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Skeletal muscle atrophy is a hallmark of the cachexia syndrome that is associated
with poor survival and reduced quality of life in patients with cancer’. Muscle atrophy
involves excessive protein catabolism and loss of muscle mass and strength?. An
effective therapy against muscle wasting is currently lacking because mechanisms
driving the atrophy process remain incompletely understood. Our gene expression
analysisin muscle tissues indicated upregulation of ectodysplasin A2 receptor
(EDA2R) in tumour-bearing mice and patients with cachectic cancer. Here we show
that activation of EDA2R signalling promotes skeletal muscle atrophy. Stimulation of
primary myotubes with the EDA2R ligand EDA-A2 triggered pronounced cellular
atrophy by induction of the expression of muscle atrophy-related genes Atrogini and
MuRFI1. EDA-A2-driven myotube atrophy involved activation of the non-canonical
NFkB pathway and was dependent on NFkB-inducing kinase (NIK) activity. Whereas
EDA-A2 overexpression promoted muscle wasting in mice, deletion of either EDA2R or
muscle NIK protected tumour-bearing mice from loss of muscle mass and function.

Tumour-induced oncostatin M (OSM) upregulated muscle EDA2R expression, and
muscle-specific oncostatin M receptor (OSMR)-knockout mice were resistant to
tumour-induced muscle wasting. Our results demonstrate that EDA2R-NIK signalling
mediates cancer-associated muscle atrophy inan OSM-OSMR-dependent manner.
Thus, therapeutic targeting of these pathways may be beneficial in prevention of

muscle loss.

Skeletal muscle atrophy is characterized by excessive protein catabo-
lismleading to loss of muscle mass and strength?. Muscle loss is associ-
ated with ageing (that is, sarcopenia), muscular dystrophies and the
cachexiasyndrome thatis linked to chronic diseases such as cancer and
kidney failure. Cachexia involves progressive muscle wasting that is
oftenaccompanied by loss of adipose tissue®. Cachexiais highly preva-
lentin patients with lung, gastric, pancreatic and colorectal cancers, in
which it leads to marked weight loss and poor quality of life. Patients
with cachectic cancer exhibit frailty, reduced response to treatment
and poor survival'. Without an effective therapy to reverse muscle
wasting, cachexiaremains amajor problem for these patients*. Abetter
understanding of tumour-driven mechanisms that promote muscle
atrophy is urgently needed to design new therapeutics.
Ectodysplasin A (EDA) is atumour necrosis factor (TNF) family mem-
ber involved in ectodermal development. Mutations in the EDA gene
have beenassociated with X-linked hypohidrotic ectodermal dysplasia,
acongenital disease characterized by abnormalities in the development
of skin, hair, nails, teeth and sweat glands®. Alternative splicing gener-
ates numerous EDA transcripts, including the well-known isoforms
EDA-A1and EDA-A2, which differ only by two amino acids missing in
EDA-A2. Whereas EDA-Albinds to the EDAR receptor, EDA-A2 exclusively

interacts with the ectodysplasin A2 receptor (EDA2R)®. These ligands
areproduced astransmembrane proteins, but they are also enzymati-
cally cleaved and secreted. Although defects in EDA and EDAR genes
arelinked to ectodermal dysplasia’, deletion of EDA2R does not affect
the development of ectodermal tissues and the physiological roles of
the EDA-A2-EDA2R pathway remain largely elusive®.

EDA2R isinduced during muscle wasting

We investigated skeletal muscle wasting driven by cachexia-inducing
Lewis lung carcinoma (LLC) and B16 melanomain syngeneic C57BL/6
mice®. Our gene expression analysis showed significant upregulation
of Eda2rmessenger RNA (mRNA) in skeletal muscles of tumour-bearing
mice (Fig. 1a). In fact, by comparing gene expression in different tis-
sues of mice we identified high levels of Eda-al and Eda-a2 mRNA in
skeletal muscle (Extended Data Fig. 1a,b). Whereas Edar expression
was highest in the skin, Eda2r mRNA levels were markedly enriched
in skeletal muscle (Extended Data Fig. 1¢,d), suggesting a potential
role for EDA2R signalling in muscle pathophysiology. Through testing
of gene expression in muscle biopsies, we detected elevated EDA2R
mRNAinasubset of patients with cachecticlung and colorectal cancer
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Fig.1/EDA-A2 promotes atrophy and activates NFxB signalling in myotubes.
a,b, Eda2r mRNA was tested by quantitative PCR with reverse transcription
(RT-gPCR) inthe gastrocnemius muscle of mice bearing either LLC (16 days)
(control,n=5;LLC,n=7) or Bl6 tumours (14 days) (n=35) (a) and in quadriceps
muscle biopsies from patients with lung and colorectal (CR) cancer with or
without cachexia (with cachexia, n =18; without cachexia, n=16) (b).c,d, The
EDA2R transcript was analysed in rectus abdominis muscle biopsies from non-
cancer controls (n =15), and from patients with PDAC and cachexia (n =17) and
withPDAC without cachexia (n =5) (GSE130563) (c), and in quadriceps muscle
biopsies collected from non-cancer individuals (n = 6) and cachectic patients
withupper gastrointestinal cancer (UGIC, n =12) before and after tumour
resection (GSE34111) (d). e, Mouse primary myotubes were treated with
recombinant EDA-A2 (250 ng ml™ for 24 h) and gene expression was determined
by RT-qPCR (n = 3).f,g, Mouse primary myotubes transduced withagreen
fluorescent protein (GFP) adenovirus were treated with recombinant EDA-A1,

(Fig. 1b). Furthermore, our analysis of gene expression datasets indi-
cated significantly increased EDA2R transcript levels in muscle biopsies
of patients with cachectic pancreatic ductal adenocarcinoma (PDAC)
compared with patients with non-cachectic PDAC and non-cancer indi-
viduals (Fig. 1c). Similarly, muscle EDA2R levels were elevated in cachec-
tic patients with upper gastrointestinal cancers compared with healthy
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EDA-A2 or TNF proteins (250 ng ml™” each, 48 h) and visualized by fluorescence
microscopy (g).Scale bars, 50 pm. Average myotube diameter was measured
(n=3) (). h,i, Human skeletal muscle myoblasts differentiated into myotubes
were treated with either anadenovirus expressing EDA-A2 (h) or recombinant
EDA-A2 protein (250 ng mI™, 48 h) (i). Gene expression was determined by
RT-qPCR (n=3) (h) and myotube diameter was measured (n = 3) (i).j-m, Mouse
primary myotubes were treated with EDA-A1, EDA-A2 or TNF (250 ng ml™ each)
foreither 24 h (j,I,m) or 10 min (k). Gene expression was determined by RT-qPCR
(n=3) (j). Celllysates were investigated by immunoblotting (k,I) and treated
with alkaline phosphatase (m). Values are mean + s.e.m.Each dot represents
onebiological replicate. Data arerepresentative of either two (h-j) or three
(a,e-g,k-m)independent experiments. Statistical analysis was conducted by
either two-tailed unpaired t-test (a—c,e,h,i) or one-way analysis of variance
(ANOVA) with Tukey’s multiple-comparison test (d,f.j).

controls. Following tumour resection there was a trend of reduced
EDAZ2R expressioninthese patients (Fig.1d and Extended Data Fig. 2a).
Inaddition, we also detected asignificantly elevated EDA2R transcript
inmuscle biopsies from patients with Duchenne muscular dystrophy
(DMD) and facioscapulohumeral muscular dystrophy (FSHD) suffering
from reduced muscle mass and function (Extended Data Fig. 2b-d).


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE130563
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE34111

Intrigued by these observations, we asked whether the EDA-A2-EDA2R
pathway is involved in muscle loss.

EDA2R activation promotes muscle atrophy

First we studied the outcome of the activation of the EDA-A2-EDA2R
pathway in muscle cells. For this purpose we isolated primary myo-
blasts from C57BL/6 mice and differentiated them into fully mature
myotube cells. Treatment of primary myotubes with recombinant
EDA-A2 protein stimulated mRNA levels of muscle atrophy-related
genes Atroginl (Fbxo32) and MuRFI (Trimé63) (Fig. 1e). These genes
encode E3 ubiquitin ligase enzymes that are well-recognized induc-
ers of muscle protein breakdown?. EDA-A2 treatment promoted
cellularatrophyinprimary myotubes, as evidenced by areductioninthe
diameter of these cells (Fig. 1f,g). Whereas primary myotubes did not
respond to EDA-Altreatment, a marginal effect on cellular atrophy was
induced by TNF (Fig. 1f,g). Overexpression of EDA-A2, but not EDA-AL, in
primary myotubes promoted mRNA levels of Atroginl and MuRF1 and
induced cellular atrophy (Extended Data Fig. 3a-c). Inaddition, either
overexpression of EDA-A2 or the administration of recombinant EDA-A2
also induced ATROGINI and MURFI1 expression in human myotubes
and led to areduction in myotube diameter (Fig. 1h,i and Extended
DataFig.3d-f). We further documented the atrophic effects of EDA-A2
in mouse primary myotubes by measurement of myosin heavy-chain
(MyHC) protein levels. Immunofluorescently labelled MyHC signal
dropped significantly following EDA-A2 administration (Extended Data
Fig.3g,h). MyHC downregulation was also detected by immunoblotting.
Notably, proteasomalinhibition by MG132 reversed this effect, suggest-
ing the promotion by EDA-A2 of MyHC loss viaenhanced proteasomal
degradation (Extended Data Fig. 3i).

