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Abstract 22 

Cancer cachexia is a tumour-induced wasting syndrome, characterised by extreme loss 23 

of skeletal muscle. Defective mitochondria can contribute to muscle wasting; however, the 24 

underlying mechanisms remain unclear. Using a Drosophila larval model of cancer cachexia, 25 

we observed enlarged and dysfunctional muscle mitochondria. Morphological changes were 26 

accompanied by upregulation of beta-oxidation proteins and depletion of muscle glycogen and 27 

lipid stores. Muscle lipid stores were also decreased in Colon-26 adenocarcinoma mouse 28 

muscle samples, and expression of the beta-oxidation gene CPT1A was negatively associated 29 

with muscle quality in cachectic patients. Mechanistically, mitochondrial defects result from 30 

reduced muscle insulin signalling, downstream of tumour-secreted insulin growth factor 31 

binding protein (IGFBP) homolog ImpL2. Strikingly, muscle-specific inhibition of Forkhead 32 

box O (FOXO), mitochondrial fusion, or beta-oxidation in tumour-bearing animals preserved 33 

muscle integrity. Finally, dietary supplementation with nicotinamide or lipids, improved 34 

muscle health in tumour-bearing animals. Overall, our work demonstrates that muscle FOXO, 35 

mitochondria dynamics/beta-oxidation and lipid utilisation are key regulators of muscle 36 

wasting in cancer cachexia.  37 

 38 

Introduction 39 

Cancer cachexia is a metabolic wasting syndrome characterised by the involuntary loss 40 

of muscle and adipose tissue, caused by tumour-secreted factors, and is the cause of up to 20% 41 

of cancer-related deaths1. The most prominent clinical feature of cachexia is the continuous 42 

loss of skeletal muscle, which cannot be fully reversed by conventional nutritional support. 43 

Drosophila melanogaster is emerging as an excellent model to identify tumour-secreted 44 

factors that drive cancer cachexia. Adult and larval tumour models that induce cachectic 45 

phenotypes have been established in Drosophila, and these models have revealed several 46 

mechanisms by which tumours induce these phenotypes2–11. In mouse and Drosophila models 47 

of cachexia, it has been shown that tumours can induce a number of metabolic alterations in 48 

the muscle12,13, such as increased autophagy4, proteolysis5, decreased protein synthesis4,5, 49 

defective mitochondrial function2,8, reduced ATP production2,8 and depleted Extra Cellular 50 

Matrix (ECM)4. While all these changes are symptomatic of cachexia, it is not clear whether 51 

they directly drive cachexia; furthermore, it is unclear how these defects are linked to tumour-52 

secreted factors. 53 

In this study, utilising our previously characterised eye imaginal disc tumour models4, 54 

we identified two muscle-specific mechanisms that contribute to muscle wasting: 1) altered 55 
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activity of the transcription factor Forkhead box O (FOXO), a negative regulator of insulin 56 

signalling and 2) increased beta-oxidation resulting from mitochondria fusion. Both 57 

mechanisms are mediated by a reduction of systemic insulin signalling induced by tumour-58 

secreted insulin-like-peptide antagonist ImpL2 (Imaginal morphogenesis protein-Late 2). 59 

Downstream of FOXO, mitochondrial fusion (mediated by Mitochondrial assembly regulatory 60 

factor (Marf)) and increased beta-oxidation (mediated by Withered (Whd)) were responsible 61 

for increased utilisation of muscle lipids. Strikingly, inhibiting FOXO, Marf or Whd 62 

specifically in the muscle was sufficient to over-ride the effects of tumour-secreted factors and 63 

improve muscle morphology when tumours were present. In addition, feeding cachectic 64 

animals a diet supplemented with nicotinamide (Vitamin B3), or a high-fat coconut oil diet, 65 

which replenished lipids in the muscle, were sufficient to improve muscle integrity. Finally, 66 

we show that these processes are important in other cachexia models.  We observed a similar 67 

depletion of lipid reserves in a C-26 mouse cachexia model; furthermore, beta-oxidation gene 68 

Carnitine Palmitoyltransferase 1A (CPT1A, the mammalian homolog of Whd) is negatively 69 

correlated with muscle quality in cachectic patients with pancreatic ductal adenocarcinoma.  70 

Together, our study shows that mitochondrial fusion, beta-oxidation and lipid utilisation are 71 

likely early hallmarks of muscle disruption during cancer cachexia.  72 

 73 

Results 74 

Inhibition of mitochondrial fusion prevents muscle detachment in tumour-bearing 75 

animals 76 

Studies examining the muscles of cachectic patients have demonstrated increased 77 

mitochondrial energy expenditure14 and size14,15, however, how changes in mitochondrial 78 

morphology underly cachexia is so far not clear. In this study, we utilise two Drosophila larval 79 

tumour models to study muscle biology. In the first model, the tumour is induced via the GAL4-80 

UAS mediated overexpression of RasV12 and Disc Large (Dlg) RNAi in the eye (Figure 1 A). 81 

In the second model, the tumour is induced via the QF2-QUAS mediated overexpression of 82 

RasV12 and scrib RNAi (Figure 1 A), allowing us to knockdown or overexpress genes of interest 83 

in the muscles of tumour-bearing animals using drivers such as MHC-GAL4 or mef2-GAL4 84 

(Figure 1 A). Using these models, we have previously shown that tumours caused a loss of 85 

muscle integrity4.  86 

Using Electron Microscopy (EM), we observed fewer and larger mitochondria in the 87 

sub-sarcolemma of muscles of RasV12dlgRNAi tumour bearing animals at 7 days after egg lay 88 

(AEL, Figure 1 C-D). A disruption of muscle mitochondria morphology in the sub-sarcolemma 89 
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plane of the muscle (as depicted in a cartoon of a muscle section, Figure 1 B) was further 90 

confirmed by antibody staining against mitochondria protein ATP5A, where a significant 91 

increase in size was first detected at 7 days AEL (RasV12dlgRNAi, Figure 1 E-G. For details on 92 

mitochondria size quantification see Figure S1). To test whether this increase in mitochondrial 93 

size could lead to compromised mitochondrial function, we performed live staining with 94 

tetramethylrhodamine ethyl ester (TMRE), a compound used to measure the membrane 95 

potential of mitochondria16. We detected a significant reduction in TMRE fluorescence in the 96 

muscles of tumour-bearing animals (QRasV12scribRNAi), indicative of reduced membrane 97 

potential, and compromised mitochondrial function (Figure 1 H-J). Enlarged mitochondria  has 98 

been shown to be attributed to mitochondrial fusion, a process evoked to buffer against 99 

mitochondrial damage caused by increased reactive oxygen species17,18.  We found that there 100 

was a significant increase in ROS levels (as indicated by dihydroethidium (DHE) staining) in 101 

the muscles of tumour-bearing animals (QRasV12scribRNAi, Figure S2 A-C). To determine if 102 

reducing ROS could preserve muscle morphology, we overexpressed ROS scavengers Catalase 103 

(Cat) and superoxide dismutase (Sod1), or antioxidative enzyme glutathione peroxidase 1 104 

(GPx1, previously validated in 19–21), specifically in the muscles of tumour-bearing animals 105 

(QRasV12scribRNAi). However, these manipulations did not rescue muscle integrity (Figure S2 106 

D-H, J), suggesting that ROS was a consequence but not the cause of muscle wasting.   107 

Next, we asked if preventing mitochondrial fusion through muscle-specific knockdown 108 

of Marf, a protein important for outer mitochondrial membrane fusion22, could improve muscle 109 

integrity in tumour-bearing animals (QRasV12scribRNAi). Indeed, Marf knockdown, which 110 

effectively reduced mitochondria size (Figure 1 K-M), also significantly improved muscle 111 

integrity (Figure 1 N-Q). This manipulation was also able to significantly improve 112 

mitochondrial function as assessed by TMRE assay (Figure 1 R). In addition, knockdown of 113 

Optic atrophy 1 (Opa1), a protein involved with inner mitochondrial membrane fusion, was 114 

also able to improve muscle integrity in tumour-bearing animals (QRasV12scribRNAi , Figure 1 115 

S-U)23. However, overexpression of mitochondrial fission protein Dynamin related protein 1 116 

(Drp1)23, did not help preserve muscle integrity (QRasV12scribRNAi , Figure S2 G, I, J). Together, 117 

these experiments suggest that preventing mitochondrial fusion (rather than increasing fission) 118 

helps to improve muscle function. 119 

 120 

Reduced insulin signalling mediates changes in mitochondrial size 121 

Mitochondria are known to change in size in response to environmental stressors, 122 

especially starvation24,25. Upon subjecting wildtype larvae to 24 hrs of nutrient restriction, 123 
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which is known to reduce systemic insulin signalling26, we observed an increase in 124 

mitochondrial size (Figure 2 A-C), that is reminiscent of what we saw in the muscles of tumour-125 

bearing animals. We previously reported that RasV12dlgRNAi eye imaginal disc tumours express 126 

elevated levels of ImpL2, and its knockdown ameliorated muscle disruption without affecting 127 

tumour size4. Here, we found that tumour-specific inhibition of ImpL2 significantly reduced 128 

muscle mitochondrial size (RasV12dlgRNAi, Figure 2 D-F). Together, these data suggest that 129 

mitochondrial fusion may be caused by reduced systemic insulin signalling.  130 

FOXO transcription factors have been implicated in muscle atrophy in wildtype 131 

animals via ubiquitin-proteasome mediated mechanisms27 and have been shown to be activated 132 

in response to decreased insulin/IGF signalling. In cachectic muscles (RasV12dlgRNAi), we found 133 

a significant increase in nuclear FOXO signal, which first occurred at 5 days AEL (Figure 2 134 

