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Abstract 22 

Background: Cancer-cachexia (CC) is experienced by 80% of cancer patients, representing 23 

40% of cancer-related deaths. Evidence suggests biological sex dimorphism is associated with 24 

CC. Assessments of the female transcriptome in CC are lacking and direct comparisons 25 

between biological sex are scarce. The purpose of this study was to define the time course of 26 

LLC-induced CC in females using transcriptomics, while directly comparing the effects of 27 

biological sex. 28 

Methods: Eight-week-old female mice were injected with LLC cells (1x106) or sterile PBS to the 29 

hind flank. Tumors developed for 1, 2, 3 or 4-weeks. Due to dimorphism between tumor weight 30 

in 3- and 4-weeks of development, these were reorganized as low-tumor weight (LT, tumor-31 

weight ≤1.2g), or high-tumor weight (HT, tumor-weight ≥2g). Gastrocnemius muscle was 32 

collected for RNA-sequencing (RNA-seq). Differentially expressed genes (DEGs) were defined 33 

as FDR<0.05. Data were further compared to RNA-seq of male mice from a previous study. 34 

Results: Global gene expression of female gastrocnemius muscle reveals consistent DEGs at 35 

all timepoints, all associated with type-II interferon signaling (FDR<0.05). Early transcriptomic 36 

upregulation of extracellular-matrix pathways was noted at 1wk (p<0.05), JAK-STAT pathway 37 

was upregulated in 2wk, LT, and HT. Type II interferon signaling was downregulated in 1wk, LT, 38 

and HT (p<0.05). A second major transcriptomic downregulation in oxidative phosphorylation, 39 

electron transport chain and TCA cycle were noted in cachectic (HT) muscle only (p<0.05).  40 

Male-female comparison of cachectic groups revealed 69% of DEGs were distinct between sex 41 

(FDR<0.05). Comparison of the top 10-up and down DEGs revealed downregulation of type-II 42 

Interferon genes was unique to female, while males show upregulation of interferon-signaling 43 

pathways. 44 
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Conclusion: We demonstrate biphasic disruptions in transcriptome of female LLC tumor-45 

bearing mice: an early phase associated with ECM remodeling and a late phase, accompanied 46 

by onset of systemic cachexia, affecting overall skeletal muscle energy metabolism. 47 

Comparison of cachectic female-male mice reveals ~2/3 of DEGs are biological sex specific, 48 

providing evidence of dimorphic mechanisms of cachexia between sexes. Alterations to Type-II 49 

Interferon signaling appears specific to CC development in females, suggesting a new biological 50 

sex-specific marker of CC. Our data support biological sex dimorphisms in development of CC. 51 

Key words: Lewis Lung Carcinoma, Biological Sex Dimorphism, RNA-Sequencing, Type-II 52 

Interferon, Cancer Cachexia, MitoCarta.  53 

Highlights: 54 

• While males show impairments in skeletal muscle energy metabolism in early stages of 55 

CC, early transcriptomic alterations impact ECM remodeling that precedes impairments 56 

in skeletal muscle energy metabolism in female tumor-bearing mice. 57 

• 2/3 of differently expressed genes in skeletal muscle undergoing cachexia are biological 58 

sex specific.  59 

• Downregulation of Type-II Interferon genes is unique to female mice, which displayed 60 

preserved gastrocnemius mass despite systemic cachexia, representing a potential 61 

therapeutic target for muscle mass maintenance in cancer-induced atrophy. 62 

• Mechanisms of LLC-induced cachexia appear to be biological sex specific which needs 63 

to be considered in further study of mechanisms and therapeutic modalities. 64 

  65 
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Introduction 66 

Cancer cachexia (CC) is a syndrome experienced by up to 80% of cancer patients (1). 67 

Despite its first description in 1858, literature lacked a formal definition until 2011, when Fearon 68 

et al. (2) described cachexia as a multifactorial condition characterized by skeletal muscle mass 69 

loss, with or without fat mass loss, resistant to conventional nutritional support and leads to a 70 

progressive functional impairment (2, 3). CC can lower quality of life, reduce tolerance to anti-71 

cancer drugs, and is directly responsible for 20-40% of cancer-related deaths (1, 4, 5). Despite 72 

the severity of this condition, mechanisms behind CC are not fully elucidated, and effective 73 

therapies are unavailable to cancer patients. 74 

Even though biological sex plays an important role in health and various diseases (6-9) 75 

including CC, pre-clinical research is still male-dominant (10, 11). Transcriptomic analysis is a 76 

robust tool for uncovering etiology of disease (10, 12, 13). Yet, limited studies utilize this 77 

approach to identify transcriptomic alterations at the onset and initial development of CC (10, 78 

