling.

Tilorone administration restores BMP-mediated signaling, 
ameliorates muscle wasting, and prolongs survival in  
tumor-bearing mice
Having identified that BMP-SMAD1/5/8 signaling is suppressed in 
the muscles of cachectic mice and that restoring its activity via 
genetic interventions is beneficial in the setting of cachexia, we 
investigated whether pharmacological interventions capable of 
sustaining or enhancing BMP signaling could also protect from 
cachexia. Previously, an in vitro chemical compound screen identified 
tilorone, which has been used clinically as an antiviral and anti-
inflammatory medication, as capable of increasing Bmp7 expression 
and BMP-mediated signaling in cultured human lung epithelial 
cells and mouse models of pulmonary fibrosis (46). We investigated 
the effects of repeated tilorone administration upon the progression 
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Fig. 5. BMP pathway impairment and NMJ 
remodeling in the muscles of patients bearing 
cachexia-inducing cancers. (A) NOG (Noggin) 
and (B) FBXO30 (MUSA1) gene expression analysis 
in the rectus abdominis muscles of precachectic 
(PC) and cachectic (C) patients with cancer com-
pared to (Cntr) healthy individuals (Cntr, n = 23; PC, 
n = 39; C, n = 40). Circulating concentrations of 
(C) soluble Agrin in the plasma and of (D) soluble 
NCAM in the serum of nonhemolyzed (nh) samples 
from Cntrnh (n = 15), PCnh (n = 32), and Cnh (n = 33) 
patients. (E) Mean diameter and (F) Atrophy factor 
in rectus abdominis muscle fibers from free of 
technical limitations (ftl) Cntrftl (n = 17), PCftl (n = 24), 
and Cftl (n = 22) patients. (G) Representative 
hematoxylin and eosin (H&E)–stained cryo-sections 
of rectus abdominis muscle biopsies from a 
cachectic patient with cancer identifying the 
presence of flat shaped, angulated, and severely 
atrophic muscle fibers (arrows) compared to a 
healthy individual. Scale bars, 100 m. (H) Higher 
magnification images of the muscle fibers indicated 
by the arrows in (G). Arrows and dashed lines indicate 
myofibers of angular/flat shape, typical of dener-
vation. (I) Proportion of flat-shaped, angulated slow 
fibers in Cntrftl (n = 17), PCftl (n = 24), and Cftl (n = 22) 
patients. (J) Histochemical reaction of cryosections 
for myosin ATPase isoforms identifies slow fiber 
type grouping (dark staining) in a muscle biopsy 
from a cachectic patient with cancer compared 
to an age-matched control. Fiber-type grouping 
(highlighted by white circles) was identified on 
the basis that at least one muscle fiber was com-
pletely surrounded by fibers of the same type. 
Scale bars, 100 m. (K) Frequency histogram of 
very large (>20 fibers) slow fiber type grouping 
in Cntrftl (n = 17), PCftl (n = 24), and Cftl (n = 22) 
patients. For each group, the frequency values 
expressed in percentage are reported in the 
table on the right. (L) Immunolabeling of NCAM 
(red) identifying NCAM-positive denervated fibers 
in a rectus abdominis muscle biopsy from a cachectic 
patient with cancer. Scale bars, 100 m. (M) Propor-
tion of NCAM-positive muscle fibers in rectus 
abdominis biopsies from Cntrftl (n = 17), PCftl 
(n = 24), and Cftl (n = 22) patients. (N) CHRNG 
AchR, MYOG, and RUNX1 gene expression in the 
rectus abdominis muscles of PC (n = 39) and C 
(n = 40) patients with cancer compared to healthy 
individuals (Cntr) (n = 23). Data presented as 
means ± SEM. One-way ANOVA (E) or Kruskal-
Wallis test (A, B, C, D, F, I, M, and N) with adjust-
ment for multiple testing (Benjamini, Krieger, and 
Yekutieli). *P < 0.05, **P < 0.01 and ***P < 0.001.
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of cancer cachexia in mice bearing C26 tumors. p-SMAD1/5/8 was 
reduced in the limb muscles of tumor-bearing mice receiving vehicle 
and was restored to normal values in mice treated with tilorone 
(Fig. 6A). To further dissect the connection between tilorone and 

