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Abstract 35 

Cancer cachexia is a severe wasting syndrome characterized by progressive loss of skeletal muscle 36 

mass, reduced regenerative capacity, and poor response to cancer therapy. The mechanisms by 37 

which tumors directly disrupt muscle stem cell function remain incompletely understood. Using 38 

the C26 adenocarcinoma model, we show that tumor cells undergo marked transcriptional 39 

adaptation within the host environment and acquire a secretory program that directly reprograms 40 

skeletal muscle and muscle stem cells. Multiomic profiling revealed that cachexia is associated 41 

with broad transcriptional and epigenetic remodeling of muscle stem cells, including induction of 42 

an epithelial-to-mesenchymal transition (EMT)-like program, reduced accessibility at myogenic 43 

regulatory factor binding sites, and impaired expression of key differentiation regulators. 44 

Mechanistically, exposure to the C26 tumor secretome increased SNAI1, a central EMT regulator, 45 

while suppressing MyoD, Myogenin, and MyHC and blocking myogenic differentiation and fusion. 46 

Importantly, SNAI1 knockdown rescued myogenic differentiation in the presence of C26-47 

conditioned medium, establishing SNAI1 as a functional mediator of tumor-induced myogenic 48 

suppression. Cytokine profiling identified MMP9 as a prominent tumor-derived circulating factor, 49 

and pharmacological MMP9 inhibition in tumor-bearing mice preserved the PAX7-positive muscle 50 

stem cell pool. In contrast, loss of tumor-derived GDF15 alone was insufficient to rescue cachexia, 51 

supporting a multifactorial tumor-secretome model. Together, these findings define a mechanistic 52 

axis in which tumor adaptation to the host promotes induction of EMT-like reprogramming in 53 

muscle progenitors, suppresses myogenic differentiation, and contributes to regenerative failure 54 

and muscle wasting. 55 

Introduction 56 

Cancer cachexia is a debilitating condition where patients suffer a severe and rapid decline in 57 

muscle mass, with or without the loss of fat mass1-3. Muscle wasting is a common symptom in 58 

cancer, with approximately 80% of late-stage cancer patients exhibiting it4. Cachexia results in a 59 

worse prognosis for patients; they are less responsive to cancer therapies and suffer a loss of quality 60 

of life1,5,6. Furthermore, cachexia is itself responsible for approximately 30% of all cancer related 61 

death, primarily due to respiratory or heart failure4. Beyond muscle wasting, cancer cachexia is 62 

also associated with metabolic imbalance, systemic inflammation, insulin resistance, and 63 

anorexia7-10. It is a complex and multifactorial condition. 64 

Cancer cachexia is not present in all cancers equally. It is more prevalent in gastrointestinal and 65 

pancreatic cancers, with between 60-70% of patients exhibiting muscle wasting11. However, it is 66 

much less common in breast cancer, with muscle wasting affecting nearly 20% of patients11. It is 67 

important to note, that the cancer does not need to be present in the muscle to induce muscle 68 

wasting. Other factors that affect the incidence of cachexia are the stage of the cancer; patients 69 

with advanced cancer are more likely to have cancer cachexia compared to those in earlier stages, 70 

as well as the sex of the patient12. Males are more susceptible to cancer cachexia, present in 61% 71 

of male patients in contrast to the 31% incidence in female patients12,13. 72 

Despite the severity and prevalence of the condition, there is no effective treatment or therapy for 73 

cachexia. Furthering our understanding on how the cancer cells alter skeletal muscle and muscle 74 

stem cell behaviour is necessary for the development of effective therapies. In this study, we 75 

sequenced the transcriptome of myofibers and muscle stem cells from healthy controls and tumor 76 

bearing male and female mice, identifying several key pathways that are deregulated. Muscle stem 77 

cells in cachectic mice exhibit delayed activation and a decrease in myogenic potential. 78 



 

 

Additionally, we discovered how C26 cancer cells alter their transcriptome to adapt to the host 79 

environment. Specifically, we identify activation of SNAI1 and an epithelial-to-mesenchymal 80 

transition (EMT)-like transcriptional program in MuSCs from cachectic mice, which is associated 81 

with impaired myogenic differentiation and increased susceptibility to apoptosis. Functionally, 82 

SNAI1 depletion partially restores myogenic differentiation, while pharmacological inhibition of 83 

tumor-associated MMP9 preserves the MuSC pool in vivo, supporting a hypothesis in which 84 

SNAI1 is a downstream mediator of myogenic suppression and MMP9 acts as a potential upstream 85 

regulator. Cachexia is a debilitating condition in which the molecular mechanisms driving it are 86 

not well understood. Here, we conduct a comprehensive overview of the changes occurring in the 87 

skeletal muscle, and the resident MuSCs. 88 

Results 89 

C26 Tumors Induce Cachexia in Male and Female Mice 90 

We used C26 adenocarcinoma cells, a highly aggressive cancer that is known to induce 91 

cachexia14,15. 3-month-old male and female Balb/c mice were given two subcutaneous injections 92 

of C26 cells at different locations of the body, and the tumor were allowed to grow until the mice 93 

reached endpoint, typically between the 2-and 3-week postinjection timepoint, and the muscle was 94 

collected for analysis (Fig. 1A). 95 

To begin, we wanted to validate the findings that the C26 cells do indeed cause cachexia. We see 96 

that the C26 cells can quickly form large tumors in the mice (Fig. 1B) and that the female mice 97 

show a rapid and large loss in body weight (Fig. 1C), as well as a decrease in myofiber size (Fig. 98 

1D,E). We analyzed male mice using an EchoMRI at their endpoint and found a dramatic decrease 99 

in the percentage of fat mass, with many of the mice reaching 0% (Fig. 1F). As a consequence of 100 

this loss of fat, there is a subsequent increase in the percentage of lean mass in the tumor bearing 101 

mice (Fig. 1G). This may seem contrary to what cachexia is, which is the loss of muscle mass with 102 

or without the loss of fat, but because these are percentages the loss of fat will cause the percentage 103 

of the lean mass to increase. It is also important to note that the tumor itself is measured primarily 104 

as lean mass in the EchoMRI. As a result, we see a large decrease in the tumor free body mass of 105 

these male mice (Fig. 1H).  106 

Cachexia is associated with changes in diet and metabolism16,17. To quantify these changes, we 107 

housed male mice in metabolic cages for the entire period of tumor development, from tumor 108 

injection to endpoint. We see that within the first 2 weeks of tumor growth that there is no 109 

significant difference between the healthy controls and the tumor bearing mice with regards to 110 

food consumption (Fig. 1I,J). However, within the third week, we see a significant drop in the 111 

amount of food eaten by the tumor bearing mice (Fig. 1K). This is reflected in the energy 112 

metabolism as well. Within the first 2 weeks, there is no difference in the metabolism, with both 113 

conditions closer to a Respiratory Exchange Ratio (RER) of 1.0, indicating a preferential use of 114 

carbohydrates for their energy (Fig. 1L,M). Then in the third week, RER values in the cachectic 115 

mice drops towards 0.7 (Fig. 1N), indicating that they are starting to use more fat for energy, which 116 

may explain the loss of fat mass in these mice. Overall, we confirmed that the C26 cells that will 117 

be used in the rest of this study do induce cachexia. 118 

Cancer Alters the Myofiber Transcriptome 119 



 

 

Myofibers are the primary component of skeletal muscle, and they undergo atrophy in cachexia. 120 

However, to date, there has been no sequencing performed on only the myofibers to determine the 121 

transcriptomic changes that cachexia induces. To address this knowledge gap, we performed single 122 

myofiber RNA-Seq (smfRNA-Seq)18 on individual myofibers isolated from healthy controls or 123 

tumor bearing mice, in both male and females (Fig. 2A). Specifically, a single EDL myofiber was 124 

isolated and sequenced from each of the 4 tumor bearing mice and 4 healthy control mice of each 125 

sex. To begin, we validate that every myofiber sequenced were fast type fibers by assessing the 126 

gene expression of key fast and slow myofiber genes. We see that every sequenced were fast type 127 

as evidenced by the exclusive expression of fast fiber type genes (i.e. Myh4, Tnnt3 and Tnni2) and 128 

the lack of expression of slow fiber type genes (i.e. Myh7, Tnnt1 and Tnni1) (Expanded View Fig. 129 

1A) From the RNA-Seq results, we see that there is a large change in the myofiber transcriptome 130 

due to cancer, in both male and female mice (Fig. 2B,C). Using a threshold of LFC > 1, adjusted 131 

p-value < 0.05 and RPM > 5 in at least one condition, we see in female myofibers that 770 genes 132 

are significantly downregulated, and 1154 genes are upregulated when comparing myofibers from 133 

healthy controls to those from tumor bearing mice (Fig. 2D,E). This is in contrast to male 134 

myofibers, where only 150 and 231 genes are significantly downregulated or upregulated, 135 

respectively (Fig. 2D,E).  136 

The reason for this large discrepancy between the sexes could be due to the inherent variability 137 

between samples as each sequenced sample is that of an individual myofiber. We see that in PCA 138 

plots, the control and cachectic conditions do separate out from one another in both female and 139 

male samples (Fig. 2F,G) however in the Pearson Correlation heatmaps we do not see a strong 140 

division between control and cachexia samples (Fig. 2H). Because smfRNA-Seq is a single cell 141 

sequencing method, it is to be expected that there would be variation between samples. This 142 

variation would cause changes in gene expression to be less significant in terms of adjusted p-143 

value, due to the spread of the samples. As such, it cannot be concluded from these data whether 144 

male or female muscle is more affected by cachexia. 145 

A more in-depth analysis of the transcriptomic changes reveals that many key genes for myofiber 146 

function are deregulated in cachexia. Here, we highlight some genes selected from the top 20 most 147 

differentially expressed genes as ranked by adjusted p-value. There is an overlap between male 148 

and female myofibers. For example, PDK4, ACOT1 and ACOT2 are all in the top 20 most 149 

differentially expressed genes in both male and females (Fig. 2J-M). PDK4 inhibits pyruvate 150 

dehydrogenase, meaning it has a role glucose metabolism, and its overexpression may shift 151 

metabolism towards fatty acid oxidation19. ACOT1 and ACOT2 are genes that encode Acyl-CoA 152 

Hydrolase enzymes, which is important for fatty acid metabolism20. These findings indicate that 153 

there may be major changes in the metabolism of myofibers in cachexia. Female myofibers also 154 

showed a decrease in Mafa transcript, a key transcription factor in the maturation and maintenance 155 

of fast type myofibers (Fig. 2N)21,22. Male myofibers also have a significant decrease in Mafa 156 

expression, but it does not fall within the top 20 genes. Mafa is also known to promote the 157 

expression of Myh421, and we see in both male and female myofibers that Myh4 expression is 158 

decreased. Lastly, for the female myofibers, we observed a large increase in the expression of 159 

Map1lc3b, a gene that has a known function in autophagy (Fig. 2O)23. Looking at the top 20 most 160 

differentially expressed genes in male myofibers, we see that there is a near complete ablation of 161 

the expression of Ampd1 (Fig. 2P). AMPD1 deficiency is a common mutation with a wide array 162 

of phenotypes, ranging from asymptomatic to exercise intolerance to muscle atrophy, however the 163 

more severe phenotypes cannot be attributed solely to mutations in the AMPD1 gene24. 164 



 

 

Interestingly, while Ampd1 has lost almost all of its transcripts in males, in females there is only 165 

an approximate 40% loss of expression. We also see a considerable decrease in Mrln in male 166 

myofibers, but not in female myofibers (Fig. 2Q). This gene has a function in regulating Ca2+ 167 

uptake in the sarcoplasmic reticulum by inhibiting SERCA and its deregulation could cause defects 168 

in the ability of the myofiber to contract properly25. 169 

We performed a GSEA analysis between control and cachectic myofibers. We see in the females 170 

that among the most upregulated pathways there is Myc Targets V1, which are genes that are often 171 

activated as a response to cancer (Fig. 2R). There is also an enrichment in the Hypoxia pathway 172 

(Fig. 2R), which is known to induce muscle atrophy and inhibits myofiber growth26. When looking 173 

at the downregulated Hallmark pathways, we see that the 2 most enriched pathways are WNT Beta 174 

Catenin Signaling and NOTCH Signaling (Fig. 2S). Both signaling pathways are crucial for proper 175 

muscle function27,28. In males, many of the upregulated pathways are similar to the females, such 176 

as Hypoxia (Fig. 2T). However, their top pathway is Apoptosis (Fig. 2T), indicating that the 177 

myofibers may be undergoing cell death in cachexia. Interestingly, no downregulated pathways 178 

were significantly enriched in the male context. We wanted to compare how our results from mice 179 

contrasts with those from humans. A recent study by Judge et al. performed microarray on muscle 180 

biopsies from pancreatic ductal adenocarcinoma (PDAC) patients14. Using the publicly available 181 

data (GSE130563)14 we performed a GSEA between the cachectic (n=17) and non cachectic (n=5) 182 

patients. We found that there was a large overlap between the pathways that are enriched in the 183 

human cachectic patients and the ones enriched in the mouse data. Notably, IL2 STAT5 Signaling, 184 

Apoptosis and KRAS Signaling Up (Fig. 2U). TNFA Signaling via NFKB, IL6 JAK STAT3 185 

Signaling and Inflammatory response were also enriched but did not reach significance. These 186 

results indicate that there are common pathways that are deregulated between our mouse and 187 

human data. 188 

There are known sex differences in muscle function, therefore we wanted to further explore any 189 

potential differences between male and female myofibers and how they respond to cachexia. We 190 

see that there is a large difference in the transcriptome between male and female myofibers, 191 

regardless of whether they are from healthy mice or cachectic mice (Expanded View Fig. 1B). At 192 

a threshold of LFC > 1, adjusted p-value < 0.05 and RPM > 5 in at least one condition, there are 193 

1039 genes that are upregulated in males and 451 that are downregulated (Expanded View Fig. 1B) 194 

in healthy myofibers. In cachectic myofibers, there are 789 and 516 genes are that upregulated and 195 

downregulated in males (Expanded View Fig. 1B). Interestingly, the majority of the top 100 196 

differentially expressed genes are upregulated in the males (Expanded View Fig. 1C), this may be 197 

partially due to the Y chromosome genes, which are uniquely expressed in male cells. Through 198 

PCA analysis and Pearson Correlations, the samples tend to cluster more based on sex, while still 199 

showing a high degree of variability (Expanded View Fig. 1D-G). 200 

A more in-depth analysis of the genes that are differentially expressed between male and female 201 

myofibers indicates, as expected, that the majority of the top DEGs in are those coded on the Y 202 

chromosome, such as Ddx3y and Eif2s3y (Expanded View Fig. 1H,I). However, not every top 203 

DEG is on the Y chromosome. For example, we see that ZFP280d, which is present on 204 

Chromosome 9, is very highly expressed in male myofibers in healthy controls, averaging at 1842 205 

RPM, while in females it is mostly not expressed with an average RPM of 2.7 (Expanded View 206 

Fig. 1H). Very little is known about ZFP280d, to date no studies have been performed on its role 207 

in muscle. Interestingly, in cachexia, males lose expression of ZFP280d, with the average 208 

expression dropping to 208 RPM. Generally, we see that there is a positive correlation on the effect 209 



 

 

of cachexia in both male and females. When all genes are considered, there is an r value of 0.2432, 210 

a modest correlation (Expanded View Fig. 1J). However, when we only plot genes that are 211 

significantly different in both comparisons, we see a much stronger correlation of r = 0.8435 212 

(Expanded View Fig. 1K). As a whole, while there are differences on the effect of cachexia 213 

between male and female myofibers, the factor that more greatly explains their differences is sex 214 

itself. 215 

An imbalance between protein synthesis and protein degradation is viewed to be a mechanism that 216 

causes the loss in muscle mass29. We wanted to assess the protein dynamics in whole muscle. To 217 

do so, we used heavy labelled amino acids to track the formation of new proteins during cachexia. 218 