G-I). This preceded muscle disruption at 7 days AEL4, suggesting that FOXO may be a key 135 

upstream mediator of muscle wasting. Furthermore, tumour-specific ImpL2 inhibition was able 136 

to significantly reduce muscle FOXO levels at 5 days AEL (RasV12dlgRNAi, Figure 2 J). 137 

As the overexpression of FOXO has been linked with increased expression of 138 

mitochondrial fusion proteins in mice28–30, we next assessed whether increased mitochondrial 139 

size in cachectic muscles was regulated by FOXO. Muscle-specific FOXO knockdown was 140 

able to reduce mitochondrial size in tumour-bearing animals (QRasV12scribRNAi, Figure 2 K-M), 141 

as well as significantly improve muscle integrity (Figure 2 N-Q). Conversely, overexpression 142 

of dFOXO in the muscles of tumour bearing animals (QRasV12scribRNAi), caused precocious 143 

muscle detachment at 6 days AEL (Figure 2 R-U). Together, these results indicate that FOXO 144 

plays an important role in regulating mitochondrial morphology as well as muscle integrity 145 

downstream of tumour-induced signals. 146 

  147 

Disrupted autophagy and translation in cachectic muscles is not necessary for muscle 148 

detachment 149 

Mitochondria disruption has been reported to be accompanied by increased autophagy31 150 

and reduced protein translation32. Using a transgenic line that expresses a tandem autophagy 151 

reporter (UAS pGFP-mCherry-Atg8a)33 under the control of a muscle specific driver (MHC-152 

GAL4), we found the ratio of mCherry vs. EGFP was significantly elevated in tumour-bearing 153 

animals (QRasV12scribRNAi) at 6 days AEL (Figure S3 A-C). This indicates there is an increased 154 

lysosomal degradation and autophagy in the muscles of tumour-bearing animals34 prior to the 155 

increase in mitochondrial size at day 7. Next, we examined the expression of the sarcomere 156 

structural protein Myosin Heavy Chain (MHC), a previously reported proxy for protein 157 
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synthesis35. We found MHC levels were significantly downregulated at 6 days AEL in tumour 158 

bearing animals (RasV12dlgRNAi, Figure S3 D-F). Next, we inhibited tumour-secreted ImpL2 159 

(RasV12dlgRNAi), and we found that translation levels were significantly restored by 5 days AEL 160 

(Figure S3 J-L), and autophagy levels were restored by 7 days AEL (Figure S3 G-I), confirming 161 

that muscle perturbations are driven by tumour-secreted ImpL2.  162 

 As disruptions to autophagy and protein synthesis preceded muscle detachment (at 7 163 

days AEL4), we functionally assessed whether inhibiting autophagy or enhancing translation 164 

could rescue muscle integrity (QRasV12scribRNAi). However, neither the expression of a 165 

constitutively activated S6 kinase (S6KCA), which has previously been shown to sufficiently 166 

increase protein translation in the muscle35, nor the inhibition of autophagy via the expression 167 

of a RNAi against the protein kinase Atg1 which has previously been shown to reduce 168 

autophagy36,  was able to prevent tumour-induced muscle detachment (Figure S3 M-R). Due 169 

to the role of autophagy as a stress compensation mechanism37, we also tried increasing 170 

autophagy specifically in the muscles through the overexpression of Atg1. However, this led 171 

to lethality of the larvae at the 1st instar (data not shown). Together this data suggests that 172 

defects in autophagy and protein synthesis are not the primary cause of muscle wasting. 173 

 174 

Mitochondrial fusion promotes lipid utilisation in cachectic muscles 175 

To further investigate the role of insulin-mediated mitochondrial fusion on muscle 176 

wasting, we next examined how these changes affected lipid and glycogen metabolism in the 177 

muscle. Cachexia has been associated with the rewiring of lipid metabolism38, and we have 178 

previously shown that there is a significant reduction in total lipid stores of cachectic animals4. 179 

Consistent with a reduction in overall lipid stores, we observed a significant reduction in the 180 

number of lipid droplets (LDs, Figure 3 A-C and Figure S4 A-B, visualised by LipidTOXTM), 181 

in the muscles of tumour bearing animals (RasV12dlgRNAi). The depletion of lipids is 182 

phenocopied by nutrient restriction in wildtype animals (Figure 3 D-F). Furthermore, inhibition 183 

of ImpL2 in the tumour was sufficient to significantly increase muscle LD levels by 6 days 184 

AEL (RasV12dlgRNAi, Figure 3 G-I). Together, our data suggests that the depletion of muscle 185 

lipid stores lies downstream of insulin signalling.  186 

The lack of LDs in the muscle could be accounted for by an increase in lipolysis, 187 

whereby fat storage is broken down and released as free fatty acids. However, we found that 188 

by promoting LD formation through the overexpression of lipid storage droplet-2 (Lsd-2, 189 

Figure S4 C-E) did not prevent the loss of muscle integrity in tumour-bearing animals 190 

(QRasV12scribRNAi, Figure S4 F-H).  191 
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Next, we tested if inhibiting mitochondria fusion via Marf RNAi could restore lipid 192 

stores. We found that Marf knockdown in the muscles of tumour-bearing animals restored LD 193 

numbers (QRasV12scribRNAi, Figure 3 J-L). It is known that utilisation of glycogen, which is a 194 

readily available source of energy, often occurs before fat breakdown39. Consistent with this, 195 

we found that glycogen stores in the muscles were depleted earlier than lipid stores at 5 days 196 

AEL (RasV12dlgRNAi, Figure 3 M-O). However, muscle-specific knockdown of Marf was not 197 

able to preserve the loss of muscle glycogen stores (QRasV12scribRNAi, Figure 3 P-R), suggesting 198 

that mitochondrial fusion had greater effects on lipid rather than glycogen stores in the muscles 199 

of cachectic animals.  200 

 201 

Inhibition of beta-oxidation improves muscle integrity 202 

To better understand the metabolic changes that occur in the muscles of tumour-bearing 203 

animals, we conducted proteomics to assess for protein expression levels in wildtype and 204 

tumour-bearing (RasV12dlgRNAi) muscles. Consistent with our immunostaining results (Figure 205 

S3 D-F), where we observed a significant downregulation of MHC levels, we detected a global 206 

downregulation of translational proteins (Figure 4 A). Furthermore, we found that proteins 207 

involved in the GO term “metabolism of lipids” were significantly upregulated (Figure 4 A-208 

B). Interestingly, CPT1A/Whd, an important regulator of the beta-oxidation pathway40, was 209 

found to be upregulated both at the transcriptional (QRasV12scribRNAi, Figure 4 C) and protein 210 

levels (RasV12dlgRNAi, Figure 4 D) in the muscles of tumour-bearing animals. Beta-oxidation is 211 

the metabolic process by which fatty acids are broken down into acetyl-CoA molecules, which 212 

can then be used to produce energy (Figure 4 E). As beta-oxidation proceeds, the fatty acids 213 

stored in the LDs become depleted, leading to a reduction in the size and abundance of LDs in 214 

the cell. To test if preventing beta-oxidation could affect muscle integrity, we next knocked 215 

down Whd specifically in the cachectic muscles (QRasV12scribRNAi). We found that Whd 216 

inhibition was sufficient to significantly increase LD numbers (Figure 4 F) and improve muscle 217 

integrity (Figure 4 G-I) by 7 days AEL, suggesting that beta-oxidation is a key regulator of 218 

muscle integrity in cachectic muscles. Interestingly, while Whd knockdown was able to restore 219 

mitochondrial function (as assessed via TMRE, Figure 4 J), it was however not able to restore 220 

mitochondrial size (Figure 4 K-M). To assess if whd is regulated by insulin signalling, we 221 

knocked down FOXO via RNAi, and found that this was able to inhibit the transcription of 222 

whd (QRasV12scribRNAi, Figure 4 C). Together, this data suggests that FOXO lies upstream of 223 

beta-oxidation, and mitochondria function lies downstream of beta-oxidation.  224 
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To assess if there is an association between lipid metabolism and cachexia in patient 225 

samples, we examined the relationship between muscle CPT1A mRNA levels and muscle 226 

radiation attenuation (an indicator of muscle quality), using a microarray data set from patients 227 

with pancreatic ductal adenocarcinoma (PDAC)41. We found a significant negative correlation 228 

of these two parameters (Figure 4 N), suggesting that increased CPT1A is correlated with poor 229 

muscle health in cachectic PDAC patients.  230 

Finally, we also examined whether lipid metabolism plays a role in the Colon-26 (C-231 