NFkB pathway downstream of EDA2R

Because previous studies indicated the activation of NFxB signalling by
EDA-A2-EDA2R™? we further tested changesin mRNA and proteinlev-
els of NFxB factors and their IkB inhibitors. NFxB transcription factors
arenormally sequestered in the cytoplasmby inhibitory IxB proteins.
Canonical NFkB signalling involves IKKf3-dependent phosphorylation
of IkBs and their degradation whereas non-canonical (alternative) NFkB
activation depends on NFkB-inducing kinase (NIK), which promotes
the processing of p100-NFkB2 into the active p52-NFkB2 formresulting
in nuclear translocation of the p52-NFkB2-RelB complex®. Notably,
EDA-A2 administration or overexpression increased mRNA levels of
Nik (Map3k14), Nfkb2, Relb, Nfkbia and Nfkbie in mouse primary myo-
tubes (Fig.1le and Extended Data Figs. 3aand 4a,b). A similar effect was
also detected in human myotubes (Fig.1h and Extended Data Fig. 3e).
Compared with TNF, EDA-A2 treatment in mouse primary myotubes
promoted a more pronounced effect on the expression of atrophy
genes and NFkB signalling elements whereas EDA-A1 failed to stimulate
these changes (Fig. 1j). Our results demonstrate that EDA-A2 induces
myotube atrophy and the transcription of non-canonical NFkB signal-
ling components, along with high levels of IxBs.

Next we examined activation of the canonical NFkB pathway by
determining the phosphorylation of IxB, p105-NFxB and p65-RelA.
Treatment of mouse primary myotubes with either EDA-A2 or TNF
induced acute phosphorylation of these proteins (Fig. 1k). We also
detected an EDA-A2-induced increase in the phosphorylation of JNK,
which was previously implicated in EDA2R signalling'** (Fig. 1k).
A stable change in the processing of p105-NFxB into pSO-NFxB was
not detected after 24 h of treatment (Fig. 11). Interestingly, prolonged
treatment of primary myotubes with recombinant EDA-A2 promoted
alternative activation of NFxB signalling as evidenced by increased pro-
cessing of p100-NFkB2 into p52-NFkB2, a process driven by NIK™.
Infact, EDA-A2 treatment elevated NIK protein levels and specifically
induced an electrophoretic mobility shift of this protein (Fig. 1I,m).

This shiftisin part due to the phosphorylation of NIK because it could
be partially suppressed by alkaline phosphatase treatment (Fig. Im).
Other types of post-translational modifications probably contribute
tothis behaviour. Wild-type (WT) mouse NIK protein overexpressedin
primary myotubes also exhibited mobility shift, unlike kinase-dead and
autophosphorylation-deficient NIK mutants (Extended Data Fig. 4c).
Notably, EDA-A2 treatment increased protein levels of the mutants
without inducing a shift. Therefore, EDA-A2-induced mobility shift
probably requiresintact NIK activity and depends on autophosphoryla-
tionof the protein (Extended Data Fig. 4c). This shift was not detected
for human NIK protein overexpressed in mouse primary myotubes
(Extended Data Fig. 4d). In addition, overexpression of EDA-A2 in
primary myotubes also activated alternative NFxB signalling via NIK
accumulation (Extended DataFig.4e). Our resultsindicate that EDA-A2
is a potent inducer of atrophy in myotubes, in which it leads to tran-
sient and stable activation of the canonical and non-canonical NFxB
pathway, respectively.

To distinguish the relative contribution of NFkB pathways to
EDA-A2-driven atrophy, we treated primary myotubes with the selec-
tive IKKp inhibitor TPCA-1 and the proteasome inhibitor MG132. We
found that EDA-A2-induced phosphorylation of I«B, p105-NFxB and
p65-RelA was blocked by TPCA-1 treatment. However, inhibition of
the canonical NFkB pathway did not suppress the effects of EDA-A2 on
gene expression (Fig.2a,b). We tested additional IxB phosphorylation
inhibitors, including BAY 11-7082 and BOT-64, which also failed to block
EDA-A2-induced transcriptional changes (Extended Data Fig. 5a). IxB
phosphorylationinhibitors also did not alter p100-NFxB2 processing
drivenby EDA-A2 (Fig. 2c and Extended DataFig. 5b). On the other hand,
proteasomal inhibition by MG132 was able to prevent p100-NFxB2
processing and the transcriptional effects elicited by EDA-A2 treat-
mentin primary myotubes (Fig. 2a,c), consistent with the implication
of alternative NFxB activation downstream of EDA-A2 signalling.

Because EDA-A2 induced mRNA and protein levels of NIK, we
compared it with cytokines known to activate NIK, such as BAFF
and TWEAK". Whereas BAFF failed to trigger any effect in primary
myotubes, EDA-A2 and TWEAK acted similarly because both factors
stimulated mRNA expression of the target genes, accumulation of NIK
protein and the processing of p100-NFkB2 (Fig. 2d,e). In fact, TWEAK
was previously implicated in muscle atrophy'®”. Our findings suggest
that both factors may use a similar downstream signalling mechanism
inmyotubes.

NIK activation triggers muscle atrophy

Ifnon-canonical NFkB signallingis involved in muscle atrophy, activa-
tion of this pathway alone should stimulate the process. For this pur-
pose we transduced primary myotubes with an adenovirus expressing
NIK. Overexpression of NIK promoted the processing of NFkB2 and
expression of Atroginl, MuRFI and other EDA-A2 targets (Extended
Data Fig. 6a and Fig. 2f). In fact, NIK overexpression was sufficient to
induce cellular atrophy in primary myotubes (Fig. 2g and Extended
Data Fig. 6b). Similar effects on gene expression and cellular atrophy
were also observed in human myotubes (Extended DataFig. 6¢c-e). We
then overexpressed mutant mouse NIK isoforms in mouse primary
myotubes. Whereas the kinase-dead mutant did not elicit an effect, the
autophosphorylation-deficient mutant triggered partial responsesin
NFkB2 processing and target gene expression (Extended DataFig. 6f,g).

We next addressed the necessity of alternative NFxB activation for
EDA-A2-driven myotube atrophy. Treatment of primary myotubes with
B022, aspecific NIK inhibitor®", blocked NIK-induced NFxB2 process-
ingand gene expressioninadose-dependent manner (Extended Data
Fig.7a,b). Combined treatment with BO22 and recombinant EDA-A2
also inhibited the expression of Atroginl, MuRF1 and other EDA-A2
target genes and blunted NFkB2 processing in primary myotubes
(Fig. 3a,b). In fact, BO22 treatment also blocked the EDA-A2-induced
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Fig.2|Activation of non-canonical NFkB signalling by EDA-A2 or NIK
induces atrophy in primary myotubes. a, Mouse primary myotubes were
treated with the IKKf inhibitor TPCA-1(10 uM), proteasome inhibitor MG132

(5 M) and EDA-A2 (250 ng mI™) for 24 h. Changes in gene expression were
determined by RT-qPCR (n =3).b,c, Primary myotubes were treated with either
TPCA-1(10 puM) or proteasome inhibitor MG132 (5 uM) and EDA-A2 (250 ng mI™)
for10 min (b) or 24 h (c) and protein levels of NFkB signalling components
studied by immunoblotting.d,e, Primary myotubes were treated with
recombinant EDA-A2, BAFF or TWEAK proteins (250 ng ml™each) for 24 h.
Protein levels were determined by immunoblotting (d) and gene expression

mobility shift of NIK protein whereas the original NIK signal was mas-
sively enhanced, possibly due to a negative feedback loop severed by
theinhibition. Asimilar effect on NIK protein levels was also observed
when EDA-A2-overexpressing primary myotubes were treated with
B022 (Extended Data Fig. 7c). Furthermore, overexpression of a
dominant-negative NIK form that suppressed the NIK-induced pro-
cessing of NFkB2 also interfered with upregulation of atrophy genes by
EDA-A2 (Extended DataFig. 7d-f). Following NIK inhibition, EDA-A2 was
unable to stimulate atrophy in primary myotubes, indicating a major
role for NIK signalling in EDA-A2-driven atrophy (Fig. 3c,d).

EDA-A2 overexpression leads to muscle loss

EDA-A2’s potent effects on primary myotubes urged us to study its
induction in muscle tissue. Previously, transgenic mice overexpress-
ing EDA-A2 in skeletal muscle were generated. These mice exhibited
profound muscle degeneration that was prevented by the deletion
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wasstudied by RT-qPCR (n=3) (e).f,g, Primary myotubes were transduced
withadenoviruses expressing LacZ or humanNIK (hNIK); 24 h later, changes in
gene expression were determined by RT-qPCR (n =3) (f). Myotubes also treated
with GFP adenovirus were visualized 48 hlater under fluorescence microscopy
(g).Scalebars, 50 pm. Values are mean +s.e.m. Each dot represents one
biologicalreplicate. Dataarerepresentative of either two (d,e) or three
(a-c,f,g) independent experiments. Statistical analysis was conducted using
either one-way ANOVA with Tukey’s multiple-comparison test (a,e) or the
two-tailed unpaired t-test (f).

of EDA2R®. Here, we acutely overexpressed EDA-A2 by adenoviral
delivery in the tibialis anterior (TA) muscle of mice. Within 7 days
the expression of EDA-A2 target genes, including MuRF1, Nik, Nfkb2
and Relb, was induced in TA muscles (Fig. 3e). Concomitantly, the
weight of TA muscles transduced with EDA-A2 adenovirus signifi-
cantly dropped whereas that of untreated gastrocnemius muscles
remained similar (Fig. 3f). Haematoxylin and eosin (H&E) staining
of TA muscles showed that muscle fibre cross-sectional area was
reduced and the frequency of fibres of small cross-sectional area was
increased in response to EDA-A2 overexpression (Fig. 3g-i). These
resultssuggest that EDA-A2 inductionis capable of promoting muscle
atrophy in vivo.