12, 14-16), with fewer still considering female biological sex (10). Our group and others have 79 

recently shown biological sex differences during onset and progression of CC through time-80 

course studies (10, 17-21), including muscle mass protection noted in females with systemic 81 

cachexia (17), but not in males. For instance, CC is known to be driven by systemic 82 

inflammation with characteristic induction of inflammatory cytokines including IL-6 and TNF�, 83 

followed by a causal sequence of a catabolic shift and loss of skeletal muscle mass. Male 84 

colorectal CC has long been described as IL-6 dependent, while more recent data suggest IL-6 85 

independence in female colorectal CC (21-24). In addition, our laboratory reported early onset 86 

mitochondrial degeneration during development of LLC-induced CC in males (19), while such 87 

alterations are not present until development of cachexia in females (17). Combined current 88 

data suggest mechanisms of CC within a type of cancer are biological sex dependent, however 89 
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the extent and identity of such differences remains largely unknown leaving a critical gap in the 90 

literature. 91 

Here, we utilize RNA sequencing (RNA-seq) in a time-course fashion of tumor 92 

development to achieve the two-fold purpose of 1) understanding the transcriptomic profile of 93 

protected gastrocnemius muscle mass in female mice undergoing systemic LLC-induced CC, 94 

and 2) directly compare the gene expression landscape between males in females during the 95 

time course of early cancer development. About two-thirds of all dysregulated genes were 96 

distinct between sexes, demonstrating unique biological sex signatures and thus likely biological 97 

sex specific mechanisms in LLC-induced CC. Sex-specific considerations are therefore 98 

imperative for developing individualized therapeutics for improving muscle mass during cancer. 99 

Materials and methods 100 

Animal Interventions  101 

 Female C57BL6/J mice (Jackson Laboratories, Bar Harbor, ME; n = 40) from a larger 102 

study were randomly selected (17). Phenotypic statistics for this subset were performed to 103 

validate representation of the larger dataset. Animals were kept on a 12:12-h light-dark cycle 104 

and given access to normal rodent chow and water for the duration of the study. All animal 105 

protocols were approved by the University of Arkansas Institutional Animal Care and Use 106 

Committee, in accordance with the ethical standards (1964 Declaration of Helsinki). 107 

Lewis Lung Carcinoma allograft 108 

 Lewis lung carcinoma (LLC) cells (ATCC, CRL‐1642) were grown as described (17). At 109 

eight-weeks of age, female mice were subcutaneously injected with either LLC cells (1 x 106) 110 

suspended in 100μL PBS or equal volume sterile PBS (control) to the right hind flank. Tumors 111 

were allowed to develop for 1, 2, 3, or 4-weeks; 4-weeks is a timepoint commonly associated 112 
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with mild cachexia in this model, majorly utilizing male subjects (18, 19). As we noticed a 113 

dichotomous pattern in tumor weight, 3 and 4wk mice were regrouped into low (LT, tumor-114 

weight ≤1.2g) and high (HT, tumor-weight ≥2g) tumor bearing (17) n=8/group. Control (PBS) 115 

mice were age-matched with 12-weeks-old mice. 116 

Tissue collection 117 

 Mice were anesthetized with isoflurane prior to euthanasia and tissue wet weight of 118 

gastrocnemius, plantaris, soleus, extensor digitorum longus (EDL), tibialis anterior muscles of 119 

both limbs, along with heart, spleen, liver, and gonadal fat were assessed. Samples were snap-120 

frozen in liquid nitrogen and stored at -80°C for further utilization.  121 

RNA isolation and quality check 122 

Total RNA was extracted as described (12). Gastrocnemius was selected due to its 123 

heterogeneous fiber type composition, and to address biological sex differences on CC onset 124 

and development by allowing comparisons to our previous study in males (12). Total RNA 125 

concentration and purity were determined using BioTek Take3 micro-volume microplate with a 126 

