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Cachexia is a debilitating condition characterized by extreme skeletal muscle wasting that contributes sig-
nificantly to morbidity and mortality. Efforts to elucidate the underlying mechanisms of muscle loss have 
predominantly focused on events intrinsic to the myofiber. In contrast, less regard has been given to poten-
tial contributory factors outside the fiber within the muscle microenvironment. In tumor-bearing mice and 
patients with pancreatic cancer, we found that cachexia was associated with a type of muscle damage resulting 
in activation of both satellite and nonsatellite muscle progenitor cells. These muscle progenitors committed 
to a myogenic program, but were inhibited from completing differentiation by an event linked with persistent 
expression of the self-renewing factor Pax7. Overexpression of Pax7 was sufficient to induce atrophy in normal 
muscle, while under tumor conditions, the reduction of Pax7 or exogenous addition of its downstream target, 
MyoD, reversed wasting by restoring cell differentiation and fusion with injured fibers. Furthermore, Pax7 
was induced by serum factors from cachectic mice and patients, in an NF-κB–dependent manner, both in vitro 
and in vivo. Together, these results suggest that Pax7 responds to NF-κB by impairing the regenerative capacity 
of myogenic cells in the muscle microenvironment to drive muscle wasting in cancer.

Introduction
Cachexia, a wasting condition associated with chronic illnesses, is 
primarily characterized by atrophy (wasting) of skeletal muscle that 
leads to pronounced weight loss (1). In cancer, cachexia patients are 
at increased risk of adverse outcomes after surgery and chemother-
apy (2). Pancreatic and other gastrointestinal cancers present with 
the highest incidence of cachexia, and one-third of these patients 
lose 10% or more of their pre-illness weight (3, 4). Sadly, even after 
decades of research and aggressive treatments, the 5-year survival rate 
for pancreatic cancer remains at 6%, among the lowest for all solid 
tumor malignancies (5). Therefore, efforts to better understand the 
underlying mechanisms of cachexia may ultimately improve treat-
ment response and quality of life for these and other cancer patients.

Atrophy of skeletal muscle largely derives from aberrant signal-
ing of pathways that maintain a balance between the anabolism 
and the catabolism of muscle protein. In cachexia, this balance 
is tipped toward a catabolic state resulting from activated ubi-
quitin proteasome and autophagy systems that promote protein 
breakdown as well as from reduced Akt and mTOR activities that 
decrease protein synthesis (6). Whereas these events are firmly 
established as residing within the myofiber, less is known regard-
ing the significance of events outside the fiber that might also con-
tribute to muscle wasting in cancer.

The muscle microenvironment includes resident stem cell pools 
consisting mainly of satellite cells, as well as other interstitial and 
perivascular populations, that are capable of committing to a myo-
genic lineage and muscle repair in response to a myotrauma (7). 
Since the discovery of the satellite cell (8), numerous dynamic pro-
cesses involving these cells have been associated with various atro-
phy conditions. In denervation, satellite cell numbers decline, and 
over time, small new immature fibers form in the interstitial space, 
potentially resulting from an abortive myogenic program (9, 10). 
In disuse atrophy, the mitotic activity of satellite cells is reduced 
(11), while in cancer, chronic obstructive pulmonary disease, renal 
failure, and burn-induced cachexia, the expression of myogenic 
factors has previously been described (12–15), and in some cases 
was linked to dysregulated differentiation and muscle loss (13, 16, 
17). However, whether such dynamic changes to satellite cells and 
myogenesis occur as a consequence of atrophy or are causal for 
the wasting state is not known. Furthermore, the relevance and 
contribution of potential events in the muscle microenvironment 
relative to those mechanisms affecting catabolic processes intrin-
sic to the myofiber remains to be determined.

Using multiple experimental approaches from murine cancer 
models and muscle biopsy specimens from cachectic patients, we 
here describe in detail the regulatory events that occur to satel-
lite cells and, surprisingly, other muscle progenitors. We further 
describe the unique role of the self-renewing transcription factor 
Pax7, which, under the control of classical NF-κB signaling, becomes 
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dysregulated and functions to block myogenic differentiation and 
promote muscle wasting. Collectively, these findings provide insight 
into the mechanisms of cachexia by underscoring the importance of 
events that take place in the muscle microenvironment.

Results
Cancer cachexia is clinically associated with muscle damage and satellite cell 
activation. Previous histological analysis of skeletal muscles from 
tumor-bearing Colon-26 (C-26) mice suggested that this model 
faithfully recapitulates the clinical features of cancer-induced 
muscle wasting (18). Similar to the human condition, cachexia in 
the C-26 model results from the atrophy of type II fibers, but signs 
of infiltrating immune cells (which are more typical of muscular 
dystrophies) are absent (19). Yet as with muscular dystrophy, myo-

fibers from C-26 mice exhibit alteration to the sarcolemma and 
basal lamina resembling a damage-like phenotype (18). Because 
muscle damage triggers satellite cell activation (20), we set out to 
test whether muscle injury occurs in cancer. Hindlimb muscles 
from C-26 mice contained a pronounced accumulation of IgG, 
used as a marker of membrane damage (21). Alteration in IgG 
correlated with diffuse laminin staining, increased penetration of 
Evans blue dye (used as a second marker of membrane damage), 
and reduced expression of extracellular matrix genes (Supplemen-
tal Figure 1, A–C; supplemental material available online with 
this article; doi:10.1172/JCI68523DS1). These data supported 
the notion that the sarcolemma and basal lamina are perturbed 
in cachectic muscle. However, these perturbations were not due to 
the spreading of tumor cells, since imaging combined with ex vivo 

Figure 1
Cancer cachexia promotes myofiber damage and interstitial cell alterations. (A) Top: EM taken from ultrathin longitudinal sections of skeletal 
muscle biopsies from NC or PC patients. Middle: Human IgG immunofluorescence staining on muscle cross-sections from noncancer individu-
als (NC) and pancreatic cancer (PC) patients. Bottom: α-laminin and DAPI staining on the same patient samples. Percentages in parentheses 
represent body weight loss compared with pre-illness status. (B) EM analysis of ultrathin muscle longitudinal sections from control and C-26 mice. 
(C) Sections similar to those in A were analyzed for cellular alterations. Higher-magnification views of bracketed regions in B and C are shown at 
right (enlarged ×4). Scale bars: 0.5 μm (A, top); 100 μm (A, middle); 10 μm (A, bottom; B; and C). 
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luminometry showed that tumors remained localized to the injec-
tion site (Supplemental Figure 1, D and E). This suggested that the 
damage phenotype derives from circulating factors, rather than 
from tumor-infiltrating cells within the muscle fascia.