In short, we treated Balb/c mice with heavy arginine in their drinking water for one week, after 219 

which the water was replaced with unsupplemented water. Two days later, the mice were injected 220 

with C26 cells, and the tumors were allowed to grow for 7 days. Afterwards, mice were then given 221 

water that had heavy lysine in it for another 7 days. The mice were then euthanized and the whole 222 

muscle and tumors processed for Mass Spec analysis. 223 

From our results, we see that there is a distinct change in the proteome of cachectic mice compared 224 

to healthy controls, with the samples clustering separately on the PCA (Expanded View Fig. 2A). 225 

Pearson analysis also indicates that the cachectic muscle samples are more similar to each other 226 

than the controls (Expanded View Fig. 2B). However, we only detected 29 significantly different 227 

(LFC > 1.5, adjusted p-value < 0.05) proteins, and interestingly, most of them were upregulated 228 

(Expanded View Fig. 2C,D). This low number of significantly different proteins may be due to 229 

challenges in performing mass spectrometry on whole muscle as the structural proteins are very 230 

abundant. In our results, the top 20 most expressed proteins in the whole muscle, most of which 231 

are the myofiber structural genes, represent 50% of all detected peptides. Titin alone, which is the 232 

most highly expressed protein in the muscle, represents about 17% of all detected peptides in our 233 

results. This is in contrast to the whole tumor mass spec, where the top 20 proteins only represent 234 

about 18% of all detected peptides. 235 

When quantifying the percentage of peptides containing the heavy amino acids, we see interesting 236 

results. To begin, the muscle from the control and the cachectic mice show the incorporation of an 237 

equal percentage of heavy amino acids. As expected, the first administered amino acid (arginine), 238 

was detected at lower levels and the second heavy amino acid was highly detected, indicating that 239 

the cachectic myofibers were still capable of incorporating the amino acid and therefore were 240 

producing new proteins (Expanded View Fig. 2E). However, the most interesting result from the 241 

Mass Spec data is that the tumor itself incorporated the heavy arginine, albeit at lower levels than 242 

the muscle, which was administered prior to tumor injection (Expanded View Fig. 2E). This 243 

suggests that the tumor cells are consuming the proteins from other tissues, most likely from the 244 

muscle as it is the protein storage of the body, however, as serum kinetics and tissue source tracing 245 

were not performed it cannot be definitively stated where the heavy arginine originates from. 246 

Muscle Stem Cell Transcriptome is Greatly Altered in Cachexia 247 

We have sequenced freshly isolated MuSCs from both male and female mice in 4-month-old 248 

healthy controls and tumor bearing mice (Fig. 3A). From these results, we see that there is a large 249 

change in the transcriptome of MuSCs due to cachexia (Fig. 3B,C). In female mice, at a threshold 250 

of LFC > 1, adjusted p-value < 0.05 and RPM > 5 in at least one condition, MuSCs have 2185 251 

genes down in cachexia and 2211 are upregulated (Fig. 3D,E). Males in contrast have 751 and 531 252 



 

 

genes that are downregulated and upregulated, respectively (Fig. 3D,E). The MuSC samples 253 

cluster mostly based on cachexia in both males and females (Fig. 3F-I).  254 

When comparing male and female MuSCs, we see that there is a lot of transcriptomic changes 255 

between the sexes (Expanded View Fig. 3A,B). The samples mostly cluster based on sex in both 256 

PCA plots and with Pearson Correlation, regardless of whether the sample came from healthy or 257 

cachectic mice (Expanded View Fig. 3C-F). We see that the most differentially expressed genes 258 

are typically Y chromosome genes (Expanded View Fig. 3G,H), as was seen when comparing male 259 

and female myofibers. We wanted to assess whether the effect of cachexia was similar between 260 

male and female MuSCs. Using scatterplots plotting the LFC of gene expressing between control 261 

and cachectic, we see a strong correlation between the sexes when looking at both all genes and 262 

just the significantly different genes (Expanded View Fig. 3I,J) 263 

Looking more in depth at the changes due to cancer in the MuSC transcriptome, we see in females 264 

that among the top 20 genes that are most significantly different, that Col3a1 is greatly reduced in 265 

cachexia (Fig. 3J). Col3a1 is an essential ECM component of the MuSC niche, and its loss is 266 

associated with an increase in ECM stiffness30. Eif2s2 is also down in cachexia (Fig. 3K) This 267 

gene codes for a subunit of the eIF2 complex, and it is known that overexpression of this gene can 268 

induce muscle hypertrophy31, and the decrease in cachexia could therefore be contributing to 269 

muscle loss and a decrease in protein synthesis. Two other genes in the top 20 DEGs that are 270 

upregulated in cachexia are Cebpd and MT1 (Fig. 3L,M). Cebpd is a transcription factor that has 271 

a function in inducing inflammatory gene expression32. This may be one of the causes of the 272 

increase in inflammatory cytokine expression in MuSCs in cachexia, including Ccl11 and Il6. In 273 

male MuSCs, among the top 20 most differentially expressed genes, there are many genes 274 

important for proper MuSC function. We see that there is a large increase in OSMR expression 275 

(Fig. 3N). OSMR has multiple roles in MuSCs, particularly it is known to promote MuSC 276 

quiescence33, and it can also induce muscle atrophy34. Furthermore, Chrdl2 and Gadd45g are both 277 

increased in cachexia (Fig. 3O,P). Both of these genes have roles in maintaining MuSC quiescence. 278 

Chrdl2 is a known marker of quiescence35,36 and Gadd45g is a stress growth arrest factor37. We 279 

also see an increase in STAT3 expression in cachexia (Fig. 3Q). STAT3 is a crucial transcription 280 

factor that has a plethora of functions in MuSCs, including self-renewal, proliferation and 281 

differentiation38-40. Inhibition of STAT3 has been shown to improve muscle regeneration in aging41. 282 

More broadly, when performing a GSEA analysis, we see that there is a lot of overlap between 283 

male and female MuSCs in the enrichment of key pathways. In both sexes, we see a trend in the 284 

upregulation of Kras Signaling and, importantly, the Epithelial Mesenchymal Transition pathway 285 

when comparing control vs cachexia MuSCs. Among the downregulated pathways, we see that 286 

Oxidative Phosphorylation and MTORC1 are enriched in both male and females (Fig. 3R-U). 287 

We found that many of the genes that were altered due to cachexia, were also genes that were 288 

deregulated in aging and we wanted to determine whether there is a correlation between cachexia 289 

and aging. To confirm this, we compared the changes in the transcriptome of Control vs. Cachexia 290 

Male MuSCs to the changes in the transcriptome of Young vs. Aged Male MuSCs. The Young vs 291 

Aged data were retrieved from publicly available data (GSE171997). We see that there is a 292 

correlation between the effect of cachexia vs the effect of aging (Expanded View Fig. 4A,B). 293 

Specifically, we highlight here that both cachexia and aging cause a decrease in the expression of 294 

Sparc and Col3a1(Expanded View Fig. 4C,D), important genes for the assembly of the ECM of 295 

the MuSC niche. There is also a decrease in CCND1 (Expanded View Fig. 4E), which may indicate 296 

that the cachectic MuSCs have a delay in the entry into cycle. The inflammatory cytokine genes, 297 



 

 

Ccl7 and Ccl11, are both highly upregulated in cachexia and aging (Expanded View Fig. 4F,G), 298 

which may be drivers of the increase in inflammation seen in both conditions. Lastly, Rnase4 is 299 

upregulated (Expanded View Fig. 4H), a gene that is involved in mRNA processing and could 300 

indicate changes to translation. Together, the data presented here demonstrates that cachexia 301 

induces large transcriptomic changes whose effects are multifaceted, affecting the ECM, 302 

inflammation, cell cycle and metabolism, among others. 303 

Cachexia Alters Chromatin Accessibility in MuSCs 304 

Cachexia greatly affected the transcriptome of the MuSCs and we wanted to determine whether 305 

chromatin accessibility was also affected, as that can act as a regulator of gene expression. Using 306 

freshly isolated MuSCs from 4-month-old healthy control or tumor bearing female mice, we 307 

performed an ATAC-Seq (Fig. 4A). We see that cachexia greatly alters the chromatin accessibility 308 

of MuSCs. At a threshold of adjusted p-value < 0.05, there are 6715 significantly differentially 309 

accessible peaks (Fig. 4B). Additionally, we do see that on a PCA plot the control and cachectic 310 

MuSCs cluster separately (Fig. 4C). We associated the peaks with the nearest gene and performed 311 

a GSEA analysis. We see that many of the Hallmark pathways that are enriched in the ATAC-Seq 312 

samples are the same as the ones enriched in the RNA-Seq samples (Fig. 4D). For example, Kras 313 

Signaling, Inflammatory Response, Il6-Jak-Stat3 Signaling and the EMT pathways are all 314 

upregulated, as is the case with the RNA-Seq results. This would suggest that many of the 315 

transcriptomic changes seen in the MuSCs could be explained by alterations to chromatin 316 

accessibility and the chromatin state. Further supporting the effect of alterations in chromatin 317 

accessibility, we see that genes such as Myogenin and CCND1 have a decrease in accessibility in 318 

cachexia (Fig. 4E-G), while simultaneously having a decrease in mRNA expression. Both of these 319 

genes are important for MuSC function, with myogenin being necessary for differentiation and 320 

fusion into myofibers, while CCND1 promotes MuSC proliferation and expansion.  321 

Lastly, we wanted to determine whether these changes in chromatin accessibility also led to 322 

changes in transcription factor binding. By analysing the DNA sequences under the differentially 323 

accessible peaks between control and cachexia MuSCs, we discovered that 88 transcription factors 324 

had a significant change in the number of binding motifs present in the peaks (Fig. 4H). Many of 325 

the transcription factors that show an increase in their number of motifs are part of the Jun and Fos 326 

transcription factor families (Fig. 4H,I). The upregulation of these transcription factors is 327 

associated with stress response and inflammation and has been determined to upregulate Fos 328 

expression42. Importantly, ATF4 has more accessible binding sites in cachexia than in healthy 329 

controls (Fig. 4J). ATF4 is a master regulator of the integrated stress response and the increase in 330 

accessibility of sites containing its motif could be a driver of the observed increase in expression 331 

of stress response genes in cachectic muscle stem cells. Interestingly, we see that every myogenic 332 

regulatory factor (MRF) has a decrease in the number of accessible binding sites in the cachexia 333 

condition (Fig. 4K-N). Myf5, MyoD, Myogenin and Myf6 are all essential for the myogenic 334 

program to properly unfold. The loss of binding sites for the myogenic regulatory factors could be 335 

a major cause for MuSC dysfunction in cachexia. 336 

MuSCs Exhibit Functional Decline in Cachexia 337 

To further elucidate whether MuSCs are functionally affected by cachexia, we isolated EDL 338 

myofibers and TA muscles from 4-month-old mice 2-3 weeks after C26 tumor cell injections. We 339 

found that EDL myofibers from cachectic mice had a significantly reduced number of MuSCs (Fig. 340 

5A,B), and similarly, from the TA cross sections we see that there are also less MuSCs in cachexia 341 



 

 

compared to healthy controls (Fig. 5C,D). Importantly, it appears that there is a large decrease in 342 

the expression of PAX7 in MuSCs from tumor bearing mice. PAX7 is essential for the maintenance 343 

of the MuSC pool and a large decrease in its expression could be the primary cause of the loss in 344 

MuSC number and function43. However, it is important to note that this decrease in PAX7 protein 345 

is not reflected in the transcriptome. From the RNA-Seq, there is no significant decrease in Pax7 346 

expression. Therefore, it is probable that this decrease in PAX7 protein is due to translational 347 

changes in cachexia. 348 

To determine whether skeletal muscle regeneration was affected by C26 cancer, we injected 3-349 

month-old mice with C26 cells. After 1 week of incubation, the TA of the mice were injured with 350 

cardiotoxin (CTX) and allowed to recover for 7 days. We see that the TAs of mice that had cancer 351 

did not regenerate as well as those from healthy controls (Fig. 5E). The regenerating fibers from 352 

cachexia are smaller and we see a large decrease in the number of MuSCs (Fig. 5F,G), which would 353 

further compromise the regenerative capacity of the muscle. 354 

When MuSCs are removed from the tumor environment, they quickly recover. When we cultured 355 

isolated EDL myofibers for 48 hours, we found that the MuSCs were capable of expanding and 356 

nearly reach the levels of the controls (Fig. 5H,I). By 72 hours, the number of MuSCs in the 357 

cachexia condition was equal to those in the control (Fig. 5J,K). These results indicate that MuSC 358 

function is altered due to cancer driven changes in the niche environment.  359 

To determine whether C26 cells directly affect MuSC function, we performed a trans-well assay 360 

where isolated EDL myofibers were cocultured with C26 cells. Being exposed to C26 cells greatly 361 

affected the ability of the MuSCs to activate and proliferate. At 48 hours of coculture, there was 362 

almost no increase in the number of MuSCs on the EDLs cultured with C26 cells (Fig. 5l). This 363 

trend continued after 72 hours of coculture with C26 cells, with a significant decrease in the 364 

number of MuSCs (Fig. 5M,N). The same results were seen when the myofibers were cultured in 365 

C26 conditioned media. After 72 hours, the number of MuSCs on the myofibers in the conditioned 366 

media was significantly less than the number in the normal growth media, with numbers similar 367 

to those cultured in unsupplemented growth media (Expanded View Fig. 5A,B). Interestingly, we 368 

also saw a significant decrease in the number of Myogenin positive MuSC in the conditioned 369 

media (Expanded View Fig. 5A,C). To see whether this could be replicated in primary myoblasts, 370 

we cultured primary myoblasts in C26 conditioned media for 12, 24, and 36 hours. At all time 371 

points we found that there was a significant decrease in the percentage of Myogenin expressing 372 

cells (Expanded View Fig. 5D-I). In Cell Western Blot of primary myoblasts confirmed that when 373 

cells are cultured in C26 conditioned media there is a significant reduction in Myogenin and a 374 

decrease in MyoD (Expanded View Fig. 5J-L). Myogenin is the MRF that is responsible for the 375 

fusion of myoblasts into myotubes44, as such we wanted to determine whether this observed 376 

decrease in Myogenin would translate into deficient differentiation. An In Cell Western Blot of 377 

primary myotubes cultured for 3 days in C26 conditioned differentiation media revealed a 378 

significant decrease in MyHC expression (Expanded View Fig. 5L,M). We cultured primary 379 

myoblasts for 5 days in C26 conditioned differentiation media to assess the effect on Myogenin 380 

expression and the fusion of these cells. We found that the conditioned media resulted in a decrease 381 

in Myogenin positive nuclei, consistent with our findings in the primary myoblasts (Expanded 382 

View Fig. 5N,O). We also noted a decrease in the fusion of the cells into myotubes and a decrease 383 

in the size of the myotubes themselves (Expanded View Fig. 5P-Q). All together, the data presented 384 

here indicates that C26 cancer cells are capable of directly communicating with MuSCs. This 385 



 

 

communication has a broad deleterious effect on the myogenic program, reducing expansion of 386 

the MuSC pool and impeding differentiation. 387 

C26 Tumor Cells Adapt to the Host Environment 388 

To further elucidate the communication network between C26 cells and MuSCs, we needed to 389 

assess the transcriptome of the C26 cells. We also wanted to determine whether the transcriptome 390 

of the C26 cells was altered when the cells were engrafted and grown in vivo compared to cultured 391 

in vitro, as well as whether the sex of the host mouse had any bearing. To achieve this goal, we 392 

created a GFP over expressing C26 cell line through retroviral infection. The GFP cells were 393 

injected into 3-month-old male and female Balb/c mice and allowed to form tumors (Fig. 6A). The 394 

tumors were grown until the mice neared endpoint. At that time the tumors were dissected and 395 

single cell suspensions created to FACS sort the GFP positive cells (Fig. 6B,C). RNA-Seq libraries 396 

were generated from the cultured in vitro GFP C26 cells, as well as the GFP C26 cells isolated 397 

from male and female mice. 398 

From the sequencing results, we see that there is a large change in the transcriptome when the C26 399 

cells were grown in vivo, with the in vivo samples clustering away from the in vitro ones (Fig. 400 

