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STAT3 promotes IFNc/TNFa-induced muscle
wasting in an NF-jB-dependent and
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Abstract

Cachexia is a debilitating syndrome characterized by involuntary
muscle wasting that is triggered at the late stage of many cancers.
While the multifactorial nature of this syndrome and the implica-
tion of cytokines such as IL-6, IFNc, and TNFa is well established,
we still do not know how various effector pathways collaborate
together to trigger muscle atrophy. Here, we show that IFNc/TNFa
promotes the phosphorylation of STAT3 on Y705 residue in the
cytoplasm of muscle fibers by activating JAK kinases. Unexpectedly,
this effect occurs both in vitro and in vivo independently of IL-6,
which is considered as one of the main triggers of STAT3-mediated
muscle wasting. pY-STAT3 forms a complex with NF-jB that is
rapidly imported to the nucleus where it is recruited to the
promoter of the iNos gene to activate the iNOS/NO pathway, a
well-known downstream effector of IFNc/TNFa-induced muscle
loss. Together, these findings show that STAT3 and NF-jB respond
to the same upstream signal and cooperate to promote the expres-
sion of pro-cachectic genes, the identification of which could
provide effective targets to combat this deadly syndrome.
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Introduction

Cancer-related cachexia is a debilitating syndrome characterized by

the progressive loss of body weight that is triggered in part by an

involuntary loss of skeletal muscle mass, referred to as muscle wast-

ing (Dodson et al, 2011; Ma et al, 2012; Argiles et al, 2016).

Cachexia is associated with anorexia, fatigue, skeletal muscle weak-

ness, and an overall reduced quality of life (Tisdale, 2009; Argiles

et al, 2014a,b). Unlike muscle atrophy caused by starvation or

physical inactivity, muscle wasting in cachectic patients cannot be

reversed by nutritional supplementation (Fearon, 2011; Argiles

et al, 2013). Furthermore, the development of cachexia is a strong

predictor of poor treatment outcome and mortality for individuals

afflicted with cancer, and is estimated to be a direct cause of 20% of

patient death (Muscaritoli et al, 2015). Cancer cachexia is largely

considered to be an end-of-life condition. Despite this, there is no

standard treatment option available to prevent or treat cachexia.

This highlights the importance of delineating the pro-cachectic

mechanism of action in order to identify targets to combat this

deadly syndrome.

The primary catabolic mediators of cachexia include proin-

flammatory cytokines such as tumor necrosis factor alpha (TNFa),
interferon gamma (IFNc), and interleukin-6 (IL-6) (Hall et al, 2011;

Argiles et al, 2013; Cohen et al, 2015). Numerous studies have been

dedicated to develop pharmacological inhibitors to interfere with

their pro-cachectic effects both in animals and humans. However,

the targeted inhibition of these cytokines, specifically in human,

was not efficacious. For example, the use of anti-TNFa inhibitors

not only had limited effect on the progression of this condition but

also has been associated with unwanted side effects (Wiedenmann

et al, 2008; Jatoi et al, 2010). Additionally, recent clinical trials

using a monoclonal anti-IL-6 antibody on patients with lung cancer-

induced muscle wasting showed a reversal of anorexia, fatigue, and

anemia, but did not prevent the loss of lean body mass (Bayliss

et al, 2011). While no anti-IFNc therapy has been tested in humans

so far, some studies using antibodies against this cytokine have

shown some successes in interfering with cancer-induced muscle

loss in mice (Langstein et al, 1991; Matthys et al, 1991). Inhibition

of cytokines may also impinge on their primary roles in the immune

response. Indeed, it has been reported that the prolonged suppression

of cytokines such as IL-6 or TNFa can result in increased risk of infec-

tion and delayed wound healing (McFarland-Mancini et al, 2010;

Jones et al, 2011). The limited success of these mono-therapeutic

approaches underscores the multifactorial nature of cachexia and

highlights the possibility that its pathology could result from the

combined activation of common downstream effector pathways.
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During the last few decades, several downstream signaling

pathways and their effectors have been identified and linked to

cytokine-induced muscle loss (Cohen et al, 2015). It has been

shown that TNFa in collaboration with IFNc mediates its pro-

cachectic effects through the activation of the NF-jB (Nuclear tran-

scription Factor kappa B) pathway, which promotes the expression

of several target genes (Dahlman et al, 2010; Grivennikov & Karin,

2010; Hall et al, 2011; Fearon et al, 2012; Ma et al, 2012; Argiles

et al, 2016). Others and we have demonstrated that the inducible

nitric oxide (NO) synthase (iNOS) enzyme is one of the main effec-

tors of the TNFa/NF-jB-induced muscle wasting (Buck & Chojkier,

1996; Di Marco et al, 2005, 2012). The upregulation of the iNOS/

NO pathway correlates with a dramatic decrease in general transla-

tion and the loss of promyogenic factor such as MyoD and

Myogenin (Hall et al, 2011; Ma et al, 2012). More recently, several

studies have indicated that IL-6 triggers muscle atrophy by activat-

ing the STAT3 (Signal transducer and activator of transcription 3)

pathway (Bonetto et al, 2011, 2012; Sala & Sacco, 2016; Zimmers

et al, 2016). IL-6 activates signal transduction by binding to the IL-6

receptor alpha-chain and the common receptor subunit gp130. The

gp130-associated Janus kinases (JAKs) become activated and medi-

ate the phosphorylation of STAT3 protein on its key tyrosine 705

(Y705) residues. This JAK-mediated phosphorylation allows STAT3

to dimerize and bind to DNA to promote the transcription of several

pro-cachectic genes (Zhang et al, 2009; Bonetto et al, 2011, 2012;

Sala & Sacco, 2016; Zimmers et al, 2016). Interestingly, IL-6 is not

the only activator of STAT3 during muscle wasting. Treating Il6�/�

mice with lipopolysaccharides (LPS), a component of Gram-nega-

tive bacteria, also leads to phosphorylation of STAT3 (Bonetto et al,

2012). While these observations raise the possibility that STAT3

can trigger muscle wasting independently of IL-6, a STAT3-

mediated and IL-6-independent molecular mechanism remain

elusive.

Several studies have shown that NF-jB and STAT3 can collab-

orate together to mediate cell response to various extracellular

challenges. For example, unphosphorylated STAT3 was shown to

associate with the p65 subunit of NF-jB to promote the transcrip-

tion of the serum amyloid A (SSA) gene, the expression of which

is associated with serious complications of inflammatory diseases,

such as rheumatoid (RA) arthritis and juvenile inflammatory

arthritis (Gillmore et al, 2001; Hagihara et al, 2005). It has also

been shown that TNFa activates STAT3 in various cell systems in

an NF-jB-dependent manner (Guo et al, 1998; Lee et al, 2013;

Snyder et al, 2014). TNFa stimulates metastatic pathways in

breast cancer cells by triggering the formation of the STAT3-NF-

jB complex, which in turn, upregulates the transcription of the

actin-bundling protein fascin (Snyder et al, 2014). Therefore, it is

possible that the failure of the anti-TNFa and -IL-6 therapies to

prevent muscle wasting is due to the fact that both cytokines

redundantly activate a common downstream effector such as

STAT3. In this work, we show that STAT3 is required for the

IFNc/TNFa-induced muscle wasting and that these effects depend

on the collaboration between STAT3 and NF-jB pathways. Inter-

estingly, while this STAT3-NF-jB-mediated effect occurs indepen-

dently of IL-6, NF-jB is required for the translocation of STAT3

to the nucleus as well as for the activation of the iNOS/NO path-

way, one of the main effectors of IFNc/TNFa-induced muscle

wasting.

Results

TNFa and IFNc activate STAT3 in muscle fibers in an
IL-6-independent manner

As a first step in assessing the role of the STAT3 pathway in IFNc
and TNFa-induced muscle wasting, we treated fully differentiated

muscle fibers with these two cytokines over various period of times

and assessed muscle wasting as well as STAT3 activation (Fig 1).

While as expected (Guttridge et al, 2000) IFNc or TNFa separately

did not promote muscle wasting of C2C12 myotubes (Fig 1C), both

cytokines together did trigger a dramatic loss of muscle fibers within

72 h of treatment (Fig 1A and B; Di Marco et al, 2012, 2005). The

observed IFNc/TNFa-induced muscle wasting was not due to cell

death by apoptosis, since these cytokines failed to trigger the cleav-

age of caspase-3, a well-known marker of caspase-mediated apopto-

sis (Beauchamp et al, 2010; von Roretz et al, 2013), in C2C12

myotubes even after 72 h of treatment (Appendix Fig S1). Next, we

assessed the activation of STAT3 in muscle fibers exposed to both

cytokines as described above. We followed the phosphorylation

status of the tyrosine (Y) 705 and serine (S) 727 residues, two well-

characterized phosphorylation sites of STAT3 (Grivennikov & Karin,

2010). While IFNc and TNFa did not affect the level of pS-STAT3

when compared to untreated muscle fibers, a 30-min treatment with

these two cytokines was sufficient to significantly enhance the levels

of pY-STAT3 in C2C12 myotubes (Fig 1D and E). Similar results

were obtained when we assessed pY-STAT3 levels in primary

muscle fibers treated with IFNc/TNFa (Appendix Fig S2). Together,

these observations raise the possibility that the phosphorylation of

STAT3 on its Y705 residue is an integral part of the downstream

signaling pathway used by IFNc/TNFa to trigger muscle wasting.