SMADs, we overexpressed SMAD6, an intracellular negative regulator 
of type I BMP receptor–SMAD1/5/8 signaling. SMAD6 expression 
blunted the beneficial effects of tilorone on p-SMAD1/5/8 in the 
muscles of C26 tumor–bearing mice (fig. S15A). Consistent with 
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Fig. 6. Tilorone treatment reactivates the 
BMP-SMAD1/5/8 pathway in the muscles of 
tumor-bearing mice, prevents muscle wasting, 
and prolongs survival without affecting tumor 
size. (A) Immunoblot and densitometric analysis 
of p-SMAD1/5/8 in the TA muscles of C26 tumor–
bearing mice treated with tilorone (n = 7) or 
vehicle (n = 7), and control mice (n = 5). (B) Body 
mass, (C) lean mass, and (D) TA muscle mass of 
C26 tumor–bearing mice treated with vehicle or 
tilorone, and control mice [control mice phosphate-
buffered saline (PBS)–treated, n = 6; control mice 
tumor-infiltrating lymphocyte (TIL)–treated, n = 6; 
C26 mice PBS-treated, n = 5; C26 mice TIL-treated, 
n = 7). (E) Survival rate of C26 tumor–bearing 
mice administered vehicle (n = 9) or tilorone 
(n = 10). (F) Tumor growth progression (n = 7 per 
group) and (G) tumor mass at experimental end 
point in C26 tumor–bearing mice treated with 
vehicle (n = 16) or tilorone (n = 21). (H) Transcrip-
tion of genes associated with denervation in 
GAS muscles from C26 tumor–bearing mice and 
sham-injected mice, treated with vehicle or tilorone 
(control mice PBS-treated, n = 11; control mice 
TIL-treated, n = 10; C26 mice PBS-treated, n = 10; 
C26 mice TIL-treated, n = 10). (I) Representative 
electromyographic traces of nerve-evoked CMAPs 
recorded from the TA muscles of sham and 
C26 tumor–bearing mice receiving vehicle or 
tilorone treatment. Arrows indicate stimulus 
artifacts. n = 5 animals per group. Quantification 
reported in fig. S15 (D and E). (J) Cross-sectional 
area of GFP-positive TA muscle fibers from C26 
tumor–bearing mice treated with vehicle (n = 8) or 
tilorone (n = 7) and transfected by electroporation 
with bicistronic expression plasmids encoding 
eGFP, and shRNAs against SMAD1 and SMAD5 or 
scrambled shRNA, and from control mice (n = 6). 
(K) Cross-sectional area of GFP-positive TA muscle 
fibers transfected by electroporation with con-
structs expressing eGFP or eGFP and dnBMPR1A, 
obtained from C26 tumor–bearing mice treated 
with vehicle (n = 5) or tilorone (with eGFP, n = 6; 
with dnBMPR1A, n = 5) or from control mice 
(n = 6). Data presented as means ± SEM. Unpaired 
two-tailed Student’s t tests or Mann-Whitney test 
were used for experiments comparing two 
groups (F and G). A two-way ANOVA with Benjamini, 
Krieger, and Yekutieli adjustment (A) or with 
Sidak’s multiple comparisons test (B, C, D, H, and 
K) or a two-way repeated-measures ANOVA with 
Sidak’s multiple comparisons test (J) was performed 
for experiments comparing multiple variables. 
Gehan-Breslow-Wilcoxon test was used to compare 
survival curves (E). *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001.
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these findings, AAV-mediated SMAD6 overexpression prevented 
tilorone-mediated nuclear localization of p-SMAD1/5/8  in cachectic 
muscles (fig. S15A). Although tilorone administration did not 
completely protect against cachexia, mice treated with tilorone 
demonstrated a conservation of body mass that was associated with 
the preservation of lean mass and muscle mass (Fig. 6, B to D, and 
fig. S15B) concomitant with diminished expression of key atrophy-
related genes (fig. S15C). Furthermore, survival studies demonstrated 
that C26 tumor–bearing mice administered tilorone survived on 
average 58% longer than tumor-bearing mice receiving vehicle 
(Fig. 6E). Tumor mass and diameter did not differ between cohorts 
receiving tilorone or vehicle over the study duration or in cohorts 
measured at study end points, indicating that the observed results 
were not a consequence of treatment effects upon tumor growth 
(Fig. 6, F and G). Compared with the muscles of tumor-bearing mice 
receiving vehicle, the muscles of tumor-bearing mice administered 
tilorone exhibited reduced expression of Fbxo32 (Atrogin1), Trim63 
(MuRF1), and Fbxo30 (MUSA1) and denervation markers Ncam1, 
Musk, Myog, and Runx1 (Fig. 6H and fig. S15C). In addition, tilorone 
treatment preserved CMAP parameters in the hindlimb muscles of 
tumor-bearing mice, providing an electromyographic measure consist
ent with maintenance of functional NMJs (Fig. 6I and fig. S15, D and E).