To determine the clinical relevance of this muscle damage 
response, a similar analysis was repeated with muscle biopsies from 
patients with pancreatic cancer that exhibited varying degrees of 
weight loss (PC patients; Supplemental Table 1). EM demonstrated  

an ordered appearance of myofiber sarcolemma from weight-sta-
ble, noncancer individuals (NC patients; Figure 1A). In contrast, 
those from PC patients exhibited membrane alterations that 
worsened with increasing weight loss. Muscles of PC patients also 
exhibited elevated IgG and diffuse laminin staining (Figure 1A). In 
general, the greatest ultrastructural changes contained the highest 
IgG accumulation and laminin disruption, correlating positively 
with cachexia severity. Our observations corroborated the C-26 

Figure 2
Cancer cachexia is associated with activation and myogenic commitment of satellite cells. (A) GAST from control and C-26 and LLC tumor–bear-
ing mice blotted for Pax7. Numbers above lanes represent Pax7 quantitation by ImageJ, normalized to α-tubulin. (B) Top: GAST sections probed 
for Pax7 and α-laminin. Similar results were observed in TA and QUAD. DAPI was used to counterstain nuclei (blue). Insets show 1 Pax7+ cell each 
at higher magnification (enlarged ×9). Bottom: Isolated myofibers probed for Pax7 and DAPI (blue). Arrows denote Pax7+ cells. (C) Quantitation 
of Pax7+ cells from single fibers from control and C-26 mice. (D) Cross-sections of muscle biopsies from NC and PC patients, with weight loss 
as indicated, scored for Pax7+ cells. Quantitation was performed from 20 random fields, counting a minimum of 1,000 fibers per sample. Dashed 
red line denotes the baseline value of Pax7+ cells in NC patients. (E) Muscles were harvested in duplicate experiments after C-26 administration. 
Western blots were performed, probing for markers of satellite cells (Pax7), myoblasts (phospho- and total p38, desmin, and MyoD), and differen-
tiation (MyoD and myogenin). Blot was reprobed for α-tubulin. (F) Single fibers were double stained for Pax7 and BrdU. Nuclei were counterstained 
with DAPI. (G) Quantitation of Pax7+BrdU+ cells in F. Scale bars: 10 μm (B, top); 50 μm (B, bottom); 20 μm (F). ***P < 0.001.
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Figure 3
Cancer cachexia is associated with myogenic commitment of multiple 
muscle progenitor cells. (A) FACS analysis of nonsatellite progenitor cells in 
control and C-26 mice by gating for Sca1+CD34+ cells (shown as a percent-
age). (B) Cells as in A were sorted and probed for Pax7 by Western blot. 
(C) Single fibers from C-26 mice were stained with Pax7 and Sca1. Nuclei 
were counterstained with DAPI. Arrows denote Pax7+Sca1– and Pax7+Sca1+ 
cells. (D) Single fibers from control and C-26 mice were immunostained with 
Pax7, Sca1, NG2 or PDGFRα, and DAPI as indicated. Dotted white lines indi-
cate myofiber border. (E) Myofibers were isolated from Pax7-CreER;Rosa26- 
Tomato reporter control and C-26 mice that were induced with tamoxifen 
before tumor implantation, and myofibers were subsequently immunostained 
for Pax7 and Sca1. For each condition, at least 300 fibers were count-
ed. Quantitation of 4 cell populations is shown. The major increase of 
Pax7+Sca1+ cells came from a nonsatellite cell lineage. (F) Distribution of 
Pax7 expression in the Tomato–Sca1+ population of control and C-26 mice. 
Scale bars: 20 μm (C); 25 μm (D). *P < 0.05, **P < 0.01, ***P < 0.001.
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model, and together the data established that cachexia is clinically 
associated with tumor-induced muscle damage.

Interestingly, concomitant with the damage phenotype, muscles 
from tumor-bearing mice and PC patients contained an accumu-
lating number of cells in the interstitium that appeared morpho-
logically distinct from myonuclei with respect to their heterochro-
matin and extension of their cytoplasm (Figure 1, B and C). Such 
markings are characteristic of activated satellite cells, which nor-
mally are anatomically positioned between the myofiber sarcolem-
ma and basal lamina, but upon muscle injury exit from quiescence 
and subsequently expand as myoblasts to repair damaged fibers 
(22). To assess the identity of these cells, we probed for the satel-
lite cell marker Pax7 (23) and observed reproducibly higher Pax7 
expression in gastrocnemius (GAST), tibialis anterior (TA), and 
quadriceps (QUAD) from C-26 mice compared with saline-injected 
controls (Figure 2A and data not shown). This was not specific to 
C-26 tumors, as Pax7 was also elevated in a second cachexia model 
generated from Lewis lung carcinoma (LLC) cells (Figure 2A and 
ref. 18). Immunostaining of muscle sections revealed an expansion 
of Pax7+ cells that resided mostly outside the basal lamina (Figure 
2B) and correlated with EM findings. These results were supported 
by quantitation on single fibers, where we observed that cachec-
tic fibers contained 60.3% ± 8.0% more Pax7+ cells than controls  
(P = 0.0002; Figure 2, B and C). Notably, Pax7+ cells were also sig-
nificantly increased in biopsies from PC patients (P < 0.01; Figure 
2D and Supplemental Figure 2A). Together, these data indicated 
that cancer cachexia associates with an expansion of satellite cells.

In line with these findings, Pax7 from total muscle homogenate 
was induced 12 days after C-26 tumor administration (Figure 2E),  
a time that precedes the onset of muscle atrophy (18). Pax7 also 
steadily increased during cachexia progression, which mirrored 
expression of the satellite cell activation markers desmin and 
phospho-p38α. To analyze whether satellite cells expand in can-
cer, myofibers were isolated from mice treated with the thymi-
dine analog BrdU. These demonstrated a prominent increase in 
Pax7+BrdU+ satellite cells that were tightly associated with cachec-
tic myofibers (Figure 2, F and G). Further staining revealed coex-
pression of Pax7 with desmin as well as with a second proliferation 
marker, phospho–histone H3 (Supplemental Figure 2, B and C).  
Together, these data suggest that circulating cachectic factors 
induce muscle damage and activation of satellite cells at an early 
stage of cachexia development, and that cells in the interstitium 
likely reflect activated rather than quiescent satellite cells that have 
detached from the fiber due to membrane damage.

Cancer cachexia induces myogenic commitment of nonsatellite progeni-
tor cells. Although significant, the extent to which satellite cells 
expanded in cancer cachexia did not reflect the more than 10-fold 
higher levels of Pax7 measured in cachectic muscles (P = 0.03;  
Figure 2A). This raised the intriguing possibility that another 
cell population may initiate Pax7 expression in tumor-induced 
muscle damage. Multiple progenitors within the muscle inter-
stitium adopt a myogenic lineage in response to injury (24–26). 
Although little is known about the origins of these populations, 
they nevertheless share the cell surface markers Sca1 and CD34 
(27). Therefore, we asked whether cells positive for these markers 
are also regulated in cachexia. Fluorescence-activated cell sorting 
(FACS) of mononuclear cells revealed pronounced expansion of 
Sca1+CD34+ cells in cachectic muscle (Figure 3A). Importantly, 
Pax7 was strongly associated with purified Sca1+CD34+ cells 
(Figure 3B), which indicated that at least a portion of these cells 

committed to a myogenic lineage. This notion was substantiated 
by immunostaining of single myofibers: Pax7+Sca1+ cells were 
clearly distinguishable from Pax7+Sca1– satellite cells (Figure 3C 
and Supplemental Figure 2D). RT-PCR analysis further revealed 
that the FACS-isolated Sca1+CD34+ fraction included cell popu-
lations that give rise to myogenic cells, namely, NG2-expressing 
mesoangioblasts/pericytes and PW1-expressing interstitial cells 
(PICs) (Supplemental Figure 3A and ref. 25). Whereas 80.3% of 
Sca1+NG2+ cells were prominently associated with Pax7 in cachec-
tic fibers, <2% were observed in control muscle (Figure 3D and 
Supplemental Figure 3B). Similar results were observed from 
LLC tumor–bearing mice (Supplemental Figure 3C). Moreover, 
Pax7+Sca1+NG2+ cells stained positive for phospho–histone H3 
and BrdU (Supplemental Figure 3, D and E), which suggests that 
— similar to satellite cells — these cells also expand under tumor 
conditions, potentially representing a subfraction of cells that 
accumulate in the interstitium during cachexia.