Work from several groups has established pY-STAT3 as a one of

the key mediators in the IL-6-induced muscle atrophy (Bonetto et al,

2011, 2012; Zimmers et al, 2016). Since IFNc/TNFa have been

demonstrated to induce IL-6 expression and secretion in various cell

lines (Sanceau et al, 1991; Alvarez et al, 2002), we wanted to verify

whether their ability to activate STAT3 in muscle fibers depends on

IL-6 expression and secretion. As a first step, we analyzed the levels

of IL-6 secreted by muscle fibers treated with IFNc/TNFa as

described above. Using ELISA assay, we detected a dramatic

increase in IL-6 protein levels 24 h and 48 h post-treatment with

amounts ranging from ~2 to ~14 ng/ml (Fig 2A). Next, we tested

whether these levels of IL-6 are sufficient to induce STAT3 phospho-

rylation in muscle fibers. These fibers were treated with various

concentration of murine recombinant IL-6 (rIL-6, ranging from 1 to

20 ng/ml) that reflected the approximate concentrations detected by

ELISA during the IFNc/TNFa treatment. Western blot analysis using

the anti-pY-STAT3 antibody indicated no change in the levels of pY-

STAT3 with any of these concentrations of recombinant IL-6 (Fig 2B

and C). However, pY-STAT3 was detected only when C2C12 muscle

fibers or macrophages (used as positive control) were treated with

100 ng/ml of IL-6 (Appendix Fig S3). Therefore, the failure of low

doses of rIL-6 (20 ng/ml or lower) to phosphorylate STAT3 in

myotubes might be due to instability or inactivity of our rIL-6. To

further explore the effect of IL-6 on STAT3 phosphorylation, we

assessed pY-STAT3 levels in the muscle of IL-6 knockout (KO) and

wild-type mice, which were intramuscularly injected with IFNc/
TNFa or saline for 5 days as described (Di Marco et al, 2012).
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Figure 1. STAT3 is phosphorylated on residue Tyr705 during IFNc/TNFa-induced muscle wasting.
C2C12 cells were grown to confluency then induced for differentiation for 4 days to form fully differentiatedmyotubes. These myotubes were exposed or not to IFNc/TNFa for
72 or 96 h.

A Phase contrast images of cultured C2C12 myotubes treated with or without IFNc/TNFa for 72 h. Scale bar = 200 lm. Images shown are representative of n = 4
independent experiments.

B Immunofluorescence (IF) images of C2C12 myotubes either untreated or treated with IFNc/TNFa for 72 h were stained with anti-myosin heavy-chain (MyHC; green)
and anti-myoglobin (red) antibodies. Scale bar = 50 lm. Images shown are representative of n = 4 independent experiments.

C IF images of C2C12 myotubes treated for 72 h (panels 1–3) or 96 h (panels 4–6) with either TNFa (panels 2 and 5) or IFNc (panels 3 and 6). Untreated (panels 1 and 4)
and treated myotubes were stained with myosin heavy chain (green) and myoglobin (red) as marker for differentiated muscle cells. Images shown are representatives
of n = 2 independent experiments. Scale bar = 50 lm.

D Total extracts of C2C12 myotubes treated with or without IFNc/TNFa were used for Western blot analysis with antibodies against pY-STAT3, pS-STAT3, total STAT3,
and a-tubulin. The blot shown is a representative of n = 4 independent experiments.

E Densitometric quantification of pY-STAT3 signal relative to total STAT3 signal in panel (D). Data represented as mean � SEM (n = 4) with *P-value = 0.0135 by
one-way ANOVA with Dunnett’s post hoc test.

Source data are available online for this figure.
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Interestingly, we observed a significant induction of pY-STAT3 in

the gastrocnemius muscle of both wild-type and IL-6 KO animals

(Fig 2D and E). However, unlike in wild-type mice, IFNc/TNFa
failed to trigger the wasting of skeletal muscle of IL-6 KO mice as

evidenced by the weight and cross-sectional analyses of the tibialis

anterior of these animals (Fig 2F and H). Therefore, our data

demonstrate that in muscle fibers IFNc/TNFa activate STAT3 by

triggering the phosphorylation of its Y705 residue in an IL-6-

independent manner.

IFNc/TNFa use the JAK signaling pathway to phosphorylate STAT3
and induce muscle wasting

Next, we assessed the possibility that STAT3 activation could play

an important part in IFNc/TNFa-induced muscle wasting. Since it is

well established that knocking down STAT3 expression prevents

myogenesis in vitro (Sun et al, 2007; Wang et al, 2008), to assess

this possibility, we used the STAT3 inhibitor S3I-201 on the C2C12

myotubes. As has been shown in other cell lines (Pang et al, 2010),

we observed that this inhibitor was effective in interfering with IL-6-

mediated phosphorylation of STAT3 on its Y705 residue in muscle

cells (Fig 3A and B). Phase contrast images as well as immunofluo-

rescence experiments on muscle fibers exposed or not to IFNc/TNFa
for 72 h showed that S3I-201 significantly reduced the muscle fiber

loss that is normally observed with these two cytokines (Fig 3C–E).

To identify the signaling pathway behind the IFNc/TNFa-mediated

activation of STAT3, we assessed the involvement of the Janus

kinases (JAK’s), an upstream non-receptor tyrosine kinases that, in

response to IL-6 and other stimuli, phosphorylate STAT3 on its

Y705 residue (Grivennikov & Karin, 2010). We observed that the

Jak kinase inhibitor 1 (Pedranzini et al, 2006) was sufficient to

prevent both STAT3 phosphorylation (Fig 3F) and the IFNc/TNFa-
induced muscle atrophy (Fig 3G and H). The widths of the muscle

fibers simultaneously treated with a Jak inhibitor and IFNc/TNFa
were also significantly higher than the IFNc/TNFa-treated DMSO

control fibers (Fig 3I). These results indicate that IFNc/TNFa trigger

muscle wasting by activating the JAK signaling pathway, which in

turn phosphorylates STAT3 on its Y705 residue.

pY-STAT3 promotes iNOS expression during IFNc/TNFa-mediated
muscle wasting

Previously, iNOS/NO pathway was shown as an important mediator

of IFNc/TNFa-induced muscle wasting (Di Marco et al, 2005, 2012).

In addition, work from various groups has suggested that STAT3

modulates iNOS expression in non-muscle cells (Yu et al, 2002b;

Ziesche et al, 2007; Park et al, 2010). Therefore, we assessed the

involvement of STAT3 in IFNc/TNFa-mediated iNOS expression in

C2C12 muscle fibers. First, as expected (Di Marco et al, 2005), when

used separately, TNFa but not IFNc was able to slightly induce iNOS

expression in C2C12 myotubes when used for 48 h or more.

However, when both cytokines were used together for the same

period of time, they synergistically induced a high expression level

of iNOS in these muscle fibers (Appendix Fig S4). Next, we observed

that S3I-201 completely inhibited iNOS expression and NO produc-

tion in muscle fibers treated with IFNc/TNFa (Fig 4A–C and

Appendix Fig S5). Moreover, an shRNA that reduced STAT3 expres-

sion by ~40% also decreased iNOS protein levels by > 35% in

muscle fibers treated with IFNc/TNFa (Fig 4D). To further explore

the importance of STAT3 phosphorylation, we assessed the effect of

two STAT3 mutants on iNOS expression. We observed that while

expressing a constitutively active isoform of STAT3 (STAT3-C)

(Bromberg & Darnell, 1999) in C2C12 cells failed, on its own, to

promote iNOS expression (Fig 4E, lanes 5 and 6), this isoform

dramatically enhanced the level of IFNc/TNFa-induced iNOS

protein. However, the expression of a Tyr705 to Phe (Y705F)-STAT3

mutant (Wen & Darnell, 1997) dramatically decreased iNOS expres-

sion under these conditions (Fig 4E). Additionally, using iNOS KO

mice, we observed that although these animals are protected against

IFNc/TNFa-induced loss of muscle mass (Fig 4F–I), a high level of

pY-STAT3 was detected in their gastrocnemius muscle (Fig 4G).