To test whether the beneficial effect of tilorone is dependent on 
stimulation of the BMP-SMAD1/5/8 pathway, we examined the ef-
fects of blocking the BMP pathway at different levels in the muscles 
of tumor-bearing mice receiving tilorone. First, we used previously 
validated short hairpin RNA (shRNA) constructs targeting SMAD1 
and SMAD5 (17). These constructs efficiently knocked down 
Smad1/5 transcripts (fig. S17F) and abolished SMAD1/5 activation 
of the Id1 reporter (a readout of BMP-SMAD1/5/8 signaling) in 
muscles (fig. S15G). Inhibition of SMAD1/5 induced muscle wasting 
in tumor-free mice but did not exacerbate muscle loss in C26 tumor–
bearing mice (Fig. 6J). Knockdown of SMAD1/5 inhibited the 
protective effects of tilorone upon muscle fiber size in cachectic 
mice (Fig. 6J). Second, we cloned a dominant-negative catalytically 
inactive form of BMPR1A (dnBMPR1A). The dnBMPR1A construct 
was functionally validated for its capability to inhibit the transcription 
of a reporter of SMAD1/5 activity (fig. S15H). Overexpression of 
dnBMPR1A blocked the protective effects of tilorone upon muscle fiber 
size in cachectic mice (Fig. 6K). Third, we blocked the BMP pathway 
by overexpressing Noggin. AAV-mediated Noggin overexpression 
decreased muscle fiber size in control mice but did not exacerbate 
muscle atrophy in C26 tumor–bearing mice. In contrast, overexpression 
of Noggin blunted the protective effect of tilorone treatment upon 
muscle fiber size in cachectic mice (fig. S15I). Thus, the findings 
demonstrate that drug-based interventions that are capable of 
enhancing BMP-SMAD1/5/8 signaling can confer benefits upon 
skeletal muscles and the NMJ in a model of cancer cachexia.

DISCUSSION
Up to 80% of patients with cancer present evidence of weight loss con-
sistent with the onset/progression of catabolic processes contributing 
to cachexia (3). Confirmation of cachexia according to clinical 
guidelines is an independent prognostic factor that lowers patients’ 
responses to chemo- and radiotherapy and has been directly attributed 
to death in up to 30% of patients with advanced cancer (3). Muscle 
wasting and fatigue are the primary feature of cachexia and preventing 
muscle loss has been demonstrated to prolong survival in mouse models 

of cancer cachexia independent of effects on tumor growth and white 
adipose tissue loss (5). Thus, the development of therapies to preserve 
and/or restore muscle mass and functionality could potentially 
enhance patients’ quality of life, response to therapies, and life span.