26) xenograft model in the mouse. Cross-sections through muscle samples of control vs. C-26 232 

mice demonstrated a significant depletion of lipid stores, as indicated by a significant decrease 233 

in extramyocellular LD number and size (Figure 4 O-R, shaded in red). Interestingly, when we 234 

examined intramyocellular LD levels, we observed an increase in density and size of LDs in 235 

cachectic muscles compared to control (Figure 4 O-P’, S, T, shaded in yellow), which is 236 

consistent with reports of intramyocellular LD accumulation reported in human cachectic 237 

muscles42,43. Overall, this data suggests that the depletion of muscle lipid stores via beta-238 

oxidation affects mitochondrial function and is negatively correlated with muscle health in 239 

cachectic flies, mice and patients. 240 

 241 

Modulation via dietary supplementation of nicotinamide or a high-fat diet improves 242 

muscle integrity 243 

To determine whether we could prevent mitochondrial damage and muscle disruption 244 

in tumour-bearing animals through dietary modulation, we fed cachectic animals with diets 245 

supplemented with nicotinamide or coconut oil.  Nicotinamide is a precursor of Vitamin B3 246 

and is known to improve mitochondria health44. Tumour-bearing animals (QRasV12scribRNAi) 247 

fed a diet containing 1 g/kg of nicotinamide exhibited reduced muscle mitochondrial size 248 

(Figure 5 A-C), FOXO levels (Figure 5 D), and improved muscle integrity (Figure 5 E-G). 249 

Coconut oil has previously been shown to enhance overall lipid levels in Drosophila larvae45. 250 

We found this high-fat diet significantly improved LD levels in the muscles of tumour-bearing 251 

animals (RasV12dlgRNAi, Figure 5 H-J). Most excitingly, this dietary supplementation 252 

significantly improved muscle integrity (Figure 5 K-M), as well as mitochondrial function 253 

(Figure 5 N). Together, this data demonstrates that dietary supplementation of lipids or 254 

nicotinamide can potentially improve outcomes in cachexia through modulation of FOXO, 255 

lipid metabolism or mitochondrial dynamics.  256 

 257 

Discussion 258 
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Utilising a Drosophila model of cachexia, we have demonstrated that muscle wasting 259 

in cachexia is mediated by two main mechanisms: insulin signalling via FOXO and beta-260 

oxidation via mitochondrial fusion (Figure 5 O). First, tumour-secreted ImpL2 systemically 261 

decreases insulin signalling, which results in an increase in FOXO nuclear-localisation in the 262 

muscle. This is accompanied by an increase in mitochondrial size and a depletion of the muscle 263 

lipid stores. Knockdown of tumour-secreted ImpL2, or muscle-specific FOXO inhibition, 264 

resulted in reduced mitochondrial size and improved muscle integrity. Furthermore, inhibition 265 

of mitochondrial fusion via Marf, or beta-oxidation via Whd, were also able to improve 266 

mitochondrial function and integrity, as well as increase muscle lipid stores.  Finally, 267 

supplementing dietary lipids through a high-fat diet was sufficient to significantly enhance 268 

muscle integrity.  269 

Changes in mitochondrial morphology have been reported in the muscles of cachectic 270 

patients, however, so far, the underlying mechanisms are not clear. In our study, we have shown 271 

that mitochondrial morphology and lipid oxidation are closely linked. It is likely that an 272 

increased reliance on beta-oxidation of fatty acids in cachectic muscle causes it to exceed 273 

mitochondrial capacity.  This in turn results in mitochondrial damage and dysfunction, and 274 

contributes to cancer-induced muscle wasting. Interestingly, in the muscles of mice and 275 

humans, it has been reported that fatty-acid beta-oxidation and mitochondrial dynamics can 276 

influence each other46–48, therefore, it would be interesting to explore the direct link between 277 

these two parameters in the future.  278 

 It has been reported that cachectic patients exhibit decreased dietary lipids and 279 

increased fatty acid release from the adipose tissue49. It is therefore likely that the depletion of 280 

available energy substrates (glycogen and fatty acids) contributes to the mitochondrial 281 

dysfunction and loss of muscle integrity. In this study, we have shown that coconut oil 282 

supplementation increases mitochondrial function and improves muscle integrity. While the 283 

underlying mechanism is so far unclear, we think this dietary supplementation most likely acts 284 

to increase lipid stores in general, therefore delaying mitochondrial damage caused by 285 

excessive beta-oxidation. However, it is also possible that a high-fat diet could first lead to 286 

reduced mitochondrial size47,48, which in turn can cause decreased beta-oxidation46, therefore, 287 

leading to a slower utilisation of lipids.  288 

We reported a decrease in LD number in the muscles of both cachectic flies and mice. 289 

In contrast with this, studies in cachectic patient muscle samples have previously reported an 290 

accumulation of intramyocellular lipids42,43. When we examined LD levels in the flies, we did 291 

not measure intramyocellular lipid levels, as our images were taken longitudinally. Upon 292 
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examination of LD levels in the muscles of the C-26 mouse model (via transverse section), we 293 

saw a decrease in extramyocellular LD levels, and an increase in intramyocellular LDs. It is 294 

therefore possible that the depletion of LDs we observed is in fact a mobilisation of 295 

extramyocellular/subsarcolemmal LDs to intramyocellular LDs, for their use in mitochondrial 296 

beta-oxidation. This would be consistent with reports that in starved mouse embryonic 297 

fibroblasts, fatty acids stored in LDs undergo transfer to mitochondria for beta-oxidation50. In 298 

the future, it would be interesting to explore whether the increase in intramyocellular LDs in 299 

human cachexia muscle samples also correlates with a decrease in extramyocellular LDs, and 300 

if this is associated with changes in fatty acid beta-oxidation. 301 

 Together, our study demonstrates that targeting FOXO, mitochondrial fusion/beta-302 

oxidation and replenishing lipid stores in cachectic animals can prevent muscle wasting in 303 

cachexia. Therefore, this work opens up new avenues for finding therapeutic targets to prevent 304 

or attenuate the progression of cancer cachexia in patients.  305 
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Methods 327 

Drosophila stocks and husbandry 328 

The following stocks were used from the Bloomington Drosophila stock centre:  329 

Mef2-GAL4 (BL27391),  330 

MHC-GAL4 (BL55133),  331 

UAS-Cat.A (BL24621) 332 

UAS-Drp1 (BL51647), 333 

UAS-foxoRNAi (BL27656), 334 

UAS-foxoRNAi (BL32427), (of the two RNAi’s, foxoRNAi (27656) showed the stronger effect and 335 

was used for all other experiments 336 

UAS-luciferase (BL64774),   337 

UAS-marfRNAi (BL31157), 338 

UAS-marfRNAi (BL67158) (of the two RNAi’s, marfRNAi (67158) showed the stronger effect and 339 

was used for all the experiments) 340 

UAS-mCherryRNAi (BL35785),  341 

UAS-Opa1RNAi (BL32358), 342 

UAS-pGFP-mCherryAtg8a (BL37749), 343 

UAS-S6KCA (BL6914),  344 

UAS-Sod1 (BL24750), 345 

UAS-whdRNAi (BL33635), 346 

ey-FLP1;act>CD2>GAL4,UAS-GFP4.  347 

 348 

The following stocks were obtained from the Vienna Drosophila Resource Centre:  349 

UAS-Impl2RNAi (v30931).  350 

 351 

The following stocks were also used:  352 

w1118 , 353 

ey-FLP1;UAS-dlg RNAi,UAS-RasV12 /CyO, Gal80;act>CD2>GAL4,UAS-GFP, 354 

Ey-FLP1; QUAS-RasV12, QUAS-scribRNAi/ CyOQS; MHCGal4, act>CD2>QF, UAS-355 

RFP/TMBQS4, 356 

Ey-FLP1; QUAS-RasV12, QUAS-scribRNAi/ CyOQS; mef2Gal4, act>CD2>QF, UAS-357 

RFP/TMBQS4,  358 

UAS-Atg1RNAi (Donna Denton), 359 

UAS-Atg1 6A (Donna Denton), 360 
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UAS-dFOXO (Kieran Harvey),  361 

UAS-GFP (Kieran Harvey),  362 

UAS-GPx1 (Tatsushi Igaki), 363 

UAS-lacZRNAi (Kieran Harvey),  364 

UAS-lsd2 (Alex Gould), 365 

UAS-RasV12 (Helena Richardson), 366 

mCherryAtg8a/CyOGFP, 367 

mCherryAtg8a/CyOGFP;mCherryRNAi/TM6cSb, 368 

mCherryAtg8a/CyOGFP;ImpL2RNAi/TM6cSb. 369 

 370 

Fly stocks were reared on standard Drosophila media,  adults were allowed to lay for 371 

24 hr at 25 C and the progeny was then moved to 29 C. Experiments were conducted on 372 

animals lacking tumours at wandering stage, and on tumour-bearing animals on a specific 373 

number of days after egg lay as indicated throughout the methods. 374 

 375 

Dietary supplementation and nutrient restriction 376 

Fly food supplemented with nicotinamide at a concentration of 1 g of nicotinamide per 377 

1 kg of normal food was created as follows. 100 g of regular food was melted in a beaker using 378 

a microwave until there were no solid lumps. 100 mg of nicotinamide44 (Sigma-Aldrich, 379 

#N0636-100G) was dissolved in 1 ml of sterile water at room temperature, added to the melted 380 

fly food, and mixed thoroughly. The combined mixture was divided into ten fly vials with 381 

approximately 10 ml of food per vial. 100 g of regular food without nicotinamide was also 382 

melted and poured into ten vials to be used as control food. Both nicotinamide and regular food 383 

was left to cool at 4 °C overnight. To control for density in feeding, crosses were laid on regular 384 

food. On day 1 AEL, before the embryos hatched, 20-30 embryos were taken and placed on a 385 

piece of cardboard and placed into the control or nicotinamide food. The larvae that hatch on 386 

the food were then fed on the specified diets until dissection.  387 

High-fat diet fly food was created as follows. 70 g of regular food was melted in a 388 

beaker using a microwave until there were no solid lumps. 30 g of coconut oil45 (Community 389 