Interestingly, additional immunostaining revealed coexpression 
of the mesenchymal marker PDGFRα in proliferating Pax7+Sca1+ 
cells, which were found to be contained in the Sca1+CD34+ popu-
lation by RT-PCR and immunohistochemical analyses (Figure 3D 
and Supplemental Figure 3, A–C, and F). PDGFRα+ progenitors 
are considered distinct from satellite cells and nonmyogenic, but 
contribute to muscle repair through expression of trophic factors 
(28, 29). Because such cells have yet to be examined in the con-
text of cancer, it is possible that mesenchymal progenitors enter a 
myogenic lineage in response to chronic muscle injury induced by 
tumor progression. Gene expression profiling using NanoString 
technology verified that FACS-sorted Sca1+CD34+ cells from 
cachectic muscle contained elevated levels of both interstitial 
(NG2, PW1, and PDGFRα) and satellite cell (Pax7, integrin α7, c-met, 
and myf5) markers (Supplemental Figure 3G). However, stromal 
markers characteristic of vascular progenitors, adipocytes, fibro-
blasts, and osteoblasts were not similarly affected, which indicated 
that Sca1+CD34+ cells in cachexia become preferentially commit-
ted to a myogenic lineage.

Since satellite cells are heterogeneous and in some cases express 
Sca1 (30–32), we performed lineage tracing using Pax7-CreER;Rosa26-
Tomato mice (33) to determine whether Pax7+Sca1+ cells in cachec-
tic muscle originate from a satellite cell population. In these mice, 
exposure to tamoxifen leads to Cre-mediated expression of the 
Tomato reporter in cells and their progeny expressing Pax7. Tamoxi-
fen was administered to mice prior to tumor implantation, because 
Sca1+CD34+ interstitial cells do not express Pax7 at this stage, so only 
satellite cells would be marked by Tomato. Therefore, after tumor 
implantation, Pax7+ cells derived from satellite cells remain Tomato+, 
while those arising from Sca1+CD34+ interstitial cells are Tomato–. 
In nontumor mice, nearly 100% of Pax7+ cells were Tomato+ (Sup-
plemental Figure 4A). The large majority of these cells (>90%) were 
Sca1–, but, as reported previously (30, 31), a rare population of 
Pax7+Tomato+Sca1+ cells was also seen (Figure 3E and Supplemental 
Figure 4B). In contrast, tumor mice contained an increase in Pax7–

Tomato–Sca1+ stem cells, but this did not compare with the dramatic, 
>40-fold expansion of Pax7+Tomato–Sca1+ cells, clearly distinct from 
Pax7+Tomato+ satellite cells (P < 0.001; Figure 3E and Supplemen-
tal Figure 4, A–C). Cumulatively, our results showed that de novo 
expression of Pax7 occurred in >50% of Tomato–Sca1+ nonsatellite 
cells (Figure 3F). To account for the possibility that Pax7+Tomato– 
cells represent satellite cells in which Tomato expression is absent 
due to inefficient Cre recombinase activity, we further stained for 
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NG2 and PDGFRα, which would not be expected to mark satellite 
cells. In cachectic fibers, Pax7+Tomato– cells also expressed NG2 or 
PDGFRα (Supplemental Figure 4D), which excluded the possibility 
that Pax7+Tomato– cells arise from satellite cells in tumor-bearing 

mice. In addition, no de novo expression of NG2 or PDGFRα was 
observed on Pax7+Tomato+ satellite cells (Supplemental Figure 4E). 
Together, these data reveal that cancer-induced muscle wasting pro-
motes the myogenic activation of multiple stem cell populations.

Figure 4
Muscle regeneration is compromised in cancer cachexia. (A and B) 6-week-old mdx mice were injected with C-26 tumors or saline. (A) After  
2 weeks, GAST were analyzed by H&E or immunostained with e-MyHC and collagen IV (Col IV). (B) Quantitation of centrally located nuclei (CLN) 
and e-MyHC+ fibers. (C) TA from control and C-26 mice were injured by freezing and analyzed after 8 days by H&E. (D) TA were injured, and mice 
were subsequently injected with BrdU. TA was immunostained with BrdU and α-laminin. (E) Athymic nude control and C-26 mice were subjected 
to TA injury and transplanted with muscle mononuclear cells from desmin-nLacZ transgenic mice. 1 week after injury, TA was stained for LacZ. 
Arrows denote desmin+ nuclei within myofibers. Inset shows interstitial LacZ+ cells (enlarged ×5). (F–H) TA from control (n = 5) and C-26 (n = 7) 
mice were injured and transplanted with FACS-sorted Tomato+ cells. (F) After transplantation, muscle sections were immunostained for α-laminin 
and DAPI (blue). Tomato+ myofiber number (G) and size (H) were also quantified. (I and J) As in F, except that the donor population was sorted 
for CD34+Sca1+ cells from nontumor GFP reporter mice. (I) Immunostaining of GFP, α-laminin, and DAPI (blue). (J) GFP+ myofibers. (K and L) 
C-26 mice and surgically tumor-resected C-26 mice (TR) were injected with BrdU (n = 5 per group). (K) Sections were stained for BrdU, α-laminin, 
and DAPI (blue). (L) Sublaminar BrdU+ nuclei from tumor-resected animals. Scale bars: 25 μm (A, H&E); 100 μm (A, immunostaining); 20 μm (C; 
E; F; I; and K); 10 μm (D). **P < 0.01, ***P < 0.001.
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Wasting in cachexia is linked with aberrant progenitor cell activation and 
differentiation. Given that expression of NG2 and PDGFRα is absent 
in quiescent and activated myogenic cells (28, 29, 34), our findings 
indicated that commitment of nonsatellite cell progenitors might 
be perturbed under tumor conditions. To explore whether a similar 
phenomenon occurs with satellite cells, we examined expression of 
CD34, a marker that is rapidly downregulated upon satellite cell 
activation and commitment to myogenesis (35, 36). Cachectic mice 
contained greater than twice the number of Pax7+CD34+ cells com-
pared with controls (P = 0.006; Supplemental Figure 5A), and FACS 
confirmed the expansion of CD34+ satellite cells in cachectic mus-
cle identified as integrin-α7+CD31–CD45–CD11b–Sca1– (Supple-
mental Figure 5B). Thus, activated satellite cells in tumor-bearing 
mice retain CD34, which together with our other results imply that 
cancer factors induce aberrant activation of both satellite and non-
satellite interstitial progenitors.