6D,E). Interestingly, there are far more genes that are differentially expressed between the in vitro 401 

and in vivo samples than when comparing male and female grown cells. At a threshold of adjusted 402 

p-value < 0.1, there are 7880 upregulated and 3155 downregulated genes between in vitro and in 403 

vivo in females, while only having 200 upregulated and 272 downregulated genes between female 404 

and male in vivo C26 cells (Expanded View Fig. 6A). The results are even more striking when 405 

using our most stringent threshold of adjusted p-value < 0.001. Between in vitro and in vivo in 406 

females there are 4708 and 907 upregulated and downregulated genes, respectively. However, 407 

between in vivo female and male, there is a paltry 11 genes that are significantly upregulated and 408 

20 that are significantly downregulated (Expanded View Fig. 6A). The sex of the host appeared to 409 

have a minimal effect on the transcriptome of the C26 cells, when compared to the effect seen 410 

between in vitro and in vivo (Fig. 6F-I; Expanded View Fig. 6B,C). From the GSEA analysis, we 411 

see that there is a large overlap in the enriched Hallmark pathways when comparing in vitro vs in 412 

vivo in female and in vitro vs in vivo in male. Among the top enriched pathways, Allograft 413 

Rejection, Complement, Kras Signaling, and Il6 Jak Stat3 Signaling are upregulated in both 414 

comparisons (Fig. 6J; Expanded View Fig. 6D). We also see that Inflammatory Response, EMT 415 

and Il6 Jak Stat3 Signaling pathways are enriched when comparing in vivo in female vs in vivo in 416 

male (Fig. 6K). Together, these data indicate that C26 cells adapt to the in vivo environment to 417 

promote their survival and growth, but that the sex of the host has no major effect on C26 behaviour. 418 

Our results indicate that many immune cell genes are upregulated in the in vivo condition compared 419 

to the in vitro. To ensure that the changes in the transcriptome previously observed were not due 420 

simply to host cell contamination or our RNA-Seq, we further assessed the expression of immune 421 

related genes. We found that while there was an upregulation of many immune genes in vivo, 422 

including Adgre1 and Mrc1, many immune genes were not expressed at all, such as CD163 and 423 

MARCO (Expanded View Fig. 6E). This makes it unlikely that there is immune cell contamination 424 

as there would not be selective expression of certain immune related genes, but rather an increase 425 

in all the immune genes. Interestingly, some immune genes were already expressed in the in vitro 426 

cultured condition, in which there could not be any immune cell contamination, including CD14 427 

and CD80 (Expanded View Fig. 6E). To further confirm there are no host contaminating cells in 428 

the samples, we analyzed the expression of Y chromosome genes. We chose to do this because 429 



 

 

C26 cells were originally derived from female Balb/c mice and are therefore female cells lacking 430 

a Y chromosome. If there were to be contamination from the host, we would see expression of Y 431 

chromosome genes in the in vivo in male mice condition. However, that is not the case, there is no 432 

upregulation of Y chromosome genes in the in vivo in male condition compared to in vitro and in 433 

vivo in female (Expanded View Fig. 6F,G). Using our male and female MuSC RNA-Seq data for 434 

comparison, we see that only the male MuSCs express Y chromosome genes, with the C26 cells 435 

resembling the female MuSCs (Expanded View Fig. 6F). These results indicate that there is no 436 

contamination from other cell types, and that it is the C26 cells that are expressing these immune 437 

genes. We speculate that the C26 cells are undergoing immune mimicry to evade the host immune 438 

system. 439 

Cancer Increases Circulating MMP9 and GDF15 Which Impedes MuSC Function 440 

C26 tumors are solid tumors that we have injected subcutaneously and therefore are not present in 441 

the muscle itself. Any communication that C26 cells have with muscle cells must therefore be 442 

through the production of signaling molecules that travel through the blood. To assess how the 443 

cytokine landscape is altered in cachexia, we performed a Cytokine Array on serum from male and 444 

female mice that were either healthy or injected with C26 tumors. Several cytokines changed their 445 

levels due to cachexia, with a particular interest in MMP9 and GDF15 (Fig. 7A,B). From the array, 446 

we see that in cachexia MMP9 levels are approximately 5 times and 3 times higher in male and 447 

female mice, respectively (Expanded View Fig. 7A,B). Similarly, GDF15 is approximately 25 448 

times higher in cachectic male mice compared to controls, and approximately 4 times higher in 449 

cachectic females (Fig. 7C,D). These cytokines are produced by the C26 cells, with MMP9 being 450 

expressed only in the C26 cells, not in MuSCs or Myofibers, and increasing in transcriptional 451 

expression when C26 is grown in vivo (Expanded View Fig. 7C). GDF15 is produced in both the 452 

C26 cells and MuSCs, with its expression transcriptionally decreasing when C26 cells are grown 453 

in vivo (Fig. 7E,F). 454 

From the cancer genome atlas (TCGA) we retrieved human data from patients with colon 455 

adenocarcinoma and pancreatic adenocarcinoma. Only patients that did not receive chemotherapy 456 

or surgery were selected. From these data, we see in both types of cancer that the patients that had 457 

higher levels of GDF15 or MMP9 had a worse prognosis than those that had lower levels of the 458 

cytokines (Expanded View Fig. 7D-G). These findings highlight the potential role of GDF15 and 459 

MMP9 in cancer progression. 460 

Both GDF15 and MMP9 are known to induce the expression of SNAI1 and upregulate the EMT 461 

pathway. This is of particular interest as we see from the RNA-Seq data that the EMT pathway is 462 

upregulated in cachectic MuSCs, and specifically we see a large upregulation of Snai1 expression 463 

(Fig. 7G). We confirm with qPCR that primary myoblasts cultured in C26 conditioned media have 464 

an increase in Snai1 transcript (Expanded View Fig. 8A), indicating that it is through direct 465 

signaling between cancer cells and myogenic cells that induces the upregulation of Snai1. Previous 466 

studies have shown that SNAI1 represses myogenic differentiation by outcompeting MyoD 467 

binding and blocking the expression of Myogenin45. An aberrant over expression of SNAI1 can 468 

block the ability of myogenic cells from differentiating and fusing into myotubes.  These findings 469 

are corroborated by our MuSC RNA-Seq data, where we see a decrease in Myogenin expression 470 

and key differentiation genes, such as Mymk, which is necessary for myoblast fusion (Fig. 7H,I). 471 

To determine whether MMP9 can directly induce SNAI1 expression in primary myoblasts, we 472 

treated these cells with MMP9 for 12 hours. Staining revealed that there was a higher percentage 473 



 

 

of High SNAI1 expressing cells in the MMP9 treated condition compared to the controls 474 

(Expanded View Fig. 8B,C). However, we did not observe a decrease in Myogenin at this timepoint 475 

(Expanded View Fig. 8C,D). Further, we treated EDL myofibers, that were cultured 36 hours prior, 476 

with MMP9 for 1 hour and then stained for phosphor-SMAD3 (Expanded View Fig. 8D). Exposure 477 

to MMP9 resulted in an increase in phosphor-SMAD3 staining compared to controls (Expanded 478 

View Fig. 8E). These results suggest that MMP9 can directly signal to myogenic cells and induce 479 

the expression of SNAI1. 480 

We also wanted to determine whether GDF15 can directly signal to MuSCs. Freshly isolated EDL 481 

myofibers were cultured in unsupplemented growth media and treated with GDF15. 24 hours post 482 

isolation, we see that while there was no change in the MuSC number, there is an increase in the 483 

percentage of High SNAI1 expressing MuSCs (Fig. 7J-L). However, at 60 and 72 hours of culture, 484 

we see that compared to the unsupplemented myofibers, the GDF15 treatment resulted in an 485 

increase in MuSC number and a decrease in Myogenin expressing MuSCs (Fig. 7M,N; Expanded 486 

View Fig. 8F-H). Primary myoblasts were then treated for 24 hours with GDF15, and similar 487 

results were obtained. Primary myoblasts that were treated with GDF15 had higher levels of SNA1 488 

and lower levels of Myogenin compared to the unsupplemented condition (Expanded Fig. 7P-R). 489 

Together, these data indicate that MMP9 and GDF15 can affect MuSC function, promoting 490 

proliferation at the expense of differentiation. 491 

Blocking Snai1 Rescues Defect in Differentiation and Prevents Cell Death 492 

It has previously been established that SNAI1 is a potent inhibitor of myogenic differentiation45. 493 

We questioned whether reducing SNAI1 via siRNA knockdown would restore the differentiation 494 

potential of primary myoblasts exposed to C26 conditioned media. Cells were treated with 495 

siSNAI1 or siControl and then differentiated for 3 days in either normal differentiation media or 496 

C26 conditioned differentiation media. We found that the knockdown of SNAI1 resulted in an 497 

increase in fusion even in the normal differentiation media, increasing from approximately 40% 498 

fusion in the siControl condition to 60% (Fig. 7O-P). Importantly, the knockdown of SNAI1 was 499 

able to partially rescue the defect in differentiation when cells are cultured in conditioned media. 500 

The siControl cells only had a fusion index of approximately 20% while the SiSNAI1 treated cells 501 

had a fusion index of approximately 35% (Fig. 7Q,R). Furthermore, there is a restoration of 502 

Myogenin levels in the siSNAI1 condition, however not to the levels of cells that are cultured in 503 

normal differentiation media. (Fig. 7S,T). 504 

When myoblasts are differentiated in C26 conditioned media, we observed a large number of 505 

floating cells and a decrease in the number of cells, indicating that these cells were undergoing cell 506 

death. We determined that these cells were lost from apoptosis as evidenced by the high percentage 507 

of cells, approximately 80%, expressing Cleaved Caspase3 (Fig. 7S,U). The knockdown of SNAI1 508 

was able to partially rescue the cell death phenotype with only approximately 25% of cells being 509 

cleaved Caspase3 positive (Fig. 7S,U). Together these results highlight the role of SNAI1 510 

upregulation in the defect of the MuSC pool and differentiation potential in cachectic mice. 511 

Knockout of GDF15 in C26 Cells does not Prevent Cachexia 512 

GDF15 has recently become a protein of great interest in the field of cachexia research. Recent 513 

studies have shown that GDF15 can suppress the appetite of cancer patients and that, by blocking 514 

GDF15 in the body, cachexia can be prevented46. We wanted to determine whether knocking out 515 

GDF15 in C26 tumors can prevent muscle wasting in mice. To achieve this, we generated Crispr 516 



 

 

GDF15 knockout and Crispr Control C26 cells. Mice were subcutaneously injected with the Crispr 517 

cells and tumors were allowed to grow until mice reached endpoint. Surprisingly, the GDF15 KO 518 

tumors grew faster, and mice reached endpoint within 3 weeks, compared to Crispr Control tumors 519 

where mice who reached endpoint between 4-5 weeks post tumor injection. However, this does 520 

not appear to be due to differences in proliferation between the cells as in vitro EDU assays showed 521 

equal EDU incorporation (Expanded View Fig. 9A,B) The KO of GDF15 in the C26 cells had no 522 

effect on body mass, with both the KO and the controls losing the same amount of body weight 523 

(Expanded View Fig. 9C). The GDF15 KO tumors grew larger than the controls (Expanded View 524 

Fig. 9D) and interestingly, the TA muscle mass was significantly reduced in the GDF15 KO tumor 525 

condition compared to the Crispr Control mice (Expanded View Fig. 9E). The TA cross sectional 526 

area of the GDF15 KO tumor mice was slightly reduced compared to the Crispr controls as well 527 

(Expanded View Fig. 9F,G). Overall, there was no significant difference between the percentage 528 

of fat mass and lean mass between the Crispr Control and GDF15 KO tumor bearing mice 529 

(Expanded View Fig. 9H,I). We also validated the levels of circulating GDF15 and found that 530 

while there was a significant reduction of GDF15 in the serum of the Crispr KO tumor bearing 531 

mice, there was still GDF15 present, meaning that the tumor is not the sole source of GDF15 in 532 

the body (Expanded View Fig. 9J). Furthermore, the KO of GDF15 in the tumor did not result in 533 

any differences in metabolism or food consumption during the second week post tumor injection 534 

(Expanded View Fig. 9K,L). We do see, surprisingly, that there was a trend towards a lower daily 535 

food intake in the GDF15 KO tumor bearing mice (Expanded View Fig. 9M). This is contrary to 536 

expectations as GDF15 is a known appetite suppressor. However, as previously stated, the GDF15 537 

KO tumors grew faster and at this time point the mice in the GDF15 KO cohort were nearing 538 

endpoint, while the Crispr Controls were still relatively healthy. This could explain the discrepancy. 539 

We also observed a trend of the GDF15 KO tumor bearing mice shifting their energy consumption 540 

towards fat instead of carbohydrates, as evidenced by the decrease in RER towards 0.7 (Expanded 541 

View Fig. 9N). 542 

Next, we assessed the effect of knocking out GDF15 in the C26 tumors on MuSC numbers. Freshly 543 

isolated EDL myofibers were stained for Pax7 and the MuSC number quantified. We found that 544 

there was no difference between the Crispr Control and GDF15 KO conditions, both exhibited a 545 

similar reduction in MuSC number when compared to healthy controls (Fig. 8A,B). We also 546 

quantified the number of MuSCs in TA cross sections, and the same result was obtained, both 547 

tumor conditions resulted in an equal loss of MuSCs (Fig. 8C,D). We then assessed how primary 548 

myoblasts cocultured with GDF15 KO C26 cells were affected. We found that there was no change 549 

in the proliferation of primary myoblasts, as evidenced by EDU incorporation (Expanded View 550 

Fig. 10A,B). Further, differentiation was equally reduced when cells were differentiated in the 551 

presence of Crispr Control or GDF15 KO C26 cells (Expanded View Fig. 10C,D). We did observe, 552 

however, an increase in the number of MuSCs in the EDL myofibers that were cocultured with the 553 

GDF15 KO C26 cells when compared to those cultured with the Crispr Control cells, as well as a 554 

reduction in Myogenin positive MuSCs (Expanded View Fig. 10E-F). As a whole the data 555 

presented here indicates that, in mice, the knockout of GDF15 in the tumor is not sufficient to 556 

rescue the cachexia phenotype and does not prevent the loss of MuSCs.  557 

Pharmacological Inhibition of MMP9 Restores MuSC Pool in Cachectic Mice 558 

MMP9 is known to induce SNAI1 expression in cancer cells47. The drug JNJ0966 is an MMP9 559 

zymogen inhibitor48. It functions by preventing the proprotein MMP9 from being cleaved into its 560 

active form. It is highly specific and does not block the activation of proMMP1, 2 and 348. We 561 



 

 

wanted to determine whether the pharmacological inhibition of MMP9 can rescue the cachectic 562 

phenotype. 563 

Mice were injected with C26 cells and the tumors were allowed to grow for 7 days. On Day 7, the 564 

mice were injured with BaCl2 injection in the TA muscle and then given daily JNJ0966 or DMSO 565 

subcutaneous injections. Mice treated with the MMP9 inhibitor did not lose as much body weight 566 

as their control counterparts, despite having the same tumor sizes (Fig. 8E.F). The TA muscles 567 

from the uninjured leg were significantly larger relative to the total body weight in the JNJ0966 568 

treated mice compared to the DMSO controls (Fig. 8G). A similar trend was observed in the injured 569 

TAs but did not reach statistical significance (Fig. 8H). However, there was no significant change 570 

in the CSA of the TA myofibers in either injured or uninjured TA muscle (Fig. 8I-K).  571 

Our findings show that cachectic mice exhibit a decline in the MuSC pool. We quantified the 572 

number of MuSCs on EDL myofibers freshly isolated from tumor bearing mice treated with 573 

JNJ0966 or DMSO. We found that the mice that had MMP9 inhibited had a significantly higher 574 

number of MuSCs per EDL myofiber, averaging approximately 6 MuSCs per fiber in contrast with 575 

the average 4 MuSCs per myofiber in the DMSO control (Fig. 8L,M). In addition, we see the same 576 

results in the TA cross sections. In the uninjured TAs there is a significant increase in the MuSC 577 

pool of the JNJ0966 treated mice, averaging at 10.45 MuSCs/mm2, compared to the 3.65 578 