Co Virgin Coconut Oil 450 ml) was melted in a separate beaker using a microwave until there 390 

were no solid lumps. The melted coconut oil was then poured into the beaker with the 70 g 391 

regular food and mixed thoroughly. The mixture was then left to cool slightly for 5-10 mins, 392 

then was mixed thoroughly again to prevent the food from separating from the coconut oil. 393 
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This was repeated if the mixture appeared to separate again. The combined mixture was divided 394 

into ten fly vials with approximately 10 ml of food per vial. 100 g of regular food without 395 

coconut oil was also melted and poured into ten vials to be used as control food. Both high-fat 396 

food and regular food was left to cool at 4 °C overnight. A small piece of tissue paper 397 

(approximately 1 x 3 cm) was placed into the food of control and high-fat vials to soak up 398 

excess coconut oil. To control for density in feeding, crosses were laid on regular food. On day 399 

1 AEL, before the embryos hatched, 20-30 embryos were taken and placed on a piece of 400 

cardboard and placed into the control or high-fat food. The larvae that hatch on the food were 401 

then fed on the specified diets until dissection.  402 

For starvation/nutrient restriction, the larvae were fed on normal food for 60 hr. 403 

Approximately 20 larvae were transferred onto either normal food or a diet consisting of 1% 404 

agar in PBS at this time point. The animals were then either fed or starved for 24 hr before 405 

dissection.  406 

 407 

Drosophila immunostaining 408 

For FOXO, MHC staining as well as phalloidin staining (muscle integrity), larvae were 409 

heat-killed 4,51, muscle fillets (prepared as previously described4,51) were then fixed for 20 min 410 

in PBS containing 4% formaldehyde and washed three times for 10 mins each with PBS 411 

containing 0.3% Triton-X (PBST-0.3). For Atg8a and LipidTOXTM experiments, animals were 412 

dissected in cold 1x PBS, fixed for 45 mins and washes were performed in 1x PBS. For ATP5A 413 

staining, DHE and TMRE experiments, animals were dissected in cold Drosophila Schneider’s 414 

Medium. ATP5A samples were fixed for 20 min followed by three 10 min washes in PBST-415 

0.3. For DHE and TMRE there was no fixation or wash steps before staining. Tissues were 416 

then stained as per the manufacturer’s specifications. All samples were imaged on an Olympus 417 

FV3000 confocal microscope. Muscle integrity and TMRE samples were imaged using a 10x 418 

objective lens. FOXO, MHC, Atg8a, LipidTOXTM, and DHE were imaged with a 40x objective 419 

lens. ATP5A was imaged with a combination of 40x and 63x lenses. All confocal samples were 420 

mounted in glycerol except for LipidTOXTM and TMRE, which were mounted in 1 x PBS and 421 

25 nM TMRE in Drosophila Schneider’s Medium, respectively. Within a given experiment, 422 

all images were acquired using identical settings. Primary antibodies used: dFOXO (Abcam, 423 

1:100, #ab195977), MHC (DHSB, 1:10, #3E8-3D3), ATP5A (Abcam, 1:500, #ab14748). 424 

Secondary donkey antibodies conjugated to Alexa 488 and Alexa 555 (Molecular Probes) were 425 

used at 1:200. DAPI 405 (Abcam, #ab228549) was used at 1:10000, Phalloidin 647 (Abcam, 426 

#ab176759) was used at 1:10000, HCS LipidTOXTM Red Neutral Lipid Stain (Invitrogen, 427 
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#H34476) was used at 1:1000. MitoTrackerTM Green FM (Invitrogen, #M7514) was used at a 428 

concentration of 250 nm52. TMRE was used as previously described (Invitrogen, #T669, 100 429 

nm)53. DHE staining was performed as previously described (10 mins DHE stain)54. 430 

 431 

Glycogen staining 432 

Muscle fillets were dissected in 1% BSA in PBS, fixed in 4% formaldehyde in PBS for 433 

20 min, and washed twice in 1% BSA in PBS. Periodic acid stain (PAS) was used as previously 434 

described55. The samples were mounted in glycerol and imaged on an Olympus BX53 435 

Brightfield microscope using a 4x objective lens.   436 

 437 

Experimental animals (mice)  438 

All experiments were approved by the Animal Ethics Committee of The University of 439 

Melbourne and conducted in accordance with the Australian code of practice for the care and 440 

use of animals for scientific purposes as stipulated by the National Health and Medical 441 

Research Council (Australia). Male Balb/c mice were obtained from the Animal Resources 442 

Centre (Canning Vale, Western Australia). All mice were housed in the Biological Research 443 

Facility under a 12:12 hr light-dark cycle, with water and standard laboratory chow available 444 

ad libitum. 445 

 446 

Mouse model of cancer cachexia 447 

The procedures used to thaw and count the Colon-26 (C-26) cells used to inject mice 448 

has been previously described56. Twelve-week-old male Balb/c mice were anesthetized with 449 

isoflurane (induction, 3-4% oxygen-isoflurane at 0.5 L.min-1; maintenance, 2-3% at 0.5 L.min-450 
1), such that they were unresponsive to tactile stimuli. Mice were then given a subcutaneous 451 

(s.c.) injection of 5 × 105
 C-26 cells suspended in 100 µl of sterilized phosphate buffered saline 452 

(PBS; n = 4) or 100 µl of sterilized PBS only (control; n = 4) and recovered from anaesthesia 453 

on a heat pad. After 17-25 days, when end-point criteria was met, mice were anaesthetized 454 

deeply with sodium pentobarbitone (Nembutal; 60 mg/kg; Sigma-Aldrich, Castle Hill, NSW, 455 

Australia) via intraperitoneal (i.p.) injection and the tibialis anterior (TA) muscles were 456 

carefully excised, blotted on filter paper, trimmed of tendons and any adhering non-muscle 457 

tissue and weighed on an analytical balance. The LTA muscle was mounted in embedding 458 

medium, frozen in thawing isopentane and stored at -80 °C for subsequent analyses. Mice were 459 

killed by cardiac excision while still anesthetized deeply. 460 

 461 
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 462 

Mouse immunostaining: 463 

Serial sections (8 µm) were cut transversely through the TA muscle using a refrigerated 464 

(-20 ºC) cryostat (CTI Cryostat; IEC, Needham Heights, MA, USA). Frozen mouse TA tissue 465 

was thawed at room temperature for 10 mins, then fixed in 4% neutral buffered formalin for 466 

10 mins and washed twice for 5 mins in 1x PBS. Samples were then stained as per the 467 

manufacturer’s specifications. Samples were mounted in 1x PBS and imaged on an Olympus 468 

FV3000 confocal microscope with a 40x objective lens. All images were acquired using 469 

identical settings. HCS LipidTOXTM Red Neutral Lipid Stain (Invitrogen, #H34476) was used 470 

at 1:1000. 471 

 472 

Image analysis: 473 

All images were quantified using FIJI57. FOXO intensity was normalised to DAPI, 474 

FOXO and DAPI levels were quantified by drawing a circle around the nucleus in the DAPI 475 

channel, and the mean grey value (m.g.v.) determined for FOXO and DAPI channels. To 476 

measure fluorescence intensity of MHC, Atg8a, PAS and DHE, a ROI was drawn around a 477 

sarcomere (MHC), nucleus plus adjacent to nucleus (Atg8a), section of a muscle segment 478 

(PAS), and nucleus only (DHE), on the z-plane where fluorescence was most intense. For the 479 

MHC, single Atg8a, PAS, and DHE quantifications, the levels of fluorescence were calculated 480 

with respect to background fluorescence, using total corrected cell fluorescence (TCCF), as 481 

described previously58. For the Tandem Atg8a-mCherry-GFP quantifications, a measurement 482 

was taken in both the mCherry and GFP channels, and total autophagy was calculated as a ratio 483 

of Atg8a-mCherry to Atg8a-GFP.  484 

Percentage muscle/cuticle was determined using FIJI as previously described4,51. In 485 

brief, dissected muscle fillets stained with Phalloidin to mark actin were analysed using a FIJI 486 

macro51. A ROI was drawn around the cuticle of the muscle fillet, and the image was converted 487 

to a binary mask using the “Auto Threshold” tool. The total area of fluorescence detected within 488 

the ROI was divided by the total ROI area, which we calculated as % muscle attachment.  489 

The number of LDs present in the fly muscle was determined through the use of a macro 490 

in FIJI (Supplementary File 1). In brief, files were imported into FIJI, and a 200 x 200 pixel 491 

ROI was created on an 8-bit converted representative slice. The image was cropped to the ROI, 492 

then the “Auto-threshold” function was used to convert the image into binary. The “Analyse 493 

Particles” function using a size range of “0.00-10” was then used to count the number of LDs 494 

present in the image.  495 
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The number of large extramyocellular LDs present in the mouse muscle was determined 496 

using a macro in FIJI (Supplementary File 1). In brief, files were imported into FIJI, a 497 

representative slice was converted to 8-bit. The “Auto-threshold” function was used to convert 498 

the image into binary. The “Analyse Particles” function using a size range of “2-infinity” was 499 

then used to count the number and size of extramyocellular LDs present in the image.  500 