BMP signaling through SMAD1/5/8 was recently identified as 
an important regulator of muscle homeostasis (17, 18). The BMP-
SMAD1/5/8 axis negatively regulates the E3 ubiquitin ligase Fbxo30 
(Musa1) required for neurogenic muscle atrophy (17, 18). Ex-
perimental inhibition of BMP signaling during catabolic condi-
tions such as prolonged fasting or denervation derepresses Fbxo30 
(Musa1) transcription, resulting in excessive muscle wasting and 
weakness phenocopying cachexia (17, 18). In the present studies, 
we found that p-SMAD1/5/8, a readout of BMP-mediated signal-
ing, was strongly decreased in skeletal muscles from different models 
of cancer cachexia. Down-regulation of BMP signaling occurs early 
in the onset of muscle wasting and remains diminished as muscle 
wasting becomes more severe with cancer progression. In line with 
the down-regulation of BMP signaling, we observed that Fbxo30 
(Musa1) gene expression was increased in the muscles of cachectic 
mice. Together, these observations support the concept that inhib-
ited BMP-SMAD1/5/8 signaling derepresses catabolic processes 
in muscles that are associated with the progression of cachexia. 
Moreover, transcription of Nog, an extracellular inhibitor of BMPs, 
was increased in the muscles of cachectic mice, presenting a mechanism 
by which BMP-SMAD1/5/8 signaling is inhibited in settings of ad-
vanced cancer, with deleterious consequences.

Supporting the hypothesis that the suppression of BMP-SMAD1/5/8 
signaling contributes to the loss of muscle mass associated with 
cachexia, reactivation of BMP-dependent signaling by a caBMPR1A 
was sufficient to prevent tumor-induced muscle atrophy. Knocking 
down Fbxo30 (MUSA1) also prevented muscle loss in tumor-bearing 
mice, demonstrating that this E3 ubiquitin ligase, which is a bona 
fide target of SMAD1/5/8, is required to promote muscle atrophy 
associated with cachexia. Increasing BMP7 expression in muscles 
via gene delivery was able to reproduce some of the protective 
effects mediated by caBMPR1A expression or Fbxo30 (MUSA1) 
knockdown, thereby demonstrating that a muscle-directed BMP-based 
intervention may have therapeutic potential. Furthermore, the 
administration of tilorone to mice bearing cachexia-inducing C26 
tumors pharmacologically reactivated BMP signaling in skeletal 
muscle and was associated with reduced loss of lean mass and a 
marked extension of life span without affecting tumor growth. Loss 
of body mass in mice bearing cachexia-inducing C26 tumors and 
Inha−/− mice is associated with high circulating concentrations of 
Activin A and inflammatory cytokines such as IL-6 (26, 27). In 
addition, increased local concentrations of Activin A are sufficient 
to induce loss of lean mass in the absence of tumors, which is 
primarily an effect of muscle wasting (14, 27). We observed that the 
activity of the BMP-SMAD1/5/8 pathway is also blunted in muscles 
overexpressing Activin A and that reactivation of BMP-SMAD1/5/8 
signaling by caBMPR1A or BMP7 is able to attenuate Activin 
A–mediated muscle atrophy. These findings are consistent with 
reports of Activin A acting as a competitive inhibitor of lower affinity 
BMP ligands that can engage type II receptors, such as BMP7 (47), and 
highlight the importance of considering the potential impact of Activin A 
and related ligands upon BMP-Smad1/5/8 signaling in muscle.

The most unexpected finding was the observed loss of NMJ integrity 
and the presence of denervated muscle fibers in tumor-bearing 
mice in advance of muscle atrophy. The combination of low-amplitude 
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short-duration myopathic motor unit potentials, neurogenic 
polyphasic potentials, and prolonged duration is consistent with a 
denervation process at the endplate region together with marked 
reinnervation. Mechanistically, we identified BMP signaling as critical 
for mediating NMJ plasticity in the setting of cachexia in mice. The 
BMP pathway is known to regulate peripheral synaptic development 
and plasticity in Drosophila (19–21), but its role in controlling 
postnatal NMJ remodeling in adult mammals, particularly in patho-
logical contexts, remains to be elucidated. Our studies identify that 
a functional impairment of the NMJ associated with diminished 
BMP-SMAD1/5/8 signaling is prevalent in the muscles of cachectic 
tumor–bearing mice.