Tumour-induced muscle loss requires EDA2R

Next we addressed the role of EDA2R-NIK signalling in tumour-induced
muscle wasting. We used EDA2R-null (EDA2R-KO) mice, which have



Fig.3|EDA-A2-driven muscle atrophy requires NIK activity. a,b, Mouse
primary myotubes were treated with the NIK inhibitor BO22 (5 uM) and EDA-A2
(250 ng ml™) for 24 h. Changesingene expression were tested by RT-qPCR (n=3)
(a) and protein levels determined by immunoblotting (b). ¢,d, Primary myotubes
transduced with GFP adenovirus were treated with BO22 (5 uM) and EDA-A2
(250 ngml™) for48 h (d).Scalebars, 50 um. Cells were visualized by fluorescence
microscopy and myotube diameter measured (n =3) (c). e-i, The TAmuscles of
mice were transduced with either LacZ or EDA-A2 adenoviruses. Mice were
killed 7 days later (n = 5 mice per group). Changes in gene expression of TA

normal body weight and lack any obvious phenotypic characteristics®.
Weinoculated littermate WT and knockout (KO) mice with LLC tumours.
Remarkably, muscle wasting was attenuated in EDA2R-KO mice as evi-
denced by the preservation of gastrocnemius and TA muscles (Fig. 4a).
Accordingly, these mice had higher tumour-free body weight com-
pared with tumour-bearing WT mice (Extended Data Fig. 8a,b) and
they also exhibited improved muscle performance as measured by
forelimb grip strength (Fig. 4b). Tumour weight, the expression of
immune response-related genes in tumours and plasma C-reactive
proteinlevels (asanindicator of systemic inflammation) were compa-
rable between WT and KO groups (Extended Data Fig. 8b-d). We also
dissected and weighed adipose tissue depots, including epididymal
and inguinal white adipose tissue and interscapular brown adipose
tissue (BAT). However, no specific effect on adipose tissue wasting was
detected (Fig. 4a). Similar results for tumour-free body weight, muscle
mass and physical strength were obtained when EDA2R-KO mice were
inoculated with B16 tumours (Fig. 4c,d and Extended Data Fig. 8e,f).

The improvements noted in muscle mass and function were
also reflected in muscle histology. H&E staining of muscle tissue
demonstrated an increase in muscle fibre cross-sectional area in
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muscles were determined by RT-qPCR (n =5mice) (e). TA and gastrocnemius
(gastroc.) muscles were weighed (n = 5mice) (f). TA muscles were H&E stained
(g) and their fibre cross-sectional area (CSA) (h) and fibre frequency distribution
(i) were determined (n =3 mice). Scale bars, 100 um. Values are mean + s.e.m.
Eachdotrepresentsonebiological replicate. Data are representative of either
two (b,g-i) or three (a,c-f) independent experiments. Statistical analysis was
conducted using either one-way ANOVA with Tukey’s multiple-comparison test
(a,c) orthe two-tailed unpaired t-test (e,f,h).

tumour-bearing KO mice compared with their WT counterparts
(Fig. 4e,f and Extended Data Fig. 8g,h). Tumour-driven enrichment
of muscle fibres with small cross-sectional area was suppressed in
EDA2R-deficient mice (Fig. 4g and Extended DataFig. 8i). We also exam-
ined changesin the expression of EDA-A2 target genes in these samples.
Inthe absence of EDA2R, tumour-induced mRNA expression of Atrogini,
MuRF1and Nik was suppressed whereas limited induction in Nfkb2 and
Relb mRNA levels was detected (Fig. 4h and Extended Data Fig. 8j-1).
Furthermore, Atroginland MuRF1protein levels were also reduced in
the muscles of tumour-bearing EDA2R-KO mice (Fig. 4i). These findings
indicate that EDA2R function is essential for tumour-induced muscle
wasting.

NIK isinvolved in muscle wasting

Tofurther delineate this pathway, we generated skeletal muscle-specific
NIK-KO mice (Myo-NIK-KO). We confirmed that the deletion was
restricted to skeletal muscle by comparison of Nik mRNA levels in vari-
ous tissues (Extended Data Fig. 9a). We then inoculated these mice with
LLC tumours and studied cachexia phenotypes. Similar to EDA2R-KO

Nature | Vol 617 | 25 May 2023 | 831



Article

a b P =0.023 c
P=0.023 P =0.00090 P = 0.000086
1509, 55 R R P = 0.0000039 180 P£0.00013 P =0.0077
— o * - L, 200 o P=0014 . 180
2 140 s 50 . R 40 N 5 160 3 460
= M . 150 N s £ 110 £
£ 130 sy 3019 ) 5
.§’ ! N 45 :-A 100 :-A' | . o v é §140
2 1204],| = . nke ‘ 20| =K WT 3 120 % 150
g M 4 a0 T ollIF £l = WT-LLC s &
& 1104 |[] 10 + EDA2R-KO 100 100
100 35 ; 0 ' 0 v EDA2R-KO-LLC 80 80
Gastroc. TA Epididymal Inguinal BAT
d
P = 0.0049 P =0.070 SOOP =0.013 P = 0.000041
) 107 poosg . ° P =0.030 > . f
g 1404 55 O 404  P=004
= v > 200 %
S 130 50 M s 30 i
[} L] v L]
s 4 . Y, v g o« WT o
o 1204[% & |~ 45 4| o = . 20 €
§ ol = |1, AN 1001 : H 8 V. WT-B16 3
= 110 ﬁ 4091 7 . ﬁ 10 4+ EDA2R-KO é
100 " 35 ' 0 : ' 0 i v EDA2R-KO-B16 o
Gastroc. TA Epididymal Inguinal BAT ic
g h
- WT Bl EDA2R-KO P =0.000044 P =0.00000064 « WT
B WT-LLC mm EDA2R-KO-LLC P =0.00027 = WT-LLC
__ 40 6 P = 0.00000037 + EDAZRKO
X c H .
< 35 85 P=0014 . EDAZR-KO-LLC
g 30 <4 P= i wT EDA2R-KO
2 25 E 0.048 = P =0.0036 WT LLC EDA2R-KO LLC
g 20 £ 3 y P00 J = . 5
S 2 R T I -"Atrogin‘l
2 13 '% 2 . a e, 34 kDa - -
k5] T 1
e 5 T ﬁ ﬁﬁﬁﬁﬁ 34kDa-{ " ; s aw ‘
cEO 0 T . !" & B8 s = . |MurRF1
e & & & & & . NS
L & & & & & S o8 \ Q'\ W ° 72 kDa
D‘Q AT 9P ¥ o P 7'56’3 QP og\(\ @\g‘ @ -‘ P G S . S D G D . . - ‘ p65-RelA
?‘

Fibre CSA (um?)

Fig.4 | EDA2R-deficient mice areresistant to tumour-induced muscle
wasting.a,b,e-i, Mice wereinoculated with LLC cells and killed 16 days later.
Collected tissues were weighed (n= 6 mice per group) (a). Forelimb grip strength
was measured before euthanasia (EDA2R-KO-LLC, n = 5; other groups,n=6
mice) (b). c,d, Mice wereinoculated with B16 cells and killed 14 days later (EDA2R-
KO-B16, n=5mice; other groups, n=6). Forelimb grip strength was measured
before euthanasia(c). Collected tissues were weighed (d). e-g, Gastrocnemius

mice, Myo-NIK-KO mice were also resistant to tumour-induced
weight loss (Extended Data Fig. 9b,c). The absence of NIK in muscles
of tumour-bearing mice prevented the loss of muscle mass and pre-
served muscle function as determined by muscle weight and forelimb
grip strength measurements, respectively (Extended Data Fig. 9d,e).
No specific effect on adipose tissue wasting was observed (Extended
DataFig. 9d). Examination of muscle histology in tumour-bearing mice
alsodemonstrated anincrease in muscle fibre cross-sectional areaand
adecrease inthe frequency of fibres of small cross-sectional area in
Myo-NIK-KO mice compared with their WT counterparts (Extended
DataFig. 9f-h). Analysis of gene expression in muscle tissues also dem-
onstrated areduction in tumour-induced mRNA and protein levels
of Atroginl and MuRF1 in the KO mice (Extended Data Fig. 9i-k). The
similarities in tumour-driven responses shared by Myo-NIK-KO and
EDA2R-KO mice suggest that acommon pathway involving EDA2R-NIK
acts to promote muscle atrophy.

EDA2Ris upregulated by oncostatin M

We also investigated how tumours upregulate Eda2r expression in
muscle tissue. Through testing of various tumour-induced cytokines
on primary myotubes, we observed Eda2r upregulation by oncos-
tatin M (OSM; Fig. 5a and Extended Data Fig. 10a), an IL-6 family
cytokineinvolvedin avariety of biological processes including muscle
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muscle cross-sections were H&E stained (e) and cross-sectional area (f) and
fibre frequency distribution (g) measured (n = 6 mice). Scale bars, 100 pm.

h,i, Gastrocnemius muscle mRNA levels were tested by RT-qPCR (n = 6 mice) (h)
andtheir protein levels determined by immunoblotting (n = 3 mice) (i). Values
aremean +s.e.m.Eachdotrepresents onebiological replicate. a-i, Dataare
representative of threeindependent experiments. a-d,f,h, Statistical analysis
was conducted using two-way ANOVA with Tukey’s multiple-comparison test.

atrophy?®?, When overexpressed in TA muscles of mice, OSM signifi-
cantly increased Eda2r mRNA (Fig. 5b). Analysis of blood plasma from
LLC tumour-bearing mice detected elevated OSM levels (Fig. 5c), imply-
ing that tumour-induced OSM may activate EDA2R signallingin muscle
tissue. Infact, treatment of mouse primary myotubes with recombinant
OSM protein also stimulated the expression of Atroginl and resultant
cellularatrophy, indicating that OSMitselfis an atrophy-inducing factor
(Fig. 5d and Extended Data Fig. 10b,c). We found that combined treat-
ment of OSM and EDA-A2 resulted in atrophy-related gene expression
in primary myotubes in an additive manner. After testing changes in
mRNA levels of OSM target genes Osmr and Socs3, EDA-A2-specific
targets MuRFI, Nik, Nfkb2 and Relb and OSM-EDA-A2 common gene
targets Atroginl and Ampd3, we detected additive effects on the expres-
sionof Atroginl, Ampd3and Osmr (Fig.5d and Extended Data Fig.10d).
The combination of OSM and EDA-A2 also caused a further reduction
in myotube diameter (Extended Data Fig. 10b,c). These secreted fac-
tors may operate alone or together to induce atrophy of cultured
myotubes.

