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            Abstract
Skeletal muscle atrophy is a hallmark of the cachexia syndrome that is associated with poor survival and reduced quality of life in patients with cancer1. Muscle atrophy involves excessive protein catabolism and loss of muscle mass and strength2. An effective therapy against muscle wasting is currently lacking because mechanisms driving the atrophy process remain incompletely understood. Our gene expression analysis in 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 Atrogin1 and MuRF1. EDA-A2-driven myotube atrophy involved activation of the non-canonical NFĸB pathway and was dependent on NFκB-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 in an OSM–OSMR-dependent manner. Thus, therapeutic targeting of these pathways may be beneficial in prevention of muscle loss.
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                    Fig. 1: EDA-A2 promotes atrophy and activates NFĸB signalling in myotubes.[image: ]


Fig. 2: Activation of non-canonical NFĸB signalling by EDA-A2 or NIK induces atrophy in primary myotubes.[image: ]


Fig. 3: EDA-A2-driven muscle atrophy requires NIK activity.[image: ]


Fig. 4: EDA2R-deficient mice are resistant to tumour-induced muscle wasting.[image: ]


Fig. 5: OSM induces Eda2r expression in muscle and depletion of OSMR protects from muscle wasting.[image: ]
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                Data availability

              
              Human gene expression datasets analysed in this study are available in the GEO database: GSE130563 (ref. 34), GSE34111 (ref. 35), GSE1007 (ref. 36), GSE115650 (ref. 37) and GSE140261 (ref. 38). A detailed description of muscle biopsies from patients with cancer used in this study was previously published31. Source Data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 The expression of Eda-a2 and Eda2r is enriched in skeletal muscle tissue.
a-d, Various tissue samples were collected from C57BL/6 mice. Relative mRNA levels were determined by RT-qPCR (n = 4 mice). The values are mean ± SEM. Each dot represents a biological replicate. Data are representative of two independent experiments (a–d).
Source data


Extended Data Fig. 2 EDA2R expression is induced in DMD and FSHD patients.
a, EDA2R transcript levels were analyzed in quadriceps muscle biopsies collected from cachectic patients with upper gastrointestinal cancer (n = 12) before and after tumor resection (GSE34111). Upon surgery, EDA2R levels were upregulated in 4 patients (red connecting lines) and downregulated in 8 patients (green connecting lines). n.s. statistically not significant. b, GSE1007 dataset was analyzed by GEO2R and EDA2R expression values were determined in normal subjects and DMD patients (n = 10). In each group, one individual had 2 technical replicates making the total number of data points 11. c, GSE115650 dataset was analyzed by DESeq2 and EDA2R expression values were determined in normal subjects (n = 9) and FSHD patients (n = 34). d, GSE140261 dataset was analyzed by DESeq2 and EDA2R expression values were determined in normal subjects (n = 8) and FSHD patients (n = 27). The values are mean ± SEM. Statistical analysis was conducted using the two-tailed paired t-test (a). Adjusted P values were calculated with Benjamini & Hochberg false discovery rate method by GEO2R (b,c) and DESeq2 (d).
Source data


Extended Data Fig. 3 The overexpression of EDA-A2 or the administration of recombinant EDA-A2 in 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 hr later under the fluorescence microscope. The scale bar is 50 µm (b). Average myotube diameter was measured (n = 3) (c). d–f, Human Skeletal Muscle Myoblasts (HSMM) were differentiated into myotubes and treated with an 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 myotubes were investigated under the light microscope. The scale bar is 100 µm (f). g,h, Mouse primary myotubes were treated with recombinant EDA-A1, EDA-A2 or TNFα proteins (250 ng/ml each) for 48 hr. MyHC was immunofluorescently labeled while nuclei was counterstained with DAPI. The scale bar is 50 µm (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 µM) were lysed and protein samples were studied by western blotting. The values are mean ± SEM. Each dot represents a biological replicate. Data are 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).
Source data


Extended Data Fig. 4 EDA-A2 stimulates the expression of NFĸB signaling components and the alternative NFĸB activation in primary myotubes. Electrophoretic mobility shift of mouse NIK protein depends on its autophosphorylation and kinase activity.
a,b, Mouse primary myotubes were treated with recombinant EDA-A2 (250 ng/ml) for 24 hr and gene expression was determined by RT-qPCR (n = 3). c,d, Mouse primary myotubes were transduced with adenoviruses expressing LacZ, wild-type mouse NIK (mNIK), autophosphorylation-deficient mNIK-T561A 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 western blotting. e, Mouse primary myotubes were transduced with LacZ, EDA-A1, or EDA-A2 expressing adenoviruses. 24 hr later, protein levels were determined by western blotting. 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.
Source data