These data show that while activating STAT3 alone is not sufficient

to trigger iNOS expression, STAT3 collaborates with other signaling

pathways to promote IFNc/TNFa-induced iNOS and muscle atrophy.

Moreover, these observations also indicate that iNOS is a key down-

stream effector of the IFNc/TNFa-induced muscle wasting in vivo.

It is known that in addition to the NF-jB binding sites, the murine

iNOS promoter has binding sites for STATs, IRFs, and AP-1 (Aktan,

2004). The binding of STAT3 to the murine iNOS promoter has been

demonstrated to have, depending on the cell type and the stimuli,

both a positive and a negative effect on the transcription of the iNos

gene (de la Iglesia et al, 2008; Yu et al, 2009; Puram et al, 2012).

We, therefore, performed ChIP coupled to qPCR experiments to

determine whether, similar to what has been shown before in other

cell systems (Yu et al, 2002a), the effects of STAT3 on iNOS expres-

sion during IFNc/TNFa-induced muscle wasting occur through a

direct binding of STAT3 to the iNOS promoter (Fig 5A). We

observed a ~2.5-fold increase in the recruitment of STAT3 and p65

subunit of NF-jB to the iNOS promoter region in IFNc/TNFa-treated
muscle fibers (Fig 5B–E). The recruitment of STAT3 and p65 to the

iNOS promoter was similar to those of RNA polymerase II under

these conditions (Fig 5F). These results indicate that in response

to IFNc/TNFa pY-STAT3 and p65 binds to the iNOS promoter to

induce its transcription in muscle fibers undergoing wasting.

IFNc/TNFa induces the translocation of pY-STAT3 to the nucleus
in an NF-jB-dependent manner

The ability of STAT3 to activate transcription relies on its localiza-

tion from the cytoplasm to the nucleus upon stimulation. There-

fore, we assessed the localization of pY-STAT3 in muscle fibers

treated with or without IFNc/TNFa for the indicated periods of

time. We observed, by immunofluorescence (IF), a substantial

increase in the localization of pY-STAT3 to the nucleus as early as

0.5 h post-treatment with IFNc/TNFa (Fig 6A). Nuclear and cyto-

plasmic fractionation experiments followed by Western blot analy-

sis showed that the significant increase in the level of pY-STAT3

in the nucleus induced by IFNc/TNFa persists for the first few

hours of the treatment (Fig 6B and C). The increase in pY-STAT3

levels in the nucleus is not due to contamination between the frac-

tions, since as expected hnRNPA1 is only detected in the nucleus,

a-tubulin is only detected in the cytoplasm, while b-actin, as previ-

ously described (Bettinger et al, 2004), was detected in both frac-

tions (Fig 6B).

The ability of STAT3 and NF-jB to cooperatively regulate the

transcription of common genes is known to occur through direct
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interaction with each other (Grivennikov & Karin, 2010). Using

immunoprecipitation of STAT3 or the p65 subunit of NF-jB, we

detected an interaction between STAT3 and NF-jB in both

the nuclear and cytoplasmic fractions of cytokine-treated or cyto-

kine-untreated muscle fibers (Fig 7A). This observation raises the

possibility that the formation of the STAT3-NF-jB complex occurs

A B C

D

F

H

G

E

Figure 2. IFNc/TNFa induces STAT3 phosphorylation in an IL-6-independent manner.

A Supernatant was collected from C2C12 myotubes treated with or without IFNc/TNFa and analyzed by ELISA to determine the concentration of IL-6. Data represented
as mean � SEM (n = 2).

B Total cell extracts of C2C12 myotubes treated with or without recombinant murine IL-6 (rIL-6) were used for Western blot analysis with antibodies against pY-STAT3,
total STAT3, and a-tubulin. The blot shown is a representative of n = 3.

C Densitometric quantification of pY-STAT3 signal relative to total STAT3 signal from Western blots in panel (B). Data represented as mean � SEM (n = 3) with
P-value = N.S. by two-way ANOVA with a Tukey post hoc test.

D Wild-type (WT) and IL-6 KO mice were intramuscularly injected with IFNc/TNFa for five consecutive days and sacrificed on the sixth day. Gastrocnemius muscle was
homogenized and used for Western blot analysis with antibodies against pY-STAT3, total STAT3, iNOS, and a-tubulin. The blot shown is a representative of n = 3
mice.

E Densitometric quantification of pY-STAT3 signal relative to total STAT3 signal from Western blots in panel (D). Data represented as mean � SEM (n = 3) with
**P-value = 0.0033 (WT) and **P-value = 0.0091 (IL-6 KO) by two-way ANOVA with a Tukey post hoc test.

F The tibialis anterior (TA) muscle weight significantly decreased in WT animals but not in IL-6 KO animals. Data represented as mean � SEM for n = 6 (WT PBS),
4 (WT IFNc/TNFa), 4 (IL-6 KO PBS), and 4 (IL-6 KO IFNc/TNFa) mice with **P-value = 0.0081 by two-way ANOVA with a Tukey post hoc test.

G Image of a representative section of the TA muscle from wild-type and IL-6 KO mice stained with hematoxylin and eosin. Scale bar = 100 lm.
H The cross-sectional areas (CSA) of TA muscle from panel (G) are represented as a frequency histogram from n = 2 mice. Nine hundred fibers were analyzed for each

animal. The mean CSA � SD is indicated in the legend of the histogram.

Source data are available online for this figure.
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in the cytoplasm before translocation to the nucleus. It is well estab-

lished that the retention of NF-jB in the cytoplasm occurs through

its interaction with IjBa (Grivennikov & Karin, 2010). To assess

whether the IFNc/TNFa-induced nuclear translocation of STAT3

depends on the activation of the NF-jB pathway, we used muscle

fibers stably over-expressing mutant NF-jB inhibitor protein IjBa
(super repressor cells; SR) which cannot be phosphorylated or

subsequently degraded. As a result, NF-jB cannot translocate to the

nucleus and remains inactive in the cytoplasm (Guttridge et al,

2000; Di Marco et al, 2005). We observed that unlike in control

fibers, IFNc/TNFa treatment of SR muscle fibers resulted in a

decrease in the levels of both pY-STAT3 and p65 subunit of NF-jB in

the nucleus (Fig 7B). Additionally, Western blot analysis and

immunofluorescence experiments showed that the inhibition of the

NF-jB pathway with Bay 11-7082 prevented the IFNc/TNFa-induced

nuclear translocation of pY-STAT3 as well as iNOS expression in

muscle fibers undergoing wasting (Fig 7C and D). Taken together,

these data demonstrate that NF-jB is required for the nuclear translo-

cation of pY-STAT3 and for STAT3-mediated activation iNOS expres-

sion during IFNc/TNFa-inducedmuscle wasting.

Discussion

The failure of anti-TNFa or anti-IL-6 therapies to prevent muscle

wasting in humans is a clear indication that the onset of this

deadly syndrome is resistant to mono-therapeutic intervention

(Wiedenmann et al, 2008; Jatoi et al, 2010; Bayliss et al, 2011).

However, it is not known if this failure is due to activation of unique

molecular pathways sufficient to induce atrophy, or if pro-cachectic

Figure 3. Inhibition of the Jak/STAT3 pathway prevents IFNc/TNFa-induced muscle wasting.

A Total cell extracts from proliferating C2C12 treated with STAT3 inhibitor S3I-201 then with recombinant murine IL-6 for 30 min were used for Western blot
analysis with antibodies against pY-STAT3, total STAT3, and a-tubulin. The blot shown is a representative of n = 3 experiments.

B Densitometric quantification of pY-STAT3 signal relative to total STAT3 signal of Western blots in panel (A). Data represented as mean � SEM (n = 3) with a
***P-value = 0.00439 by two-tailed, unpaired Student’s t-test.

C, D Phase contrast (C) and IF images (D) of C2C12 myotubes treated with or without IFNc/TNFa and with STAT3 inhibitor S3I-201 or DMSO as a control. IF of C2C12
myotubes were stained with antibodies against endogenous myosin heavy chain (green), myoglobin (red), and counter stained with DAPI for nuclei (blue). Scale
bar is 200 lm and 50 lm for images in (C) and (D), respectively. Images shown are representatives of n = 3 experiments.

E Quantification of average myotube width from panel (D). The average myotube widths are presented as percentage change � SEM (n = 3) relative to the
untreated, with ***P-value = 5.6 × 10�5 (DMSO) and ***P-value = 7.56 × 10�4 (S3I-201) by two-way ANOVA with Tukey post-test.

F Total extracts from C2C12 myotubes pre-treated with a Jak inhibitor then with IFNc/TNFa for 30 min was used for Western blotting analysis with antibodies
against pY-STAT3, total STAT3, and a-tubulin. The blot shown is a representative of n = 3 experiments.