Tumour-induced muscle loss requires OSMR

To determine the role of OSM in EDA2R regulation and muscle wast-
ing, we generated skeletal muscle-specific OSM receptor (OSMR)
KO (Myo-OSMR-KO) mice. We confirmed the depletion of OSMR
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Fig.5|0SMinduces Eda2rexpressionin muscle and depletion of OSMR
protects from muscle wasting. a, Mouse primary myotubes were treated
withrecombinant OSM (250 ng mI™) for 6 h (n =3).b, Tibialis anterior muscles
of mice were transduced with LacZ or OSM adenoviruses and mice were killed
7 dayslater. mRNA levels were determined by RT-qPCR (n = 6 mice). ¢, Mice
wereinoculated with LLC cellsand killed 16 days later. Plasma OSM levels
were measured by ELISA (control, n =8 mice; LLC,n=7).d, Mouse primary
myotubes were treated with recombinant OSM (250 ng mI™ for 48 h) and
EDA-A2 (100 ng ml™for 24 h). Changes in gene expression were determined by
RT-qPCR (n=3).e,OSMR levelsin gastrocnemius muscle were determined by
immunohistochemistry. f-1, Mice wereinoculated with LLC cells and killed

16 dayslater (WT-LLC, n=5mice; other groups, n = 6). Collected tissues were

in muscle fibres using immunohistochemistry (Fig. 5e). Following
LLC tumour inoculation, Myo-OSMR-KO mice were protected from
weight loss and muscle wasting (Fig. 5f and Extended Data Fig. 10e,f)
but tumour-bearing KO mice lost adipose tissue mass (Extended Data
Fig.10g). Muscle strength, as assessed by forelimb grip measurement,
reflected the preservation of muscle mass in KO mice whereas WT
mice exhibited evident reduced performance (Fig. 5g). H&E stain-
ing of gastrocnemius tissue sections indicated that tumour-bearing
Myo-OSMR-KO mice had significantly wider muscle fibres than
tumour-bearing controls (Fig. 5h,i); fibres of small cross-sectional
areawereenrichedinthelatter group (Fig.5j). Gene expression analy-
sis demonstrated that tumour-induced mRNA and protein levels of
Atroginl and MuRF1 were reduced in the muscles of Myo-OSMR-KO
mice compared with their WT counterparts (Fig. 5k,I and Extended Data
Fig.10h).Importantly, OSMR depletion also suppressed the upregula-
tion of Eda2rand its downstream targetsin these samples (Fig. Sk and
Extended Data Fig.10h). These findings suggest that the OSM-OSMR
pathway plays amajor role in tumour-induced muscle wasting, includ-
ing the activation of EDA2R-NIK signalling.

weighed (f). Forelimb grip strength was measured before euthanasia(WT,n=6
mice; other groups, n=>5) (g). Gastrocnemius muscle cross-sections were H&E
stained (i), and cross-sectional area (h) and fibre frequency distribution (j)
were measured (WT-LLC, n =5 mice; other groups, n = 6). Scale bars, 100 um.
k,1, Gastrocnemius muscle mRNA levels were tested by RT-qPCR (WT-LLC,
n=35mice;othergroups,n=6) (k) and their protein levels determined by
immunoblotting (n =3 mice) (I). Values are mean + s.e.m.Each dot represents
onebiological replicate. Data arerepresentative of either two (a,c-e) or three
(b,f-1)independent experiments. Statistical analysis was conducted using
either the two-tailed unpaired t-test (a-c), one-way ANOVA with Tukey’s
multiple-comparison test (d) or two-way ANOVA with Tukey’s multiple-
comparison test (f-h,k).

Discussion

Takentogether, our findings indicate that EDA2R signalling is a potent
inducer of muscle atrophy. Whereas the EDA-A1-EDAR pathway is
important for the development of ectodermal structures, EDA-A2-
EDAZ2R signalling is involved in skeletal muscle pathophysiology®.
EDA2R expression is upregulated in muscles of tumour-bearing mice
and also in muscle biopsies of patients with cachectic cancer. Previ-
ously, chronic activation of EDA2R signalling was shown to cause myo-
degenerationin EDA-A2 transgenic mice®. Our results demonstrate that
EDAZ2R upregulation in cancer cachexia contributes to muscle loss.
Canonical NFkB signalling has been shown to promote muscle protein
breakdown?. The present study indicates that non-canonical NFkB
activation also triggers muscle atrophy in which NIK plays a central
role. Deletion of either EDA2R or NIK in mice was sufficient to confer
resistance against tumour-induced muscle wasting. EDA2R expres-
sionisinduced by inflammatory cytokines, and we identified OSM as
aprominentregulator. Infact, depletion of OSMR in muscle protected
against wasting of this tissue. Our results suggest that OSM-OSMR
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signalling acts in parallel with the EDA2R-NIK pathway and reinforces
muscle atrophy and EDA2R upregulation. Additional studies using
muscle biopsies and blood samples from weight-losing cancer patients
are needed to establish the clinical impact of the activation of these
pathways in cancer cachexia.

Systemic inflammation has been implicated to play a major role in
cancer cachexia, with pro-inflammatory cytokines TNF, IL-1and IL-6
described as causal agents®. However, clinical trials testing anti-TNF
therapies failed to prevent muscle atrophy in patients with advanced
cancer cachexia?®*, Although anti-IL-1and anti-IL-6 therapies showed
promising resultsin patients with cachectic cancer, asatisfactory effect
on skeletal muscle mass was not achieved®?¢. An effective therapy
against cachexia-associated muscle wasting is urgently needed. Our
findings suggest that EDA2R-NIK and OSM-OSMR pathway elements
may serve as new therapeutic targets. Prospective studies should
test the pharmacologic inhibition of these pathways in prevention
of muscle wasting. Blockade of EDA2R or OSMR and inhibition of NIK
may be useful in reversal of muscle loss. Because pathways parallel to
EDA-A2-EDA2R, such as TWEAK-FN14, may also use NIK to promote
muscle atrophy, NIK inhibition is a preferable choice. However, the
ubiquitous expression of NIK in the body and its prominent roles in
immunity may limit this strategy. Interestingly, depletion of muscle
OSMRwas sufficient to both attenuate muscle loss and silence EDA2R
activation, making the OSM-OSMR pathway a potentially attractive
therapeutic target.

EDA-A2 was previously shown to contribute to obesity-related glu-
coseintolerance, possibly through promotion of insulin resistance in
muscle™. Because impaired glucose metabolism during cancer cachexia
has also been reported?, it is possible that inhibition of the EDA2R-
NIK pathway may improve cachexia-related abnormalities in glucose
metabolism. Furthermore, our gene expression analysis demonstrated
elevated EDA2R mRNA in muscle biopsies from patients with muscular
dystrophy, and EDA2R upregulation was also reported in the muscles
of ageingindividuals®,. Itis likely that the role of EDA2R-NIK in muscle
atrophy is not restricted to cancer cachexia, and therapeutic target-
ing of this pathway may thus be beneficial in other muscle disorders.
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Methods

Reagents

Recombinant proteins were purchased from R&D Systems: EDA-A1
(n0.3944-ED),EDA-A2(n0.922-ED), TNF (n0.410-MT), BAFF (no.8876-BF),
TWEAK (no.1237-TW), OSM (no. 495-MO), IL-6 (no. 406-ML) and LIF
(no.8878-LF).Small-molecule inhibitors were acquired from the follow-
ingsources: TPCA-1(abcam, no. ab145522), MG132 (Sigma, no. M8699),
BAY 11-7082 (abcam, no. ab141228), BOT-64 (Santa Cruz, no. sc-222062)
and BO22 (Aobious, no. AOB8699). Mouse EDA-A1 (no. MC208411),
mouse EDA-A2 (no. MC208415) and mouse OSM (no. MR226014) expres-
sion plasmids were purchased from Origene. Mouse NIK expression
plasmid was purchased from Invivogen (no. pUNO1-mMap3k14).
WT human NIK and NIK-K429/430A mutant plasmids were a gift from
M. Kracht (JLU Giessen).