The number of intramyocellular LDs present in the mouse muscle was determined using 501 

a macro in FIJI (Supplementary File 1). In brief, files were imported into FIJI, and the “Auto-502 

threshold” function was used to convert the image into binary. Five polygon ROIs that each 503 

encompassed the interior of a different myofiber was created on an 8-bit converted 504 

representative slice. The “Analyse Particles” function using a size range of “0.00-10” was then 505 

used to count the number and size of LDs present in the image. The density and size of LDs 506 

was averaged between the five myofibers for one image. 507 

The proportion of large mitochondria in the muscle was determined through the use of 508 

a macro in FIJI (Supplementary File 2). For more details on the use of the macro and how large 509 

mitochondria were selected, see Figure S1. The output of the macro was a list of individual 510 

mitochondrial areas. Once the output was acquired, a Log10 transformation was then applied to 511 

this list of areas to bring it closer to a normal distribution. The data was then binned into four 512 

sizes, those with a Log10 transformed value: X ≤ -0.5, -0.5 < X ≤ 0, 0 < X ≤ 0.5, and 0.5 < X ≤ 513 

1.0. The mitochondria in the bin of 0.5 < X ≤ 1.0 were considered the largest mitochondria, 514 

and the proportion of these out of the total number of mitochondria was calculated. 515 

The level of TMRE activity was determined through the use of a macro in FIJI 516 

(Supplementary File 3). In brief, files were imported into FIJI and split into MitoTrackerTM 517 

Green and TMRE channels. A max intensity z-projection of the MitoTrackerTM Green channel 518 

was converted to 8-bit, smoothed using the “Gaussian Blur” and “Remove Outliers” functions, 519 

and a square ROI was drawn around the muscle fillet. The image was then converted to a binary 520 

mask using the “Auto Threshold” function using the “IsoData” method. A selection was then 521 

created around all the thresholded MitoTrackerTM Green area, and this area was measured. A 522 

max intensity z-projection of the TMRE channel was then processed in the same way as the 523 

MitoTrackerTM Green channel. The final result was an area measurement for total mitochondria 524 

via MitoTrackerTM Green and active mitochondria via TMRE. The total area of TMRE was 525 

divided by the total area of MitoTrackerTM Green, to give a percentage value of how many total 526 

mitochondria are active.  527 

 528 

Electron Microscopy 529 
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Drosophila 3rd instar larvae were dissected and fixed in 2.5% glutaraldehyde solution 530 

in 0.1 M sodium cacodylate buffer overnight at 4 °C or for 2 hr at room temperature. The 531 

samples were then washed with 0.1 M sodium cacodylate, followed by staining with 1% 532 

osmium tetroxide and 2% uranyl acetate using a Pelco Biowave and washed in 0.1 M sodium 533 

cacodylate. They were then dehydrated in an ethanol series (1x-50%, 70%, 90% and 2x-100%) 534 

followed by infiltration with increasing concentrations of epon resin (1x-25%, 50%, 75% and 535 

2x–100%). Samples were subsequently processed in the resin with the Biowave high vacuum 536 

function before being embedded in fresh resin and polymerized in a 60 °C oven for 48 hr. 537 

Formvar-coated, one-slot grids were used to collect thin sections (50 nm) obtained via a Leica 538 

Ultracut UC6 Ultramicrotome by taking longitudinal sections of muscles. Images were 539 

collected in a JEOL 1011 electron microscope at 80 kV. 540 

 541 

Proteomics 542 

Samples were lysed by tip-probe sonication in 1% SDS containing 10 mM tris(2-543 

carboxyethyl)phosphine and 40 mM chloroacetamide in 100 mM HEPES pH 8.5. The lysate 544 

was incubated at 95 °C for 5 mins and centrifuged at 20,000 x g for 30 mins at 4 °C. Peptides 545 

were prepared using a modified SP3 approach with paramagnetic beads59. Briefly, lysates were 546 

shaken with a 1:1 mixture of hydrophilic and hydrophobic Sera-Mag SpeedBeads (GE 547 

Healthcare) in a final concentration of 50% ethanol for 8 mins at 23 ℃. The beads were washed 548 

three times with 80% ethanol and dried at 23 ℃ for 20 mins. Proteins were digested directly 549 

on the beads in 50 µL of 10% trifluoroethanol in 100 mM HEPES, pH 7.5 sequencing-grade 550 

LysC (Wako Chemicals) and sequencing-grade trypsin (Sigma) for 16 hr at 37 ℃. The 551 

supernatant containing peptides were removed and mixed with 150 µl of 1% trifluoroacetic 552 

acid (TFA) and purified using styrenedivinylbenzene- reverse phase sulfonate microcolumns. 553 

The columns were washed with 100 µl of 99% isopropanol containing 1% TFA followed by 554 

100 µl of 99% ethyl acetate containing 1% TFA followed by 5% acetonitrile containing 0.2% 555 

TFA and eluted with 80% acetonitrile containing 1% ammonium hydroxide then dried by 556 

vacuum centrifugation. Peptides were resuspended 2% acetonitrile, 0.1% TFA and stored at -557 

80 ℃. 558 

 559 

Peptides were separated on a 40 cm x 75 µm inner diameter PepMap column packed with 1.9 560 

µm C18 particles (Thermo Fisher) using Dionex nanoUHPLC. Peptides were separated using 561 

a linear gradient of 5 – 30% Buffer B over 70 mins at 300 nl/min (Buffer A = 0.1% formic 562 

acid; Buffer B = 80% acetonitrile, 0.1% formic acid). The column was maintained at 50 ºC 563 
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coupled directly to an Orbitrap Exploris 480 mass spectrometer (MS). A full-scan MS1 was 564 

measured at 60,000 resolution at 200 m/z (350 – 951 m/z; 50 ms injection time; 2.5e6 automatic 565 

gain control target) followed by data-independent analysis (16 m/z isolation with 37 windows 566 

and a 1 m/z overlap, 28 normalized collision energy; 30 K resolution; auto injection time, 2e6 567 

automatic gain control target).  568 

 569 

Mass spectrometry data were processed using Spectronaut DirectDIA (v15.1.210713.50606) 570 

and searched against the Drosophila melanogaster UniProt database (October, 2019) using all 571 

default settings with peptide spectral matches and protein false discovery rate (FDR) set to 1%. 572 

The data were searched with a maximum of 2 miss-cleavages, and methionine oxidation and 573 

protein N-terminus acetylation were set as variable modifications while carbamidomethylation 574 

of cysteine was set as a fixed modification. Quantification was performed using MS2-based 575 

extracted ion chromatograms employing 3-6 fragment ions >450 m/z with automated fragment-576 

ion interference removal as described previously60. Data was analysed in Perseus61 and 577 

included median normalisation and differential expression analysis using t-tests with multiple 578 

hypothesis correction using Benjamini-Hochberg FDR adjustment.  579 

 580 

Human sample collection 581 

Collection of biospecimens of rectus abdominus muscle from patients with 582 

pathologically diagnosed pancreatic ductal adenocarcinoma (PDAC; n = 10 females/10 males) 583 

undergoing tumour resection surgery was compliant with an approved Institutional Review 584 

Board protocol at the University of Florida, with written informed consent obtained from all 585 

patients, and conformed to the Declaration of Helsinki. The detailed patient demographics and 586 

analysis of preoperative CT scans for skeletal muscle index (SMI) and muscle radiation 587 

attenuation as quantitative measures of skeletal muscularity and myosteatosis, respectively, 588 

have been published previously41,62. The methods for obtaining the microarray data have been 589 

published previously41. 590 

 591 

Statistical analysis: 592 

All statistical analyses were conducted using GraphPad Prism 9.0 (©GraphPad 593 

software Inc.). For experiments measuring % muscle/cuticle, FOXO/DAPI levels, PAS 594 

staining, MHC staining, DHE staining, Atg8a intensity, and TMRE/MitoTrackerTM Green 595 

ratios, experimental values were normalised to the average value of their respective controls. 596 

At least three animals per genotype were used for all muscle experiments. For FOXO, DHE, 597 
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Atg8a, MHC staining intensity quantifications, individual data points represent fluorescence 598 

intensity of a single nucleus or muscle fibre. For muscle integrity, PAS staining, LD number, 599 

mitochondrial size, and TMRE quantifications, individual data points represent a single larva. 600 

For experiments with two genotypes or treatments, two-tailed unpaired student’s t-tests were 601 

used to test for significant differences. The Welch’s correction was applied in cases of unequal 602 

variances, and the Mann-Whitney U tests was used in the cases of violated normality. For 603 

experiments with more than two genotypes, significant differences between specific genotypes 604 

were tested using a one-way ANOVA and a subsequent Šidák post-hoc test. A Brown-Forsythe 605 

correction was applied in cases of unequal variances, and in the cases of violated normality, 606 

the Kruskal-Wallis test was used. The results for all post-hoc tests conducted in a given analysis 607 

are shown in graphs. For all graphs, error bars represent SEM. p and adjusted-p values are 608 

reported as follows: p>0.05, ns (not significant); p<0.05, *; p<0.01, **; p<0.001, ***; 609 

p<0.0001, ****. 610 

 611 
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Figure 1. Blocking mitochondrial fusion in cachectic muscles is sufficient to restore 762 

muscle mitochondrial defects, as well as muscle health. 763 

A) Cartoon schematic depicting the two tumour models used in this study. The first model 764 

utilises the GAL4-UAS system to overexpress RasV12 and dlgRNAi in the eye discs of 765 