G, H Phase contrast images (G) and IF (H) of C2C12 myotubes treated with or without a Jak inhibitor or DMSO as a control and with or without IFNc/TNFa for 72 h.
IF images (H) of cultured C2C12 myotubes stained for myosin heavy chain (green), myoglobin (red), and counter stained with DAPI for nuclei (blue). Scale bar is
200 lm and 50 lm for images in (G) and (H), respectively. Images shown are representative of n = 3 experiments.

I Quantification of C2C12 myotube widths from panel (H) were determined as described in panel (D). Data represented as average � SEM (n = 3), with
***P-value = 1.8 × 10�5 (DMSO) and ***P-value = 2.3 × 10�5 (Jak inhibitor) by two-way ANOVA with Tukey post-test.

Source data are available online for this figure.

▸Figure 4. STAT3 promotes the expression of iNOS in IFNc/TNFa-treated myotubes.

A C2C12 myotubes treated with or without IFNc/TNFa and with STAT3 inhibitor S3I-201 or DMSO as a control. Total cell extracts from these muscle fibers were used
for Western blot analysis with antibodies against iNOS, STAT3, and a-tubulin as a loading control. The blot shown is representative of n = 3 experiments.

B NO levels were measured in supernatant from the myotubes described in panel (A). Data represented as mean � SEM (n = 3) with **P-value = 0.0013 and
***P-value = 0.0006 by two-tailed, unpaired Student’s t-test.

C Total mRNA from C2C12 myotubes treated with IFNc/TNFa and with the STAT3 inhibitor S3I-201 or DMSO as a control was used for RT–qPCR analysis of iNOS
(Nos2) and Rpl32 mRNA. Data represented as mean � SEM (n = 3) with ***P-value = 0.0007 by two-tailed, unpaired Student’s t-test.

D C2C12 cells were transfected with a plasmid expressing shRNA against STAT3 or a scramble control. (Left) Total cell extract was used for Western blot analysis with
antibodies against pY-STAT3, total STAT3, iNOS, and a-tubulin. Densitometric quantification of STAT3 (middle panel) and iNOS (right panel) signals relative to
a-tubulin of Western blots from left panel. Data represented as mean � SD (n = 2) with *P-value = 0.0123 by two-tailed, unpaired Student’s t-test.

E C2C12 cells were transfected with an empty vector or a STAT3 constitutively active (STAT3-C) mutant or a Tyr705 to Phe (Y705F) mutant-expressing plasmid and
followed by treatment with TNFa alone, IFNc alone, or both for 24 h. Total cell extracts were used for Western blot analysis using antibodies against pY-STAT3, total
STAT3, iNOS, and a-tubulin. The blot shown is a representative of n = 2 experiments.

F–I Wild-type (WT) and iNOS KO mice were intramuscularly injected with IFNc/TNFa for five consecutive days and sacrificed on the sixth day.
F Wild-type (WT) and iNOS KO mice were intramuscularly injected with IFNc/TNFa for five consecutive days and sacrificed on the sixth day. The gastrocnemius

muscle weight significantly decreased in WT animals but not in iNOS KO animals treated with IFNc/TNFa. Data represented as mean � SEM (n = 7 (WT, PBS),
4 (WT, IT), 6 (iNOS KO, PBS), and 5 (iNOS KO, IT) mice) with *P-value = 0.0210 by two-tailed, unpaired Student’s t-test.

G Wild-type (WT) and iNOS KO mice were intramuscularly injected with IFNc/TNFa for five consecutive days and sacrificed on the sixth day. Gastrocnemius muscle
was homogenized and used for Western blot analysis with antibodies against pY-STAT3, total STAT3, iNOS, and a-tubulin. The blot shown is a representative of
n = 3 (WT PBS), 2 (WT IFNc/TNFa), 3 (iNOS KO PBS), and 2 (iNOS KO IFNc/TNFa) mice.

H Wild-type (WT) and iNOS KO mice were intramuscularly injected with IFNc/TNFa for five consecutive days and sacrificed on the sixth day. Image of representative
sections of the gastrocnemius muscle from wild-type and iNOS KO mice stained with hematoxylin and eosin. Scale bar = 100 lm. The image shown is a
representative of gastrocnemius muscles from each group (n = 2).

I Wild-type (WT) and iNOS KO mice were intramuscularly injected with IFNc/TNFa for five consecutive days and sacrificed on the sixth day. The CSA of
gastrocnemius muscles from panel (G) is represented as a frequency histogram. One thousand fibers were analyzed for each group (n = 2). The mean CSA � SD is
indicated in the legend of the histogram.

Source data are available online for this figure.
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signals collaborate to activate common downstream effector targets.

In this study, we show that STAT3 collaborates with the NF-jB path-

way to promote IFNc/TNFa-induced muscle wasting. While the

implication of STAT3 in muscle atrophy has been mainly associated

with IL-6 function (Bonetto et al, 2011, 2012; Zimmers et al, 2016),

our data demonstrate that to trigger muscle fiber loss, IFNc/TNFa
rapidly phosphorylates STAT3 on its Y705 residue. IFNc/TNFa medi-

ates this effect by activating the JAK kinases independently of IL-6.

One of the main effectors of IFNc/TNFa-induced muscle loss is the

iNOS/NO pathway (Di Marco et al, 2005, 2012; Hall et al, 2011).

Here, not only do we confirm the importance of the iNOS/NO pathway

in this process in vivo, but we also show that pY705-STAT3 is required

for IFNc/TNFa-mediated expression of iNOS. In response to IFNc/
TNFa, activated STAT3 associates with NF-jB in the cytoplasm and

then translocates to the nucleus, where it is rapidly recruited to the

iNos promoter. Taken together, this work demonstrates that different

pro-cachectic inducers (i.e. IL-6 and IFNc/TNFa) activate STAT3

signaling independently and that this signaling can collaborate with

the NF-jB pathway to induce cachexia through activation of target

genes, like iNOS (Fig 7E). This suggests that although there is a diver-

sity of inflammatory factors that can induce cachexia, there may be an

integrated network of downstream effectors, such as STAT3-NFjB.
The importance of IL-6 and the mechanisms through which it

promotes muscle wasting have been well established (Bonetto et al,

2011, 2012). However, evidence from clinical trials has clearly indi-

cated that blocking IL-6 cannot completely stop or reverse muscle

wasting (Bayliss et al, 2011). This may be due to other cytokines

that are known to activate similar pathways as IL-6. Indeed, in this

study, we found that treatment of muscle fibers with IFNc/TNFa
activates pY705-STAT3 resulting in muscle atrophy. Interestingly,

we demonstrated, for the first time, that the activation of pY-STAT3

by IFNc/TNFa during muscle wasting could occur independently of

IL-6. Studies have also demonstrated that other pro-cachectic

factors, such as transforming growth factor beta 1 (TGF-b1), can

induce muscle wasting by activating STAT3 (Guadagnin et al,

2015). Thus, it is likely that monotherapies targeting any particular

A

B

D E F

C

Figure 5. STAT3 and NF-jB bind to the iNOS promoter during cytokine-induced muscle wasting.

A Diagram of the iNOS promoter depicting known binding sites for STAT3 and NF-jB.
B Chromatin prepared from C2C12 myotubes treated with or without IFNc/TNFa was used for chromatin immunoprecipitation (ChIP). Supernatants (S) and pellets (P)

of the ChIP were used for Western blot with antibodies against STAT3a or p65 or IgG control.
C DNA from ChIP assay with anti-STAT3 (STAT3a) and IgG antibodies was analyzed by PCR using primers for the iNOS promoter. Ctl: plasmid containing iNOS promoter.

gDNA: genomic DNA.
D DNA from ChIP assay with anti-STAT3 (STAT3a) and IgG antibodies was analyzed by qPCR using primers for the iNOS promoter. Data represented as mean � SD of

n = 2 experiments.
E DNA from ChIP assay with anti-p65 (p65a) and IgG was analyzed by qPCR using primers for the iNOS promoter indicating that the iNOS promoter is associated with

STAT3a. Data represented as mean � SD (n = 2).
F DNA from ChIP assay with anti-RNA polymerase II was analyzed using primers for the iNOS promoter, indicating that RNA polymerase II is recruited to the iNOS

promoter in response to IFNc/TNFa. Data represented as mean � SD (n = 2).

Source data are available online for this figure.

EMBO Molecular Medicine Vol 9 | No 5 | 2017 ª 2017 The Authors

EMBO Molecular Medicine STAT3 role in IFNc/TNFa-mediated muscle atrophy Jennifer F Ma et al

630



A

B

C

Figure 6. IFNc/TNFa treatment induces a rapid translocation of pY-STAT3 to the nucleus.

A Confocal microscopy images of C2C12 myotubes treated with or without IFNc/TNFa for 30 min and stained for pY-STAT3 (red), myosin heavy chain (MyHC; green),
and counterstained with DAPI (blue). Scale bar = 20 lm. Images shown are representative of n = 3 experiments.