Our findings demonstrate that disruption of the NMJ in cancer 
cachexia occurs via the deterioration of presynaptic architecture 
and that this phenotype is recapitulated by experimentally increasing 
Noggin expression in the muscles of healthy mice. We observed 
Nog up-regulation and denervation in experimental settings of 
tumor growth where cachexia develops and the expression of IL6 in 
muscles is increased. Analyses of mice bearing noncachectic tumors 
and of IL-6 and Activin A effects in the muscles of tumor-free mice 
support a synergistic role for these cytokines in inducing Nog ex-
pression and muscle wasting. Because Noggin overexpression is 
sufficient to cause NMJ impairment and neurogenic muscle atrophy 
(including the up-regulation of genes associated with denervation 
and NMJ remodeling), we propose that endogenous BMP ligands 
play an important role in the maintenance of the adult mammalian 
NMJ. Because increasing BMP signaling via BMP7 gene delivery 
or treatment with tilorone is able to correct measures of NMJ 
function and attenuate muscle atrophy in mice bearing cachexia-
inducing tumors, we contend that interventions that promote the 
activity of specific BMP ligands or downstream signaling in muscles 
and motor nerves have potential utility in the prevention and treatment 
of muscle wasting and dysfunction underlying cancer cachexia.

To corroborate whether our findings of NMJ abnormalities 
associated with up-regulation of Nog and Fbxo30 (MUSA1) in the 
muscles of cachectic mice were also observed in humans, we analyzed 
muscle biopsies of patients diagnosed with cachexia-inducing cancers 
and cancer-free individuals, as a single time-point cross-sectional 
study. Having stratified patients with cancer into precachectic and 
cachectic subgroups and verified that they and the cancer-free cohort 
were homogeneous for potential confounding factors, we observed 
that NOG and FBXO30 (MUSA1) expression was increased in the mus-
cles of precachectic and cachectic patients compared to cancer-free 
individuals, suggesting a precocious down-regulation of the BMP 
pathway, as observed in mice. In addition, consistent with our preclinical 
findings of NMJ impairment in tumor-bearing mice, NMJ instability, 
as indicated by an increased incidence of NCAM-positive muscle fi-
bers, clustering of muscle fibers by type, and transcription of dener-
vation markers, was observed in the biopsies of patients with cancer 
before the onset of cachexia. Concomitantly, patients with cancer pre-
sented with increased concentrations of soluble NCAM and Agrin 
fragment, as circulating markers of NMJ degeneration. These in-
dicators of NMJ disruption and remodeling in patients with cancer 
offer a potential explanation for earlier reports of a “carcinomatous 
neuromyopathy” defined by electrophysiological characteristics that 
include atypical motor unit potentials displaying a notable mixture be-
tween myopathic and neurogenic potentials (48, 49).

It is important to note that we observed increased expression of 
NOG and FBXO30 (MUSA1) and increased blood concentrations of 

soluble Agrin and NCAM in PC patients. These findings demonstrate 
that impaired BMP signaling in muscle and NMJ degeneration/
remodeling is not merely a consequence of cachexia but potentially 
contributes to disease progression, as we have observed in mice. 
These clinical observations suggest that monitoring Noggin, MUSA, 
and denervation markers could offer potential indicators of increased 
risk of muscle wasting and functional decline in patients with 
cancer who are not yet cachectic. An additional consideration is that 
despite observing increased expression of Noggin in the muscles of 
cachectic mice and patients with cancer, it cannot be excluded that 
nonmuscle tissues and tumors may also be a source of Noggin. For 
instance, increased tumor expression of Noggin has been associated 
with reduced survival in patients with pancreatic and colorectal 
carcinoma, two of the most common populations to suffer severe 
cachexia (50–52). Consideration of those clinical data and our 
findings reported herein support further examination of the biological 
role of Noggin as a potential disease indicator and therapeutic 
target. Interactions between the tumor and host may potentially 
drive other mechanisms that can also impair BMP-Smad1/5/8 
signaling. Ligands that can antagonize receptor engagement by BMP 
proteins or alter the sensitivity of the BMP-Smad1/5/8 axis in 
muscle fibers and motor nerves can arise from endocrine, paracrine, 
or autocrine mechanisms and differ between individuals due to their 
genetic/epigenetic attributes. Such variability between individuals 
reiterates that the molecular etiology of cancer cachexia is multifactorial 
and diverse, even among patients with a similar tumor type. Biological 
diversity as a determinant of tumor malignancy and patient response 
remains one of the greatest challenges facing the development of 
better diagnostics and interventions for cancer. Hence, further 
study of mechanisms that contribute to regulation of BMP signaling 
and its effect on motor nerve and muscle function may help to 
deconvolute the molecular etiology of cachexia.