MuSCs/mm2 in the DMSO control (Fig. 8N,O). The increase in the MuSC pool is even more 579 

striking in the injured TA muscle. Earlier, we found that cachectic mice fail to expand their MuSC 580 

pool when the muscle is injured (Fig. 5G). The JNJ0966 treatment rescues that defect and shows 581 

an expansion of the MuSC number in response to injury, with an average of 52.7 MuSCs/mm2, 582 

while the DMSO control mice only possessed an average of 5.21 MuSCs/mm2 (Fig. 8N,O). 583 

These data together indicate that MMP9 is a potential target as novel cancer cachexia therapy. By 584 

inhibiting MMP9 activation we were able to restore the MuSC pool in cachectic mice and reduce 585 

the loss of body weight. 586 

DISCUSSION 587 

Cancer cachexia induces extensive remodeling of skeletal muscle that extends beyond mature 588 

myofibers to the resident muscle stem cell compartment. Using an integrated approach combining 589 

single-myofiber and MuSC RNA-seq, ATAC-seq, proteomic tracing, and regeneration assays, we 590 

show that cachexia is associated with broad suppression of the myogenic differentiation program 591 

together with metabolic and stress-associated remodeling. Our findings further support a model in 592 

which tumor-derived secreted factors contribute to a reversible disruption of MuSC function, with 593 

induction of EMT-like phenotype as mediator of impaired muscle stem cell differentiation in 594 

cachectic condition. 595 

Single-myofiber RNA-seq shows that cachexia drives extensive transcriptional alterations leading 596 

to significant changes in their genetic network related to metabolic state and stress response. The 597 

upregulation of PDK4, ACOT1, and ACOT2 suggests a shift toward fatty-acid oxidation, 598 

consistent with decreased respiratory exchange ratio and fat mass observed in vivo (Fig. 2). 599 

Additionally, downregulation of Mafa, Myh4, and Ampd1 suggest selective susceptibility of fast-600 

twitch fibers to cachexic environment (Fig. 2). Enrichment of hypoxia and apoptotic pathways, 601 

coupled with repression of WNT and Notch signaling, highlights a reduction of anabolic programs 602 

within the myofibers. These alterations are in line with human cachexia studies implicating 603 



 

 

oxidative stress, mitochondrial dysfunction, and metabolic reprogramming as important drivers of 604 

atrophy49-52. 605 

In the cachectic environment MuSCs exhibit reduced expression of extracellular-matrix and niche-606 

organizing factors such as Col3a1 and Sparc, respectively and key regulators of proliferation and 607 

translation (CCND1, Eif2s2), alongside induction of inflammatory and quiescence-associated 608 

transcripts (Ccl7, Il6, Osmr, Chrdl2, Stat3) (Fig. 3). Pathway enrichment analysis implicates EMT, 609 

IL6–JAK–STAT3, and KRAS signaling, and suppression of oxidative phosphorylation and 610 

mTORC1 activity for muscle stem cells. These data collectively suggest a chronic stress-induced, 611 

regeneration deficient state. Interestingly, comparison of gene expression data with aged MuSCs 612 

reveals a substantially common transcriptomic signature between cachectic and aged muscle stem 613 

cells, suggesting that cachexia phenocopies aspects of muscle stem cell aging through activation 614 

of inflammatory pathways and metabolic reprogramming (Expanded View Fig. 4). 615 

ATAC-seq provides further mechanistic insight into this reprogramming. In freshly sorted muscle 616 

stem cells, cachexia reduces chromatin accessibility at the Myogenin and CCND1 loci while 617 

enhancing the accessibility of ATF4, FOS and JUN binding motifs. These findings suggest that 618 

stress-responsive factors dominate the cachectic regulatory landscape, concurrent with the 619 

repression of the myogenic differentiation network. Such differentiation related chromatin erosion 620 

mirrors observations in aging and dystrophic contexts where environmental stress remodels stem-621 

cell epigenomes53-55. Although MuSCs from cachectic mice display impaired proliferation and 622 

regenerative capacity, they rapidly regain their function ex vivo, underscoring that their 623 

dysfunction is largely reversible and niche-driven rather than due to cell-intrinsic dysregulation 624 

(Fig. 5). 625 

Transcriptomic profiling of GFP-labeled C26 cells before and after injection into the mice revealed 626 

a dramatic in vivo reprogramming, including activation of IL6–JAK–STAT3, KRAS, and EMT 627 

pathways, as well as induction of Adgre1 and Mrc1. These changes were independent of host sex, 628 

suggesting that tumor adaptation to the host microenvironment rather than hormonal milieu drives 629 

cachexia-relevant signaling. The upregulation of immune-associated transcripts in tumor cells, 630 

without host cell contamination, suggests that C26 cells acquire immune cell-like features, likely 631 

with the purpose to evade immune surveillance while simultaneously secreting cytokines that 632 

affect peripheral tissues. 633 

Serum profiling from mice using cytokine array identified GDF15 and MMP9 as tumor-derived 634 

factors that were highly elevated during cachexia (Fig. 7). GDF15, a TGFβ superfamily cytokine, 635 

has been implicated in appetite suppression and systemic energy imbalance56,57 and has been 636 

implicated in the induction of SNAI158. On the other hand, MMP9 is known as an ECM-637 

remodeling protease, which plays an important role in ECM remodeling and controls cell adhesion 638 

and polarity59,60. MMP9 is also implicated in activation of latent TGFβ ligands61, and is shown to 639 

promote SNAI1 induction via SMAD3 phosphorylation47. 640 

The upregulation of SNAI1 has been previously implicated in blocking differentiation of 641 

myoblasts into myotubes45. We found that MuSCs from cachectic mice and myoblasts exposed to 642 

C26 cells had an increase in SNAI1 expression and failed to differentiate. By knocking down 643 

SNAI1 we were able to rescue the defect in differentiation and prevent cell death in myoblasts 644 

cultured in C26 conditioned media. These findings highlight SNAI1 and the upregulation of the 645 

EMT pathway as key drivers of the decline in MuSC function and number in cachectic mice. 646 



 

 

Although upregulation of Snai1 in muscle stem cells from cachectic mice and their impaired 647 

differentiation correlates with upregulation of tumor-derived GDF15 and MMP9, we cannot 648 

establish a direct relationship between Snai1 induction in muscle cells and GDF15/MMP9 from 649 

tumor cells with our current data. Interestingly, knockout of GDF15 in C26 tumors did not rescue 650 

muscle wasting, revealing redundancy from host or stromal sources such as macrophages and 651 

myofibers themselves (Fig. 8). 652 

While the removal of tumor derived GDF15 did not result in any improvement in muscle wasting, 653 

we determined that pharmacological inhibition of MMP9 using the drug JNJ0966 does lead to an 654 

improvement. We see that mice treated with JNJ0966 have a reduced loss of body weight due to 655 

the cancer and are able to maintain their MuSC pool and even expand it in the case of injury (Fig. 656 

8). A previous study found that MMP9 derived from gastric cancer associated macrophages 657 

induces metastasis through activation of the PI3K/AKT/SNAI1 pathway and by inhibiting MMP9 658 

with JNJ0966 metastasis was blocked47. These results implicate MMP9 inhibition as a potential 659 

therapeutic target in cancer cachexia. 660 

Together, our findings support a model in which C26 tumor cells undergo substantial 661 

transcriptional adaptation within the host and generate a circulating signaling environment that 662 

alters skeletal muscle and its resident stem cells. In MuSCs, this environment is associated with 663 

metabolic and stress-response remodeling, reduced accessibility of the myogenic regulatory 664 

landscape, and induction of a SNAI1-associated EMT-like transcriptional program that suppresses 665 

differentiation and promotes cell death (Fig. 9). GDF15 contributes to this signaling landscape but 666 

is not by itself required for the cachectic phenotype, whereas MMP9 emerges as a potential 667 

candidate upstream regulator whose pharmacological inhibition preserves the MuSC pool and 668 

restores its capacity to expand after injury. Thus, rather than establishing a single-factor pathway, 669 

our data define a combinatorial framework in which tumor-derived and host-derived signals 670 

converge on reversible cell-state changes in MuSCs, identifying SNAI1-associated myogenic 671 

suppression and MMP9 activity as potential points of therapeutic intervention in cancer-associated 672 

regenerative failure. 673 

Materials 674 

Reagent or Resource Source Identifier 

Antibodies 

PAX7 DSHB RRID: AB_528428 

MYOD1 (G1) Santa Cruz Cat# Sc-377460; RRID: 

AB_2813894 

Myogenin DSHB RRID: AB_2146602 

MF20 DSHB RRID: AB_2147781 

SNAI1 Novus Biologicals Cat# NBP2-27184; RRID: 

AB_2797904 

Phosphor-SMAD3 (S423/425) Cell Signaling Cat# 9520S; RRID: 

AB_2193207 

Anti-mouse ITGA7-Alexa647 R&D Systems Cat# FAB3518R; RRID: 

AB_10973483 

Anti-mouse PE-CD11b Invitrogen Cat# 12-0112-82; RRID: 

AB_2734869 

Anti-mouse PE-CD31 BD Pharmigen Cat# 553373; RRID: AB394819 



 

 

Anit-mouse PE-Sca1/Ly6A-E BD Pharmigen Cat# 553108; RRID: 

AB_394819 

Anti-mouse PE-CD45 Invitrogen Cat# 12-0451-82; RRID: 

AB_465668 

Alexa Fluor 488 goat anti-rabbit 

IgG 

Invitrogen A11008 

Alexa Fluor 594 goat anti-mouse 

IgG2b 

Invitrogen A21145 

Alexa Fluor 594 goat anti-rabbit 

IgG 

Invitrogen A11012 

Alexa Fluor 488 goat anti-mouse 

IgG1 

Invitrogen A21121 

Alexa Fluor 594 goat anti-mouse 

IgG1 

Invitrogen A21125 

Alexa Fluor 647 goat anti-rabbit 

IgG 

Invitrogen A21245 

Chemicals and Recombinant Proteins 

Fetal Bovine Serum Wisent 080-450 

10% Goat Serum Thermofisher 50062Z 

Horse Serum Wisent 065-150 

BSA Sigma Aldrich 9048-46-8 

Glycine Bioshop GLN001.5 

Sucrose Millipore Sigma S7903 

Triton-X100 BioShop TRX777.500 

Ham’s F10 Nutrient Mix Thermofisher 11550043 

DMEM Thermofisher 11965118 

RPMI 1640 Thermofisher 11875093 

PBS 1X Wisent 311-013-CL 

Penicillin-Streptomycin (10,000 

U/mL) 

Thermofisher 15140122 

bFGF Thermofisher PHG0266 

Collagen from rat tail tendon Millipore Sigma 11179179001 

2-Methylbutane Millipore Sigma 270342 

Frozen Section Compound VWR 95057-838 

Collagenase D Millipore Sigma 1108888201 

Dispase II Millipore Sigma 4942078001 

Hoechst Thermofisher 62249 

Paraformaldehyde Electron Microscopy 

Sciences 

15714 

Prolong Gold Antifade Mountant 

with DNA Stain DAPI 

Thermofisher P36931 

Ampure XP beads Beckman Coulter A63882 

Cardiotoxin Latoxan L8102-1MG 

L-Lysine-2HCl, 13C6, 15N2 Thermofisher 88432 



 

 

L-Arginine-
13C6,15N4 hydrochloride 

Millipore Sigma 608033 

Recombinant Mouse GDF-15 

(CHO-expressed) Protein 

R&D Systems 10596-GD-025 

Recombinant Mouse MMP-9 

Protein 

R&D Systems 909-MM-010 

JNJ0966 R&D Systems 6439 

Commercial Kits 

Click-iT EdU Cell Proliferation 

Kit for Imaging Alexa Fluor 594 

Dye 

Thermofisher C10339 

SMART-Seq HT Kit Takara Bio 634456 

Nextera XT DNA Library 

Preparation Kit 

Illumina FC-131-1024 

Nextera XT Index Kit Illumina FC-131-1001 

Tagment DNA Enzyme and 

Buffer (Small Kit) 

Illumina 20034210 

Proteome Profiler Mouse XL 

Cytokine Array 

R&D System ARY028 

 675 

Methods  676 

Mouse Strains and Animal Care 677 

All mouse procedures conducted in this study were approved and performed in accordance with 678 

the guidelines set by the University of Ottawa’s Animal Care and Veterinary Services (ACVS) 679 

committee. Male and Female Balb/c mice were used in this study. All the mice used in the 680 

experiments are age and sex matched. All the mice that were used in experiments were 4 weeks 681 

old and 3-4 months old. Mice were maintained at 21°C with 20% humidity under a 14-hour 682 

light/10-hour dark cycle, food and water were provided ad libitum.  683 

Cell Culture 684 

C26 adenocarcinoma cells were cultured with growth media (RPMI supplemented with 10% FBS, 685 

1% penicillin/streptomycin) in an incubator at 37°C and 5% CO2. Cells were passaged at 70% 686 

confluency. 687 

Primary myoblasts were cultured on collagen (Roche, 11179179001) coated plates with growth 688 

media (Ham’s F10 (Gibco, 11550043) supplemented with 20% FBS, 1% penicillin/streptomycin 689 

and 5 ng/mL of bFGF (Thermo Fisher, PHG2066)) in an incubator at 37°C and 5% CO2. Cells 690 

were passaged at 70% confluency. For conditioned media experiments, conditioned media was 691 

created by culturing C26 in primary myoblast growth media for 48 hours. The media was collected 692 

and centrifuged at 500 g to remove residual cells. Myoblasts are cultured in with conditioned media 693 

at a 1:1 ratio with normal differentiation media. 694 

Primary Myoblast Differentiation 695 

Cultured myoblasts were grown to 90% confluence and differentiated in DMEM supplemented 696 

with 5% horse serum (HS) and 1% penicillin/streptomycin for the duration of the experiment. After 697 



 

 

3 days the media was replaced with fresh differentiation media for the duration of the assay. For 698 

conditioned media experiments, conditioned media was created by culturing C26 in differentiation 699 

media for 48 hours. The media was collected and centrifuged at 500 g to remove residual cells. 700 

Myoblasts are cultured in with conditioned media at a 1:1 ratio with normal differentiation media. 701 

C26 Tumor Injection 702 

Cultured C26 cells were trypsinized and the number of cells counted using Trypan Blue. The cells 703 

were suspended in 2% FBS/PBS. Mice were anesthetized with isoflurane and were injected twice, 704 

subcutaneously, with 1 million C26 cells each injection. Tumors were allowed to grow until the 705 

mice reached endpoint, or until the end of the experiment. Mice injected with Crispr C26 cells 706 

were given two injections of 2 million cells each. 707 

Generation of GFP C26 Adenocarcinoma Cells 708 

Stable cell lines of C26 GFP expressing cells were generated as previously described62. Briefly, 709 

retrovirus particles containing the eGFP Plasmid were generated in Phoenix helper-free retrovirus 710 

producer lines using lipofectamine transfection. The viral supernatant was collected 48 h after 711 

transfection and subsequently applied to cultured C26 cells for 8 h. The cells were then washed 712 

twice with 1 × PBS and grown for 48 h in normal growth media. Cells were cultured in Puromycin 713 

Selection Media (DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 2.5 μg/ml 714 

puromycin) for 1 week. The cells were then cultured in Low Puromycin Maintenance Media 715 

(DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 1.25 μg/ml puromycin). 716 