B Nuclear and cytoplasmic fractions prepared from C2C12 myotubes treated with IFNc/TNFa for the indicated amount of time were used for Western blot analysis with
antibodies against pY-STAT3, total STAT3, p65, hnRNP A1 (nuclear marker), a-tubulin (cytoplasmic marker), and b-actin (loading control, see source data). Images
shown are representative of n = 3 experiments.

C Densitometric quantification of nuclear pY-STAT3 to b-actin in panel (B). Data represented as mean � SEM (n = 3) with *P-value = 0.0233 by one-way ANOVA with
Dunnett’s post hoc test.

Source data are available online for this figure.

ª 2017 The Authors EMBO Molecular Medicine Vol 9 | No 5 | 2017

Jennifer F Ma et al STAT3 role in IFNc/TNFa-mediated muscle atrophy EMBO Molecular Medicine

631



A

C

D E

B

Figure 7. Active NF-jB pathway is required for the rapid translocation of pY-STAT3 to the nucleus during IFNc/TNFa-induced muscle wasting.

A Nuclear and cytoplasmic fractions prepared from C2C12 myotubes treated with IFNc/TNFa followed by immunoprecipitation (IP) with either total STAT3, p65, or an
IgG control antibody. Western blot analysis was performed using antibodies against total STAT3, pY-STAT3, and p65. The blot shown is a representative of n = 3.

B (Upper panel) Nuclear and cytoplasmic fractions were prepared from hcNeo control (Ctl) and hcNeo Super Repressor (SR) cells treated with IFNc/TNFa and used for
Western blot analysis with antibodies against pY-STAT3, total STAT3, p65, and b-actin. The blot shown is a representatives of n = 2. (Lower panel) Densitometric
quantification of nuclear pY-STAT3 relative to b-actin. Data are represented as mean � SD (n = 2).

C Total cell extract from C2C12 myotubes pre-treated with Bay 11-7082 or DMSO as a control then treated with IFNc/TNFa for 24 h were used for Western blot
analysis with antibodies against iNOS and a-tubulin. The blot shown is a representative of n = 2.

D Confocal microscopy images of C2C12 myotubes pre-treated with Bay 11-7082 or DMSO as a control, then treated with or without IFNc/TNFa and stained for
pY-STAT3 (red), MyHC (green), and counterstained with DAPI (blue). Scale bar = 20 lm. Images are representative of n = 1 experiment.

E Model depicting the how STAT3 promotes cytokine-induced muscle wasting. The cytokines IFNc and TNFa act synergistically by activating STAT3 via phosphorylation
on its Y705 residue. Following the degradation of IjBa (not shown here), pY-STAT3 translocates to the nucleus as a complex with NF-jB and upregulates the
expression of iNOS, leading to the activation of the iNOS/NO pathway, which in turn promotes muscle wasting.

Source data are available online for this figure.
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factor, such as anti-IL-6 antibodies, would be unable to ablate

STAT3 activation in cases where multiple cytokines are driving its

activation. However, treatments that directly targeted STAT3 activa-

tion may be able to impair the transduction of pro-cachectic signal-

ing from multiple cytokines simultaneously, potentially providing a

much more robust and effective therapy.

While our work and others establishes STAT3 as a key mediator

of muscle wasting, the mechanisms by which STAT3 induces atro-

phy remain elusive. Impairing STAT3 function has been shown to

correlate with reduced protein proteolysis and muscle loss (Bonetto

et al, 2012; Silva et al, 2015). However, STAT3 is a transcription

factor, known to promote the expression of many target genes, and

it is unknown which of these genes contribute to IFNc/TNFa-
induced muscle wasting. Here, we identify iNOS as a key target gene

of STAT3-mediated cachexia. We found that STAT3 binds directly to

the promoter of iNos to induce its expression. We have previously

shown that iNOS is a key mediator of cytokine driven muscle wast-

ing. Here, we show that iNOS-knockout mice are resistant to IFNc/
TNFa-induced muscle atrophy, suggesting that iNOS is a key gene

required for STAT3-mediated wasting. Further studies are needed to

identify the other genes that also contribute to the many facets of

STAT3-induced muscle wasting.

Induction of gene expression by transcription factors often

requires collaboration with partner proteins. Previous studies have

found that during cancer-induced inflammation, STAT3 collaborates

with other transcription factors such as NF-jB, also a well-known

inducer of the cachectic phenotype (Fan et al, 2013). We and others

have previously shown that the expression of iNOS depends on

NF-jB (Di Marco et al, 2005; Altamirano et al, 2012). This suggests

that collaboration between STAT3 and NF-jB could be an important

step in promoting cachexia. Indeed, these two factors are already

known central players in promoting inflammation (Bollrath &

Greten, 2009; Grivennikov & Karin, 2010) and demonstrated to

interact in the nucleus under inflammatory conditions (Yu et al,

2002b; Hagihara et al, 2005; Bode et al, 2012). Our study shows that

the localization of pY-STAT3 to the nucleus of IFNc/TNFa-treated
fibers is likely to dependent on the degradation of IjBa and subse-

quent release of NF-jB, indicating the importance of cytoplasmic

STAT3-NF-jB complex formation in facilitating the translocation of

STAT3 and NF-jB to the nucleus. The nuclear localization of the

STAT3-NF-jB-IjBa complex was recently shown to be regulated by

Rac-1 in starved cancer cells (Kim & Yoon, 2016). Furthermore, it is

known that the nuclear retention of NF-jB is prolonged by its inter-

action with STAT3, which is central to maintaining NF-jB activity

in tumors (Lee et al, 2009). These results, together with our obser-

vations described above, suggest that cytoplasmic STAT3-NF-jB
complex formation and its translocation are key steps in promoting

muscle atrophy. Further investigation into the genes targeted by

STAT3-NF-jB complex is needed to identify the networks of down-

stream genes through which these two transcription factors promote

muscle wasting.

In our studies, we demonstrate that pY-STAT3 modulates IFNc/
TNFa-induced muscle wasting in an IL-6- and iNOS-dependent

manner. Indeed, we showed that both IL-6- and iNOS-knockout

mice, despite the phosphorylation of STAT3, are resistant to muscle

wasting (Figs 2 and 4). This would suggest that both IL-6 and iNOS

collaborate downstream of STAT3 activation to modulate IFNc/
TNFa-induced muscle atrophy. Indeed, we and others have shown

that both iNOS and IL-6 are targets of STAT3 transcriptional activity

(Fig 4, Lee et al, 2013). Therefore, our results support the idea that

targeting factors such as STAT3 may be a therapeutic avenue to

prevent muscle wasting due to its ability to activate multiple down-

stream procachectic factors concurrently. Furthermore, our data

suggests that the STAT3-NF-jB complex and their downstream

target genes could help design novel therapeutic strategies to

combat this deadly syndrome. Indeed, the fact that iNOS KO mice

are protected from cytokine-induced muscle wasting is a clear indi-

cation that the iNOS/NO pathway should be considered as a poten-

tial target for such a strategy. Ultimately, the targeting of these

integrated downstream effectors of the cachectic phenotype may

prove more effective than mono-therapies against pro-cachectic

inducers for the treatment of cachexia.

Materials and Methods

Cell culture and plasmids

C2C12 cells were obtained from American Type Culture Collection

(VA, USA) and grown in Dulbecco’s Modified Eagle Medium

(DMEM, Invitrogen) containing high glucose, L-glutamine, sodium

pyruvate, and supplemented with 20% fetal bovine serum (Sigma-

Aldrich) and 1% penicillin/streptomycin (Sigma-Aldrich). Cells

were routinely tested for mycoplasma. Cells were plated on tissue

culture plates (Corning) coated with 0.1% gelatin (Sigma-Aldrich)

for differentiation. To induce myotube formation, cells were grown

to 100% confluency and switched to DMEM containing 2% horse

serum (Gibco) and 1% penicillin/streptomycin for up to 4 days.

Phase contrast pictures were taken with a 10× objective lens on an

inverted Zeiss Axiovert 25 and a Sony Cyber-shot DSC-S75 Digital

still camera.

A mixture of IFNc (100 U/ml) (R&D Systems) and TNFa (20 ng/ml)

(R&D Systems or BioBasic, Inc.) was used for the treatment of cells

for various periods of time. S3I-201 and Jak Inhibitor 1 (EMD Milli-

pore) were used to pre-treat cells as indicated. Short-hairpin RNA

(shRNA) that specifically targets STAT3 or a scramble hairpin was

purchased from Sigma. The pMXs-STAT3-C was a gift from Shinya

Yamanaka (Addgene plasmid #13373) (Davis et al, 2006). STAT3

Y705F Flag pRC/CMV was a gift from Jim Darnell (Addgene plasmid

#8709) (Wen & Darnell, 1997). C2C12 transfected with plasmid

using jetPRIMETM DNA and siRNA transfection reagent (Polyplus

Transfection) according to manufacturer’s protocol.