To investigate whether this aberrant activation leads to dys-
regulation of the myogenic program, we probed for expression 
of MyoD and myogenin, 2 transcription factors downstream of 
Pax7 that sequentially drive the differentiation of myogenic cells 
and their fusion into myofibers (37–39). In tumor-bearing mice, 
unlike the observed increase of phospho-p38α and desmin, simi-
lar induction of MyoD or its transcriptional target, myogenin (35), 
was not obtained, as shown by blotting of whole muscle extracts 
and by mRNA and protein analysis of FACS-sorted satellite and 
Sca1+CD34+ cells (Figure 2E, Supplemental Figure 3G, and Supple-
mental Figure 5, C and D). Because MyoD and myogenin are essen-
tial mediators of differentiation (37–39), their deregulation could 
lead to impaired regeneration. Therefore, we tested the effects of 
a tumor on muscle regeneration using in vivo models, in which 
newly generated myofibers were scored by the presence of centrally 
located nuclei and expression of embryonic myosin heavy chain 
(e-MyHC) (37–39). Using the mdx mouse model of Duchenne mus-
cular dystrophy (see Methods), whose muscles undergo repeated 
cycles of degeneration and regeneration due to a mutation in the 
dystrophin gene (40), we found that muscles of tumor-free mdx 
mice contained the expected high number of regenerating fibers 
(Figure 4, A and B). In contrast, mdx mice bearing C-26 tumors had 
a pronounced reduction in myofibers with central nuclei (27.6%; 
P = 0.001) and e-MyHC (74.1%; P = 0.004). Similar results were 
obtained from LLC tumor–bearing mdx mice (Supplemental Figure 
6A). Likewise, in an acute model of muscle damage in which regen-
eration occurs synchronously over a large muscle area, new fibers 
with central nuclei were abundant in postinjury control muscles. In 
comparison, postinjured muscles from cachectic mice had numer-
ous patches of necrotic fibers surrounded by inflammatory cells 
that correlated with a quantitative reduction in myofiber size (Fig-
ure 4C and Supplemental Figure 6B). These results demonstrated 
that tumor factors impair muscle regeneration.

To identify the affected stage of regeneration, we monitored 
the fate of activated myogenic cells. During normal regeneration, 
Pax7+ satellite cells proliferate and give rise to myoblasts that subse-
quently fuse with each other or with preexisting myofibers (37–39). 
We therefore tested the incorporation of newly fused nuclei into 
myofibers by labeling proliferating cells with BrdU and tracking 
their localization in acutely injured muscles. In control mice, BrdU+ 
nuclei localized to a sublaminar position (675 ± 175 nuclei/mm2), 
signifying successful regeneration. However, in C-26 mice, BrdU+ 
nuclei predominantly resided in the muscle interstitium, with 
fewer in a sublaminar position (100 ± 25 nuclei/mm2; P < 0.05; 

Figure 4D), indicative of a myoblast fusion defect. To determine 
whether cells that failed to fuse represented myoblasts, we trans-
planted genetically marked mononuclear cells from desmin-nLacZ 
transgenic mice (41) into acutely injured muscles of control and 
tumor-bearing athymic nude mice. In control mice, the expected 
localization of LacZ+ nuclei within myofibers was obtained 1 week 
after injury, and in some cases, LacZ+ nuclei were centrally posi-
tioned (Figure 4E). In sharp contrast, muscle sections from C-26 
mice clearly showed LacZ+ myoblasts remaining in the interstitial 
space. Together, these results suggested that impaired regeneration 
in tumor-bearing mice is linked to a myoblast fusion defect.

To determine whether fusion-defective myoblasts derived from 
satellite as well as nonsatellite progenitor cells, transplantation 
experiments were performed with purified cells marked with dif-
ferent reporters. For satellite cells, FACS-isolated Tomato+ cells 
from tamoxifen-treated Pax7-CreER;Rosa26-Tomato mice were trans-
planted into acutely injured TA muscles of control and C-26 mice. 
At 1 week after transplantation, Tomato+ fibers were observed in 
control mice, indicative of successful myoblast fusion, whereas in 
C-26 mice, Tomato+ cells remained mainly outside the fiber (Figure 
4, F–H). An identical procedure was repeated for nonsatellite cells 
from GFP reporter mice sorted for CD34 and Sca1. Analogous to 
satellite cells, CD34+Sca1+GFP+ cells gave rise to GFP+ fibers under 
control, but not tumor, conditions (Figure 4, I and J). Collectively, 
these data suggest that regeneration is compromised in cancer due 
to a fusion defect from potentially multiple myogenic populations.

To address whether this tumor-induced impairment in myoblast 
differentiation was a permanent event, isolated mononuclear cells 
were cultured directly in differentiation medium without prior 
expansion. Compared with controls, cells isolated from tumor-
bearing mice showed a greater fusion index, with a quantitatively 
higher percentage of MyHC+ myotubes (Supplemental Figure 6, 
C and D). This indicates that myogenic cells exposed to cachec-
tic factors retain the capacity to differentiate, and, once removed 
from their tumor environment, differentiate with accelerated 
kinetics due to their induced activation state. To address whether 
this process is recapitulated in vivo, C-26 tumors were surgically 
removed, and BrdU was injected to track the fate of activated myo-
blasts. Tumor resection led to a 3-fold increase in myoblast fusion  
(P = 0.002; Figure 4, K and L). Moreover, this event was accompa-
nied by a 25% increase in fiber size (P = 0.002; Supplemental Figure 
6E). These results demonstrated that inhibition of regeneration in 
cachectic muscles is a reversible process, which may have impor-
tant implications from a therapeutic standpoint.

Dysregulation of Pax7 causes muscle wasting. Next, we determined the 
mechanism underlying the block in myoblast differentiation. We 
turned our attention to Pax7, given that this protein was constitu-
tively expressed in cachectic muscle (Figure 2A) and was previously 
shown to inhibit myogenic differentiation when upregulated, at 
least in cultured cells (42). A gain-of-function approach was used 
to test whether overexpression of Pax7 affects muscle mass in vivo. 
Hindlimb muscles from C-26 mice were infected with a Pax7-
expressing adeno-associated virus (AAV-Pax7). Compared with 
muscles infected with control AAV-GFP, Pax7-expressing muscles 
were significantly reduced in mass (GAST, 28.7% reduction; TA, 
51.9% reduction; P < 0.0001) and size (GAST, 22.6% reduction;  
P = 0.001) (Supplemental Figure 7, A and B). This illustrated 
that maintaining Pax7 levels, in the context of a tumor, enhances 
muscle wasting. To determine whether Pax7 alone is sufficient 
to induce atrophy, we next took advantage of the natural pro-
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cess of neonatal muscle growth that relies on dividing myoblasts 
undergoing fusion with surrounding myofibers (43). Using a ret-
roviral expression system (pBRIT) to target proliferating cells, we 
observed that Pax7 enhancement in myoblasts led to significant 
atrophy (Figure 5A and Supplemental Figure 7, C and D), a result 
that was repeated with a separate Pax7-pHIT retroviral system 
(Supplemental Figure 7, E and F). Thus, we concluded that Pax7 is 
sufficient to induce wasting.