Generation of GDF15 Crispr KO C26 Cells 717 

CRISPR guide RNAs targeting exon 1 of Gdf15, this exon being common to all annotated isoforms, 718 

were designed63 and cloned into pLentiCRISPRv2_GFP64, such that guides did not share any 719 

potential off-target sequences. A control guide targeting Renilla luciferase was also cloned into the 720 

same vector. Guide sequences are given in Table 1. Lentiviral particles were generated from these 721 

vectors as previously described65 and were used to transduce C26 cells. Transduced cells 722 

expressing GFP were sorted using a Sony SH800 Cell Sorter. Seven days post-transduction, 723 

genomic DNA was isolated from sorted cells and was used as template in a PCR reaction with 724 

primer pair GCGATTGCGTCAGATTTCCG & CCGAATTAGCCTGGTCACCC. PCR products 725 

were purified and subjected to sequencing using Oxford Nanopore technology (Plasmidsaurus, OR) 726 

with data being analyzed for gene disruption efficiency using Crispresso2 software66. The 727 

populations generated with the most efficient guides (2 and 3) as well as the control population 728 

were again sorted using a Sony SH800 but this time to single cells to generate monoclonal 729 

populations. Genomic DNA from these populations was then isolated and used as template in PCR 730 

reactions with the same primer pair as before, with the PCR products being subjected to Sanger 731 

sequencing. Sanger reads were de-convolved using the Tide software suite67 to identify clones 732 

where out-of-frame knockout mutations had been introduced at the target site. 733 

 734 

JNJ0966 Treatment 735 

Mice were injected with C26 cells as described above. The tumors were allowed to grow for 7 736 

days and then the mice tibialis anterior were injured with a 50 μL intramuscular injection of 1.2% 737 

BaCl2. After injury, the mice were subcutaneously injected daily with 12mg/kg of JNJ0966 or with 738 

DMSO as a vehicle control, for 7 days.  739 



 

 

Isolation of MuSCs by FACS 740 

Muscle stem cells were isolated by Fluorescence Activated Cell Sorting (FACS) as previously 741 

described55. In brief, hindlimb muscles of the mice were dissected and mechanically minced. The 742 

minced muscles were transferred to a 15 mL conical tube and 5 mL of digestion buffer (F10 media, 743 

10 U/mL Dispase II (Roche, 39307800), 2.4 U/mL Collagenase D (Roche, 11088882001) and 744 

0.5mM CaCl2). Muscles were initially digested on a shaker for 20 minutes at 37 °C and 5% CO2. 745 

After the first round of digestion, the muscles were centrifuged for 10 seconds at 500g, and the 746 

supernatant was transferred to a fresh 50 mL conical tube containing 8 mL of FBS. The remaining 747 

muscle pellet was triturated and digested for a second time in an additional 5 mL of digestion 748 

buffer for 20 minutes. After the second digestion, the digested muscles were added to the same 50 749 

mL conical tube containing the first digestion, and the entire mixture was filtered using a 40 µm 750 

cell strainer into a fresh 50 mL conical tube.  751 

The filtered sample was centrifuged at 500g for 10 minutes at 4oC. The supernatant was removed 752 

and the pellet resuspended in 500 μL of FACS Buffer (2% FBS and 0.5mM EDTA in PBS) 753 

containing the antibody mixture (Alexa 647- ITGA7 (1:500) (R&D systems, FAB3518R, clone # 754 

334908) , PE-Cyanine7- VCAM-1 (1:500) (Invitrogen, 25-1061-82, clone # 429) ,PE-755 

CD31(1:5000) (Invitrogen, 12-0311-82, clone # 390), PE-CD45 (1:5000)  (Invitrogen, 12-0451-756 

82, clone # 30F11), PE-CD11b (1:5000)  (Invitrogen, 12-0112-82, clone # M1/70), PE-SCA1 757 

(1:5000)  (BD Biosciences, 553108, clone # D7) and Hoechst 33342 (Molecular Probes, H1399)). 758 

The samples were incubated for 20 minutes at RT with constant agitation and protected from light. 759 

The samples were washed by adding 10 mL of FACS Buffer directly to the sample and centrifuging 760 

at 500g for 10 minutes. The supernatant was removed, and the cell pellet resuspended in 1 mL of 761 

FACS buffer. The samples were then filtered through a 40-µm cell strainer into a FACS compatible 762 

polypropylene round-bottom tube. The cells were sorted for the 763 

ITGA7+/VCAM1+/Hoechst+/CD31−/CD45−/CD11b−/SCA1− population as described previously 764 

with a Sony SH800 Cell Sorter55. 765 

FACS Sorting C26 Cells from Whole Tumor 766 

Mice that were injected with GFP C26 tumor cells were euthanized and the whole tumor dissected. 767 

The whole tumor was mechanically minced and digested in 5 mL of digestion buffer (F10 media, 768 

10 U/mL Dispase II (Roche, 39307800), 2.4 U/mL Collagenase D (Roche, 11088882001) and 769 

0.5mM CaCl2) for 15 minutes on a shaker at 37oC and 5% CO2. After, the digestion mix was 770 

centrifuged for 10 seconds at 500g and the supernatant transferred to a 50 mL conical tube 771 

containing 8 mL of FBS. The remaining tissue was triturated and another 5 mL of digestion buffer 772 

was added. The tissue was digested for 15 minutes on a shaker at 37oC and 5% CO2. The second 773 

digestion mixture was added to the 50 mL conical tube containing the first digestion and the sample 774 

was filtered using a 40 µm cell strainer into a fresh 50 mL conical tube. The sample was centrifuged 775 

at 500g for 10 minutes at 4oC. The cell pellet was resuspended in 1mL FACS Buffer (2% FBS and 776 

0.5mM EDTA in PBS) containing DAPI and filtered through a 40 µm cell strainer into a 5 mL 777 

round bottom polypropylene tube. The GFP C26 cells were sorted for the GFP+/DAPI- population 778 

using a Sony SH800 Cell Sorter. 779 

Immunofluorescent Analysis of Cultured Cells 780 



 

 

Cell culture media was removed, and cells were washed three times with PBS for 5 minutes at RT 781 

on a shaker. Cells were then fixed with 3.2% paraformaldehyde (PFA) (Electron Microscopy 782 

Sciences, 15714) in PBS for 5 minutes at RT and then washed three times in 1X PBS for 5 minutes. 783 

Cells were permeabilized for 15 minutes in 0.5% Triton-X and washed three times in 1X PBS for 784 

5 minutes. Subsequently, cells were blocked in blocking buffer (0.1 M Glycine, 0.5% Bovine 785 

Serum Albumin (BSA) (Sigma, A8022), 0.3% Triton X-100 in PBS) for one hour at RT. Cells were 786 

incubated with primary antibodies diluted in the blocking buffer over night at 4 °C. The next day, 787 

the primary antibody solution was removed, and cells were washed three times with 0.1% Triton 788 

X-100 in PBS. After the washing step, secondary antibodies were diluted 1:400 in the blocking 789 

buffer and added to the cells for 1 hour at RT protected from light. Cells were washed three times 790 

with 0.1% Triton X-100 in PBS. Cells were mounted in mounting solution with DAPI and 791 

visualized under a microscope. 792 

In Cell Western Blotting 793 

Primary myoblasts were seeded onto collagen coated 96 well plates. Cells were fixed in 3.2% PFA 794 

and washed three times in PBS 1X. Cells were permeabilized with 0.5% Triton-X for 15 minutes 795 

and then washed three times in PBS 1X. Cells were blocked with blocking buffer (0.1 M Glycine, 796 

0.5% Bovine Serum Albumin (BSA) (Sigma, A8022), 0.3% Triton-X in PBS) for 1 hour. Primary 797 

antibodies were diluted in blocking buffer, and the cells were incubated with the primary antibodies 798 

overnight at 4oC. The primary antibody solution is removed, and the cells are washed three times 799 

with 0.1% Triton-X. Secondary antibodies were diluted 1:800 in the blocking buffer and added to 800 

the cells for 1 hour at RT protected from light. Cells were washed three times with 0.1% Triton X-801 

100 in PBS. Cells were visualized using the Licor Odyssey M. 802 

SiRNA Treatment 803 

Cells underwent SiRNA treatment using the Lipofectamine RNAiMAX Reagent protocol. Briefly, 804 

primary myoblasts were cultured in 6cm plates to 80% confluency. Normal growth media was 805 

removed and replaced with 1.5mL antibiotic free growth media. RNA-Lipid complexes were 806 

formed by adding 750 uL of OPTI-MEM per 6cm plates to two tubes. In the first tube, 17 uL of 807 

Lipofectamine per 6cm plate was added. To the second tube, 100 pmol of siSNAI1 or siControl is 808 

added. The contents of both tubes are combined and thoroughly mixed. The solution is incubated 809 

at RT for 15 minutes and then 1.5mL of the solution is added in a dropwise fashion to thee 6cm 810 

plates. Primary myoblasts were cultured for 12 hours in the transfection media before replacing 811 

the media with differentiation media for 3 days. 812 

Isolation and Culture of EDL Myofibers 813 

Mice were sacrificed and the skin from the hindlimb was removed. The TA muscle was dissected 814 

out to expose the EDL muscle. The EDL was dissected by cutting the distal tendon and then the 815 

proximal tendon. The whole EDL was placed in an Eppendorf tube containing 800 μL of pre-816 

heated (37 °C) myofiber digestion buffer (1000 U/ mL Collagenase (Sigma Aldrich, C0130) in 817 

unsupplemented DMEM). The EDL was placed in a tissue culture incubator with 5% CO2 and 818 

37°C for 1 hour, with periodic mixing every 5-10 minutes.  819 

A 6- well plate was coated with coating media containing 10% Horse Serum (HS) (Wisent, 065250) 820 

in DMEM for 30 minutes. The coating media was replaced with 2 mL of unsupplemented DMEM, 821 

and the plate was placed in the incubator to preheat the media. After the digestion was complete, 822 



 

 

a large bore glass pipette that is coated with coating media was used to transfer the EDL into the 823 

6-well plate. Myofibers were mechanically dissociated by using the large bore glass pipetted and 824 

pipetting the EDL up and down. For the 0-hour time point, a subset of myofibers were transferred 825 

on a fresh 24-well plate and fixed immediately with 4% PFA. The remaining myofibers were 826 

incubated in the unsupplemented DMEM for 1 hour at 5% CO2 and 37°C. The DMEM was then 827 

removed and replaced with 2mL of pre-heated myofiber growth media (15% FBS, 1% chick 828 

embryo extract, 1% penicillin/streptomycin and 5 ng/mL of bFGF in DMEM). 829 

Immunofluorescence of EDL Myofibers 830 

EDL myofibers were fixed at the selected times after isolation with 400 µL of 4% PFA in PBS for 831 

5 minutes at RT and then transferred using a small bore glass pipette into a 24 well plate. Myofibers 832 

were washed with 400 µL of PBS three times. Myofibers were then permeabilized and blocked at 833 

the same time with 400 µL of blocking buffer (2% BSA, 6% HS, 10% GS, 1% Triton X-100, 0.1 834 

M Glycine) for one hour at room temperature. Blocking buffer was then replaced with 200 µL of 835 

primary antibody master mix diluted in blocking buffer and incubated over night at 4 °C. After the 836 

primary antibody incubation, myofibers were washed three times with 400 µL of 0.1% Triton X-837 

100 in PBS. Next, the samples were incubated with secondary antibody diluted in blocking buffer 838 

for 1 hour shielded from light at RT. Then, myofibers were washed three times with 400 µL of 0.1% 839 

Triton X-100 in PBS. Finally, myofibers were transferred onto a microscope slide, excess liquid 840 

was removed and mounting solution with DAPI was added. 841 

Immunofluorescent Staining of TA Muscle Cross Sections 842 

TA muscle of the mice was dissected and fixed with 0.5% PFA in PBS for 2 hours at 4 °C. PFA 843 

was then removed and 20% sucrose in H2O was added to the muscle and incubated at 4 °C 844 

overnight. The TA muscle was then positioned in aluminum foil cups with OCT (Optimal Cutting 845 

Temperature) solution, and the muscle was frozen with liquid nitrogen-cooled isopentane. 9 μm 846 

thick cross-sections were cut using a cryostat and placed on microscope slides.  847 

For immunofluorescence staining, cross-sections were first permeabilized with 0.5% Triton X for 848 

15 minutes at RT followed by three 5 minute PBS washes. Cross-sections were blocked for 2 hours 849 

in blocking solution (3% BSA, 10% GS, 0.1M Glycine, in PBS) in a humid chamber at RT. Primary 850 

antibodies were diluted in the blocking solution and were then added and incubated overnight at 851 

4 °C in the humid chamber. The next day, cross-sections were washed with 0.1% Triton X-100 in 852 

PBS for 5 minutes on a shaker, three times. After, secondary antibodies diluted 1:400 in the 853 

blocking solution were added and incubated for one hour at RT in the dark. Muscle sections were 854 

then washed three times with 0.1% Triton X-100 for 5 minutes on a shaker. Lastly, mounting 855 

solution with DAPI was added to the sections and cover slips were overlain on the slides to be 856 

visualized under the microscope. 857 

Cardiotoxin (CTX) Skeletal Muscle Injury  858 

Skeletal muscle injury was caused by intramuscular injection of cardiotoxin (CTX) (Latoxan, 859 

L8102) into the hind limb of mice. 20 minutes prior to muscle injury, mice were subcutaneously 860 

injected with 100 µL of carprofen. Mice were anesthetized by isoflurane and intramuscularly 861 

injected with 50 µL of 10 µM cardiotoxin. Mice were sacrificed 7 days after the injury for further 862 

analysis to measure muscle regeneration. 863 

EchoMRI Readings 864 



 

 

Mice were inserted into a size 40 tube and were pushed to the end of the tube using the plastic 865 

insert, leaving enough space for the length of the animal’s body. The tube containing the mouse 866 

was inserted into the EchoMRI and readings were taken with Primary Accumulation set to 1 and 867 

the Water Stage set to No. After readings, mice were returned to their home cage. 868 

Metabolic Cage 869 

Metabolic readouts were measured using a Comprehensive Lab Animal Monitoring System 870 

(CLAMS) (Columbus Instruments). Mice were placed into individual live-in chambers within a 871 

larger environmental control unit. Temperature is maintained between 28 – 30oC as no bedding or 872 

nesting material is provided. A 12-hour light cycle is used for the duration of the experiment. 873 

Powdered food is provided ad libitum and is measured and recorded throughout the experiment. 874 

Animal movement, heat generation and respiration are all recorded throughout the experiment. 875 

Readings were taken every 20 minutes.  876 

Heavy Amino Acid Treatment 877 

4-week-old male Balb/c mice were first treated with heavy Arginine (L-Arginine-13C6,15N4 878 

hydrochloride (Millipore Sigma, 608033) for 1 week. The heavy Arginine was dissolved in the 879 

drinking water at 1 mg/mL and the mice were provided with 10 mL per mouse of water per day. 880 

The water was changed daily. After 7 days, the heavy Arginine water was replaced with normal 881 

drinking water for 2 days, then the mice were injected with C26 tumor cells as described above. 882 

The tumors were allowed to grow for 7 days with the mice being provided normal drinking water. 883 

After the first week of tumor growth, the normal water was replaced with water supplemented with 884 

1 mg/mL of heavy Lysine (L-Lysine, 13C6, 15N2, Hydrochloride (Thermofisher, 88432). Each 885 

mouse was provided with 10 mL of water per day and the water was replaced daily. The mice were 886 

treated with the heavy Lysine water for 7 days and then euthanized. The whole muscle from the 887 

hindlimb and the tumor was isolated. 888 

Extraction and Digestion of Proteins for Total Proteomic Analyses 889 

Proteins from powdered whole tissue were extracted in lysis buffer containing 5% sodium dodecyl 890 

sulfate (SDS), 100 mM TRIS pH 7.8. Samples were subsequently heated to 99°C for 10 minutes. 891 

The lysate was clarified by centrifugation 14,000 x g for 5 minutes. An aliquot corresponding to 892 

10% of the total volume of lysate was diluted to <1% SDS and used for estimation of protein 893 

concentration by bicinchoninic acid assay (BCA). In the remaining sample, protein disulfide bonds 894 

were reduced by the addition of tris(2-carboxyethyl)phosphine (TCEP) to a final concentration of 895 

20 mM and incubated at 60°C for 30 minutes. Free cysteines were alkylated using iodoacetamide 896 

at a final concentration of 30 mM and subsequent incubation at 37°C for 30 minutes in the dark. 897 