Drosophila larvae. The second model uses the QF2-QUAS system to overexpress RasV12 and 766 

scribRNAi in the eye discs, which allows us to utilise the GAL4-UAS system to simultaneously 767 

drive genetic manipulations in the muscle. Both of these systems have comparable muscle 768 

integrity to controls at 5 days AEL, but show muscle detachment by 7 days AEL. 769 

B) Cartoon representation of a cross section through a larval muscle. The black arrow points 770 

to a mitochondrion found in the sarcomere, while white asterisks point to the mitochondria 771 

found in the sub-sarcolemma. The white bracket indicates the z-disc of the sarcomere. The 772 

transparent white rectangle indicates the plane at which the confocal images and 773 

mitochondrial quantifications were acquired in (at the level of the sub-sarcolemma). 774 

C, D) Electron microscopy images of mitochondria in the muscles of control and 775 

RasV12dlgRNAi larvae. White asterisks mark mitochondria in the sub-sarcolemma, white 776 

brackets indicate z-discs of the sarcomeres. 777 

E, F) Representative images of ATP5A staining of mitochondria in the muscles of control 778 

and RasV12dlgRNAi larvae. 779 

G) Quantification of the proportion of large mitochondria out of total mitochondria in control 780 

and RasV12dlgRNAi larvae at days 4-7 AEL, performed using One-Way ANOVA (n = 4, 4, 4, 781 

4). 782 

H-I’’) Representative images of control and QRasV12scribRNAi;MHC-Gal4>mCherryRNAi larval 783 

muscle fillets stained with MitoTrackerTM Green which labels all mitochondria (H, I), and 784 

active mitochondria with TMRE (H’, I’). Merged images are shown in H’’ and I’’.  785 

J) Quantification of the percentage of total mitochondria stained with MitoTrackerTM Green 786 

that are also positive for TMRE in H’’ and I’’, performed using Student’s t-test (n = 5, 5). 787 

K, L) Representative images of ATP5A staining of mitochondria in the muscles of 788 

QRasV12scribRNAi;MHC-Gal4>mCherryRNAi and QRasV12scribRNAi;MHC-Gal4>marfRNAi (67158) 789 

larvae. 790 

M) Quantification of the proportion of large mitochondria out of total mitochondria in K and 791 

L, performed using Student’s t-test (n = 3, 4). 792 

N, O, P) Representative muscle fillets from QRasV12scribRNAi;MHC-Gal4>mCherryRNAi (N), 793 

QRasV12scribRNAi;MHC-Gal4>marfRNAi (31157) (O), and QRasV12scribRNAi;MHC-Gal4>marfRNAi 794 
(67158) (P) larvae, stained with Phalloidin to visualise actin.  795 
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Q) Quantification of muscle integrity in N, O and P, performed using Brown-Forsythe (n = 796 

22, 6, 13). 797 

R) Quantification of the percentage of total mitochondria stained with MitoTrackerTM Green 798 

that are shown to be active via TMRE incorporation in the muscles of 6 days AEL 799 

QRasV12scribRNAi;MHC-Gal4>mCherryRNAi and QRasV12scribRNAi;MHC-Gal4>marfRNAi (67158) 800 

larvae, performed using Student’s t-test (n = 6, 8). 801 

S, T) Representative muscle fillets from QRasV12scribRNAi;MHC-Gal4>mCherryRNAi and 802 

QRasV12scribRNAi;MHC-Gal4>Opa1RNAi larvae, stained with Phalloidin to visualise actin.  803 

U) Quantification of muscle integrity in S and T, performed using Student’s t-test (n = 10, 7). 804 

Images were taken at 5 days AEL for (C and E), 6 days AEL for (H, H’, H’’, I, I’, I’’), and 7 805 

days AEL for (D, F, K, L, N, O, P, S and T). 806 

Scale bars: 1 μm for (C and D), 10 μm for (E, F, K and L), and 500 μm for (H, H’, H’’, I, I’, 807 

I’’, N, O, P, S and T). 808 

All error bars are +/- SEM. P values are: ns (not significant), p > 0.05; *, p < 0.05; **, p < 809 

0.01; ***, p < 0.001; ****, p < 0.0001. 810 

  811 
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Figure 2. Tumour-secreted Impl2 mediates muscle mitochondrial morphology via 812 

FOXO. 813 

A, B) Representative images of ATP5A staining of mitochondria in the muscles of w1118 814 

larvae raised on a normal diet and w1118 larvae undergoing nutrient restriction from critical 815 

weight (60 hr after larval hatching (ALH)). 816 

C) Quantification of the proportion of large mitochondria out of total mitochondria in A and 817 

B, performed using Student’s t-test (n = 3, 3) 818 

D, E) Representative images of ATP5A staining of mitochondria in the muscles of 819 

RasV12dlgRNAi,mCherryRNAi and RasV12dlgRNAi,ImpL2RNAi larvae. 820 

F) Quantification of the proportion of large mitochondria out of total mitochondria in D and 821 

E, performed using Student’s t-test (n = 3, 3). 822 

G-H’’) Representative images of control and RasV12dlgRNAi larval muscles stained with DAPI 823 

to label the nucleus (G, H), and FOXO (G’, H’). Merged images are shown in G’’ and H’’.  824 

I) Quantification of nuclear FOXO staining in control and RasV12dlgRNAi larvae at days 5 and 825 

6 AEL performed using Kruskal-Wallis (n = 30, 15, 15, 15). 826 

J) Quantification of nuclear FOXO staining of RasV12dlgRNAi,mCherryRNAi and 827 

RasV12dlgRNAi,ImpL2RNAi larval muscles at 5, 6 and 7 days AEL, performed using Mann-828 

Whitney U (5 and 7 days AEL), and Welch’s t-test (6 days AEL, n = 15, 15, 15, 15, 15, 15). 829 

K, L) Representative images of ATP5A staining of mitochondria in the muscles of 830 

QRasV12scribRNAi;MHC-Gal4>mCherryRNAi and QRasV12scribRNAi;MHC-Gal4>foxoRNAi (27656) 831 

larvae. 832 

M) Quantification of the proportion of large mitochondria out of total mitochondria in K and 833 

L, performed using Student’s t-test (n = 5, 5). 834 

N, O, P) Representative muscle fillets from QRasV12scribRNAi;MHC-Gal4>mCherryRNAi (N), 835 

QRasV12scribRNAi;MHC-Gal4>foxoRNAi (27656) (O), and QRasV12scribRNAi;MHC-Gal4>foxoRNAi 836 
(32427) (P) larvae, stained with Phalloidin to visualise actin.  837 

Q) Quantification of muscle integrity in N, O and P, performed using One-Way ANOVA (n = 838 

5, 5, 3). 839 

R, S, T) Representative muscle fillets from QRasV12scribRNAi;MHC-Gal4>UAS luciferase (R), 840 

QRasV12scribRNAi;MHC-Gal4>UAS-dFOXO (5 days AEL, S), and QRasV12scribRNAi;MHC-841 

Gal4>UAS-dFOXO (6 days AEL, T) larvae, stained with Phalloidin to visualise actin. 842 

U) Quantification of muscle integrity in R, S and T, performed using Brown-Forsythe (n = 843 

14, 3, 9). 844 
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Images were taken at 5 days AEL for (A, B, G, G’, G’’ and S), 6 days AEL for (D, E, K, L, R 845 

and T), and 7 days AEL for (H, H’, H’’, N, O and P). 846 

Scale bars: 10 μm for (A, B, D, E, K and L), 20 μm for (G, G’, G’’, H, H’ and H’’), and 500 847 

μm for (N, O, P, R, S and T). 848 

All error bars are +/- SEM. P values are: ns (not significant), p > 0.05; *, p < 0.05; **, p < 849 

0.01; ***, p < 0.001; ****, p < 0.0001. 850 
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Figure 3. Blocking mitochondrial fusion restores muscle lipid stores, but not glycogen 852 

stores.  853 

A, B) Binary representation of lipid droplets (LDs) stained with LipidTOXTM in the muscles 854 

of control and RasV12dlgRNAi larvae from S4 A, B, obtained through thresholding in FIJI. More 855 

details on thresholding can be found in the Methods and Materials. 856 

C) Quantification of the number of LDs in control and RasV12dlgRNAi larvae at days 5-7 AEL, 857 

performed using One-Way ANOVA (n = 9, 9, 9, 6). 858 

D, E) Binary images of LDs stained with LipidTOXTM in the muscles of w1118 larvae raised 859 

on a normal diet and w1118 larvae undergoing nutrient restriction from critical weight (60 hr 860 

after larval hatching (ALH)), obtained through thresholding in FIJI.  861 

F) Quantification of the number of LDs in D and E, performed using Mann-Whitney U (n = 862 

6, 6). 863 

G, H) Binary representation of LDs stained with LipidTOXTM in the muscles of 864 

RasV12dlgRNAi,mCherryRNAi and RasV12dlgRNAi,ImpL2RNAi larvae obtained through thresholding 865 

in FIJI.  866 

I) Quantification of the number of LDs in G and H, as well as from earlier timepoints, 867 

performed using Student’s t-tests (n = 5, 5, 5, 5, 5, 5). 868 

J, K) Binary representation of LDs stained with LipidTOXTM in the muscles of 869 

QRasV12scribRNAi;MHC-Gal4>mCherryRNAi and QRasV12scribRNAi;MHC-Gal4>marfRNAi (67158) 870 

larvae, obtained through thresholding in FIJI.  871 

L) Quantification of the number of LDs in J and K, performed using Student’s t-test (n = 10, 872 