Next, we performed loss-of-function experiments. C-26 tumors 
were administered to mice lacking 1 functional copy of Pax7 (a sim-
ilar analysis was not feasible with Pax7–/– mice, which are runted 
shortly after birth and fail to thrive; ref. 23). Tumor-bearing Pax7+/– 
mice retained considerably more muscle mass than did Pax7+/+ mice 
(P = 0.002; Supplemental Figure 8A). Consistent with this rescue, 
myofiber cross-sectional area from Pax7+/– mice was also on aver-
age 22.6% larger than Pax7+/+ mice (P = 0.03; Supplemental Figure 
8B). We confirmed that Pax7 haploinsufficiency did not affect 
tumor growth, nor did we observe significant differences in muscle 
mass or fiber size between non–tumor-bearing Pax7+/+ and Pax7+/– 
littermates (Supplemental Figure 8C). Similar effects were seen 
with Pax7+/– mice bearing LLC tumors (Supplemental Figure 8D). 
To validate these findings, TA muscles from control and tumor-
bearing mice were transduced with a retrovirus expressing a shRNA 

(pSuper) targeted against Pax7. This shRNA was effective at knock-
ing down Pax7 (Supplemental Figure 9A), and, similar to Pax7+/– 
mice, muscle size was increased by 17% (P = 0.025; Supplemental 
Figure 9B). To confirm that these effects of Pax7 were derived 
from muscle progenitors, we used Pax7CE/f mice, in which Pax7 was 
conditionally inactivated in stem cells by tamoxifen-induced Cre 
expression under the control of the Pax7 locus (44). Compared 
with tumor-bearing Pax7CE/+ mice, containing 1 functional copy of 
Pax7, the Pax7CE/f mice lacking both copies retained significantly 
more muscle mass (9.8% increase; P = 0.02; Figure 5B) and fiber size 
(25.5% increase; P = 0.003; Figure 5C). Taken together, these results 
strongly support the notion that sustained Pax7 expression in 
muscle progenitor cells is both required and sufficient to promote 
cancer-induced muscle wasting. To the best of our knowledge, this 
is the first report implicating the deregulation of Pax7 as a causal 
factor in any type of muscle pathology.

Based on these findings, we also tested Pax7 as a therapeutic 
target. Micro-osmotic pumps were implanted dorsally and used 
to systemically deliver a continuous, slow-release dose of siRNA 
against Pax7 for 1 week to tumor-bearing mice. Western blotting 
confirmed that Pax7 was effectively downregulated in hindlimb 
muscles (Supplemental Figure 9C); moreover, muscle fiber size 
increased 33.1% compared with control (P = 0.008; Figure 5D). 

Figure 5
Muscle wasting in cancer cachexia is mediated through deregulation of Pax7. (A) GAST mass, recorded in young mice (P15) after injection of 
pBRIT retroviruses expressing empty vector (Vec) or the Pax7 transgene. (B) GAST mass from LLC tumor–bearing Pax7CE/+ and Pax7CE/f mice 
(n = 10 per group) was measured and normalized to that of Pax7CE/+ heterozygous mice without tumors (set at 100%). (C) Cross-sectional area 
measurements in LLC tumor–bearing Pax7CE/+ and Pax7CE/f mice from B. (D) Cross-sectional area measurements of muscles from C-26 mice 
treated with systemic delivery of control siRNA or siRNA targeting Pax7 (n = 5 per group). (E) TA, GAST, and QUAD mass, measured from 
tumor-bearing mice lacking (n = 7) or expressing (n = 10) DTA under the control of the Pax7-CreER locus. (F) Western blots performed on GAST 
from mice in C and D, probing for MyoD and myogenin. Blots were reprobed for α-tubulin. (G) GAST mass from C-26 MyoD+/+ and MyoD–/– mice  
(n = 10 per group) was measured and normalized to that from age- and genotype-matched nontumor control mice (set at 100%). (H) Muscles of 
C-26 mice were injected with control or MyoD-expressing AAV (n = 5 per group); after 3 weeks of virus expression, muscle mass was measured 
and normalized to that from nontumor mice. *P < 0.05, **P < 0.01.
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Thus, targeting Pax7 may be useful as a therapeutic intervention 
for cancer cachexia.

Pax7 causes wasting in cancer by inhibiting myoblast fusion. Next, we 
determined whether Pax7 in cachexia is connected to the block 
in differentiation. We reasoned that if inhibiting differentiation 
contributes to cachexia, then creating a more profound loss in 
regeneration potential should further exacerbate the wasting pro-
cess. To this end, we conditionally depleted Pax7+ cells by express-
ing diphtheria toxin (DTA) from the Rosa26-eGFP-DTA allele (45) 
under the control of Pax7-CreER. Tamoxifen was administered to 
Pax7-CreER;Rosa26-eGFP-DTA mice after C-26 tumor cell injection, 
at a time when both satellite cells and interstitial Sca1+CD34+ cells 

commit to a myogenic lineage. Compared with cachectic mice not 
treated with tamoxifen, depletion of Pax7+ cells accentuated mus-
cle loss (Figure 5E and Supplemental Figure 10A). Such results 
strongly supported the notion that impaired differentiation of 
Pax7+ cells is not simply a consequence of cancer, but a contribut-
ing factor in the wasting state.

In cultured myoblasts, Pax7 inhibits differentiation through sup-
pression of MyoD and myogenin (42). Since we found that these 
factors were deregulated in cachectic muscle (Figure 2E), we exam-
ined whether this is linked to Pax7. Depletion of Pax7 by specific 
Cre recombination or siRNA delivery led to concomitant increases 
in MyoD and myogenin (Figure 5F and Supplemental Figure 10, 