An equivalent of 10 μg of total protein was used for proteolytic digestion using suspension 898 

trapping (STRAP). In brief, proteins were acidified through the addition of phosphoric acid to a 899 

final concentration of 1.3% v/v. The sample was subsequently diluted 6-fold in STRAP loading 900 

buffer (9:1 methanol: water in 100 mM TRIS, pH 7.8) and loaded onto an S-TRAP Micro cartridge 901 

(Protifi LLC, Huntington NY) and spun at 4000 x g for 2 minutes. Samples were washed three 902 

times using 150 μL of STRAP loading buffer. Proteins were then proteolytically digested using 903 

trypsin at a 1:10 enzyme to substrate ratio for 2 hours at 47°C. Peptides were sequentially eluted 904 

in 50 mM ammonium bicarbonate, 0.1% formic acid in water, and 50% acetonitrile. Peptides were 905 

vacuum concentrated and reconstituted in 0.1% formic acid (FA) prior to analysis by LC-MS/MS. 906 

LC-MS/MS Acquisition and Data Analysis 907 



 

 

Peptide containing samples were analyzed by data dependent acquisition (DDA-PASEF) using 908 

anEvosep One LC system and a Bruker timsTOF HT mass spectrometer. Samples (200ng) were 909 

loaded onto Evotips according to the vendor protocol (Evosep). Peptides were separated using the 910 

30 samples per day method and an EV1137 analytical column (Evosep) set to 45°C. Full MS scans 911 

were acquired from m/z 100-1,700, between an ion mobility window of 0.6 – 1.6 1/k0 thus filtering 912 

for primarily 2+ and 3+ precursor charge states. The 10 most intense ions rPASEF ramp and 913 

accumulation times were set to 100 ms and fragmented using a normalized collision energy scaled 914 

based on ion mobility – from 20 eV at 0.6 1/k0 to 59 eV at 1.6 1/k0. and the dynamic exclusion 915 

was set to 40 s. DDA-PASEF MS raw data was processed with Fragpipe version 22 916 

(https://github.com/Nesvilab/FragPipe)68  with database searches against a  FASTA file containing 917 

all reviewed canonical sequences downloaded from UniProt. The enzyme specificity was set to 918 

trypsin with a maximum of 2 missed cleavages. Carbamidomethylation of cysteine was set as fixed 919 

modification and oxidation of methionine as variable modification. The precursor and product ion 920 

mass tolerances were set to 20 ppm. Proteins were quantified by label free quantitation using 921 

IonQuant with default settings. In order to estimate the relative amount of a particular protein 922 

within the sample we calculated and ranked proteins based on their normalized spectral abundance 923 

factor (NSAF) values (https://doi.org/10.1021/pr060161n). Hierarchical clustering was conducted 924 

using the normalized protein LFQ abundances as inputs for Instant Clue 925 

(http://www.instantclue.uni-koeln.de/) and FragPipe-analyst69. 926 

Preparation of SMART RNA-Seq library MuSCs and C26 cells  927 

SMART-Seq was performed as previously described with the use of the SMART-Seq HT Kit 928 

(TAKARA, 634456)55. A 10X SMART-Seq lysis buffer working solution was prepared (95% 10X 929 

SMART-Seq lysis buffer, 5% RNase Inhibitor). 1000 MuSCs or C26 tumor cells were sorted by 930 

FACS into 10 µL of 1X-SMART Lysis Buffer (1 µL of 10X SMART-Seq lysis buffer working 931 

solution + 9 µL ddH2O). After, 1 µL of 3’ SMART-Seq CDS primer II A was added then incubated 932 

for 3 minutes at 72 °C in a thermocycler. The template switching master mix (0.7 µL of nuclease 933 

free water, 8 µL of one-step buffer, 1 µL SMART-Seq HT oligonucleotide, 0.5 µL RNase inhibitors, 934 

0.3 µL of SeqAMP DNA polymerase and 2 µL of SMARTscribe reverse transcriptase) was 935 

prepared and 12.5 µL was added. The cDNA was amplified for 11 cycles as previously described55. 936 

cDNA was purified with AmpureXP at a 1:1 ratio (v/v). The beads were washed twice with 200 937 

µL of 80% ethanol and the DNA was then eluted with 18 µL of elution buffer. The cDNA was then 938 

quantified with a Quant-IT Picogreen dsDNA Assay Kit (Invitrogen, P7589).  939 

Sequencing ready libraries were prepared with Nextera XT Library Prep Kit (Illumina, FC-131-940 

1024) as previously described55. In brief, 250 pg of cDNA in a volume of 1.25 µL was transferred 941 

to a fresh microtube. 2.5 µL of Tagment DNA (TD) buffer and 1.25 µL Amplicon Tagment Mix 942 

(ATM) Buffer were added for a total of 5 µL volume. The cDNA was incubated at 55 °C for 5 943 

minutes in a thermocycler. Immediately after, 1.25 µL of NT Buffer was added and incubated at 944 

least 5 minutes at RT. Next, 3.75 µL of NPM PCR master mix, 1.25 µL each of an i7 and an i5 945 

index from the Nextera XT index adaptor kit (Illumina, FC-131–2001) were added for a total of 946 

12.5 µL. The samples were then PCR amplified for 12 cycles as previously described55. Lastly, the 947 

PCR amplified libraries were purified, and size selected with 0.85X ratio (v/v) AmpureXP beads 948 

and were sequenced. 949 

ATAC-Seq of MuSCs 950 

https://github.com/Nesvilab/FragPipe
https://doi.org/10.1021/pr060161n
http://www.instantclue.uni-koeln.de/


 

 

OMNI ATAC-Seq was performed on 5000 freshly sorted MuSCs from 4-month-old healthy control 951 

and tumor bearing female mice, as previously described36. MuSCs were FACS sorted into 30 µL 952 

of ATAC lysis buffer (10 mM Tris-HCl, 10 mM NaCl, 3 mM MgCl2, 0.1% Tween-20, 0.1% NP-953 

40 and 0.01% Digitonin (Promega, G9441)) and incubated on ice for 5 minutes and then at RT for 954 

3 minutes. Cells were then washed with 100 µL of 10 mM Tris-HCl (pH 7.5), 10 Mm NaCl, 3 mM 955 

MgCl2 and 0.1% Tween-20, and centrifuged at 800g for 10 minutes. The supernatant was removed 956 

and the pellet was resuspended in 10 µL of transposition mixture (5 µL TD buffer, 3.2 µL PBS, 957 

0.89 µL Tn5 (Illumina, 20034197), 0.1% Tween-20, 0.01% Digitonin and 0.75 µL nuclease free 958 

water) and incubated at 37 °C for 25 minutes. DNA Purification was performed using a QIAquick 959 

PCR Purification Kit (Qiagen, 28,104) according to the manufacturer’s guidelines and eluted in 960 

20 µL of elution buffer.  961 

Indices were incorporated by adding 30 μL of the PCR reaction mix (10 μL Q5 buffer, 10 μL Q5 962 

enhancer, 1 μL dNTPs, 2.5 μL i7 index, 2.5 μL i5 index, 3.5 μL nuclease free water, 0.5 μL Q5 963 

High Fidelity DNA polymerase). PCR amplification was performed using the previously described 964 

conditions for 12 cycles36. The libraries were size selected and purified with Ampure XP beads at 965 

a 1:0.85 (v:v) ratio. Samples were sequenced with NovaSeq6000 Sprime, Paired End (PE) 150bp. 966 

Single myofiber RNA-Seq 967 

Single myofiber RNA-Seq (smfRNA-Seq) was performed on EDL myofibers isolated from 4-968 

month-old male and female, healthy control and tumor bearing mice. The procedure was 969 

performed as previously described using the SMART-Seq HT Kit and Nextera XT Library Prep 970 

Kit18. After the dissociation of the myofibers, a coated small-bore glass pipette was used to transfer 971 

the myofibers into a 6-well plate containing PBS and a single myofiber was selected and 972 

transferred into a 0.2 mL PCR tube. PCR tube was then visualized under the microscope to ensure 973 

the selection of one myofiber. The excess PBS was then removed while visualizing under the 974 

microscope. 1X SMART lysis buffer was prepared as described in the section, SMART RNA-Seq 975 

library preparation of MuSCs. Then 10 µL of the 1X Lysis Buffer was added to the PCR tube 976 

containing the myofiber. The fiber was pipetted up and down and lysed on ice for 5 minutes, with 977 

vortexing as needed. The sample was then spun down to remove the residual fiber pieces. While 978 

visualizing under the microscope, the supernatant was transferred to a new 0.2 mL PCR tube. The 979 

cDNA library preparation was performed as described in the above section, SMART RNA-Seq 980 

library preparation of MuSCs except for SMART cDNA amplification being 12 cycles. The rest of 981 

the library preparation using the Nextera XT library prep kit was performed as described in the 982 

previous sections. n=3 RNA-Seq of myofibers was performed to have enough samples for 983 

downstream analysis. 984 

EdU Incorporation Assay 985 

EdU incorporation assay was performed using the Click-It Plus EdU Alexa Fluor 555 Imaging Kit 986 

(Invitrogen, C10638) according to the manufacturer’s guidelines. Cells were seeded into chamber 987 

slides prior to EdU Assay. Briefly, 10 µM of EdU was added to the growth media of cultured cells 988 

for 12 hours. Following the incubation period, media was removed, and the cells were washed 989 

with PBS three times. The cells were then fixed with 3.2% PFA and EdU staining was performed 990 

as described by the manufacturer. 991 

RNA-seq Analysis 992 



 

 

Single-end RNA-seq reads were quantified with Kallisto v0.46.1 (parameters: –single –fragment-993 

length 200 –sd 20)70. Ensembl gene annotations, release 96, were used to create an index for 994 

Kallisto71. Transcript-level abundance estimates were collapsed to the gene level using 995 

‘‘tximport’’70. Pseudoalignments constructed by kallisto were converted to bigwigs using 996 

bamCoverage (version 3.5.1)72. Counts were normalized to RPM. 997 

Differentially expressed genes were identify using DESeq273. P values were adjusted for multiple 998 

testing using the Independent Hypothesis Weighting procedure74. 999 

Gene set enrichment analysis was performed using fgsea, the log fold changes, and the Hallmark 1000 

gene sets collection from Molecular Signatures Database (MsigDB) 1001 

(https://doi.org/10.1101/060012)75,76. Library size normalized gene counts were visualized with 1002 

ComplexHeatmap77. 1003 

ATAC-Seq Analysis 1004 

Adapters were removed from raw ATAC-seq reads using Trimmomatic (version 0.39, parameters: 1005 

LEADING:10 TRAILING:10 MINLEN:50)78. Paired reads were aligned to mm10 using BWA-1006 

MEM (version 0.7.17). Samtools was used to index and filter (version 1.16.1, mapping quality > 1007 

30)79. Duplicated reads were removed using Picard (version 3.1.0). ATAC-seq peaks were called 1008 

with MACS3 (version 3.0.1, parameters: callpeak, -g mm, -q 0.05)80. 1009 

The summits from each sample are pooled and summits closer to 250 bps are merged. Then, the 1010 

coordinates are extended 250 bps from the center. Read counts are retrieved from the bam files 1011 

using featureCounts (version: 2.1.1, -p -F SAF --fracOverlap 0.2)81. 1012 

Differentially bound peaks were identify using DESeq273. P values were adjusted for multiple 1013 

testing using the Independent Hypothesis Weighting procedure74. Peaks were associated to the 1014 

genes with the closest TSS. Gene set enrichment analysis was performed as described before. 1015 

ATAC-seq samples were merged by condition (control and cachexia). Correction of Tn5 insertion 1016 

bias and calculation of footprint scores were performed using TOBIAS (subcommands: 1017 

ATACorrect and FootprintScores, with defaults options)82. Differentially bound motifs were 1018 

estimated using TOBIAS (subcommand: BINDetect, defaults options) the Jaspar database 1019 

(collection: core, vertebrates, non redundant)83. 1020 

Quantification and statistical analysis 1021 

Statistical analyses were performed using Prism10 (Graphpad). All data is presented as mean ± 1022 

SD. When two independent groups were compared an unpaired two-tailed t-tests was used. When 1023 

multiple groups were compared, analysis was done using a 2-way ANOVA. Exact p values are 1024 

found within the relevant figure panel and a p-value of < 0.05 was considered to be significant. 1025 

Sample sizes for each experiment are described in the corresponding figure legend. 1026 
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Figure 1: C26 tumors induce cachexia in male and female mice 1315 

(A) Schematic of the overall experimental design for C26 tumor growth and muscle analysis. (B) 1316 

Image of female healthy control and tumor bearing Balb/c mice. (C) Line chart of the change in 1317 

body mass in female mice as tumor develops. n = 5 mice. (D) Binning of the CSA of myofibers 1318 

from healthy control and tumor bearing female mice. Data is presented as a percentage of all 1319 

myofibers that measure within the marked range in area. n = 5 mice. (E) Representative image of 1320 

a TA cross section, scale bar = 70µm. (F) Percentage of fat mass in male healthy control and 1321 

cachectic mice, measured at endpoint (16-19 days post C26 injection). n = 6 controls, and 20 tumor 1322 

bearing mice. (G) Percentage of lean mass in male healthy control and cachectic mice, measured 1323 

at endpoint (16-19 days post C26 injection). n = 6 controls, and 20 tumor bearing mice. (H) The 1324 

body weight of male mice after removal of tumors. n = 6 controls, and 20 tumor bearing mice.  1325 

Daily measured food consumption in male mice in the (I) first week, (J) second week, and (K) 1326 

third week post tumor cell injection. n = 6 mice. Average daily RER value quantified in male mice 1327 

in the (L) first week, (M) second week, and (N) third week post C26 injection. n = 6 mice. 1328 

  1329 



 

 

Figure 2: Cancer alters the myofiber transcriptome 1330 

(A) Schematic of the experimental design, where the RNA from individual myofibers isolated from 1331 

tumor bearing mice and healthy controls is used to generate single myofiber RNA-Seq libraries, 1332 

n=4 mice per condition and sex; 1 myofiber per mouse. (B) Volcano plot of sequenced female 1333 

myofibers from control and tumor bearing mice, genes are labelled as significantly different if the 1334 

adj. pvalue < 0.05. (C) Volcano plot of sequenced male myofibers from control and tumor bearing 1335 

mice, genes are labelled as significantly different if the adj. pvalue < 0.05. (D) Heatmaps of the 1336 

differentially expressed genes (adj. pvalue < 0.05) of control vs cachexia myofiber samples from 1337 

both female and male mice. (E) Heatmaps of the top 100 differentially expressed genes (adj. pvalue 1338 

< 0.05) of control vs cachexia myofiber samples from both female and male mice. (F) PCA plot 1339 

of myofibers from control and tumor bearing female mice. (G) PCA plot of myofibers from control 1340 

and tumor bearing male mice. (H) Pearson correlations between the sequenced female myofiber 1341 

samples. (I) Pearson correlations between the sequenced male myofiber samples. (J) Bar graphs 1342 

of the expression of PDK4 and (K) Acot 2 in female myofibers. (L) Bar graphs of the expression 1343 

of PDK4 and (M) Acot 2 in male myofibers. (N) Mafa expression in female myofibers. (O) Bar 1344 

graph of the RPM value of Map1lc3b in female myofibers. (P) RPM expression of Ampd1 in male 1345 

myofibers. (Q) Mrln expression in male myofibers. (R) Bar graph of the top ten most upregulated 1346 

Hallmark pathways, in terms of enrichment score, from control vs tumor female myofibers. (S) 1347 

Bar graph of the top ten most downregulated Hallmark pathways, in terms of enrichment score, 1348 

from control vs tumor female myofibers. (T) Bar graph of the top ten most upregulated Hallmark 1349 

pathways, in terms of enrichment score, from control vs tumor male myofibers. (U) Bar graph of 1350 

the top ten most significantly upregulated pathways from microarray data of skeletal muscle 1351 

biopsies from cachectic vs non cachectic pancreatic ductal adenocarcinoma patients. Data was 1352 

retrieved from GSE13056314. 1353 
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Figure 3: MuSCs are transcriptionally deregulated in cachexia 1355 