8). 873 

M, N) Representative images of muscle fillets from control and QRasV12scribRNAi;MHC-874 

Gal4>mCherryRNAi larvae, stained with periodic acid solution (PAS) to visualise 875 

polysaccharides such as glycogen. 876 

O) Quantification of PAS staining in control and QRasV12scribRNAi;MHC-Gal4>mCherryRNAi 877 

at days 5-7 AEL using Brown-Forsythe (n = 21, 11, 10, 8). 878 

P, Q) Representative images of muscle fillets from QRasV12scribRNAi;MHC-879 

Gal4>mCherryRNAi and QRasV12scribRNAi;MHC-Gal4>marfRNAi (67158) larvae, stained with 880 

periodic acid solution (PAS) to visualise polysaccharides such as glycogen. 881 

R) Quantification of PAS staining in P and Q, performed using Student’s t-test (n = 5, 5). 882 

Images were taken at 5 days AEL for (A, D, E and M), and 7 days AEL for (B, G, H, J, K, N, 883 

P and Q). 884 

Scale bars: 20 μm for (A, B, D, E, G, H, J and K), and 500 μm for (M, N, P and Q). 885 
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All error bars are +/- SEM. P values are: ns (not significant), p > 0.05; *, p < 0.05; **, p < 886 

0.01; ***, p < 0.001; ****, p < 0.0001. 887 
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Figure 4. Lipid metabolism via beta-oxidation is a mediator of muscle wasting. 889 

A) Proteomics were performed using the muscles from 5 days AEL control and 7 days AEL 890 

RasV12dlgRNAi larvae (n = 5, 4). The top ten up and downregulated enrichment terms from 891 

Metascape enrichment analysis are displayed.  892 

B) Volcano plot showing differentially regulated proteins in control vs RasV12dlgRNAi larval 893 

muscles, with proteins found in the “R-DME-556833: Metabolism of lipids” enrichment term 894 

highlighted (n= 5, 4). 895 

C) Quantification of qPCR results examining whd mRNA levels in w1118, 896 

QRasV12scribRNAi;MHCGal4>mCherryRNAi, and QRasV12scribRNAi;MHCGal4>foxoRNAi (27656) 897 

larval muscles at 6 days AEL, performed using One-Way ANOVA (n = 6, 6, 6) 898 

D) Quantification of Log transformed whd protein levels, from proteomics in B, performed 899 

using Mann-Whitney U (n = 5, 4).  900 

E) Schematic detailing Whd’s role in mitochondrial beta-oxidation. 901 

F) Quantification of the number of lipid droplets in QRasV12scribRNAi;MHC-902 

Gal4>mCherryRNAi and QRasV12scribRNAi;MHC-Gal4>whdRNAi larval muscles, at 5, 6 and 7 903 

days AEL, performed using Mann-Whitney U (5 and 6 days AEL) and Student’s t-test (7 904 

days AEL, n = 6, 6, 6, 6). 905 

G, H) Representative muscle fillets from QRasV12scribRNAi;MHC-Gal4>mCherryRNAi and 906 

QRasV12scribRNAi;MHC-Gal4>whdRNAi larvae, stained with Phalloidin to visualise actin.  907 

I) Quantification of muscle integrity in G and H, performed using Student’s t-test (n = 13, 9). 908 

J) Quantification of the percentage of total mitochondria stained with MitoTrackerTM Green 909 

that are shown to be active via TMRE incorporation in the muscles of 6 days AEL 910 

QRasV12scribRNAi;MHC-Gal4>mCherryRNAi and QRasV12scribRNAi;MHC-Gal4>whdRNAi larvae, 911 

performed using Student’s t-test (n = 6, 6). 912 

K, L) Representative images of ATP5A staining of mitochondria in the muscles of 913 

QRasV12scribRNAi;MHC-Gal4>mCherryRNAi and QRasV12scribRNAi;MHC-Gal4>whdRNAi larvae. 914 

M) Quantification of the proportion of large mitochondria out of total mitochondria in K and 915 

L, performed using Student’s t-test (n = 5, 5). 916 

N) Quantification of human PDAC muscle CPT1A mRNA levels plotted against Muscle 917 

Radiation attenuation, performed using Non-parametric Spearman’s Correlation (n = 20). 918 

(a.u.: average unit). 919 

O, O’, P, P’) Representative images of cross-sections of Type IIa muscle fibres in mouse 920 

tibiallis anterior muscle, stained with LipidTOXTM, taken from control (O) and C-26 tumour 921 

(P) animals. Yellow boxes highlight zoomed in areas to better visualise intramyocellular and 922 
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extramyocellular lipid deposits. Examples of extramyocellular lipid droplets have been 923 

labelled with red shading. Examples of where intramyocellular lipid droplets were measured 924 

have been labelled with yellow shading. 925 

Q) Quantification of the number of extramyocellular lipid deposits in O and P, performed 926 

using Student’s t-test, (n = 4, 4). 927 

R) Quantification of the size of extramyocellular lipid deposits in O and P, performed using 928 

Student’s t-test, (n = 4, 4). 929 

S) Quantification of the density of intramyocellular lipid deposits in O and P, performed 930 

using Student’s t-test, (n = 4, 4). 931 

T) Quantification of the size of intramyocellular lipid deposits in O and P, performed using 932 

Student’s t-test, (n = 4, 4) 933 

Images were taken at 6 days AEL for (K and L), 7 days AEL for (G and H), and 12 weeks 934 

plus 17-25 days after subcutaneous injection of PBS or C-26 tumour cells for (O, O’, P and 935 

P’). 936 

Scale bars: 10 μm for (K and L), 20 μm for (O’ and P’), 50 μm for (O and P), and 500 μm for 937 

(G and H). 938 

All error bars are +/- SEM. P values are: ns (not significant), p > 0.05; *, p < 0.05; **, p < 939 

0.01; ***, p < 0.001; ****, p < 0.0001. 940 
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Figure 5. Nicotinamide and high fat diets improve muscle health in tumour-bearing 942 

animals. 943 

A, B) Representative images of ATP5A staining of mitochondria in the muscles of 944 

QRasV12scribRNAi;MHC-Gal4>mCherryRNAi larvae raised on a normal diet, or raised on a diet 945 

containing 1 g/kg nicotinamide (NAM). 946 

C) Quantification of the proportion of large mitochondria out of total mitochondria in A and 947 

B, performed using Student’s t-test (n = 5, 5). 948 

D) Quantification of nuclear FOXO staining in the muscles of 6 days AEL 949 

QRasV12scribRNAi;MHC-Gal4>mCherryRNAi larvae raised on a normal diet, or raised on a diet 950 

containing 1 g/kg nicotinamide (NAM), performed using Welch’s t-test (n = 25, 25). 951 

E, F) Representative muscle fillets from QRasV12scribRNAi;MHC-Gal4>w1118 larvae raised on 952 

a normal diet, or raised on a diet containing 1 g/kg nicotinamide (NAM), stained with 953 

Phalloidin to visualise actin.  954 

G) Quantification of muscle integrity in E and F, performed using Student’s t-test (n = 7, 7). 955 

H, I) Binary representation of lipid droplets (LDs) stained with LipidTOXTM in the muscles 956 

of RasV12dlgRNAi larvae raised on a normal diet, and raised on a high fat diet, obtained through 957 

thresholding in FIJI.  958 

J) Quantification of the number of LDs in H and I, performed using Mann-Whitney U (n = 7, 959 

7). 960 

K, L) Representative muscle fillets from RasV12dlgRNAi larvae raised on a normal diet, or 961 

raised on a high fat diet, stained with Phalloidin to visualise actin.  962 

M) Quantification of muscle integrity in K and L, performed using Mann-Whitney U (n = 8, 963 

13). 964 

N) Quantification of the percentage of total mitochondria stained with MitoTrackerTM Green 965 

that are shown to be active via TMRE incorporation in the muscles of 6 days AEL 966 

RasV12dlgRNAi larvae raised on a normal diet, or raised on a high fat diet, performed using 967 

Student’s t-test (n = 9, 9). 968 

O) Tumour-secreted ImpL2 mediates insulin signalling in the muscle of tumour-bearing 969 

animals by influencing the nuclear localisation of FOXO. This reduction in muscle insulin 970 

signalling influences mitochondria fusion via Marf. Increased mitochondrial fusion is 971 

accompanied by a decrease in muscle lipid stores, which is the result of increased fatty-acid 972 

beta-oxidation via Whd in the mitochondria. This results in muscles that have depleted their 973 

energy reserves, contributing to a loss of muscle integrity. 974 

Images were taken at 6 days AEL for (H and I), and 7 days AEL for (A, B, D, E, K and L). 975 
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Scale bars: 10 μm for (D and E), 20 μm for (H and I), and 500 μm for (A, B, K and L). 976 

All error bars are +/- SEM. P values are: ns (not significant), p > 0.05; *, p < 0.05; **, p < 977 

0.01; ***, p < 0.001; ****, p < 0.0001. 978 
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Figure S1. Instructions for utilising FIJI macro for the quantification of mitochondrial 980 

size 981 

A) Import the Mitochondrial Macro (Supplementary File 2) into FIJI and hit “Run”, as 982 

indicated by the red box. 983 

B) The macro will ask you to select first an Input folder and then an Output folder. We 984 

recommend creating separate folders and then moving the z-stacks you have acquired and 985 

require to be analysed into the “Input” folder.  986 

C) Next, the macro will seek to isolate the fluorescence channel for the mitochondrial marker 987 