Figure 6
Deregulation of Pax7 promotes wasting in cancer by inhibiting regeneration through impairment of myogenic cell fusion. (A) Cross-sections pre-
pared from muscles of tumor-bearing Pax7+/+ and Pax7+/– mice, mice treated with control or siRNA against Pax7, or mice with conditional Pax7 
deletion were immunostained with α-laminin and DAPI. Arrows denote sublaminar nuclei. (B) Quantitation of sublaminar nuclei from A. At least 
3,000 fibers were counted per condition. (C–F) Sublaminar nuclei per fiber from neonatal muscles injected with pHIT4 vector or Pax7 retroviruses 
(C); muscles in which Pax7+ progenitors were eliminated by DTA (D); MyoD+/+ and MyoD–/– muscles (E); and muscles injected with control or 
MyoD-expressing AAV (F). At least 3,000 fibers were counted per condition. (G) Tumor-bearing Pax7+/+ and Pax7+/– mice were injected with BrdU, 
and muscle fibers were immunostained for Pax7, BrdU, and DAPI. Merged images are shown to denote specificity. (H) Quantitation of Pax7–BrdU+ 
myonuclei per fiber from muscles in G. Scale bars: 10 μm (A); 25 μm (G). **P < 0.01, ***P < 0.001.
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B and C). Furthermore, we reasoned that if Pax7 causes cachexia 
by inhibiting MyoD, then MyoD–/– mice (46) should show greater 
tumor-induced muscle loss. Indeed, C-26 tumors in MyoD–/– mice 
accentuated the decline relative to controls in muscle mass (21.2%; 
P = 0.003; Figure 5G) and fiber size (51.8%; P = 0.0004; Supplemen-
tal Figure 10D). Similar findings were obtained in MyoD–/– mice 
bearing LLC tumors (Supplemental Figure 10E). To validate this 
regulation, we performed the converse experiment, expressing 
MyoD in cachectic muscles by AAV delivery. These conditions dem-
onstrated successful restoration of muscle mass (10.5% increase vs. 
control; P = 0.03; Figure 5H) and fiber size (22.4% increase vs. con-
trol; P = 0.02; Supplemental Figure 10F). As expected, MyoD rescue 
did not affect levels of Pax7, which acts upstream, but noticeably 
increased downstream expression of myogenin (Supplemental Fig-
ure 10G). These data suggested that Pax7 induces wasting by nega-
tively acting on MyoD and myogenin.

Because myoblast fusion represents the last step in the differ-
entiation program, we assessed whether Pax7 affected fusion in 
cachexia by scoring for DAPI+ nuclei within myofibers. There was 
a significant increase in sublaminar myonuclei in muscles from 
Pax7+/– mice (P = 0.0004; Figure 6, A and B). Similar results were 
obtained in muscles with progenitor cells conditionally lacking 
Pax7 (P = 0.002) as well as in muscles from mice systemically treat-
ed with Pax7 siRNA (P = 0.004; Figure 6, A and B). Conversely, 
sublaminar DAPI+ nuclei were reduced when muscle wasting was 
accentuated by overexpressing Pax7 or by depleting Pax7+ cells 
with DTA (Figure 6, C and D). Impaired regeneration by Pax7 was 
dependent on MyoD, since sublaminar nuclei were also reduced in 
tumor-bearing MyoD–/– mice (P = 0.002; Figure 6E), but increased 
in MyoD-overexpressing muscles (P = 0.008; Figure 6F).

To examine more carefully whether increases in myonuclei from 
Pax7 knockdown are linked to myoblast fusion, we repeated tumor 
studies in Pax7+/+ and Pax7+/– mice treated with BrdU to track myo-
blasts. Consistent with the above results, we found an appreciably 
higher number of sublaminar Pax7–BrdU+ myonuclei from Pax7+/– 

mice (Figure 6, G and H). This implies that BrdU+ myoblasts from 
the interstitium of Pax7+/– mice fused with myofibers, consequently  
downregulating Pax7 due to completion of their regenerative pro-
gram. A similar phenomenon occurred when tumors were surgi-
cally removed from C-26 mice (Supplemental Figure 11, A and B), 
which, as shown earlier, rescued fusion and muscle atrophy (Fig-
ure 4, K and L). Thus, Pax7 regulates muscle wasting in cancer by 
inhibiting MyoD and myogenin that in turn restricts myoblast 
fusion to damaged myofibers in order to complete regeneration.

Notably, although the ubiquitin-dependent proteasome and 
autophagy systems are key regulators of cachexia (47–49), we 
observed that attenuating cachexia by reducing Pax7 had no effect 
on expression levels of E3 ubiquitin ligase or autophagy genes 
(Figure 7, A and B). In addition, although mediators of the pro-
tein synthetic pathway were paradoxically induced, as previously 
shown (18), no significant changes in Akt or mTOR activation 
occurred in cachectic muscles when Pax7 was conditionally deplet-
ed from myogenic progenitors (Supplemental Figure 12). These 
findings showed that the mechanism by which Pax7 promotes 
wasting in cancer is independent from those proteolytic pathways 
acting intrinsic to the myofiber.

NF-κB activation in myogenic progenitors regulates Pax7 dysfunction and 
wasting. Finally, we sought to determine what factors act upstream 
of Pax7 in cachexia. Since our above findings supported the con-
cept that wasting derives from tumor-associated circulating fac-
tors, we tested whether cachectic serum is sufficient to induce Pax7. 
Incubation of C2C12 myoblasts with serum from cachectic mice  
(n = 7) increased Pax7 levels 148% over those of noncachectic mice 
(n = 3) (P = 0.016; Figure 8A). This activity was tumor derived, since 
serum from tumor-resected mice was considerably less effective 
at inducing Pax7 (Supplemental Figure 13A). Importantly, Pax7 
was also elevated by 174% when C2C12 cells were incubated with 
serum from PC patients with cachexia (P = 0.018; Figure 8B). Of 12 
patients with >5% weight loss, 10 stimulated Pax7 (Supplemental 
Table 1). Thus, Pax7 deregulation in cancer is likely under the con-
trol of circulating factors. Although inflammatory cytokines are 
associated with cachexia (50), we were unable to recapitulate the 
effect of cachectic serum with cytokines (TNF-α, IL-1β, IL-6, and 
IFN-γ, either individually or administered as a cocktail), nor with 
C-26 or LLC conditioned media (data not shown). To obtain initial 
information on the Pax7-inducing factor, cachectic serum was heat 
inactivated, delipidated, or fractionated by size to obtain small pep-
tides. In each condition, Pax7 induction was maintained (Figure 
8C), which indicates that the circulating factor is unlikely to be a 
complement protein, lipid, or <10-kDa peptide.

Since NF-κB negatively regulates skeletal myogenesis (51, 52) 
and positively regulates muscle atrophy under various cachexia 
conditions (53, 54), we asked whether NF-κB regulates Pax7 in 
cancer. Cachectic serum induced NF-κB transcriptional activity 
in C2C12 cells (Supplemental Figure 13B). Based on this result, 

Figure 7
Pax7-mediated muscle wasting in cancer is independent of protea-
some and autophagy pathways. Muscles were isolated from tumor-
bearing mice either conditionally deleted for Pax7 in Pax7+ cells (A) or 
systemically treated with siRNA targeting Pax7 (B), and RNA was ana-
lyzed by qRT-PCR probing for genes regulated in the ubiquitin protea-
some (Atrogin-1 and MuRF1) and autophagy (Atg5, Atg12, Beclin1, 
and Bnip3) pathways.
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ure 8, D and E), which suggests that NF-κB is activated in progeni-
tor cells in cachectic muscle.

To determine whether NF-κB contributes to Pax7 deregula-
tion and muscle wasting, we crossed constitutively kinase-active 
Rosa26-IKKβ mice (56) with Pax7-CreER;Rosa26-Tomato mice. This 
allowed for selective activation of NF-κB in Pax7+ cells, which 
could also be tracked by Tomato. Impressively, IKKβ induction led 
to an aggravated decline in muscle mass (Figure 9, A and C) and 
fiber size (P = 0.013; Supplemental Figure 13, C and D) that cor-
related with increased Pax7 (Figure 9B). In addition, while some 
Tomato+ fibers could be seen in cachectic muscle, which indicated 
that fusion was not completely aborted, considerably less Tomato+ 

serum experiments were repeated with myoblasts stably expressing 
the IκBα-SR inhibitor of classical NF-κB (52, 53). Unlike control 
cells, Pax7 induction was blocked in IκBα-SR cells when exposed 
to serum from either tumor-bearing mice or PC patients (Figure 8, 
A and B), which supports the notion that cachectic factors require 
classical NF-κB to deregulate Pax7.