(A) Schematic of the experimental design where pure populations of muscle stem cells are isolated 1356 

from healthy controls and tumor bearing mice. The RNA from these cells is used to generate 1357 

sequencing libraries. (B) Volcano plot of the female MuSCs control vs tumor transcripts. (C) 1358 

Volcano plot of the male MuSCs control vs tumor transcripts. (D) Heatmaps of the differentially 1359 

expressed genes (adj. pvalue < 0.05) of control vs tumor MuSC samples from both female and 1360 

male mice. (E) Heatmaps of the top 100 differentially expressed genes (adj. pvalue < 0.05) of 1361 

control vs tumor MuSC samples from both female and male mice. (F) PCA plot of female MuSCs 1362 

from control and tumor bearing mice. (G) PCA plot of male MuSCs from control and tumor 1363 

bearing mice. (H) Pearson correlations between the sequenced female MuSC samples. (I) Pearson 1364 

correlations between the sequence male MuSC samples. (J) RPM expression of Col3a1 in female 1365 

MuSCs. (K) RPM expression of Eif2s2 in female MuSCs. (L) RPM expression of Cebpd in female 1366 

MuSCs. (M) RPM expression of MT1 in female MuSCs. (N) RPM expression of OSMR in male 1367 

MuSCs. (O) RPM expression of Chrdl2 in male MuSCs. (P) RPM expression of Gadd45g in male 1368 

MuSCs. (Q) RPM expression of STAT3 in male MuSCs. (R) Bar graph of the top ten most 1369 

upregulated Hallmark pathways, in terms of enrichment score, from control vs tumor female 1370 

MuSCs. (S) Bar graph of the top ten most downregulated Hallmark pathways, in terms of 1371 

enrichment score, from control vs tumor female MuSCs. (T) Bar graph of the top ten most 1372 

upregulated Hallmark pathways, in terms of enrichment score, from control vs tumor male MuSCs. 1373 

(U) Bar graph of the top ten most downregulated Hallmark pathways, in terms of enrichment score, 1374 

from control vs tumor female MuSCs. 1375 
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Figure 4: Epigenetic landscape is greatly altered in MuSCs from tumor bearing mice 1377 

(A) Schematic of the experimental design where MuSCs from healthy and tumor bearing mice are 1378 

FACS isolated. The DNA is tagmented and ATAC-Seq libraries are created from the isolated 1379 

MuSCs. (B) Volcano plot of the mapped peaks between MuSCs from healthy controls and 1380 

cachectic mice. (C) PCA plot of the control and cachectic MuSCs. (D) The top ten most enriched 1381 

pathways from the differentially accessible peaks between control and cachectic MuSCs. IGV 1382 

tracks of ATAC-seq peaks at the (E) Myogenin, (F) CCND1, and (G) RPS2 genes. (H) Volcano 1383 

plot of the changes in transcription factor binding in the differential peaks between control and 1384 

cachectic MuSCs. Bar graphs of the number of transcription factor binding sites in control and 1385 

cachectic MuSC peaks for (I) FOSL:JUND, (J) ATF4, (K) MyoD, (L) Myogenin, (M) Myf5, and 1386 

(N) Myf6. 1387 
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Figure 5: MuSCs from tumor bearing mice show a functional decline 1389 

(A) Immunofluorescence staining of freshly isolated myofibers from control and tumor bearing 1390 

female mice for PAX7. Scale bar = 30µm, n = 4 mice. (B) Bar graph of the average number of 1391 

MuSCs on freshly isolated myofibers from control and tumor bearing female mice. (C) 1392 

Immunofluorescence staining for PAX7 and Laminin on TA cross sections from control and tumor 1393 

bearing female mice. Scale bar = 30 µm, n = 6 control mice and 5 tumor bearing mice. (D) Bar 1394 

graph of the average number of MuSCs/mm2 in TA cross sections from control and tumor bearing 1395 

female mice. (E) Representative images of TA cross sections 7 days post injury (7DPI) from 1396 

healthy control and tumor bearing female mice. Sections were stained for PAX7 and Laminin. 1397 

Scale bar = 30 µm. n = 3 mice. (F) CSA measurements of 7DPI TA myofibers in control and tumor 1398 

bearing female mice. (G) Quantification of the number of MuSCs/mm2 in TA cross sections. (H) 1399 

Immunofluorescence staining of 48-hour cultured myofibers, from control and tumor bearing 1400 

female mice, for PAX7 and MyoD. Scale bar = 30 µm, n = 5 mice. i. Bar graph of the average 1401 

number of MuSCs on 48-hour cultured myofibers from control and tumor bearing female mice. (J) 1402 

Immunofluorescence staining of 72-hour cultured myofibers, from control and tumor bearing 1403 

female mice, for Myogenin and MyoD. Scale bar = 30 µm, n = 5 control mice, n = 6 tumor bearing 1404 

mice. (K) Bar graph of the average number of MuSCs on 72-hour cultured myofibers from control 1405 

and tumor bearing female mice. (L) Bar graph of the average number of MuSCs on myofibers that 1406 

were cocultured for 48 hours with either HEK cells or C26 cancer cells, n = 3 mice. (M) Bar graph 1407 

of the average number of MuSCs on myofibers that were cocultured for 72 hours with either HEK 1408 

cells or C26 cancer cells. (N) Representative immunofluorescence images of myofibers cocultured 1409 

with HEK or C26 cancer cells for 72 hours. Myofibers were stained for PAX7 and MyoD. Scale 1410 

bar = 20 µm.  1411 
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Figure 6: C26 cancers cells alter their transcriptome in an in vivo environment 1413 

(A) Schematic of the experimental design, where C26 cells are transformed to stably express GFP. 1414 

The cells are injected into both male and female Balb/c mice. The GFP cells are reisolated from 1415 

the solid tumors and, simultaneously with the in vitro cultured cells, RNA-Sequencing libraries 1416 

are generated. Figure created with Biorender.com. (B) FACS plot of No-GFP control, indicating 1417 

GFP and DAPI intensity. (C) FACS plot of GFP C26 solid tumors and gating for the isolation of 1418 

GFP positive C26 cells. (D) PCA plot of RNA-Seq C26 samples from in vitro culture, in vivo in 1419 

female mice and in vivo in male mice. (E) Pearson correlation graph between the in vitro and in 1420 

vivo samples. (F) Volcano plot of the difference in transcript expression between in vitro cultured 1421 

C26 cells and female in vivo C26 cells. (G) Volcano plot of the difference in transcript expression 1422 

between female in vivo and male in vivo C26 cells. (H) Heatmap of differentially expressed genes 1423 

(adj. pvalue < 0.1) between in vitro and female in vivo C26 cells. (I) Heatmap of differentially 1424 

expressed genes (adj. pvalue < 0.1) between female in vivo and male in vivo C26 cells. (J) Bar 1425 

graph of the top ten most enriched Hallmark pathways between in vitro C26 and in vivo C26 in 1426 

female mice. Blue bars represent downregulated pathways; orange bars represent upregulated 1427 

pathways. (K) Bar graph of the top ten most enriched Hallmark pathways between in vivo C26 in 1428 

female mice and in vivo C26 in male mice. Blue bars represent downregulated pathways; orange 1429 

bars represent upregulated pathways. 1430 
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Figure 7: GDF15 induces SNAI1 in muscle stem cells and blocks differentiation 1432 

(A) Membranes from Proteome Profiler Mouse XL Cytokine Array incubated with serum collected 1433 

from 4-month-old male healthy control balb/c mice and tumor bearing mice 14 days post C26 1434 

injection, n = 2 mice. (B) Membranes from Proteome Profiler Mouse XL Cytokine Array incubated 1435 

with serum collected from 4-month-old female healthy control balb/c mice and tumor bearing mice 1436 

14 days post C26 injection, n = 2 mice. (C) Quantification of MMP9 levels in the serum of male 1437 

healthy control and tumor bearing mice. Values are normalized and presented as a percentage of 1438 

the control. n = 2 mice, 4 technical replicates. (D). Quantification of MMP9 levels in the serum of 1439 

female healthy control and tumor bearing mice. Values are normalized and presented as a 1440 

percentage of the control. n = 2 mice, 4 technical replicates. (E) Quantification of GDF15 level in 1441 

the serum from male healthy control and tumor bearing mice. Values are normalized and presented 1442 

as a percentage of the control. n = 2 mice, 4 technical replicates. (F) Quantification of GDF15 1443 

level in the serum from female healthy control and tumor bearing mice. Values are normalized and 1444 

presented as a percentage of the control. n = 2 mice, 4 technical replicates. Bar graph of the 1445 

absolute expression of (G) Snai1, (H) Myogenin, and (I) Mymk transcripts (RPM) in MuSCs 1446 

freshly isolated from female 3-month-old healthy control and tumor bearing mice. (J) 1447 

Representative pictures of isolated EDL myofibers cultured for 24 hours in unsupplemented 1448 

growth media (15% FBS, 1% P/S, - CEE, - bFGF), normal growth media (15% FBS, 1% P/S, 1% 1449 

CEE, 5 ng/µL bFGF) and GDF15 supplemented growth media (15% FBS, 1% P/S, 500 ng/µL 1450 

GDF15, - CEE, - bFGF), GDF15 was added every 12 hours. Myofibers were stained for PAX7 and 1451 

SNAI1. n = 4 mice. Scale bar = 20 µm. (K) Quantification of the average number of MuSCs per 1452 

EDL myofiber from myofibers cultured for 24 hours in unsupplemented, normal growth and 1453 

GDF15 treated conditions. (L) Quantification of the percentage of high SNAI1 expressing MuSCs 1454 

per EDL myofiber from myofibers cultured for 24 hours in unsupplemented, normal growth and 1455 

GDF15 treated conditions. (M) Quantification of the average number of MuSCs per EDL myofiber 1456 

from myofibers cultured for 72 hours in unsupplemented, normal growth and GDF15 treated 1457 

conditions. (N) Representative pictures of isolated EDL myofibers cultured for 72 hours in 1458 

unsupplemented growth media (15% FBS, 1% P/S, - CEE, - bFGF), normal growth media (15% 1459 

FBS, 1% P/S, 1% CEE, 5 ng/µL bFGF) and GDF15 supplemented growth media (15% FBS, 1% 1460 

P/S, 500 ng/µL GDF15, - CEE, - bFGF), GDF15 was added every 12 hours. n = 4 mice. Scale bar 1461 

= 20 µm. (O). Quantification of the fusion index of 3DM myotubes that were treated with siSNAI1 1462 

or SiControl. n = 4 biological replicates. (P). Representative image of 3DM siSNAI1 and siControl 1463 

myotubes cultured in normal differentiation media stained for MyHC. (Q). Quantification of the 1464 

fusion index of 3DM myotubes that were treated with siSNAI1 or SiControl and cultured in C26 1465 

conditioned differentiation media (CM). n = 4 biological replicates. (R). Representative image of 1466 

3DM siSNAI1 and SiControl myotubes cultured in C26 conditioned differentiation media (CM) 1467 

stained for MyHC. (S). Representative images of 3DM myotubes cultured with either normal 1468 

differentiation media or C26 conditioned differentiation media (CM), myotubes were either 1469 

untreated, treated with siControl or siSNAI1. Cells were stained for Myogenin and Cleaved 1470 

Caspase 3. n= 4 biological replicates. (T). Quantification of the percentage of myogenin expressing 1471 

nuclei in 3DM myotubes that were untreated, treated with siControl or siSNAI1. Myotubes were 1472 

cultured for 3 days in either normal differentiation media or C26 conditioned media (CM). (U). 1473 

Quantification of the percentage of Cleaved Caspase 3 expressing nuclei in 3DM myotubes that 1474 

were untreated, treated with siControl or siSNAI1. Myotubes were cultured for 3 days in either 1475 

normal differentiation media or C26 conditioned media (CM). 1476 

1477 



 

 

Figure 8: Pharmacological inhibition partially blocks cachexia and rescues the MuSC pool 1478 

(A) Quantification of the average number of muscle stem cells per myofiber from Healthy Controls, 1479 

Crispr Control and GDF15 KO tumor bearing mice. n = 3 Healthy Controls, 6 Crispr Controls and 1480 

6 GDF15 KO tumor bearing mice. (B) Representative immunofluorescence pictures of freshly 1481 

isolated EDL myofibers from Healthy Controls, Crispr Control and GDF15 KO tumor bearing 1482 

mice. Myofibers were stained for PAX7. n = 3 Healthy Controls, 6 Crispr Controls and 6 GDF15 1483 

KO tumor bearing mice. Scale bar = 20 µm. (C) Quantification of the number of muscle stem cells 1484 

per mm2 in TA cross sections from Healthy Controls, Crispr Controls and GDF15 KO tumor 1485 

bearing mice. (D) Representative pictures of immunofluorescence staining of TA cross sections 1486 

from Healthy Controls, Crispr Controls and GDF15 KO tumor bearing mice. Cross sections were 1487 

stained for Laminin and PAX7. n = 3 Healthy Controls, 6 Crispr Controls and 6 GDF15 KO tumor 1488 

bearing mice. Scale bar = 30 µm. (E). Quantification of the body mass minus the tumor mass of 1489 

DMSO or JNJ0966 treated C26 tumor bearing male mice, n = 10 mice per condition. (F). 1490 

Quantification of the tumor mass of DMSO or JNJ0966 treated C26 tumor bearing male mice, n = 1491 

10 mice per condition. (G). Quantification of the weight of the contralateral uninjured tibialis 1492 

anterior muscle of DMSO or JNJ0966 treated C26 tumor bearing male mice, n = 10 mice per 1493 

condition. (H). Quantification of the tumor mass of DMSO or JNJ0966 treated C26 tumor bearing 1494 

male mice, n = 10 mice per condition. (G). Quantification of the weight of the tibialis anterior 1495 

muscle, 7 days post injury, of DMSO or JNJ0966 treated C26 tumor bearing mice, n = 10 mice per 1496 

condition. (I). Binning of the CSA of uninjured TA myofibers from DMSO or JNJ0966 treated 1497 

tumor bearing male mice. Data is presented as a percentage of all myofibers that measure within 1498 

the marked range in area. n = 10 mice per condition. (J). Representative image of the TA 7DPI 1499 

from DMSO and JNJ0966 treated C26 tumor bearing mice. Sections are stained with laminin. scale 1500 

= 50µm. (K). Binning of the CSA of injured TA myofibers from DMSO or JNJ0966 treated tumor 1501 

bearing male mice. Data is presented as a percentage of all myofibers that measure within the 1502 

marked range in area. n = 10 mice per condition. (L). Quantification of the average number of 1503 

MuSCs per freshly isolated EDL myofiber from DMSO or JNJ0966 treated C26 tumor bearing 1504 

male mice. n = 8 mice per condition. (M). Representative image of freshly isolated EDL myofibers 1505 

from DMSO and JNJ0966 treated C26 tumor bearing male mice. Myofibers were stained for PAX7. 1506 

Scale bar = 30µm. (N). Quantification of the average number of MuSCs per mm2 in uninjured and 1507 

7DPI TA muscle cross sections collected from DMSO or JNJ0966 treated C26 tumor bearing male 1508 

mice. n = 8 mice per condition. (O). Representative image of uninjured and 7DPI TA cross sections 1509 

from DMSO and JNJ0966 treated C26 tumor bearing male mice. Sections were stained for 1510 

Laminin and PAX7. Scale bar = 50 µm. 1511 
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Figure 9: Tumor derived cytokines directly communicate with muscle stem cells inhibiting 1513 

their myogenic potential and promoting cell death 1514 

Summary figure describing how C26 cancer cells adapt to the host in vivo environment and 1515 

produce secreted factors which are known to promote their own growth and survival. These factors 1516 

enter the circulatory system where they make contact with MuSCs. The signaling induces the EMT 1517 

program and causes the MuSCs to upregulate SNAI1 and decrease its differentiation potential, 1518 

reducing the capacity of these cells to fuse and contribute to muscle growth. The MuSCs instead 1519 

undergo cell death from apoptosis and there is a reduction in the stem cell pool. 1520 
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Expanded View Figures 1-8 

Expanded View Figure 1: Transcriptional variation between male and female myofibers 

a. Bar graph of the gene expression of selected fast and slow myofiber specific genes from all 

myofibers sequenced in this project (n=8 mice; 1 myofiber/mouse). b. Heatmap of the 

differentially expressed genes (adj. p-value < 0.05) between male and female myofibers from 

tumor bearing (left) and healthy control (right) mice. c. Heatmap of the top 100 most differentially 

expressed genes (adj. p-value < 0.05) between male and female myofibers from tumor bearing 

(left) and healthy control (right) mice. d. PCA plot of sequenced single myofibers from healthy 3-

month-old male and female mice. e. PCA plot of sequenced single myofibers from tumor bearing 

3-month-old male and female mice. f. Pearson correlation between male and female myofibers 

isolated from healthy controls. g. Pearson correlation between male and female myofibers isolated 

from tumor bearing mice. h. Volcano plot of male vs female myofibers isolated from healthy 

controls. i. Volcano plot of male vs female myofibers isolated from tumor bearing mice. j. 