BioTek Synergy HTX multi-mode plate reader (BioTek Instruments Inc., Winooski, VT) and 127 

260/280nm ratios and RNA concentrations were obtained. Samples were used if 260/280 ratios 128 

were of acceptable (>2.0) quality.   129 

RNA Sequencing and data analysis 130 

Complete data output and analysis can be found online for all RNA-sequencing and 131 

Pathway analysis associated data in the Supporting Information. 132 

RNA-sequencing of gastrocnemius muscle was performed by the genomics core at 133 

Michigan State University. Briefly, libraries were prepared using Illumina TruSeq Stranded 134 
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mRNA Library Preparation Kit (Illumina, San Diego, CA) per manufacturer recommendations. 135 

Libraries were divided into pools for multiplex sequencing using Illumina HiSeq 4000 flow cell in 136 

a 1x50bp single read format. Base calling was completed by Illumina Real Time Analysis (RTA) 137 

v2.7.7, output was demultiplexed and converted to FASTQ files with Illumina Bcl2fastq v2.19.1. 138 

FASTQ files were organized by assigning each sample to designated groups according to 139 

condition and timepoint (PBS, 1wk, 2wk, LT, HT). Pre-alignment QA/QC read was performed to 140 

assure quality, followed by a STAR 2.7.8a index alignment – assembly: mus musculus (mouse) 141 

– mm39. QA/QC was repeated post alignment. Normalization was performed by using Median 142 

ratio for DESeq2 in Partek. A filter of 30 minimum reads across all samples was applied. 143 

DESeq2 analysis with comparisons of each timepoint (1wk, 2wk, LT, HT) against control (PBS) 144 

and LT against HT was performed. Results were downloaded in text format, and further 145 

organized in Excel. Cutoffs for DEGs (differentially expressed genes) were performed at 0.05 146 

false discovery rate (FDR-adj. P-Value). Pathway analysis was performed on DEGs for each 147 

comparison through G:profiler (25) with following settings: all results, with statistical scope 148 

considering only annotated genes, significance threshold of g:SC threshold (0.05) and numeric 149 

IDs treated as ENTREZGene_ACC.  150 

 Data used for analysis can be found in Supporting Information S1, Supporting 151 

Information S2, Supporting Information S3, Supporting Information S4, Supporting Information 152 

S5, Supporting Information S6, Supporting Information S7, Supporting Information S8, and 153 

described in Supporting Information Description. 154 

Comparison of RNA sequencing to MitoCarta  155 

DEGs were cross-referenced with the Mouse MitoCarta 3.0 (26). Cross-reference was 156 

conducted by utilizing a custom computer software provided by Kevin B. Greene.  157 
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Comparison of RNA sequencing to male data set 158 

Comparison of RNA-seq data from the present study with a subset of male mice of a 159 

previous study from our group (12) was performed to assess biological sex differences in 160 

response to CC. FASTQ files from male mice were uploaded to Partek, and analysis was 161 

conducted with the same parameters utilized for female mice analysis as above. Cross-162 

referencing of DEGs of female and male was performed by custom R command provided by Dr. 163 

Aaron Caldwell. Further DESeq2 analysis was conducted on Partek by directly comparing 164 

female and male mice RNA-Seq data with the same parameters described, specifically a 2X2 165 

comparison of biological sex (male v female) to cachexia (PBS v cachectic (4wk [male]/HT 166 

[female]). 167 

Statistics 168 

For phenotypic data, a one-way ANOVA was utilized for each dependent variable. When 169 

significant F-ratios were found, differences among means were determined by Tukey’s post hoc 170 

test. For all statistical tests, the comparison-wise error (α) rate of 0.05 was adopted. Data were 171 

analyzed through GraphPad Prism (La Jolla, CA, USA). Data expressed as mean ± standard 172 

error of the mean (SEM). Data from RNA Sequencing analysis was analyzed using DESeq2 173 

through Partek Flow. False discovery rate (FDR, reported FDR step-up adjusted P- value) was 174 

controlled at < 0.05.  175 
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Results  176 

Phenotypic description of LLC-induced muscle atrophy across time course 177 

Phenotypic analyses were performed on a cohort of animals from a larger study (17) (n = 178 