Next, we examined whether NF-κB is activated in muscle pro-
genitors in vivo. Using NF-κB GFP reporter mice (55), we found 
NF-κB activity to be increased in myofibers from tumor-bearing 
mice (Figure 8D), consistent with prior reports that NF-κB func-
tions within myofibers to promote atrophy (53, 54). However, we 
also observed a more than a 3-fold increase in GFP+Pax7+ cells (Fig-

Figure 8
Circulating cachectic factors deregulate Pax7 through NF-κB activation. (A) Pax7 Western blot from C2C12 control cells and IκBα-SR cells 
(SR) that were treated with 5% serum from control or LLC tumor–bearing mice. Quantitation of Pax7 normalized to α-tubulin is also shown. (B) 
Similar to A, except serum was collected from NC and PC patients with weight loss as indicated (expressed as a percentage of the premorbid 
state). n.d., not determined. Asterisks denote samples from Figure 2D. Quantitation of Pax7 normalized to α-tubulin is also shown. (C) Cachec-
tic serum was heat inactivated (HI), delipidated (DL), or size fractionated <10 kDa (SF) and used to treat C2C12 cells. Pax7 was examined by 
Western blot. (D) Fibers from control and LLC tumor–bearing mice were immunostained for Pax7 and GFP. (E) Quantitation of Pax7+GFP+ cells 
in D. Scale bars: 20 μm (D). *P < 0.05.
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(Supplemental Figure 13, G–I). These data support the notion 
that even in the absence of a tumor, induction of NF-κB in muscle 
progenitors acts upstream of Pax7 to impair differentiation and 
promote muscle atrophy.

Discussion
The present study was performed to provide perspective on the 
role of muscle injury and muscle progenitors in regulating atro-
phy during tumor progression. Our findings support the notion 
that satellite cells, along with other myogenic progenitor popula-
tions, become activated and enter into a regenerative program in 
response to muscle damage resulting from circulating cachectic 
factors. In this model, damaged myofibers from circulating tumor 
factors are not repaired, as myogenic differentiation is prematurely 
stalled and activated myogenic cells are unable to fuse to restore 
their growth (Figure 10). Although earlier reports described effects 
on the differentiation capacity of muscle progenitors in various 
atrophy models (10, 11, 17), whether such dysregulation is suf-
ficient to promote wasting had not been determined. Our find-
ings strongly support, for the first time and on multiple levels, 

staining was measured in IKKβ-expressing progenitors (Figure 9, 
C and D). Conversely, when NF-κB was depleted in progenitors 
using conditionally mutant IKKβf/f mice (51) crossed with Pax7-
CreER;Rosa26-Tomato alleles, atrophy was spared (Figure 9, E and G, 
and Supplemental Figure 13, E and F; P = 0.008). This rescue was 
associated with reduced levels of Pax7 (Figure 9F), concomitant 
with significant accumulation of Tomato+ fibers (Figure 9, G and 
H), indicative of enhanced myoblast fusion and completed ter-
minal differentiation. Collectively, these data firmly suggest that 
serum-derived cachectic factors signal through NF-κB in myogen-
ic progenitors, to cause deregulation of Pax7 that in turn inhibits 
differentiation, thus promoting muscle wasting in cachexia.

Based on our above results, we asked whether NF-κB induction 
in stem cells is sufficient to drive wasting in a nontumor condi-
tion. Similar to conditions in which Pax7 was overexpressed in 
neonatal muscle (Figure 5A and Supplemental Figure 7, D–F), 
NF-κB induction in Pax7+ cells in neonates severely reduced mus-
cle growth, while increasing Pax7. Compared with control mice, 
in which the Tomato reporter was observed in nearly 90% of the 
fibers, IKKβ expression in Pax7+ cells severely reduced fusion 

Figure 9
Pax7 deregulation and muscle wasting in cancer cachexia is dependent on NF-κB. (A) GAST mass from tumor-bearing control Rosa26-IKKβ 
(n = 15) or Pax7-CreER;Rosa26-IKKβ (n = 20) mice injected with tamoxifen. (B) Western blot for Pax7 from muscles in A. (C) Tomato+ cells 
from Rosa26-IKKβ and Pax7-CreER;Rosa26-IKKβ muscles probed for α-laminin and DAPI (blue). Higher-magnification views are shown below.  
(D) Quantitation of Tomato+ cells from C. At least 15 sections and 9 × 105 fibers from 5 mice were counted for each group. (E) GAST mass from 
tumor-bearing control IKKβf/f (n = 12) or Pax7-CreER;IKKβf/f (n = 18) mice injected with tamoxifen. (F) Western blot of Pax7 from muscles in E.  
(G) Tomato+ cells from IKKβf/f and Pax7-CreER;IKKβf/f muscle sections immunostained with α-laminin and DAPI (blue). Higher-magnification views 
are shown below. (H) Quantitation of Tomato+ fibers from G. At least 15 sections and 9 × 105 fibers from 3 mice were counted for each group. Scale 
bars: 0.5 mm (C and G, top); 100 μm (C and G, bottom). *P < 0.05, **P < 0.01.
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ports the concept that in cancer, loss of myonuclear accretion is 
sufficient to promote a procachectic state.

The exact nature of the circulating factors and mechanisms act-
ing upstream of Pax7 warrant further investigation, but our cur-
rent evidence points to at least one step involving NF-κB. Further-
more, we showed that NF-κB was activated in muscle progenitors 
during cachexia, leading to sustained Pax7 expression (Figure 10). 
In turn, a self-renewing signal in myogenic cells is likely propagat-
ed that results in their inability to progress through a differentia-
tion program. Our findings that committed myogenic Pax7+ cells 
retained the stem cell markers Sca1 and CD34 as well as stromal 
markers that have previously been linked with muscle progeni-
tors are consistent with this model, as well as with a prior dem-
onstration that inhibition of Pax7 is required in order to progress 
through a myogenic program (61). Thus, activation of NF-κB 
leading to Pax7 appears crucial in directing proper muscle differ-
entiation at different stages of development and under different 
environmental conditions. Whereas in fetal and juvenile muscles, 
Pax7 is required to sustain satellite cell renewal and regeneration 
in response to acute injury, its expression is thought to be dis-
pensable in adult regenerating muscles (44). However, as shown 
in this study, sustained expression of Pax7 in neonatal or adult 
progenitors interferes with muscle growth and plays a pathologi-
cal role in promoting muscle atrophy in the context of cancer. 
Similar to Pax7, activation of NF-κB in myoblasts has also been 
shown to inhibit MyoD synthesis (52). Therefore, the possibility 
exists that negative regulation of MyoD by NF-κB is mediated in 
part through Pax7.