(in this case ATP5A). To do this, it will ask "Arrange channels so that the Mitochondria is the 988 

first channel". Click “Ok”. When the “Arrange Channels” window appears you will see the 989 

original channel order, in this case the mitochondria channel was the second channel out of 990 

three (Order: 123), so we have changed the order to put it first, by typing in the “New channel 991 

order” box (Order: 213). The macro then splits the channels and closes all other channels. 992 

D) You then will be asked to “Select a representative slice”. Before you click “Ok”, scroll 993 

through the z-stack to find a slice that best shows the sub-sarcolemmal mitochondria. Here, 994 

we have selected slice 23, as indicated by the red boxes. Click “Ok”, then the “Slice Keeper” 995 

window will appear. Type your desired slice number into both the “First Slice” and “Last 996 

Slice” boxes and put the number “1” into the “Increment” box. It will then perform an 8-bit 997 

conversion, change the colour to Grays, and will “Auto Threshold” the image using the 998 

“IsoData” method. 999 

E) The macro will then use the “Analyze Particles” tool to measure the size and number of 1000 

mitochondria in the image. We have set the macro to only measure structures been 0.2 and 7 1001 

μm2 in size. This avoids detecting structures that are too small (< 0.2 μm2), which are likely 1002 

background, and avoids detecting structures that are too big (> 7 μm2). The macro will then 1003 

output the thresholded image, as well as an excel file with the number of mitochondria that 1004 

were measured and their respective sizes. It will then move onto the next z-stack. 1005 

F, F’) An example of mitochondria that are above the “large” threshold (log10 transformed 1006 

value, 0.5 < X ≤ 1.0, depicted in red), and below the threshold (log10 transformed value, X ≤ 1007 

0.5, depicted in green), in a control muscle fillet. All other mitochondria depicted in white 1008 

were not measured as they were outside the “Analyze Particles” size range. 17 mitochondria 1009 

were considered in the “large” range (for more details on how mitochondria were binned for 1010 

size, see Methods and Materials. The yellow box shows a zoomed in example of a large 1011 

structure (marked in white) that is excluded from the analysis in F’, as it exceeds the size 1012 

threshold.  1013 
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G) An example of mitochondria that are above the “large” threshold (log10 transformed value, 1014 

0.5 < X ≤ 1.0, depicted in red), and below the threshold (log10 transformed value, X ≤ 0.5, 1015 

depicted in green), in a 7 days AEL RasV12dlgRNAi muscle fillet. All other mitochondria 1016 

depicted in white were not measured as they were outside the “Analyze Particles” size range. 1017 

30 mitochondria were considered in the “large” range. 1018 
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Figure S2. Reduced ROS in the muscles of tumour-bearing animals does not rescue 1020 

muscle wasting. 1021 

A, B) Representative images of DHE staining in the muscles of control and 1022 

QRasV12scribRNAi;mef2-Gal4>UAS luciferase larvae.  1023 

C) Quantification of DHE staining in A and B, performed using Mann-Whitney U (n = 45, 1024 

15). 1025 

D, E) Representative muscle fillets from QRasV12scribRNAi;mef2-Gal4>laczRNAi;mCherryRNAi 1026 

and QRasV12scribRNAi;mef2-Gal4>UAS-CatalaseA;UAS-Sod1 larvae, stained with Phalloidin 1027 

to visualise actin. 1028 

F) Quantification of muscle integrity in D and E, performed using Student’s t-test (n = 13, 1029 

11). 1030 

G, H, I) Representative muscle fillets from QRasV12scribRNAi;MHC-Gal4>mCherryRNAi (G), 1031 

QRasV12scribRNAi;MHC-Gal4>UAS-GPx1 (H) and QRasV12scribRNAi;MHC-Gal4>UAS-Drp1 1032 

(I) larvae, stained with Phalloidin to visualise actin. 1033 

J) Quantification of muscle integrity in G, H and I, performed using Kruskal-Wallis as part of 1034 

an analysis with S3 R, which used the same controls (n = 13, 16, 8). 1035 

Images were taken at 6 days AEL for (A), and 7 days AEL for (B, D, E, G, H and I). 1036 

Scale bars: 20 μm for (A, B), and 500 μm for (D, E, G, H and I). 1037 

All error bars are +/- SEM. P values are: ns (not significant), p > 0.05; *, p < 0.05; **, p < 1038 

0.01; ***, p < 0.001; ****, p < 0.0001. 1039 
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Figure S3. Muscles of tumour bearing Drosophila larvae show defects associated with 1041 

autophagy and translation, but these phenotypes are not necessary for muscle wasting. 1042 

A, A’, A’’, B, B’, B’’) Representative images of larval muscles of MHCGAl4 and 1043 

QRasV12scribRNAi;MHC-Gal4 animals crossed to a reporter of autophagy, Atg8a, tagged with 1044 

both mCherry (A, B) and GFP (A’, B’). Merged images are shown in A’’ and B’’. 1045 

C) Quantification of the ratio of Atg8a-mCherry to Atg8a-GFP in control and RasV12dlgRNAi 1046 

larvae at days 5-7 AEL, performed using Brown-Forsythe (n = 15, 15, 15, 15, 15).  1047 

D, E) Representative images of Myosin Heavy chain (MHC) staining in the muscles of 1048 

control and RasV12dlgRNAi larvae. 1049 

F) Quantification of MHC staining in control and RasV12dlgRNAi larvae from days 5-7 AEL, 1050 

performed using Brown-Forsythe (n = 15, 15, 15, 15). 1051 

G, H) Representative images of larval muscles of RasV12dlgRNAi,mCherryRNAi and 1052 

RasV12dlgRNAi,ImpL2RNAi crossed to a reporter of autophagy, Atg8a, tagged with mCherry. 1053 

I) Quantification of Atg8a-mCherry levels in G and H, as well as from earlier timepoints, 1054 

performed using Student’s t-test (5 days AEL), Welch’s t-test (6 days AEL), and Mann-1055 

Whitney U (7 days AEL, n = 20, 20, 20, 20, 20, 20). 1056 

J, K) Representative images of Myosin Heavy chain (MHC) staining in the muscles of 1057 

RasV12dlgRNAi,mCherryRNAi and RasV12dlgRNAi,ImpL2RNAi larvae. 1058 

L) Quantification of MHC staining in J and K, as well as staining from earlier timepoints, 1059 

performed using Mann-Whitney U (5 and 6 days AEL) and Welch’s t-test (7 days AEL, n = 1060 

15, 15, 15, 15, 15, 15). 1061 

M, N) Representative muscle fillets from QRasV12scribRNAi;mef2-Gal4>mCherryRNAi and 1062 

QRasV12scribRNAi;mef2-Gal4>Atg1RNAi larvae, stained with Phalloidin to visualise actin. 1063 

O) Quantification of muscle integrity in M and N, performed using Student’s t-test (n = 6, 3). 1064 

P, Q) Representative muscle fillets from QRasV12scribRNAi;MHC-Gal4>mCherryRNAi, 1065 

QRasV12scribRNAi;MHC-Gal4>UAS-S6KCA larvae, stained with Phalloidin to visualise actin. 1066 

R) Quantification of muscle integrity in P and Q, performed using Kruskal-Wallis as part of 1067 

an analysis with S2 J, which used the same controls (n = 13, 4). 1068 

Images were taken at 5 days AEL for (A, A’, A’’ and D), and 7 days AEL for (B, B’, B’’, E, 1069 

G, H, J, K, M, N, P and Q). 1070 

Scale bars: 20 μm for (A, A’, A’’, B, B’, B’’, D, E, G, H, J and K), and 500 μm for (M, N, P 1071 

and Q). 1072 

All error bars are +/- SEM. P values are: ns (not significant), p > 0.05; *, p < 0.05; **, p < 1073 

0.01; ***, p < 0.001; ****, p < 0.0001. 1074 
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Figure S4. Increasing storage of lipids in lipid droplets does not rescue muscle integrity. 1076 

A, B) Representative images of lipid droplets (LDs) stained with LipidTOXTM in the muscles 1077 

of control and RasV12dlgRNAi larvae.  1078 

C, D) Binary representation of LDs stained with LipidTOXTM in the muscles of 1079 

QRasV12scribRNAi;mef2-Gal4>UAS-luciferase and QRasV12scribRNAi;mef2-Gal4>UAS-lsd2 1080 

larvae. 1081 

E) Quantification of the number of LDs in C and D, performed using Student’s t-test (n = 3, 1082 

3). 1083 

F, G) Representative muscle fillets from QRasV12scribRNAi;mef2-Gal4>UAS-luciferase and 1084 

QRasV12scribRNAi;mef2-Gal4>UAS-lsd2 larvae, stained with Phalloidin to visualise actin. 1085 

H) Quantification of muscle integrity in N and O, performed using Student’s t-test (n = 10, 1086 

16). 1087 

Images were taken at 5 days AEL for (A), 6 days AEL for (C and D), and 7 days AEL for (B, 1088 

F and G). 1089 

Scale bars: 20 μm for (A, B, C and D), and 500 μm for (F and G). 1090 

All error bars are +/- SEM. P values are: ns (not significant), p > 0.05; *, p < 0.05; **, p < 1091 

0.01; ***, p < 0.001; ****, p < 0.0001. 1092 
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