8/condition). Tumor-free body weight was not different between experimental groups compared 179 

to PBS. EDL mass was not different between experimental conditions. Plantaris showed ~11% 180 

higher mass in LT compared to HT, but no differences in cancer groups when compared to PBS 181 

control (Table1, p=0.04). Soleus and tibialis anterior muscles where 19.3% and 9.3% lower in 182 

HT compared to PBS, respectively (Table 1, p=0.002, and p=0.04). Gastrocnemius muscle of 183 

tumor bearing groups was not statistically different from PBS. As for visceral organs, liver mass 184 

of LT and HT were 23% and 43% higher than PBS (Table 1, p=0.02, p<0.0001). Spleen mass 185 

was higher in HT by 26.5%, 35%, 48.5%, 44%, compared to 1wk, 2wk, LT, and PBS, 186 

respectively (p<0.0001). Gonadal fat was 55.9% lower in HT compared to PBS (Table 1, 187 

p=0.04). Phenotypic data demonstrate multiple hallmarks of CC in HT, confirming induction of 188 

LLC-induced CC for the current selected subset. 189 

 190 

Global gene expression analysis showed substantial transcriptome shift in high-tumor group 191 

only 192 

To identify muscle transcriptome shifts in CC, we performed RNA-seq of gastrocnemius 193 

muscle at all timepoints. We identified 2,958 upregulated and 2,052 downregulated DEGs 194 

across all time points (Figure 1a, adj. P-Value<0.05). Most DEGs were in the HT group (83% of 195 

total DEGs) (Figure 1b-e adj. P-Value<0.05). DESeq2 analysis showed 2,446 upregulated, and 196 

1,856 downregulated DEGs in HT compared to PBS while all the other timepoints combined 197 

showed 512 up- and 195 downregulated DEGs (Figure 1b-e, adj. P-Value<0.05). Comparing LT 198 
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against HT we noted 1,000-up and 1,343-downregulated DEGs (Figure 1f, adj. P-Value<0.05). 199 

The top ten up- and downregulated genes of each timepoint are in Figure 2a-d. The top ten 200 

upregulated genes showed an elevation in genes associated with antioxidant action (Mt3, Mt2) 201 

along with cell structure associated genes (Lgals3, Adam12) in 1wk mice. Interestingly, various 202 

Guanylate Binding Proteins (Gbp2, Gbp3, Gbp4 Gbp5) were downregulated in 1wk mice and 203 

remained downregulated throughout later timepoints along with other immunity and interferon-204 

associated genes (Entpd1, Gcnt2, Atp8b1, Trim21 Wars, Irf1, Nlrc5, Cd274) (Figure 2a-d).  205 

To investigate differences and similarities in DEGs across timepoints, we investigated 206 

distinction in DEGs across timepoints (Figure 2 e-f). Overlapping DEGs between tumor-bearing 207 

comparisons found in Figure 2e. We subsequently identified 10 overlapping DEGs (3 208 

upregulated and 7 downregulated) in all tumor-bearing groups compared to control (Figure 2f). 209 

Overlapping genes were associated with immune response, specifically Type-II-interferon 210 

signaling.  211 

 212 

Pathway analysis revealed biphasic biological alterations in CC development 213 

Next, we explored functional ontology of the altered gene networks. The top up- and 214 

downregulated pathways (up to five) of KEGG, Reactome, and WikiPathways biomolecular 215 

pathways libraries are shown in Figure 3a-b. Phagosome associated pathways were amongst 216 

the upregulated pathways in 1wk group, along with multiple pathways suggesting ECM 217 

remodeling, changes in cell structure and oxidative stress response. At two weeks after tumor 218 

introduction, the JAK-STAT pathway was the only significantly upregulated pathway (not 219 

shown), which remained significant in the LT group, along with cytokine-cytokine receptor 220 

interaction pathway. In the HT group we identified upregulation of Proteasome, mRNA 221 
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processing, Translation processing, and multiple inflammation associated pathways. Multiple 222 

immune system-related pathways were downregulated at 1wk along with type-II-interferon 223 

pathways, also consistently dysregulated in LT and HT groups. The most downregulated 224 

pathways in HT were associated with metabolism and mitochondrial systems, including 225 

oxidative phosphorylation (OXPHOS), ATP synthesis, TCA cycle, and Electron transport chain 226 