Study approval

The experiments using animal studies were approved by the McGill

University Faculty of Medicine Animal Care Committee and comply

with guidelines set by the Canadian Council of Animal Care.

Mice

C56BL/6J wild-type or interleukin-6 knockout (IL-6 KO; B6.129S2-

Il6tm1Kopf/J, #002650) or inducible nitric oxide synthase KO mice

(iNOS KO; B6.129P2-Nos2tm1Lau/J, #002609, Jackson Laboratories)

were housed in a room with a 12-h light–12-h dark cycle. All mice

were housed in a sterile cage with corn-cob bedding and had free
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access to water and rodent chow (#2920, Envigo). Testing for

rodent-related pathogens was routinely performed by McGill Univer-

sity’s Comparative Medicine and Animal Resources Center.

Male mice (21–25 g) aged 7–10 weeks were size-matched and

randomly assigned to treatment with either saline (Sigma) or with

7,500 units of IFNc (R&D Systems) and 3 lg of TNFa (R&D

Systems). Mice were injected with a 30G needle every day for

5 days as described (Di Marco et al, 2012). On the sixth day, mice

were sacrificed by CO2 inhalation and the gastrocnemius muscle

was dissected and frozen on dry ice when used for Western blot

analysis. Muscle used for cross-sectional area analysis was frozen in

isopentane (Sigma) chilled in liquid nitrogen. Each muscle was

sectioned at 8 or 10 lm thickness and stained with hematoxylin and

eosin. Wide-field images were taken with a 20× objective lens on an

inverted Zeiss Axioskop microscope with an Axiocam MRc color

camera in the McGill University Life Sciences Complex Advanced

BioImaging Facility. The cross-sectional area (CSA) of muscle was

analyzed blindly. Each animal was considered one experimental

unit.

Western blot analysis

Whole cell lysates were prepared by lysis in buffer containing

50 mM HEPES (pH 7.0), 150 mM NaCl, 10% glycerol, 1% Triton

X-100, 10 mM sodium pyrophosphate, 100 mM NaF, 1 mM EGTA,

1.5 mM MgCl2, 0.1 mM sodium orthovanadate, and complete

EDTA-free protease inhibitors (Roche Applied Science). Primary

antibodies used were phospho-Tyr705-STAT3 (1:2,000; #9145, Cell

Signaling), total STAT3 (1:1,500; #9132 or 9139, Cell Signaling),

phospho-Ser727-STAT3 (1:1,000; #9134, Cell Signaling), STAT3a
(1:1,000; C-20, Santa Cruz), a-tubulin (1:2,000; clone 6G7 deposited

by Halfter WM to Developmental Studies Hybridoma Bank), iNOS

(1:3,000; Clone 6, BD Transduction Laboratories), hnRNP A1

(1:1,000; ab5832, Abcam), p65 (1:1,000; 06-418, EMD Millipore),

and 3A2 [anti-HuR, 1:10,000 (Gallouzi et al, 2000)].

Immunofluorescence

Cells were plated in 6-well plates coated with 0.1% gelatin and

induced for differentiation. After treatment, cells were fixed in 3%

paraformaldehyde for 30 min, permeabilized with 0.1% Triton

X-100 in PBS, and then incubated with myoglobin (1:250;

ab77232, Abcam) and myosin heavy chain (1:1,000; clone MF-20

deposited by Fischman DA to Developmental Studies Hybridoma

Bank). Images were taken with a 40× objective lens on an inverted

Zeiss Observer.Z1 microscope with an Axiocam MRm camera. The

fiber widths were measured using the Axiovision software (release

4.8.2 SP2). Only fibers with at least three nuclei were measured in

three places to obtain an average width for each fiber. At least

three fields per condition for each experiment were measured.

Measurements were analyzed in Microsoft Excel. For localization

studies, cells were plated into an 8-well l-slide (ibidi) coated with

Matrigel (Corning) diluted to 1 mg/ml. Differentiated C2C12

myotubes were treated at various times and stained according to

manufacturer’s protocol. Images were taken with a 63× objective

lens on an inverted Zeiss confocal laser scanning microscope 800

in the McGill University Life Sciences Complex Advanced BioImag-

ing Facility.

ELISA

The supernatant of IFNc/TNFa-treated C2C12 myotubes was

assayed for IL-6 production using the Mouse IL-6 ELISA Ready-

SET-Go!� Kit (eBioscience, Inc.) according to the manufacturer’s

protocol.

Quantitative PCR (qPCR)

One microgram of total RNA was reverse transcribed with the

M-MuLV Reverse Transcriptase (New England Biolabs) according to

the manufacturer’s protocol. Each sample was diluted 1/20 and used

to detect the mRNA levels of iNOS and RPL32. Expression of iNOS

mRNA was normalized to RPL32 as a reference. The relative expres-

sion level was calculated using the 2�DDCt method, where DDCt is the
difference in Ct values between the target and reference genes.

Primers for detection of mRNA are as follows: iNOS Forward:

50-GTG CGC ATG GCT CGG GAT GT-30, iNOS Reverse:

50-GGC TGT CAG AGC CTC GTG GC-30, RPL32 Forward:

50-TTC TTC CTC GGC GCT GCC TAC GA-30, and RPL32 Reverse:

50-AAC CTT CTC CGC ACC CTG TTG TCA-30.

Subcellular fractionation

Pellets of C2C12 myotubes were immediately resuspended in EBKL

buffer and incubated on ice for 15 min without agitation. The

cellular membrane was lysed using a glass dounce with the tight

pestle. The lysate was centrifuged, and the supernatant (cytoplas-

mic fraction) was removed. The pellet (nuclear fraction) was

washed three times then lysed in nuclear lysis buffer. The cytoplas-

mic fraction was centrifuged again at 10,000 g to remove nuclear

contamination.

Co-immunoprecipitation

Fresh pellets of C2C12 myotubes were collected and immediately

fractionated. 50 ll of protein A Sepharose beads pre-incubated with

primary antibody for 4 h and washed three times before incubation

with lysates overnight at 4°C. The following day, each IP was

washed with once with low salt buffer and twice with medium salt

buffer before adding equal volume of 2× Laemmli dye. Each sample

was then vortexed and boiled. Samples were analyzed by Western

blot analysis.

Chromatin immunoprecipitation

One 10-cm dish of C2C12 myotubes was fixed in 1% formaldehyde

and washed with PBS. Fixed cells were scraped in PBS, and cell

pellets were frozen at �80°C. The Magna ChIPTM A/G One-Day Chro-

matin Immunoprecipitation Kit (Millipore) was used to perform

ChIP according to manufacturer’s protocol. Briefly, cell pellets were

resuspended in 1 ml of cell lysis buffer and sonicated with a Bran-

son Sonifier 450 attached to a cup horn for 30 s on/30 s off for

8 min total. 5% of each chromatin preparation was incubated with

2 lg of primary antibody against STAT3 or p65 or 1 lg of primary

antibody against RNA polymerase II and 20 ll of protein A/G

magnetic beads overnight. Then, beads were washed once with low
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salt buffer, high salt buffer, LiCl buffer, and TE buffer. Protein–DNA

complexes were eluted and reverse cross-linked with elution buffer

containing proteinase K by rotating at 62°C for 2 h. DNA was

isolated from the supernatant using the spin column provided and

eluted in 50 ll of distilled H2O. Using qPCR, 2 ll of ChIP DNA was

amplified using the SsoFast EvaGreen Supermix (Bio-Rad). Raw Ct

values were analyzed using the fold enrichment method relative to

IgG. The iNOS/Nos2 promoter was detected using specific primer

pair for the region containing putative STAT3 binding site (forward:

50-CCAGAACAAAATCCCTCAGC-30, reverse: 50-CTCATGCAAGGC-
CATCTCTT-30) or the TATA box (forward: 50-GAGCTAACTTGCA-
CACCCAAC-30, reverse: 50-GCAGCAGCCATCAGGTATTT-30).

Primary antibodies used for ChIP were against STAT3a (C-20X;

Santa Cruz), p65 (ab7970, abcam), normal rabbit IgG (12-370, Milli-

pore), RNA polymerase II (clone CTD4H8, #05-623, Millipore), and

normal mouse IgG (12-371, Millipore).

Detection of nitric oxide release

The detection of NO in the media was performed using Griess

reagent as previously described. The O.D. was measured on a spec-

trophotometer at 543 nm (Di Marco et al, 2005).