Mice

Mice were housed at 22 °C and 50% humidity with a12/12 h light/dark
cycle (07:00-19:00) and given ad libitum access to a standard rodent
chowdietand water. Male mice 8-12 weeks old were used in all animal
experiments. Mice were kept in the Koc University Animal Research
Facilityinaccordance with institutional policies and animal care ethics
guidelines. A minimum sample size of four, determined empirically
by performing preliminary experiments, was chosen to ensure that
adequate statistical power was achieved. Mice were divided randomly
into treatment groups, also satisfying the criterion that average body
weightineach group be similar. The investigators were blinded to group
allocationduringdata collection, whichwas shown during data analysis.
EDA2R-KO and NIK-floxed mice were generated by Genentech®%;
NIK-floxed mice were agift fromS.-C. Sun (MD Anderson Cancer Center)
and Myo-NIK-KO mice were generated by crossing NIK-floxed and
ACTA1-Cre mice (Jacksonstrain no. 006149). OSMR-floxed mice (strain
no. 011081) were purchased from Jackson laboratory. Myo-OSMR-KO
mice were generated by crossing OSMR-floxed and ACTA1-Cre mice
(Jacksonstrainno.006149). All mice were maintained on a pure C57BL/6
background. Plasma C-reactive protein levels were measured using an
ELISA assay (BT Lab, no. E0218Mo). Allanimal protocols were approved
by theInstitutional Animal Care and Use Committee of Koc University.
For all tumour inoculation experiments and in line with Institutional
Animal Care and Use Committee guidelines, humane endpoints were
determined as maximal tumour size of 2 cm (the longest tumour
length), at least 15% body weight loss and severe lethargy. These limits
were not exceeded in any of the experiments.

Tumour inoculation

Lewis lung carcinoma and B16 (B16-F10) cells were cultured in DMEM
medium (Sigma, no. 5796) with 10% fetal bovine serum (FBS) and
penicillin-streptomycin (Invitrogen). B16 cells were also supple-
mented with freshly added 2 mM L-glutamine (Invitrogen). Cell lines
were acquired from ATCC and were not authenticated. Mice were
divided randomly into groups while also satisfying the criterion that
the average body weight in each group be similar. All mice used in
tumour inoculation experiments, including transgenic lines, were
from the C57BL/6 background. LLC cells (5 x 10° per mouse) or B16
cells (2.5 x 10° per mouse) were injected subcutaneously over the flank.
Non-tumour-bearing control mice received vehicle (PBS) only. Mice
were housed individually inall tumour inoculation experiments. Mice
wereKkilled either at16 days (LLC) or 14 days (B16) after tumour inocula-
tion. Epididymal, inguinal and interscapular fat depots, gastrocnemius
and TA muscles and tumours were dissected and weighed using an
analytical balance.

Grip strength
Forelimb grip strength was measured on the same day as euthanasia.
Each mouse was allowed to grab a bar attached to a force transducer

while being steadily pulled horizontally by the tail away from the bar
(Ugo Basile grip strength meter). The maximum strength produced
beforereleasing the bar registered from at least three repetitions was
averaged to determine the grip strength of each mouse.

Tissue histology

Isopentane was cooled by liquid nitrogen until two-thirds frozen.
Muscle samples wrapped in aluminium foil were placed in cooled
isopentane for 15-20 s. Frozen tissues were embedded in Tissue-Tek
OCT freezing medium (Sakura) in cryomoulds. Using a cryostat,
8-um-thick sections were cut and collected on Superfrost Plus slides
(Thermo). Sections were fixed with 4% paraformaldehyde and treated
with haematoxylin (Merck, no. 105174), 0.1% HCI, eosin (Merck,
no.109844),a70-100% ethanol gradient and xylene (Isolab), respec-
tively. Muscle fibre cross-sectional area was measured using ImageJ
software.

Immunohistochemistry

Cryosections (5 um) were fixed with neutral buffer formalin and then
incubated with 0.3% hydrogen peroxide for 10 min to blockendogenous
peroxidase activity. Sections were incubated in blocking solution (3%
bovine serum albumin + 0.1% Triton X-100 + 5% horse serum) at room
temperature for1h, and then with anti-OSMR beta (R&D Systems, no.
AF662,1:100) antibody (10 pg ml™) in blocking solution overnight at
4 °C.Sections were washed with PBS and incubated in blocking solution
containing anti-goatIgG H&L horseradish peroxidase-conjugated sec-
ondary antibody (abcam, no. ab6885,1:1,000) for 1 h. Finally, sections
were stained with diaminobenzidine (DAB, abcam, no. ab64238) and
counterstained with haematoxylin (Merck, no.105174).

Adenovirus production and injection

Adenovirus vectors were generated using the Virapower Adenovi-
ral expression system (Invitrogen). Briefly, open reading frames of
genes following a CACC sequence were cloned into a pENTR-D-TOPO
plasmid and then recombined into a pAd-CMV-DEST adenoviral plas-
mid using LR clonase II. Pacl (Thermo)-digested adenoviral plasmids
were transfected into 293A cells using Lipofectamine 2000 (Invitro-
gen); 293A cells were cultured in DMEM (Sigma, no. 5796),10% FBS
(Invitrogen) and penicillin-streptomycin (Invitrogen). Adenoviral
particles were collected from cell culture supernatant following the
manufacturer’sinstructions. For purificationand titration, the Adeno-X
Maxi Purification and Adeno-X Rapid Titer kits from Clontech were
used. Mice were injected unilaterally with 5 x 10% infectious units of
Adeno-EDA-A2 or Adeno-OSMinto the TA muscle, with the contralateral
muscle receiving the same dose of control Adeno-LacZ. Mice werekilled
7 days later.

Site-directed mutagenesis

Mouse NIK coding sequence in the pENTR shuttle plasmid was mutated
using Phusion high-fidelity polymerase (NEB) and oligonucleotides
designed to carry the desired mutations (indicated by lower case
letters): mNIK-T561A, F: 5-CTACATTCCTGGCgCGGAGACCCACATG-%,
R:5-CATGTGGGTCTCCGcGCCAGGAATGTAG-3’; mNIK-K431A-K432A,
F:5’-GCTTCCAGTGTGCTGTCgcAgcGGTACGACTCGAGGTG-3',R: 5-CAC
CTCGAGTCGTACCgcTgcGACAGCACACTGGAAGC-3’. Mutated coding
sequences were recombined into the adenoviral plasmid for adenovirus
production as described above.

Myoblast culture

Primary myoblasts wereisolated from limb muscles of mice (2-3 days
old) as previously described*°. Myoblasts were cultured in Ham’s F-10
nutrient mixture (Invitrogen) with 20% FBS (Invitrogen) supple-
mented with 2.5 ng ml ™ basic fibroblast growth factor (Sigma) and
penicillin-streptomycin (Invitrogen). For differentiation, myoblasts
were then transferred to DMEM (Sigma, no. 5796) supplemented with
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horse serum and penicillin-streptomycin (Invitrogen). Myotube cells
were differentiated in 2% horse serum for 48 h for proteinisolation or
in 5% horse serum for 72 h for gene expression and imaging experi-
ments. Adeno-GFP was added to cells at the start of differentiation for
fluorescent myotube imaging, performed using alive-cellimager (Zeiss
Axiolab live-cell imager). Cells were treated with other adenoviruses
after differentiation for 24-48 h. Human skeletal muscle myoblasts
(Lonza) were cultured in DMEM/F12-glutamax (Invitrogen) with 20%
FBS (Invitrogen), supplemented with 5 ng ml ™ basic fibroblast growth
factor (Sigma). Cells were differentiated in DMEM/F12-glutamax with
5% horse serum for 72 h. Human myotubes were treated with either
recombinant proteins or adenoviruses for 48 h. The diameters of indi-
vidual myotubes were measured using Image ] software, each being
measured at three different sites with values averaged.

Immunofluorescence

Cells were fixed withice-cold 100% methanol at -20 °C for 10 min, incu-
bated in a blocking solution (3% bovine serum albumin + 0.1% Triton
X-100 +10% horse serum) at room temperature for 1 h and thenincu-
bated with MyHC antibody (DSHB, MF20, 1:1000) in the blocking
solution for 1hat room temperature. Cells were washed with PBS and
incubated with anti-mouse IgG H&L Alexa Fluor 594 secondary antibody
(Abcam, ab150116, 1:2000) and DAPI (Cayman, 14285,1:3000) in the
blocking solution for 1 h and mounted using homemade mounting
medium. Cells were visualized using fluorescence microscopy (Zeiss).
MyHC signal was normalized to the number of myotube nuclei. Fields
with similar density of myotubes were chosen.

Immunoblotting

Cells were homogenized in a cell lysis buffer containing 50 mM Tris
(pH 7.4),150 mM NaCl, 1% Triton X-100, 5 mM EDTA and 1 mM PMSF,
supplemented with protease inhibitor tablets (Roche) and phosphatase
inhibitors (20 mM NaF, 10 mM -glycerol phosphate, 10 mM Na,P,0,
and 2 mM Na;VO,). A similar lysis buffer was used for tissue samples
in which 1% NP40 was used as the detergent and 10% glycerol added.
Tissues were homogenized using a Kinematica (PT1200E) homog-
enizer. Homogenates were centrifuged at 13,000 rpm for 10 min and
the supernatantsused aslysates. Protein concentration was determined
by Bio-Rad Protein assay, and 30 pg of protein lysate was used in each
SDS-polyacrylamide gel electrophoresis run. For the detection of
endogenous NIK protein and its mobility shift, 90 pg of protein lysate
was loaded. Nitrocellulose membrane was blotted with the following
primary antibodies at 1:1,000 dilutionin Tris buffered saline containing
0.05% Tween and 5% bovine serum albumin: Cell Signaling: p65-RelA,
(no. 8242), phospho-p65-RelA-Ser536 (no. 3033), p105/p50-NFkB
(n0.12540), phospho-p105-NFkB-Ser932 (no.4806), p100/p52-NFkB2
(no.4882),IkB (no.4814), phospho-lkB-Ser32 (no.2859), NIK (no.4994),
JNK (no.9252), phospho-JNK-Thr183/Tyr185 (no.4668) and anti-Flag/
DYKDDDDK (no. 2368); ECM Bioscience: Atroginl (no. AP2041) and
MuRF1 (no. MP3401); and DSHB: MyHC antibody (no. MF20). For sec-
ondary antibody incubation, Tris buffered saline-T containing 5% milk
was used (Cell Signaling: anti-rabbit (no.7074,1:2,000) and anti-mouse
(no.7076,1:2,000)). WesternBright blotting substrates from Advansta
were used for visualization of results on a Chemidoc imaging system
(Bio-Rad). For blots visualized with a Licor Odyssey CLx imaging system,
IRDye 680RD anti-mouse (no. 926-68070,1:15,000) and IRDye 800CW
anti-rabbit (no. 926-32211,1:15,000) secondary antibodies were used.
Uncropped and unprocessed images of allimmunoblots are shownin
Supplementary Fig. 1.