Extended Data Fig. 5 Activation of the canonical NFĸB signaling is dispensable for EDA-A2-induced gene expression in primary myotubes.
a,b, Mouse primary myotubes were treated with IĸB phosphorylation inhibitors BAY 11-7082 (10 µM) and BOT-64 (10 µM) in combination with recombinant EDA-A2 (250 ng/ml) for 24 hr. Gene expression was studied by RT-qPCR (n = 3) (a) and protein levels were determined by western blotting (b). The values are mean ± SEM. Each dot represents a biological replicate. Data are representative of two independent experiments. Statistical analysis was conducted using one-way ANOVA with Tukey’s multiple-comparison test.
Source data


Extended Data Fig. 6 Overexpression of NIK promotes the alternative NFĸB activation and atrophy in primary myotubes.
a,b, Mouse primary myotubes were transduced with adenoviruses expressing LacZ or human NIK (hNIK). 24 hr later, protein levels were determined by western blotting (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 into myotubes and treated with adenoviruses expressing LacZ or human hNIK for 48 hr. Gene expression was determined by RT-qPCR (n = 3) (c). Human myotubes were investigated under the light microscope. The scale bar is 100 µm (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). This is the same experiment as Extended Data Fig. 4a. NIK and p65-RelA blots were cropped from Extended Data Fig. 4a. mRNA levels were tested by RT-qPCR (n = 3) (g). The values are mean ± SEM. Each dot represents a biological replicate. Data are representative 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).
Source data


Extended Data Fig. 7 The inhibition of NIK kinase activity with B022 or a dominant-negative NIK mutant blocks EDA-A2’s effects in primary myotubes.
a,b, Mouse primary myotubes were transduced with adenoviruses expressing LacZ or human NIK and treated with different doses of B022 (1 µM, 5 µM or 10 µM) for 24 hr. Protein levels were determined by western blotting (a) and changes in gene expression were tested by RT-qPCR (n = 3) (b). c, Mouse primary myotubes were transduced with LacZ or EDA-A2 adenoviruses and treated with B022 (5 µM) for 24 hr. Protein levels were determined by western blotting. d, Mouse primary myotubes were transduced with adenoviruses expressing wild-type human NIK or the dominant-negative human NIK-K429/430A mutant. Protein levels were determined by western blotting. e,f, Mouse primary myotubes were transduced with adenoviruses expressing LacZ or the NIK-K429/430A mutant and treated with recombinant EDA-A2 (100 ng/ml) for 24 hr. Protein levels were determined by western blotting (e) and changes in gene expression were tested by RT-qPCR (n = 3) (f). The values are mean ± SEM. Each dot represents a biological replicate. Data are representative of two (a–d,f) or three (e) independent experiments. Statistical analysis was conducted using one-way ANOVA with Tukey’s multiple-comparison test.
Source data


Extended Data Fig. 8 EDA2R-deficient mice are resistant to tumor-induced muscle wasting.
a-d,j, Mice were inoculated with LLC cells and sacrificed 16 days later (n = 6 mice per group). Carcass weight without the tumor mass (a) and tumor weight (b) were measured. c, Gene expression levels in tumor samples were measured by RT-qPCR (n = 6 mice). d, Plasma CRP levels were determined by ELISA (n = 6 mice). e–i, k–l, Mice were inoculated with B16 cells and sacrificed 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. A decrease in carcass weight was induced 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 bar is 100 µm. 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 (l) mRNA levels of the B16 tumor-bearing mice were determined by RT-qPCR (EDA2R-KO-B16 n = 5, other groups n = 6 mice). The values are mean ± SEM. Each dot represents a biological replicate. Data are representative of three independent experiments (a–l). Statistical analysis was conducted using two-way ANOVA with Tukey’s multiple-comparison test (a,h,j,k,l).
Source data


Extended Data Fig. 9 Muscle-specific depletion of NIK protects from tumor-induced muscle wasting.
a. Nik mRNA levels were tested by RT-qPCR in 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 = 6 mice). 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 bar is 100 µm. 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, other groups n = 6 mice) (k). The values are mean ± SEM. Each dot represents a biological replicate. Data are representative 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,i,k).
Source data


Extended Data Fig. 10 OSM induces Eda2r expression in muscle and the depletion of OSMR protects from muscle wasting.
a, Mouse primary myotubes were treated with recombinant TNFα, 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) for 48 hr. Myotubes also treated with the GFP adenovirus were visualized under the fluorescence microscope. The scale bar is 50 µm (b). Average myotube diameter was measured (n = 3) (c). d, Mouse primary myotubes were treated with recombinant OSM (250 ng/ml for 48 hr) and EDA-A2 (100 ng/ml for 24 hr). Changes in gene expression were determined by RT-qPCR (n = 3). e–h, Mice were inoculated with LLC cells and 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 groups n = 6 mice) (h). The values are mean ± SEM. Each dot represents a biological replicate. Data are representative of two (a–d) or three (e–h) independent experiments. Statistical analysis was conducted using one-way ANOVA with Tukey’s multiple-comparison test (a,c,d) and two-way ANOVA with Tukey’s multiple-comparison test (h).
Source data
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