A limitation of our studies concerns the challenges encountered 
in studying the kinetics of cachexia onset in mouse models versus 
patients. Most existing mouse models of cancer cachexia progress 
more quickly than what is observed in the clinical setting, which 
may have consequences for the study of certain events such as cycles 
of NMJ remodeling. In addition, although we have observed similar 
findings between mouse limb/abdominal muscles and human 
abdominal muscle biopsies, our inability to sample the entirety of 
specific trunk and limb muscles in patients may underestimate the 
full extent to which denervation may occur in individual patients’ 
muscles. The genetic diversity of humans, as well as human cancers, 
also contributes to variability in the extent to which biological 
processes promote the development of cachexia in individuals. We 
have focused our research on patients with pancreatic and colon 
cancer due to the high prevalence of cachexia in these individuals. 
Whether other types of cancer promote NMJ instability remains to 
be explored. Because new mouse models of cachexia-inducing 
cancers continue to be developed (53), future studies combining 
preclinical and patient analyses will help to determine to what 
extent perturbed BMP signaling and NMJ impairment are features 
of cachexia associated with cancers of different origins.

Our cross-sectional study design did not enable us to unequivocally 
demonstrate a causal link between reduced BMP signaling, NMJ 
remodeling, and the development of cancer cachexia in patients. 
Although confirming true causality would require the longitudinal 
study of patients with concurrent examination of the effects of 
molecular loss/rescue of function to confirm a mechanism of action, 
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the impact of such studies on patients is hard to justify, without 
prior observational findings allied with a mechanistic basis established 
in animal models. For ethical reasons, the patients enrolled in this 
study did not complete multiple computed tomography scans and 
contribute multiple biopsies over a time course, thereby preventing 
our examination of temporal processes related to BMP signaling, 
NMJ pathology, and cachexia. Notwithstanding these constraints, 
our clinical observations are important because they demonstrate 
that perturbed BMP signaling and associated NMJ pathology are 
evident in patients with pancreatic and colon cancer, for whom 
cachexia is often a critical feature of disease progression. Moreover, 
our observations establish that impaired BMP signaling and NMJ 
remodeling can be detected in patients not yet characterized as 
cachectic, consistent with our preclinical observations of mouse 
models. The findings demonstrate that impaired BMP signaling 
and NMJ pathology are not simply the consequence of advanced 
cachexia nor can they be excluded as a contributing factor in the 
manifestation of muscle atrophy and weakness in cachexia. We 
propose that further consideration of these disease features could 
have important implications for understanding why specific indi-
viduals experience debilitating loss of muscle function and may help 
to inform personalized treatment plans and individual inclusion 
in prospective trials of experimental interventions.

Collectively, the results presented identify perturbed BMP-SMAD1/5/8 
signaling and disruption of the NMJ as important features in 
relation to debilitating muscle wasting and dysfunction associated 
with cancer. Markers of BMP signaling and NMJ pathology may 
provide valuable readouts to monitor processes contributing to 
cachexia and the efficacy of prospective interventions. A corollary 
to the findings is that interventions that aim to treat cachexia by 
up-regulating protein synthesis or inhibiting protein breakdown in 
muscles may offer limited functional benefit if NMJ architecture 
and functionality remain compromised. Another consideration is that 
the potential for NMJ impairment arising may revise the indications 
for some anticancer agents with known risks of lean mass loss and neuro-
toxic effects. The findings described here identify the BMP-SMAD1/5/8 
pathway as a promising target for consideration in the development 
of personalized diagnostics and therapeutics to preserve/restore 
muscle and motor nerve attributes that maintain physical and metabolic 
functionality and counter the impact of cancer cachexia. Future 
studies are recommended to consider the relevance of these findings 
to other cancer types where cachexia is also observed.