Invitro phosphatase assay

A cell lysis buffer similar in composition to that described above, but
lacking EDTA and phosphatase inhibitors, was used to collect cells. The
protein concentration of homogenate supernatants was determined
by Bio-Rad Protein assay: 90 pg of lysate was mixed with or without

alkaline phosphatase (0.1 U pg™ lysate) and its buffer (Thermo) and
incubated at 37 °C for 1 h. Samples were run on SDS-polyacrylamide
gel electrophoresis and processed as described above.

RT-qPCR

Total RNA from cultured cells or tissue samples was extracted using
Qiazolreagent (Qiagen) and purified with RNA spin columns (Ecotech).
Tissues were homogenized using TissueLyzer LT (Qiagen). Comple-
mentary DNA synthesis was carried out with a High-Capacity cDNA
Reverse Transcriptionkit (Thermo). The resultant cDNA was analysed
by RT-qPCR using a CFX Connect instrument (Bio-Rad). In each reac-
tion, 25 ng of cDNA and 150 nmol of each primer were mixed withiTaq
Universal SYBR Green Supermix (Bio-Rad). Relative mRNA levels were
calculatedbythe AACtmethod andnormalizedtocyclophilinmRNA.The
following primers were used: Cyclo F: 5-GGAGATGGCACAGGAGGAA-3’,
R:5-GCCCGTAGTGCTTCAGCTT-3’. Atroginl F: 5’-TCAGAGAGGCA
GATTCGCAA-3’,R:5-GGGTGACCCCATACTGCTCT-3’".MuRF1F:5-TCC
TGATGGAAACGCTATGGAG-3’, R: 5-ATTCGCAGCCTGGAAGATGT-3".
Eda2rF:5-TCCCCTCTACTGGACCTGAA-3’, R: 5-TGAAAGAGACCTTT
CTAGTTCACCT-3". Eda2r-KO F: 5-CAGGACCAAGAATGCATCCCA-3’,
R:5-GCTCAACTGGAAGGTACACTGAA-3 . Eda-a2F:5-TCAAAAATGAT
CTTTCAGGTGGAG-3’,R: 5-TGAAGTTGATGTAGTAGACCTG-3'. Edar
F:5-TTGTTGAAGGTCTCAGCCCC-3’, R: 5’-TTTTCACGACCGCCT
TCTCA-3'.Eda-alF:5-TCTTTCAGGTGGAGTGCTCA-3’,R: 5-TGAAGTT
GATGTAGTAGACTTCTAC-3'. NikF:5’-CGAGCTACTTCAACGGGGTC-3’,
R: 5’-GGCAATGTCTCCCACCTTGA-3’. Nik-KO F: 5’-TGTTCTGT
GGGAAGTGGGAG-3,R: 5-CTCTTGGCTATTCTCACATTCAGC-3'.
Nfkb1 F:5-CTGAACAATGCCTTCCGGCT-3’,R: 5-TGGTACCCCCA
GAGACCTCAT-3’. Nfkb2 F:5-CCTTCGTAGTTACAAGCTGGC-3/,
R:5-GGCACTGTCTTCTTTCACCT-3'. Nfkbia F:5-TAGCAGTCTT
GACGCAGACC-3’,R:5-CGTGTGGCCATTGTAGTTGG-3’. Nfkbib F:
5’-ACCTCAATAAACCGGAGCCTAC-3’, R: 5-CACCGGCTTTCAGGA
GAAGTT-3". Nfkbid F.5’-CAGTCATACAAGCCAGGAGAT-3’,R: 5’- TCATA
TTAACAAAGGCCCGCA-3'. Nfkbie F: 5'-GACATTGATGTACAGGAG
GGCA-3’,R: 5-GGTGTGCACCCGTTAAGCAT-3'. Nfkbiz F: 5’-CAGTG
GAGGCAAAGGATCGTA-3’, R: 5"-GGCAACTCCAAAAAGAGGCG-3'.
RelaF:5-GATCGCCACCGGATTGAAGA-3’,R: 5-GGGGTTCAGTTGG
TCCATTG-3'.RelbF:5-TTCAAAACGCCACCCTACGA-3',R:5-ACACCGT
AGCTGTCATGATCC-3’. Relc F: 5-ATTTATGACAACCGTGCCCCA-3/,
R:5-CCCTGACACTTCCACAGTTCT-3’. Ampd3 F:5’-CTCCTCTC
AGCAACAACAGCC-3’, R: 5-CTCCATGAGCGCTTCCTTTGTG-3".
Osmr F:5-GGTCCTTCATCCAGCCTTCC-3’, R: 5’-GCTCCTCCAAG
ACTTCGCTT-3".Socs3 F: 5-TAGACTTCACGGCTGCCAAC-3/,
R:5-CGGGGAGCTAGTCCCGAA-3’. Tnf F:5-CCACCACGCTCTT
CTGTCTA-3’,R:5’-CCATTTGGGAACTTCTCATCCC-3"./ll6 F:5-CACTTCA
CAAGTCGGAGGCT-3’, R: 5"-TGCCATTGCACAACTCTTTTCT-3".
Ifng F: 5-CTTCAGCAACAGCAAGGCG-3’, R: 5-CTGTGGGTTGTT
GACCTCAAACT-3"./l1bF:5'-AAGGAGAACCAAGCAACGACA-3',R:5-TTG
GGATCCACACTCTCCAGC-3'. /110 F:5-GTAGAAGTGATGCCCC
AGGC-3’, R: 5"-GGGGAGAAATCGATGACAGC-3'. Ccl2 F: 5’-CACTC
ACCTGCTGCTACTCA-3’, R: 5"-GCTTGGTGACAAAAACTACAGC-3'.
Ccl5F:5-TGCCCACGTCAAGGAGTATT-3’,R: 5-TTCGAGTGACAAACAC
GACTG-3'. F4/80 F: 5’-CTTCTGGGGAGCTTACGATGG-3’, R: 5-GGC
CAAGGCAAGACATACCA-3".Cd68F:5’-ACTTCGGGCCATGTTTCTCT-3,
R:5-GGGGCTGGTAGGTTGATTGT-3’. Nos2 F: 5-CAGGAGATGGTCC
GCAAGAG-3/,R:5-GTCCTGAACGTAGACCTTGGG-3". ArgI F:5’-CGTAGA
CCCTGGGGAACACTAT-3’, R: 5’-TCCATCACCTTGCCAATCCC-3".
Cd163 F:5-GTGTTCCGAAGGACAGGTGG-3’, R: 5-AAGCTGGCC
ACTTGCTATGC-3'. Cd19 F: 5’-GAAGCATCCTCGCTTGGGTC-3/, R:
5’-ACTGGGACCGGACTGAATTG-3’. Cd3e F: 5-TGTATCACTCTG
GGCTTGCTG-3’, R: 5’-CTCCTTGTTTTGCCCTCTGGG-3’. hCYCLO
F:5’-GGAGATGGCACAGGAGGAA-3’,R:5-GCCCGTAGTGCTTCAGTTT-3".
hNIK F: 5-GGGACGTCAAAGCTGACAAC-3’, R: 5’-GACACACAGCA
TGGCCAAAG-3’. hEDA2R F: 5-TGCCTCCTATACTGGAGCTGA-3/,
R: 5-GGGGCCCAAGAGACCTCATTA-3’. hATROGINI F:5-AGG



AAGTACTAAAGAGCGCCA-3’,R:5-GCAGGCCGGACCACGTA-3".
hMURFIF:5’-GCCCCATTGCAGAGTGTCTT-3’,R: 5-ACTGTTCTCCTTG
GTCACTCG-3".hNFKB2F:5-TCTGCAACTGAAACGCAAGC-3',R:5"-CCTC
TTCCTTGTCTTCCACCA-3'. hRELB F: 5’-CTCGCGACCATGACAGC
TAC-3',R:5-GGCTTTTTCTTCCGCCGTTT-3'.

Human gene expression analysis

Patients were enrolled in the ACTICA study, a cross-sectional study
aimed at assessing cachexia in patients diagnosed with colorec-
tal or lung cancer. The study was performed at Cliniques Universi-
taires Saint-Luc, Brussels, Belgium from January 2012 to March 2014.
The study protocol was approved by the local ethical committee of
Université Catholique de Louvain (protocol code no.2011/19AVR/157,
approved 9 May 2011) and informed written consent was obtained from
individuals before entry into the study. The inclusion and exclusion
criteria were precisely described previously in the original paper.
Cachexiawas defined, according to the definition proposed by Fearon
etal.?, as either (1) involuntary weight loss of over 5% over the past
6 months, (2) weight loss of over 2% and body mass index below
20 kg m2or (3) weight loss of over 2% and low muscularity. Among
152 patients enrolled in the study, skeletal muscle microbiopsy was per-
formedin35under general anaesthesiaimmediately before surgery for
cancer and before any other therapeutic intervention. Microbiopsies
were taken fromthe vastus lateralis of the quadriceps with a14-gauge,
true-cut biopsy needle (Bard Magnum Biopsy gun, Bard, Inc.). Muscle
samples were cleaned of gross blood contamination and fat or fibrous
tissue before being frozeninliquid nitrogen and stored at —80 °C until
RNA extraction. Total RNA was extracted from frozen muscle samples
using TriPure Isolation Reagent (Roche Diagnostics), as described by
the manufacturer. Reverse transcription was performed as described
by Gueugneau et al.*.