Statistics

Data are represented as mean � SEM for n = 3 experiments unless

otherwise stated. Quantification of band intensities was performed

using ImageJ software (National Institute of Health). Statistical

significance was evaluated using analysis of variance (ANOVA) or

two-tailed, unpaired Student’s t-test depending on the number of

groups or factors to be analyzed. Data were considered statistically

different with the following: * if P < 0.05, ** if P < 0.01, and *** if

P < 0.001.

Expanded View for this article is available online.
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The paper explained

Problem
Cancer-induced muscle wasting, also known as cachexia, is a deadly
syndrome characterized by progressive and involuntary muscle loss. In
addition to its impact on patient quality of life, this syndrome is the
direct cause of ~20% of all deaths resulting from various cancers.
These patients frequently succumb to death due to collapse of respi-
ratory muscles and heart function. As there is no effective cure for
this syndrome, cancer cachexia has been (and still is) viewed as an
end-of-life condition in patients with advanced and incurable malig-
nancies and is managed primarily through palliative care approaches.
Although pro-inflammatory cytokines, such as TNFa, IFNc, and IL-6,
are considered to be among the main drivers of cancer cachexia, none
of the numerous therapeutic strategies that were developed to target
these factors have shown any clear success.

Results
Our work provides an explanation for the failure of these monotherapy
and identifies a cross talk between signaling pathways downstream of
TNFa and IFNc. We show that the STAT3 transcription factor, a well-
known effector of IL-6-mediated muscle wasting, can also be activated
by both TNFa and IFNc independently of IL-6. In addition, in response
to these two cytokine, STAT3 forms a complex with NF-jB, another
transcription factor, which is mainly activated by TNFa. Upon forma-
tion, the STAT3-NF-jB complex translocates to the nucleus where it
promotes the expression of pro-cachectic genes such as iNos.

Impact
Our work shows that various promoters of muscle wasting are able to
activate common downstream signaling pathways. These observations
shed light on some of the complex cross talk signaling events that
underlie cachexia and highlight the multifactorial nature of this
syndrome. In doing so, they suggest one of the potential reasons
behind the failure of monotherapies to reverse muscle wasting is the
integration of multiple signals into common downstream effectors.
This opens the door for the consideration of downstream effectors,
such as the NF-jB-STAT3 complex, as targets for the design of more
effective therapeutic strategies to combat this deadly syndrome.

ª 2017 The Authors EMBO Molecular Medicine Vol 9 | No 5 | 2017

Jennifer F Ma et al STAT3 role in IFNc/TNFa-mediated muscle atrophy EMBO Molecular Medicine

635

https://doi.org/10.15252/emmm.201607052


Argiles JM, Campos N, Lopez-Pedrosa JM, Rueda R, Rodriguez-Manas L (2016)

Skeletal muscle regulates metabolism via interorgan crosstalk: roles in

health and disease. J Am Med Dir Assoc 17: 789 – 796

Bayliss TJ, Smith JT, Schuster M, Dragnev KH, Rigas JR (2011) A humanized

anti-IL-6 antibody (ALD518) in non-small cell lung cancer. Expert Opin Biol

Ther 11: 1663 – 1668

Beauchamp P, Nassif C, Hillock S, van der Giessen K, von Roretz C, Jasmin BJ,

Gallouzi IE (2010) The cleavage of HuR interferes with its transportin-2-

mediated nuclear import and promotes muscle fiber formation. Cell Death

Differ 17: 1588 – 1599

Bettinger BT, Gilbert DM, Amberg DC (2004) Actin up in the nucleus. Nat Rev

Mol Cell Biol 5: 410 – 415

Bode JG, Albrecht U, Haussinger D, Heinrich PC, Schaper F (2012) Hepatic

acute phase proteins–regulation by IL-6- and IL-1-type cytokines involving

STAT3 and its crosstalk with NF-kappaB-dependent signaling. Eur J Cell

Biol 91: 496 – 505

Bollrath J, Greten FR (2009) IKK/NF-kappaB and STAT3 pathways: central

signalling hubs in inflammation-mediated tumour promotion and

metastasis. EMBO Rep 10: 1314 – 1319

Bonetto A, Aydogdu T, Kunzevitzky N, Guttridge DC, Khuri S, Koniaris LG,

Zimmers TA (2011) STAT3 activation in skeletal muscle links muscle wasting

and the acute phase response in cancer cachexia. PLoS ONE 6: e22538

Bonetto A, Aydogdu T, Jin X, Zhang Z, Zhan R, Puzis L, Koniaris LG, Zimmers

TA (2012) JAK/STAT3 pathway inhibition blocks skeletal muscle wasting

downstream of IL-6 and in experimental cancer cachexia. Am J Physiol

Endocrinol Metab 303: E410 – E421

Bromberg JF, Darnell JE Jr (1999) Potential roles of Stat1 and Stat3 in cellular

transformation. Cold Spring Harb Symp Quant Biol 64: 425 – 428

Buck M, Chojkier M (1996) Muscle wasting and dedifferentiation induced by

oxidative stress in a murine model of cachexia is prevented by inhibitors

of nitric oxide synthesis and antioxidants. EMBO J 15: 1753 – 1765

Cohen S, Nathan JA, Goldberg AL (2015) Muscle wasting in disease: molecular

mechanisms and promising therapies. Nat Rev Drug Discov 14: 58 – 74

Dahlman JM, Bakkar N, He W, Guttridge DC (2010) NF-kappaB functions in

stromal fibroblasts to regulate early postnatal muscle development. J Biol

Chem 285: 5479 – 5487

Davis ME, Hsieh PC, Takahashi T, Song Q, Zhang S, Kamm RD, Grodzinsky

AJ, Anversa P, Lee RT (2006) Local myocardial insulin-like growth factor

1 (IGF-1) delivery with biotinylated peptide nanofibers improves cell

therapy for myocardial infarction. Proc Natl Acad Sci USA 103:

8155 – 8160

Di Marco S, Mazroui R, Dallaire P, Chittur S, Tenenbaum SA, Radzioch D,

Marette A, Gallouzi IE (2005) NF-(kappa)B-mediated MyoD decay during

muscle wasting requires nitric oxide synthase mRNA stabilization, HuR

protein, and nitric oxide release. Mol Cell Biol 25: 6533 – 6545

Di Marco S, Cammas A, Lian XJ, Kovacs EN, Ma JF, Hall DT, Mazroui R,

Richardson J, Pelletier J, Gallouzi IE (2012) The translation inhibitor

pateamine A prevents cachexia-induced muscle wasting in mice. Nat

Commun 3: 896

Dodson S, Baracos VE, Jatoi A, Evans WJ, Cella D, Dalton JT, Steiner MS (2011)

Muscle wasting in cancer cachexia: clinical implications, diagnosis, and

emerging treatment strategies. Annu Rev Med 62: 265 – 279

Fan Y, Mao R, Yang J (2013) NF-kappaB and STAT3 signaling pathways

collaboratively link inflammation to cancer. Protein Cell 4: 176 – 185

Fearon KC (2011) Cancer cachexia and fat-muscle physiology. N Engl J Med

365: 565 – 567

Fearon KC, Glass DJ, Guttridge DC (2012) Cancer cachexia: mediators,

signaling, and metabolic pathways. Cell Metab 16: 153 – 166

Gallouzi I-E, Brennan CM, Stenberg MG, Swanson MS, Eversole A, Maizels N,

Steitz JA (2000) HuR binding to cytoplasmic mRNA is perturbed by heat

shock. Proc Natl Acad Sci USA 97: 3073 – 3078

Gillmore JD, Lovat LB, Persey MR, Pepys MB, Hawkins PN (2001) Amyloid load

and clinical outcome in AA amyloidosis in relation to circulating

concentration of serum amyloid A protein. Lancet 358: 24 – 29

Grivennikov SI, Karin M (2010) Dangerous liaisons: STAT3 and NF-kappaB

collaboration and crosstalk in cancer. Cytokine Growth Factor Rev 21:

11 – 19

Guadagnin E, Narola J, Bonnemann CG, Chen YW (2015) Tyrosine 705

phosphorylation of STAT3 is associated with phenotype severity in

TGFbeta1 transgenic mice. Biomed Res Int 2015: 843743

Guo D, Dunbar JD, Yang CH, Pfeffer LM, Donner DB (1998) Induction of Jak/

STAT signaling by activation of the type 1 TNF receptor. J Immunol 160:

2742 – 2750

Guttridge DC, Mayo MW, Madrid LV, Wang CY, Baldwin AS Jr (2000) NF-

kappaB-induced loss of MyoD messenger RNA: possible role in muscle

decay and cachexia. Science 289: 2363 – 2366

Hagihara K, Nishikawa T, Sugamata Y, Song J, Isobe T, Taga T, Yoshizaki K

(2005) Essential role of STAT3 in cytokine-driven NF-kappaB-mediated

serum amyloid A gene expression. Genes Cells 10: 1051 – 1063

Hall DT, Ma JF, Marco SD, Gallouzi IE (2011) Inducible nitric oxide synthase

(iNOS) in muscle wasting syndrome, sarcopenia, and cachexia. Aging 3:

702 – 715

de la Iglesia N, Konopka G, Puram SV, Chan JA, Bachoo RM, You MJ, Levy DE,

Depinho RA, Bonni A (2008) Identification of a PTEN-regulated STAT3

brain tumor suppressor pathway. Genes Dev 22: 449 – 462

Jatoi A, Qi Y, Kendall G, Jiang R, McNallan S, Cunningham J, Mandrekar S,

Yang P (2010) The cancer anorexia/weight loss syndrome: exploring

associations with single nucleotide polymorphisms (SNPs) of inflammatory

cytokines in patients with non-small cell lung cancer. Support Care Cancer

18: 1299 – 1304

Jones D, Glimcher LH, Aliprantis AO (2011) Osteoimmunology at the nexus of

arthritis, osteoporosis, cancer, and infection. J Clin Invest 121: 2534 – 2542

Kim SJ, Yoon S (2016) Activated Rac1 regulates the degradation of

IkappaBalpha and the nuclear translocation of STAT3-NFkappaB

complexes in starved cancer cells. Exp Mol Med 48: e231

Langstein HN, Doherty GM, Fraker DL, Buresh CM, Norton JA (1991) The roles

of gamma-interferon and tumor necrosis factor alpha in an experimental

rat model of cancer cachexia. Cancer Res 51: 2302 – 2306

Lee H, Herrmann A, Deng JH, Kujawski M, Niu G, Li Z, Forman S, Jove R,

Pardoll DM, Yu H (2009) Persistently activated Stat3 maintains

constitutive NF-kappaB activity in tumors. Cancer Cell 15: 283 – 293

Lee C, Oh JI, Park J, Choi JH, Bae EK, Lee HJ, Jung WJ, Lee DS, Ahn KS, Yoon SS

(2013) TNF alpha mediated IL-6 secretion is regulated by JAK/STAT

pathway but not by MEK phosphorylation and AKT phosphorylation in

U266 multiple myeloma cells. Biomed Res Int 2013: 580135

Ma JF, Hall DT, Gallouzi IE (2012) The impact of mRNA turnover and

translation on age-related muscle loss. Ageing Res Rev 11: 432 – 441

Matthys P, Dijkmans R, Proost P, Van Damme J, Heremans H, Sobis H, Billiau

A (1991) Severe cachexia in mice inoculated with interferon-gamma-

producing tumor cells. Int J Cancer 49: 77 – 82

McFarland-Mancini MM, Funk HM, Paluch AM, Zhou M, Giridhar PV, Mercer

CA, Kozma SC, Drew AF (2010) Differences in wound healing in mice with

deficiency of IL-6 versus IL-6 receptor. J Immunol 184: 7219 – 7228

Muscaritoli M, Molfino A, Lucia S, Rossi Fanelli F (2015) Cachexia: a

preventable comorbidity of cancer. A T.A.R.G.E.T. approach. Crit Rev Oncol

Hematol 94: 251 – 259

EMBO Molecular Medicine Vol 9 | No 5 | 2017 ª 2017 The Authors

EMBO Molecular Medicine STAT3 role in IFNc/TNFa-mediated muscle atrophy Jennifer F Ma et al

636



Pang M, Ma L, Gong R, Tolbert E, Mao H, Ponnusamy M, Chin YE, Yan H,

Dworkin LD, Zhuang S (2010) A novel STAT3 inhibitor, S3I-201, attenuates

renal interstitial fibroblast activation and interstitial fibrosis in obstructive

nephropathy. Kidney Int 78: 257 – 268

Park SY, Cho JH, Ma W, Choi HJ, Han JS (2010) Phospholipase D2 acts as an

important regulator in LPS-induced nitric oxide synthesis in Raw 264.7

cells. Cell Signal 22: 619 – 628

Pedranzini L, Dechow T, Berishaj M, Comenzo R, Zhou P, Azare J, Bornmann

W, Bromberg J (2006) Pyridone 6, a pan-Janus-activated kinase inhibitor,

induces growth inhibition of multiple myeloma cells. Cancer Res 66:

9714 – 9721

Puram SV, Yeung CM, Jahani-Asl A, Lin C, de la Iglesia N, Konopka G, Jackson-

Grusby L, Bonni A (2012) STAT3-iNOS signaling mediates EGFRvIII-induced

glial proliferation and transformation. J Neurosci 32: 7806 – 7818

von Roretz C, Lian XJ, Macri AM, Punjani N, Clair E, Drouin O, Dormoy-Raclet

V, Ma JF, Gallouzi IE (2013) Apoptotic-induced cleavage shifts HuR from

being a promoter of survival to an activator of caspase-mediated

apoptosis. Cell Death Differ 20: 154 – 168

Sala D, Sacco A (2016) Signal transducer and activator of transcription 3

signaling as a potential target to treat muscle wasting diseases. Curr Opin

Clin Nutr Metab Care 19: 171 – 176

Sanceau J, Wijdenes J, Revel M, Wietzerbin J (1991) IL-6 and IL-6 receptor

modulation by IFN-gamma and tumor necrosis factor-alpha in human

monocytic cell line (THP-1). Priming effect of IFN-gamma. J Immunol 147:

2630 – 2637

Silva KA, Dong J, Dong Y, Dong Y, Schor N, Tweardy DJ, Zhang L, Mitch WE

(2015) Inhibition of Stat3 activation suppresses caspase-3 and the

ubiquitin-proteasome system, leading to preservation of muscle mass in

cancer cachexia. J Biol Chem 290: 11177 – 11187

Snyder M, Huang J, Huang XY, Zhang JJ (2014) A signal transducer and

activator of transcription 3.Nuclear Factor kappaB (Stat3.NFkappaB)

complex is necessary for the expression of fascin in metastatic breast

cancer cells in response to interleukin (IL)-6 and tumor necrosis factor

(TNF)-alpha. J Biol Chem 289: 30082 – 30089

Sun L, Ma K, Wang H, Xiao F, Gao Y, Zhang W, Wang K, Gao X, Ip N, Wu Z

(2007) JAK1-STAT1-STAT3, a key pathway promoting proliferation and

preventing premature differentiation of myoblasts. J Cell Biol 179:

129 – 138

Tisdale MJ (2009) Mechanisms of cancer cachexia. Physiol Rev 89: 381 – 410

Wang K, Wang C, Xiao F, Wang H, Wu Z (2008) JAK2/STAT2/STAT3 are

required for myogenic differentiation. J Biol Chem 283: 34029 – 34036

Wen Z, Darnell JE Jr (1997) Mapping of Stat3 serine phosphorylation to a

single residue (727) and evidence that serine phosphorylation has no

influence on DNA binding of Stat1 and Stat3. Nucleic Acids Res 25:

2062 – 2067

Wiedenmann B, Malfertheiner P, Friess H, Ritch P, Arseneau J, Mantovani G,

Caprioni F, Van Cutsem E, Richel D, DeWitte M et al (2008) A multicenter,

phase II study of infliximab plus gemcitabine in pancreatic cancer

cachexia. J Support Oncol 6: 18 – 25

Yu Z, Zhang W, Kone BC (2002a) Histone deacetylases augment cytokine

induction of the iNOS gene. J Am Soc Nephrol 13: 2009 – 2017

Yu Z, Zhang W, Kone BC (2002b) Signal transducers and activators of

transcription 3 (STAT3) inhibits transcription of the inducible nitric oxide

synthase gene by interacting with nuclear factor kappaB. Biochem J 367:

97 – 105

Yu H, Pardoll D, Jove R (2009) STATs in cancer inflammation and immunity: a

leading role for STAT3. Nat Rev Cancer 9: 798 – 809

Zhang X, Yin P, Di D, Luo G, Zheng L, Wei J, Zhang J, Shi Y, Zhang J, Xu N

(2009) IL-6 regulates MMP-10 expression via JAK2/STAT3 signaling pathway

in a human lung adenocarcinoma cell line. Anticancer Res 29: 4497 – 4501

Ziesche E, Bachmann M, Kleinert H, Pfeilschifter J, Muhl H (2007) The

interleukin-22/STAT3 pathway potentiates expression of inducible nitric-

oxide synthase in human colon carcinoma cells. J Biol Chem 282:

16006 – 16015

Zimmers TA, Fishel ML, Bonetto A (2016) STAT3 in the systemic inflammation

of cancer cachexia. Semin Cell Dev Biol 54: 28 – 41

License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

ª 2017 The Authors EMBO Molecular Medicine Vol 9 | No 5 | 2017

Jennifer F Ma et al STAT3 role in IFNc/TNFa-mediated muscle atrophy EMBO Molecular Medicine

637