Scatterplot of the effect of cachexia on transcript levels between male and female myofibers. 

Comparison between the LFC of all genes of healthy controls vs cachexia in male with the LFC 

of female healthy controls vs cachexia. k. Scatterplot comparing the LFC of healthy controls vs 

cachexia in male with the LFC of female healthy controls vs cachexia. Only genes that are 

significantly different (adjusted p-value < 0.05) in both groups were plotted. 

  



Expanded View Figure 2: Muscle proteome is significantly altered during cachexia 

a. PCA plot of control and cachectic whole muscle. b. Pearson correlation between control and 

cachectic whole muscle samples. c. Heatmap of all the significantly different (LFC > 1.5 and 

adjusted p-value < 0.05) proteins between control and cachectic muscle. d. Volcano plot of the 

LFC in protein expression between control and cachectic muscle. Significantly different proteins 

are labelled. e. Bar plot of the percentage of peptides containing heavy lysine, heavy arginine, both, 

or none in the control and cachectic whole muscle and tumor whole tissue samples. 

  



Expanded View Figure 3: Male and female MuSCs have a distinct transcriptomic profile but 

are similarly affected by cachexia. 

a. Heatmap of the differentially expressed genes (adj. p-value < 0.05) between male and female 

MuSCs from tumor bearing (left) and healthy control (right) mice. b. Heatmap of the top 100 most 

differentially expressed genes (adj. p-value < 0.05) between male and female MuSCs from tumor 

bearing (left) and healthy control (right) mice. c. PCA plot of sequenced MuSCs from healthy 3-

month-old male and female mice. d. PCA plot of sequenced MuSCs from tumor bearing 3-month-

old male and female mice. e. Pearson correlation between male and female MuSCs isolated from 

healthy controls. f. Pearson correlation between male and female MuSCs isolated from tumor 

bearing mice. g. Volcano plot of male vs female MuSCs isolated from healthy controls. h. Volcano 

plot of male vs female MuSCs isolated from tumor bearing mice. i. Scatterplot of the effect of 

cachexia on transcript levels between male and female MuSCs. Comparison between the LFC of 

all genes of healthy controls vs cachexia in male with the LFC of female healthy controls vs 

cachexia. j. Scatterplot comparing the LFC of healthy controls vs cachexia in male with the LFC 

of female healthy controls vs cachexia. Only genes that are significantly different (adjusted p-value 

< 0.05) in both groups were plotted. 

  



Expanded View Figure 4: Cachexia and aging have similar effects on MuSC transcriptome 

a. Scatter plot comparing LFC of healthy control male MuSCs vs cachectic male MuSCs and the 

LFC of young male MuSCs and aged male MuSCs. The young and aged MuSC RNA-Seq data is 

publicly available and was retrieved from GSE171997. Only genes that had an LFC > 0.5 in both 

conditions were plotted. b. Scatter plot comparing LFC of healthy control male MuSCs vs 

cachectic male MuSCs and the LFC of young male MuSCs and aged male MuSCs. Only 

significant genes were plotted (LFC > 0.5 and adjusted p-value < 0.05). Bar graphs of the absolute 

expression (RPM) of c. Sparc, d. Col3a1, e. Ccnd1, f. Ccl7, g. Ccl11, h. RNASE4 between male 

healthy controls, tumor bearing, young and aged MuSCs. 

  



Expanded View Figure 5: C26 cells reduce muscle stem cell growth and differentiation 

a. Representative pictures of EDL myofibers cultured for 72 hours in Unsupplemented Growth 

Media (15% FBS, 1% P/S, - CEE, - bFGF), Normal Growth Media (15% FBS, 1% P/S, 1% CEE, 

5 ng/µL of bFGF) and C26 Conditioned Media (Normal Growth Media cultured for 48 hours with 

C26 cells). Myofibers were stained for Myogenin. Scale bar = 40 µm. b. Quantification of the total 

number of MuSCs per myofiber, cultured for 72 hours. n = 3 biological replicates. c. Quantification 

of the percentage of Myogenin positive MuSCs per myofiber, cultured for 72 hours. n = 3 

biological replicates. Percentage of Myogenin positive primary myoblasts cultured in 

Unsupplemented, Normal Growth, and C26 Conditioned media for d. 12 hours, e. 24 hours, and f. 

36 hours. n = 3 biological replicates. Representative images of primary myoblasts cultured in 

Unsupplemented Growth Media (20% FBS, 1% P/S), Normal Growth (20% FBS, 1% P/S, 5 ng/µL 

of bFGF), and C26 Conditioned Media (Normal Growth Media cultured for 48 hours with C26 

cells) for g. 12 hours, h. 24 hours, i. and 36 hours. Primary myoblasts were stained for Myogenin. 

Scale bar = 30 µm. j. Bar graph of the protein level of MyoD in primary myoblasts quantified by 

In Cell Western blot, normalized to control. n=6 replicates per condition. k. Bar graph of the 

protein level of Myogenin in primary myoblasts quantified by In Cell Western blot, normalized to 

control. n=6 replicates per condition. l. Representative image of In Cell Western wells for MyHC, 

Myog and Myod in control and conditioned media treated conditions. m. Bar graph of the protein 

level of MyHC in 3DM primary myotubes quantified by In Cell Western blot, normalized to 

control. n=6 replicates per condition. n. Representative picture of primary myotubes differentiated 

for five days, with or without coculture with C26 cells. Cells were stained for Myogenin. Scale bar 

= 40 µm. o. Quantification of the percentage of Myogenin positive nuclei in 5DM myotubes, with 

or without C26 coculture. n = 3 biological replicates. p. Representative pictures of primary 

myotubes differentiated for 5 days, with or without C26 coculture. Cells were stained for Myosin 

Heavy Chain. Scale bar = 60 µm. q. Quantification of the fusion index of 5DM primary myotubes, 

with or without C26 coculture. n = 3 biological replicates. r. Quantification of the average myotube 

diameter, defined as the widest region across the myotube, of 5DM primary myotubes with or 

without C2 coculture. n = 3 biological replicates, 4 fields of view per replicate. 

  



Expanded View 6: Sex of the host does not affect transcriptional adaptation of C26 cancer 

cells 

a. Table of the number of differentially expressed genes between In vitro C26 vs In vivo in Female, 

In vitro C26 vs In vivo in Male, and In vivo in Female vs In vivo in Male. b. Volcano plot comparing 

gene expression between In vitro C26 and In vivo in Male. c. Heatmap of the differentially 

expressed (adjusted p-value < 0.1) between In vitro C26 vs In vivo in Male. d. Top ten most 

significantly enriched Hallmark pathways between In vitro C26 vs In vivo in Male. Blue bars 

indicate a pathway is downregulated, orange bars indicate a pathway is upregulated. e. Bar plot 

indicating the absolute expression (RPM) of selected immune cell related genes in In vitro C26, In 

vivo in Female, and In vivo in Male RNA-Seq samples. f. Bar plot of the absolute expression (RPM) 

of selected Y chromosome genes in Male MuSCs, Female MuSCs, In vitro C26, In vivo in Female, 

and In vivo in Male RNA-Seq samples. g. Heatmap of the Y chromosome gene expression in In 

vitro C26, In vivo in Female, and In vivo in Male RNA-Seq samples. 

  



Expanded View 7: Cancer patients with high expression of GDF15 and MMP9 have a worse 

prognosis  

a. Expression of MMP9 in C26 cells. b. Bar graph of the absolute expression of GDF15 transcript 

(RPM) in GFP-C26 cells cultured in vitro or isolated in vivo from male and female tumor bearing 

mice. c. Bar graph of the absolute expression of GDF15 transcript (RPM) in MuSCs freshly 

isolated from male and female 3-month-old healthy control and tumor bearing mice. d. Kaplan 

Meier curve of colon adenocarcinoma patients with high and low expression of GDF15 in the 

tumor. GDF15 high n = 22; GDF15 low n = 14. e. Kaplan Meier curve of colon adenocarcinoma 

patients with high and low expression of MMP9 in the tumor. MMP9 high n = 16; MMP9 low n = 

20. f. Kaplan Meier survival curve of pancreatic adenocarcinoma patients with high and low 

expression of GDF15 in the tumor. GDF15 high n = 31; GDF15 low n = 23. Data was retrieved 

from TCGA and only patients that did not undergo chemotherapy or surgery were selected. g. 

Kaplan Meier survival curve of pancreatic adenocarcinoma patients with high and low expression 

of MMP9 in the tumor. MMP9 high n = 30; MMP9 low n = 24. Data was retrieved from TCGA 

and only patients that did not undergo chemotherapy or surgery were selected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Expanded View 8: MMP9 treatment increases SNAI1 expression in primary myoblasts 

a. Bar graph of the relative expression of SNAI1 in 3DM primary myotubes cultured in normal 

and C26 conditioned media. n=4. b. Representative images of primary myoblasts treated with 

MMP9 and stained for MyoD1, SNAI1, and Myogenin. Scale bar = 30 um. n = 3 biological 

replicates. c. Percentage of the high SNAI1 expressing primary myoblasts treated with MMP9. d. 

Percentage of Myogenin positive primary myoblast treated with MMP9. e. Representative image 

of isolated EDL myofibers cultured for 36 hours before being treated with MMP9 for 1 hour. n = 

3 biological replicates. Myofibers were stained with MyoD and phosphor-SMAD3. f. Percentage 

of high phosphor-SMAD3 expressing MuSCs per myofiber. g. Representative image of isolated 

EDL myofibers cultured and treated with GDF15 for 60 hours and stained for MyoD and Myogenin. 

n = 3 biological replicates. h. quantification of the number of MuSCs per myofiber after 60 hours 

in culture. i. Quantification of the percentage of Myogenin positive MuSCs per myofiber after 60 

hours in culture. j. Quantification of the percentage of Myogenin expressing MuSCs per EDL 

myofiber from myofibers cultured for 72 hours in unsupplemented, normal growth and GDF15 

treated conditions. k. Quantification of the percentage of high SNAI1 expressing primary 

myoblasts that were cultured for 24 hours in unsupplemented, normal growth and GDF15 treated 

conditions. l. Quantification of the percentage of Myogenin expressing primary myoblasts that 

were cultured for 24 hours in unsupplemented, normal growth and GDF15 treated conditions. m. 

Representative pictures of primary myoblasts cultured for 24 hours in unsupplemented (20% FBS, 

1% P/S), normal growth (20% FBS, 1% P/S, 5 ng/µL bFGF), or GDF15 treated (20% FBS, 1%P/S, 

500 ng/µL GDF15) media. The GDF15 was added every 12 hours. Primary myoblasts were stained 

for SNAI1 and Myogenin. n = 3 biological replicates. Scale bar = 50 µm. 

  



Expanded View 9: Tumor specific knockout of GDF15 does not prevent cachexia 

a. Bar graph of the tumor free mass of female balb/c mice that are either healthy controls, mice 

injected with Crispr Control C26 cancer cells, or mice injected with Crispr GDF15 KO C26 cancer 

cells. All tumor bearing mice were injected with C26 cells at 3 months of age. Tumor free mass 

was assessed when mice reached endpoint, healthy controls were collected at the end of the 

experiment. n = 3 healthy controls, 6 Crispr Controls and 8 GDF15 KO. b. Bar graph of the mass 

of the tumors isolated from the Crispr Control and GDF15 KO tumor bearing mice. n = 6 Crispr 

Controls and 8 GDF15 KO. c. Bar graphs of the mass of the tibialis anterior (TA) isolated from 

healthy controls, Crispr Control and GDF15 KO tumor bearing mice. n = 6 TAs from healthy 

controls, 12 TAs from Crispr Controls, and 16 TAs from GDF15 KO. d. Quantification of the 

cross-sectional area (CSA) of myofibers in the TA isolated from Healthy Controls, Crispr Controls 

and GDF15 KO tumor bearing mice. Data is presented as percentage of myofibers that are within 

the marked size range. n = 3 healthy controls, 6 Crispr Controls and 6 GDF15 KO tumor bearing 

mice. e. Representative picture of the CSA of myofibers from the TA of Healthy Control, Crispr 

Control, and GDF15 KO tumor bearing mice. Cross sections were stained for Laminin. Scale bar 

= 80 µm. f. Quantification of fat mass as a percentage of whole body mass, measured by EchoMRI 

19 days post tumor cell injection. g. Quantification of lean mass as a percentage of whole body 

mass, measured by EchoMRI 19 days post tumor cell injection. h. Quantification of the level of 

serum GDF15, measured by ELISA, from Crispr Control and GDF15 KO tumor bearing mice. 

Blood was collected 14 days post tumor injection. n = 4 mice. i. Daily food intake of Cripsr Control 

and GDF15 KO tumor bearing mice. Food intake was measured using a Comprehensive Lab 

Animal Monitoring System (CLAMS) for 3 days in the second week post tumor injection. n = 5 

mice. j. Daily Respiratory Exchange Rate (RER) of Cripsr Control and GDF15 KO tumor bearing 

mice. RER was measured using a CLAMS for 3 days in the second week post tumor injection. n 

= 5 mice. k. Daily food intake of Cripsr Control and GDF15 KO tumor bearing mice. Food intake 

was measured using a Comprehensive Lab Animal Monitoring System (CLAMS) for 3 days in the 

third week post tumor injection. n = 5 mice. l. Daily Respiratory Exchange Rate (RER) of Cripsr 

Control and GDF15 KO tumor bearing mice. RER was measured using a CLAMS for 3 days in 

the third week post tumor injection. n = 5 mice.  



Expanded View 10: Primary myoblasts cocultured with GDF15 KO C26 cells show no 

phenotypic improvement 

a. Representative images of a 12-hour EDU incorporation assay performed on Crispr Control and 

GDF15 KO C26 cells. b. Quantification of the percentage of EDU positive C26 hours after 12-

hour EDU incorporation. c. Representative images of a 12-hour EDU incorporation assay 

performed on primary myoblasts that were not cocultured, or cocultured with Crispr Control or 

GDF15 KO C26 cells. d. Quantification of the percentage of EDU positive primary myoblasts 

after a 12-hour EDU incorporation. e. Representative images of primary myotubes that were 

differentiated for 5 days and were either not cocultured, or cocultured with Crispr Control or 

GDF15 KO C26 cells. f. Bar graph of the fusion index of primary myotubes that were differentiated 

for 5 days and were either not cocultured, or cocultured with Crispr Control or GDF15 KO C26 

cells. g. Representative images of isolated EDL myofibers that were either not cocultured, or 

cocultured with Crispr Control or GDF15 KO C26 cells for 72 hours. Myofibers were stained for 

MyoD and Myogenin. Scale bar = 40 µm. n = 3 biological replicates. h. Quantification of the 

number of MuSCs per myofiber on isolated EDL myofibers cultured for 72 hours in growth media, 

or cocultured with Crispr Control or GDF15 KO C26 cells. i. Percentage of Myogenin positive 

MuSCs per myofiber in isolated EDL myofibers cultured for 72 hours in growth media, or 

cocultured with Crispr Control or GDF15 KO C26 cells. 
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