Gene expression profiles of rectus abdominis muscle biopsies from
patients with cachectic and non-cachectic pancreatic ductal adenocar-
cinomaand from non-cancer individuals were accessed from the Gene
Expression Omnibus (GEO) database with accession no. GSE130563
(ref.34). Differential gene expression analysis was performed by GEO2R
with default settings. One sample from GSE130563 was identified as an
outlier (GSM3743567) for EDA2R expression according to Grubbs’ test
(alpha=0.0001) and was excluded from the analysis. Gene expression
profiles of quadriceps muscle biopsies collected from non-cancer
individuals, and from patients with cachectic upper gastrointestinal
cancer before and after tumour resection, were accessed from the
GEO database (accession no. GSE34111)* and analysed by GEO2R using
default settings. Gene expression profiles of skeletal muscle samples
from both patients with DMD and normal individuals were accessed
with accession no. GSE1007 (ref. 36). Samples grouped as DMD and
normal were analysed by GEO2R using default settings. RNA sequencing
results of muscle biopsy samples fromindividuals with FSHD were also
accessed from the GEO database (accession no. GSE115650)%. One-year
follow-up gene expression assessment of muscle biopsies from the
same patients was also analysed (accession no. GSE140261)*. Gene
count normalization and fold change calculations were performed
using the R package DEseq2 (v.1.34.0).

Statistical analysis

Values are expressed as mean + s.e.m. Error bars (s.e.m.) shown in all
results were derived from biological replicates. Significant differences
between two groups were evaluated using a two-tailed ¢-test. Com-
parisons of more than two groups were performed using either one- or
two-way ANOVA and corrected for multiple comparisons using Tukey’s

posthoctest. Values of P< 0.05 were considered statistically significant.
Exact P values and the type of statistical test used in each experiment
canbe foundinthe figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Human gene expression datasets analysed in this study are available
inthe GEO database: GSE130563 (ref. 34), GSE34111 (ref. 35), GSE1007
(ref.36), GSE115650 (ref.37) and GSE140261 (ref. 38). A detailed descrip-
tion of muscle biopsies from patients with cancer used in this study
was previously published®. Source Data are provided with this paper.
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Extended DataFig. 3| The overexpression of EDA-A2 or the administration
ofrecombinant EDA-A2in human and mouse myotubes stimulates cellular
atrophy. a-c, Mouse primary myotubes were transduced with LacZ, EDA-A1, or
EDA-A2 expressing adenoviruses. 24 hr later, gene expression was tested by RT-
qPCR (n=3) (a). Myotubes also treated with GFP adenovirus were visualized 48
hrlater under the fluorescence microscope. The scale bar is 50 pm (b). Average
myotube diameter was measured (n = 3) (c). d-f, Human Skeletal Muscle
Myoblasts (HSMM) were differentiated into myotubes and treated withan
adenovirus expressing EDA-A2 (d) or recombinant EDA-A2 protein (250 ng/ml)
(e,f) for 48 hr. Gene expression was determined by RT-qPCR (n=3) (d,e). Human
myotubeswereinvestigated under the light microscope. The scale baris

100 pm (). g,h, Mouse primary myotubes were treated with recombinant
EDA-A1L, EDA-A2 or TNFa proteins (250 ng/ml each) for 48 hr. MyHC was
immunofluorescently labeled while nuclei was counterstained with DAPI. The
scalebaris 50 pm (g). MyHC signal was normalized to the number of myotube
nuclei (n=3) (h).i, Mouse primary myotubes treated with recombinant EDA-A2
(250 ng/ml) and proteasome inhibitor MG132 (10 pM) were lysed and protein
samples were studied by western blotting. The values are mean + SEM. Each dot
represents abiological replicate. Dataare representative of two (a-d,f-i) or
three (e) independent experiments. Statistical analysis was conducted using
one-way ANOVA with Tukey’s multiple-comparison test (a,c,h) or the two-tailed
unpaired t-test (d,e).
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autophosphorylation-deficient mNIK-TS61A mutant and kinase-dead mNIK-

K431/432A mutant or human NIK (hNIK). A day later, recombinant EDA-A2

(250 ng/ml) was also added for another 24 hr. Protein levels were determined
by westernblotting. e, Mouse primary myotubes were transduced with LacZ,
EDA-A1, or EDA-A2 expressing adenoviruses. 24 hr later, protein levels were
determined by westernblotting. The values are mean + SEM. Each dot
represents a biological replicate. Data are representative of two (b,c,e) or three
(a,d) independent experiments. Statistical analysis was conducted using the
two-tailed unpaired t-test.
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Extended DataFig. 6 | Overexpression of NIK promotes the alternative
NFkB activation and atrophy in primary myotubes. a,b, Mouse primary
myotubeswere transduced with adenoviruses expressing LacZ or human NIK
(hNIK). 24 hr later, protein levels were determined by westernblotting (a).
Myotubes also treated with GFP adenovirus were visualized 48 hr later under
the fluorescence microscope and average myotube diameter was measured
(n=3) (b).c-e, Human Skeletal Muscle Myoblasts (HSMM) were differentiated
intomyotubes and treated with adenoviruses expressing LacZ or human hNIK
for 48 hr. Gene expression was determined by RT-qPCR (n =3) (c). Human
myotubes wereinvestigated under the light microscope. The scalebaris

\&\‘b

100 um (d). Myotube diameter was measured (n = 3) (e). f,g, Primary myotubes
were transduced with adenoviruses expressing LacZ, mouse NIK (mNIK),
autophosphorylation-deficient mNIK-T561A mutant or kinase dead mNIK-K431/
432A mutant. Protein levels were determined by western blotting (f). Thisis the
same experiment as Extended Data Fig. 4a.NIK and p65-RelAblots were cropped
from Extended DataFig.4a. mRNA levels were tested by RT-qPCR (n =3) (g).
Thevaluesare mean + SEM. Each dotrepresents abiological replicate. Data
arerepresentative of two (a,b,d-g) or three (c) independent experiments.
Statistical analysis was conducted using the two-tailed unpaired t-test (b,c,e)
and one-way ANOVA with Tukey’s multiple-comparison test (g).
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expressing wild-type human NIK or the dominant-negative human NIK-K429/
430A mutant. Protein levels were determined by westernblotting. e,f, Mouse
primary myotubes were transduced with adenoviruses expressing LacZ or the
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Extended DataFig. 8| EDA2R-deficient mice areresistant to tumor-
induced muscle wasting. a-d,j, Mice were inoculated with LLC cellsand
sacrificed 16 days later (n = 6 mice per group). Carcass weight without the
tumor mass (a) and tumor weight (b) were measured. ¢, Gene expression levels
intumor samples were measured by RT-qPCR (n = 6 mice).d, Plasma CRP levels
were determined by ELISA (n = 6 mice). e-i, k-1, Mice were inoculated with B16
cellsandsacrificed 14 days later (EDA2R-KO-B16 n =5, other groups n = 6 mice).

Carcass weight without the tumor mass (e) and tumor weight (f) were measured.

Adecreasein carcass weight wasinduced by LLC tumors. However, tissue

wasting was not reflected in the carcass weight when mice received B16 tumors.

Because these tumors cause excessive subcutaneous swelling due to

inflammation which masks the wasting. g-i, Gastrocnemius muscle cross-
sections were H&E stained (g), cross-sectional area (h) and the fiber frequency
distribution (i) were measured. The scale baris 100 pm. j, Quadriceps muscle
mRNA levels of the LLC tumor-bearing mice were tested by RT-qPCR (n=6
mice). k,l, Gastrocnemius muscle (k) and quadriceps muscle (I) mRNA levels of
the B16 tumor-bearing mice were determined by RT-qPCR (EDA2R-KO-B16 n =35,
other groupsn=6mice). The values are mean + SEM. Each dot represents a
biologicalreplicate. Dataarerepresentative of three independent experiments
(a-1). Statistical analysis was conducted using two-way ANOVA with Tukey’s
multiple-comparisontest (a,h,j k,I).
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Extended DataFig. 9 |Muscle-specific depletion of NIK protects from
tumor-induced muscle wasting. a. Nik mRNA levels were tested by RT-qPCRin
various tissues of the Myo-NIK-KO mice (n =3 mice). b-k, Mice were inoculated
with LLC cells and sacrificed 16 days later (Myo-NIK-KO-LLC n =5, other groups
n=6mice). Carcass weight without the tumor mass (b) and tumor weight

(c) were measured. Collected tissues were weighed (d). Forelimb grip strength
was measured before the sacrifice (e). f-h, Gastrocnemius muscle cross-sections
were H&E stained (f), cross-sectional area (g) and the fiber frequency distribution
(h) were measured. The scale baris100 pm. i,j, Gastrocnemius muscle mRNA

levels were tested by RT-qPCR (Myo-NIK-KO-LLC n =5, other groups n = 6 mice)
(i) and their protein levels were determined by western blotting (n = 3 mice)