MATERIALS AND METHODS
Study design
The objective of this study was to understand the role of the BMP 
pathway in regulating the mass and innervation status of skeletal 
muscle in tumor-bearing laboratory mice and patients with cancer. 
Controlled laboratory experiments were conducted in mice to examine 
the time course and mechanisms of action associated with disease 
progression, and a single time-point cross-sectional study was 
undertaken in patients with cancer or healthy control patients. 
Experimental interventions for gain or loss of function in mice 
included the use of AAV vectors, the plasmid-mediated expression 
by electroporation, and the administration of pharmacological agents. 
A variety of analyses were conducted in skeletal muscle samples of 
mice and patients including gene and protein expression using 
real-time PCR and Western blotting, respectively, morphological 

analyses conducted using microscopy and physiological function 
using electromyography and circulating quantities of protein by 
ELISA assay. Sample sizes were calculated using size power analysis 
methods for a prior determination, on the basis of the SD and effect 
size previously obtained using the experimental methods used in the 
study. With a type I error of 0.05 and a power of 0.80, we calculated 
the minimal sample size for each group to be at least four mice. 
Considering a likely drop-off effect of 10%, we set sample size for 
each group to five mice. To reduce the SD, we minimized physiological 
variation using mice of the same sex and same age. Final end points 
were determined prospectively and were based on the degree of 
cachexia (~25% loss of initial body mass). Exclusion criteria for 
animals were applied in case of death, cannibalism, and the presence 
of severe clinical alteration of vital physiological functions and 
ulceration induced by the tumor mass. Exclusion criteria for samples 
were applied in case of histological artifacts (freeze- and cut-damaged 
tissues), RNA and protein degradation, and blood hemolysis. We 
included mice from different breeding cages by random allocation 
to the different experimental groups. Mouse experiments were not 
performed with blinding; however, when possible (real-time PCR, 
Western blot, NMJ and muscle morphology evaluation, and ELISA 
assays), experimenters were blinded to the nature of the samples 
using number codes until final data analysis was performed.

To establish whether our findings in the muscles of cachectic 
mice were relevant to cachexia in humans, we analyzed muscle 
biopsies and blood samples of patients diagnosed with cachexia-
inducing cancers, stratified into C and PC subgroups as defined by 
Fearon et al. (1), compared to patients undergoing surgery for 
nonneoplastic noninflammatory diseases (Cntr). Inclusion criteria 
were individuals >18 years who gave freely written informed 
consent. Exclusion criteria were presence of active inflammatory or 
infective diseases, known myopathies, or viral infections (such as 
hepatitis c virus, hepatitis B virus, and HIV). Control patients were 
excluded if having history of cancer.

Statistical analysis
Statistical tests (Student’s t test or Mann-Whitney test, one-way 
analysis of variance (ANOVA) or Kruskal-Wallis test, two-way ANOVA, 
and the multiple testing procedures) were used as described in the 
figure legends and were conducted upon verification of the normality 
assumption using the Kolmogorov-Smirnov test (where applicable). For 
all graphs, data are presented as means ± SEM. Differences between 
groups were considered statistically significant when the P value 
obtained was less than 0.05; the P values are reported in the figure 
legends. All the n reported in the figure legends are referred to biological 
replicates. Every experiment was replicated at least twice. Animal cohorts 
were repeated to establish confidence in the reproducibility of data 
presented. Initial optimization of experimental reagents such as 
dose-response experiments was performed. Statistical analyses were 
performed using GraphPad Prism 7.0a (GraphPad).

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/605/eaay9592/DC1
Supplementary Methods
Figs. S1 to S15
Tables S1 to S10
Data file S1
References (54–92)

View/request a protocol for this paper from Bio-protocol.
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Reducing waste
Cancer is often associated with the development of cachexia, a severe muscle wasting process for which there are no
specific therapies. The precise mechanisms and the molecular players involved in cancer-associated muscle wasting
remain to be identified. Here, Sartori et al. showed that bone morphogenetic protein (BMP) was reduced in patients
and rodent models. This reduction caused neuromuscular junction impairments and subsequent denervation that
caused muscle mass reduction. Restoring BMP signaling preserved muscles and increased survival in tumor-bearing
mice, suggesting that restoring muscle mass by targeting BMP could be effective for improving life quality and life span
in patients with cancer.
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