Another concept revealed by our present findings was the involve-
ment of nonsatellite cell progenitor populations in cancer cachex-
ia. Multiple resident stem cells exist in skeletal muscle (7). By all 
accounts, these progenitors are nonmyogenic in resting muscle, 
but adopt a myogenic fate in response to acute injury signals. 
Unique to our study is the implication that nonsatellite progeni-
tors contribute to muscle wasting by committing to myogenesis, 
but — like satellite cells — fail to complete differentiation in order 
to repair damaged fibers (Figure 10). Our data further revealed 
that PDGFRα+Sca1+ mesenchymal progenitor cells also possessed 
the capacity to convert to a myogenic lineage. Although such cells 
have recently been shown to facilitate acute muscle regeneration 
by interacting with innate immune cells (62), they themselves are 
considered to be nonmyogenic (28, 29). Based on our findings, we 
reason that conversion of PDGFRα+Sca1+ cells to a myogenic lin-
eage is possible in the context of a chronic injury signal elicited by a 
specific tumor environment. The exact identity of these and other 
nonsatellite cell progenitors, as well as their specific contribution 
to muscle wasting in cancer, await further investigation.

that differentiation is indeed impaired in cancer cachexia and that 
such impairment is a contributor in wasting. Although our data 
implied that the impairment in fusion derived from cell-autono-
mous events within myoblasts, we cannot rule out the possibility 
that the damage to the myofiber itself takes part in impairing dif-
ferentiation. The accretion of myoblasts to preexisting myofibers 
is essential for hypertrophic muscle growth (57–59). Although evi-
dence from an overloading model previously showed that hyper-
trophy is achieved even after satellite cells are depleted (60), it is 
possible that under such conditions, the protein synthetic machin-
ery can become activated to compensate for the lack of myonuclear 
accretion. In our present studies, we showed that surgical tumor 
resection or conditional deletion of Pax7 in myogenic progeni-
tors rescued muscle wasting, which coincided with an increase in 
myoblast fusion. However, under these conditions, we were unable 
to find alteration to the protein synthetic components Akt and 
mTOR (Supplemental Figure 12 and data not shown), which sup-

Figure 10
Involvement of the muscle microenvironment in cancer cachexia. 
Circulating tumor factors induce muscle membrane damage; in 
response, satellite cells and other myogenic progenitor populations 
are activated and commit to a myogenic program. Upon additional 
activation of classical NF-κB, Pax7 is deregulated, which impairs 
myogenic cell differentiation. Because of this stalled regeneration, 
committed myoblasts are unable to fuse and rescue damaged fibers. 
As a result, the loss of muscle repair in conjunction with reduced 
protein synthesis are unable to compensate against the procachectic 
activities of the ubiquitin proteasome and autophagy pathways, thus 
tipping the balance toward a cachectic state.
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(Spirit Tecnai; FEI) as previously described (18). For histology, tissues 
were sectioned on a cryostat (Leica) and processed for H&E staining or 
immunofluorescence as described previously (18), and images were cap-
tured with Carl Zeiss Axioskop fluorescence microscope (Axioskop 40; Carl 
Zeiss Inc.) or single-photon Olympus FV1000 confocal microscope.

Primers and antibodies. See Supplemental Table 2 for primers for RT-PCR 
and real-time RT-PCR. See Supplemental Table 3 for primary and second-
ary antibodies for Western blotting. See Supplemental Table 4 for primary 
and secondary antibodies for immunofluorescence as well as antibodies 
for flow cytometry.

Statistics. All quantitative data are represented as mean or as mean ± SEM. 
Analysis was performed between different groups using 2-tailed Student’s  
t test. A P value less than 0.05 was considered significant; a P value less than 
0.01 was considered highly significant.

Study approval. All animal protocols were approved and conducted in 
accordance with University Laboratory Animal Resources of The Ohio 
State University and Institutional Animal Care and Use Committee regu-
lations. Studies involving human subjects were done in accordance with 
the Institutional Review Boards of The Ohio State University, and patients 
provided informed consent.
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Cumulatively, we predict that impairment of muscle progeni-
tors to complete differentiation exacerbates wasting in cancer by 
loss of a compensatory mechanism that serves to counteract the 
procachectic activities of the ubiquitin proteasome and autophagy 
pathways operating within the myofiber (Figure 10). This is analo-
gous to a condition of insulin resistance whereby Akt signaling 
is inhibited and protein synthesis is reduced, leading to unregu-
lated proteolysis. Whether such a similar mechanism underlies 
wasting in other atrophy conditions was not explored, but find-
ings from denervation and disuse models argue against such a 
notion, since in these models satellite cell number decline (9–11) 
as opposed to increasing, as observed under a tumor burden. In 
addition, although our results demonstrated that myogenin was 
not induced during cancer cachexia, its expression was previously 
reported to be highly elevated in denervation and required for acti-
vation of the ubiquitin proteasome system (63). Similar to the idea 
raised by investigators in that study that myogenin does not func-
tion in the same manner in denervation as it does in starvation-
induced atrophy, it is possible that the dysfunction of Pax7, and 
resulting impairment of muscle regeneration, is selective to cancer 
cachexia. Nevertheless, we envision that for therapeutic purposes, 
compounds that target Pax7 or NF-κB — and stimulate differen-
tiation of myogenic cells — could be beneficial in modulating mus-
cle loss in response to procachectic factors. Because impairment of 
the muscle regenerative program is thought to be a causal factor in 
muscular dystrophy, strategies to treat such degenerative disorders 
using compounds that stimulate myogenesis may also prove effec-
tive in restoring muscle mass in cancer patients.

Methods
Mice and cachexia measurement. Cachexia in C-26 and LLC models was previ-
ously described (64). mdx mice (C57BL/10 ScSn DMDmdx) were crossed into 
a CD2F1 up to 7 generations for C-26 injection. nu/nu nude mice were pur-
chased from Charles River Laboratories; Rosa26-Tomato reporter and GFP 
reporter mice were from Jackson Laboratories. Pax7CE/+ and Pax7f/+ mice 
(Jackson Laboratories) were crossed to obtain Pax7CE/f mice. To activate or 
deplete NF-κB in Pax7+ cells, Pax7-CreER mice were crossed with Rosa26-IKKβ 
or IKKβf/f mice. All genotypes were determined by PCR using tail DNA.

Patients. Rectus abdominis muscle biopsies were obtained at time of sur-
gery from men and nonpregnant women 18–80 years of age. Diagnosis was 
based on histological or unequivocal radiological or operative findings. 
No PC patients received preoperative chemotherapy. NC patients (healthy, 
weight-stable subjects undergoing minor surgical procedures, e.g., inguinal 
hernia repair) were included as controls. Body weight was measured with 
subjects in light clothing without shoes using a beam scale (Seca). Weight 
loss of PC subjects was determined at the time of surgery compared with 
preoperative stable body weight.

Electron microscopy, histology, and confocal microscopy. Muscles were fixed 
in 3% glutaraldehyde, then stained and sectioned for transmission EM 
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