(j)- Quadriceps muscle mRNA levels were tested by RT-qPCR (Myo-NIK-KO-LLC
n=>5,othergroupsn=6mice) (k). The values are mean + SEM. Each dot
represents abiological replicate. Data arerepresentative of three independent
experiments (a-k). Statistical analysis was conducted using the two-tailed
unpaired t-test (a) or two-way ANOVA with Tukey’s multiple-comparison test
(b,d,e,g,ik).
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Extended DataFig.10|OSMinduces Eda2rexpressionin muscle and the
depletion of OSMR protects from muscle wasting. a, Mouse primary
myotubes were treated with recombinant TNFa, IL-6, LIF and OSM (250 ng/ml
each). mRNA levels were determined by RT-qPCR (n = 3).b,c, Mouse primary
myotubes were treated with recombinant OSM and EDA-A2 (250 ng/ml each)
for48 hr.Myotubesalso treated with the GFP adenovirus were visualized under
the fluorescence microscope. The scale baris 50 pm (b). Average myotube
diameter was measured (n =3) (c).d, Mouse primary myotubes were treated
withrecombinant OSM (250 ng/ml for 48 hr) and EDA-A2 (100 ng/ml for 24 hr).
Changesin gene expression were determined by RT-qPCR (n = 3). e-h, Mice

wereinoculated with LLC cellsand sacrificed 16 days later (WT-LLC n =5, other
groups n =6 mice). Carcass weight without the tumor mass (e) and tumor weight
(f) were measured. Collected adipose tissues were weighed (g). Quadriceps
muscle mRNA levels were tested by RT-qPCR (WT-LLC n =5, other groupsn=6
mice) (h). The values are mean + SEM. Each dot represents abiological replicate.
Dataarerepresentative of two (a-d) or three (e-h) independent experiments.
Statistical analysis was conducted using one-way ANOVA with Tukey’s multiple-
comparisontest (a,c,d) and two-way ANOVA with Tukey’s multiple-comparison
test (h).
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Data collection Image J software (v1.53k) was used to measure myotube diameters and muscle fiber cross-sectional area.

Data analysis Gene expression datasets were accessed from the Gene Expression Omnibus database. Microarray datasets were analyzed using GEO2R tool
of the database using default settings. For RNA sequencing datasets, gene counts normalization and fold change calculations were performed
using the DEseq?2 (v1.34.0) R package. Statistical analysis was conducted using Jamovi 2.3.18.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Human gene expression datasets analyzed in this study are available in the GEO database; GSE130563 (REF34), GSE34111 (REF35), GSE1007 (REF36), GSE115650
(REF37), GSE140261 (REF38). A detailed description of the cancer patient muscle biopsies used in this study was previously published (REF31).
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Sample size For every experiment, sample size was determined empirically (preliminary experiments were performed) to ensure that desired statistical
power can be achieved. To determine sample size in mouse experiments, power calculations were done according to methods
outlined in Guidelines for the Care and Use of Animals in Neuroscience and Behavioral Research (National Academies Press, 2003). Sample
size in mouse experiments was chosen to be at least 4 to ensure that adequate statistical power will be achieved.

Data exclusions  Intumor inoculation experiments, mice were excluded if tumor did not grow and tumor size was less than 1 gram. Mice were excluded from
grip strength measurements if they refused to pull the bar attached to the instrument.

Replication Each experiment was repeated 2 or 3 times. The exact number of independent experiments was stated in the figure legends. All data points
presented in this study represent biological replicates.

Randomization  Mice were divided into treatment groups randomly while satisfying the criteria that average body weight in each group is about the same.

Blinding The investigators were blinded to group allocation during data collection. Group allocation information was not available during data
collection and was revealed during data analysis.
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Human research participants

Clinical data
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Antibodies

Antibodies used The following antibodies were used in western blotting: p65-RelA (Cell Signaling, #8242), phospho-p65-RelA-Ser536 (Cell signaling,
#3033), p105/p50-NFkB (Cell Signaling, #12540), phospho-p105-NFkB-Ser932 (Cell Signaling, #4806), p100/p52-NFkB2 (Cell Signaling,
#4882), kB (Cell Signaling, #4814), phospho-IkB-Ser32 (Cell Signaling, #2859), NIK (Cell Signaling, #4994), JNK (Cell Signaling, #9252),
phospho-JNK- Thr183/Tyr185 (Cell Signaling, #4668), anti-Flag/DYKDDDDK (Cell Signaling, #2368), Atroginl (ECM Bioscience,
#AP2041), MuRF1 (ECM Bioscience, #MP3401), MyHC antibody (DSHB, #MF20), IRDye 680RD anti-mouse (Li-cor Biosciences,
#926-68070), IRDye 800CW anti-rabbit (Li-cor Biosciences, #926-32211), anti-rabbit IgG, HRP-linked Antibody (Cell Signaling, #7074),
Anti-mouse IgG, HRP-linked Antibody (Cell Signaling, #7076)
The following antibodies were used in IF: MyHC antibody (DSHB, MF20), anti-mouse 1gG H&L Alexa Fluor 594 (Abcam, ab150116)
The following antibodies were used for IHC: OSMR beta (R&D Systems, AF662), donkey anti-goat IgG H&L HRP (Abcam, ab6885)

Validation All of the primary antibodies used are commercially available and validated by the manufacturer.

p65-RelA (Cell Signaling, #8242)
https://www.cellsignal.com/products/primary-antibodies/nf-kb-p65-d14e12-xp-rabbit-mab/8242

phospho-p65-RelA-Ser536 (Cell signaling, #3033)
https://www.cellsignal.com/products/primary-antibodies/phospho-nf-kb-p65-ser536-93h1-rabbit-mab/3033

p105/p50-NFkB (Cell Signaling, #12540)
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https://www.cellsignal.com/products/primary-antibodies/nf-kb1-p105-p50-d7h5Sm-rabbit-mab/12540

phospho-p105-NFkB-Ser932 (Cell Signaling, #4806)
https://www.cellsignal.com/products/primary-antibodies/phospho-nf-kb-p105-ser932-18e6-rabbit-mab/4806

p100/p52-NFkB2 (Cell Signaling, #4882)
https://www.cellsignal.com/products/primary-antibodies/nf-kb2-p100-p52-antibody/4882

IkB (Cell Signaling, #4814)
https://www.cellsignal.com/products/primary-antibodies/ikba-135a5-mouse-mab-amino-terminal-antigen/4814

phospho-IkB-Ser32 (Cell Signaling, #2859)
https://www.cellsignal.com/products/primary-antibodies/phospho-ikba-ser32-14d4-rabbit-mab/2859

NIK (Cell Signaling, #4994)
https://www.cellsignal.com/products/primary-antibodies/nik-antibody/4994

JNK (Cell Signaling, #9252)
https://www.cellsignal.com/products/primary-antibodies/sapk-jnk-antibody/9252
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phospho-JNK- Thr183/Tyr185 (Cell Signaling, #4668)
https://www.cellsignal.com/products/primary-antibodies/phospho-sapk-jnk-thr183-tyr185-81el1-rabbit-mab/4668

anti-Flag/DYKDDDDK (Cell Signaling, #2368)
https://www.cellsignal.com/products/primary-antibodies/dykddddk-tag-antibody-binds-to-same-epitope-as-sigma-s-anti-flag-m2-
antibody/2368

Atroginl (ECM Bioscience, AP2041)
https://ecmbio.com/products/ap2041

MuRF1 (ECM Bioscience, MP3401)
https://ecmbio.com/products/mp3401

MyHC antibody (DSHB, #MF20)
https://dshb.biology.uiowa.edu/MF-20

OSMR beta (R&D Systems, AF662)
https://www.rndsystems.com/products/mouse-osmrbeta-antibody_af662

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Mouse primary myoblasts were home-made. LLC, B16-F10 and 293A cells were originally acquired from ATCC. HSMM cells
were acquired from Lonza.

Authentication Cell lines were acquired from ATCC and Lonza and they were not authenticated.

Mycoplasma contamination Cell lines were tested for mycoplasma. Cells that were myocoplasma positive were treated with Mycozap plus PR until the
test result returned to negative.

Commonly misidentified lines  No commonly misidentified lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Mice were housed at 22°C and 50% humidity with a 12 hour light/dark cycle (7am-7pm) and given ad libitum access to a standard
rodent chow diet and water. 8-12-week-old male mice were used in all animal experiments. EDA2R-KO and NIK-floxed mice were
generated by Genentech (REF8, REF29). Myo-NIK-KO mice were generated by crossing NIK-floxed and ACTA1-Cre mice (Jackson strain
#006149). OSMR-floxed mice (strain #011081) were purchased from Jackson laboratory. Myo-OSMR-KO mice were generated by
crossing OSMR-floxed and ACTA1-Cre mice (Jackson strain #006149). All mice were maintained on a pure C57BL/6 background.

Wild animals No wild animals were used in this study.
Field-collected samples  No field collected samples were used in this study.

Ethics oversight All animal protocols were approved by the Institutional Animal Care and Use Committee of Koc University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Human research participants

Policy information about studies involving human research participants

Population characteristics Patients were enrolled in the ACTICA study, a cross-sectional study aimed at assessing cachexia in patients diagnosed with
colorectal or lung cancer. The study information was previously described in the original paper (REF31).

Recruitment Written consent was given prior to entry into the study. The inclusion and exclusion criteria have been precisely described
previously in the original paper (REF31).

Ethics oversight The study was performed at the Cliniques Universitaires Saint-Luc, Brussels, Belgium from January 2012 to March 2014. The
study protocol was approved by the local ethical committee of the Université Catholique de Louvain (protocole code:
2011/19AVR/157, approved on the 9 May 2011).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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