(ETC) pathways.  227 

 228 

Comparison of RNA sequencing to MitoCarta shows striking alterations to mitochondria-229 

associated genes in CC 230 

Considering substantial disruption of mitochondria-associated pathways, we compared 231 

the current dataset with MitoCarta 3.0, composed of 1,141 known mitochondrial-associated 232 

genes (26). Altogether, overlapping DEGs represent 6% and 41% of MitoCarta genes that were 233 

up- and downregulated with LLC, respectively (Figure 4a-b).  Very few genes matched the 234 

MitoCarta in the pre-cachectic groups. In the HT group, 55 up- and 421 downregulated genes 235 

were matched (Figure 4c). The top 20 MitoCarta matched are shown in Figure 5d including 236 

Alas2, Bnip3, and Casp8 (Figure 4d). Cox5a, a subunit of Cytochrome C Oxidase and multiple 237 

mitochondrial transporters genes were amongst the top 20 downregulated genes, including 238 

Slc25a47, Slc25a25, and other Slc genes (Figure 4d).  239 

 240 

Comparison of RNA sequencing to males revealed biological sex dimorphism in transcriptomic 241 

alteration in CC 242 

As biological sex plays an important role in CC (10, 17, 18), we cross-referenced female 243 

data with our previously published study utilizing LLC-induced cachexia in males (12). We 244 
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previously reported phenotypic data for this male subset including an ~17% lower 245 

gastrocnemius mass in cachectic animals compared to PBS control (12). For consistency, we 246 

reanalyzed male datasets using matching parameters as in the current study. There was a 31% 247 

overlap of DEGs, (genes displayed in several timepoints were accounted only once for 248 

percentage calculation), with a total of 1294 up- and 1091 downregulated overlapping DEGs, 249 

respectively (adj. P-Value<0.05, Figure 5a-b). No overlapping genes were found in 1- and 2-wks 250 

groups in females and males (Figure 5c). Only 13 matching upregulated genes were identified 251 

between female LT and male 3wks groups, while in groups that displayed cachectic phenotype 252 

(female-HT and 4-wks-male), there were 1269 up- and 1091 downregulated genes matching 253 

between female and male LLC-bearing mice (Figure 5c). Amongst the top ten shared up- and 254 

downregulated genes for females and males, there were three (Lcn2, Csf3r, Slfn4) upregulated 255 

and one (Tgtp2) downregulated common genes. Downregulation of Gbp genes were exclusive 256 

to female LLC-bearing mice (Figure 5d-e).  257 

To understand differences and similarities of CC-induced transcriptomic shifts in females 258 

and males, we compared dysregulated pathways (Figure 6). We found only one common 259 

downregulated pathway in 1wk groups and one common upregulated pathway in female LT and 260 

3wks male groups. Most overlapping pathways were in the cachectic groups (female HT and 261 

male 4wks), with a total of 192 and 52 up-and downregulated respectively (Figure 6c). 262 

Considering the cachectic groups in both males (4wks) and females (HT) displayed the larger 263 

transcriptomic alterations, we focused subsequent analyses on 4wks and HT groups only. We 264 

next analyzed the top 20 disrupted pathways of each KEGG, Reactome, and WikiPathways, 265 

observing 37.5% of pathways were shared by cachectic females and males (Figure 6d, one 266 

repeated pathway was excluded). Amongst shared pathways, we identified upregulation of 267 

pathways associated with inflammation, metabolism of RNA, mRNA processing, autophagy, and 268 
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exercise-induced circadian regulation, accompanied by downregulation of pathways associated 269 

with metabolism and mitochondrial systems (Figure 6d). We noted a more potent disruption of 270 

shared pathways in male compared to female mice, with male 4wks showing a more robust 271 

significance of the dysregulated pathways (Figure 6d, Adj. p-value<0.05). Unique dysregulated 272 

pathways for females and males are in Figure 6e-f and show female-unique upregulation of 273 

oxidative stress response, auto-degradation of the E3 ubiquitin ligase COP1, and proteasome 274 

among others. Upregulation of insulin signaling, cellular responses to stress, and metabolism of 275 

proteins among others, were unique to males (Supplementary Figure SF1). Additionally, distinct 276 

upregulation of Interferon Pathways including 15 genes (Ube2l6, Isg15, Flnb, Ptpn6, Eif4g1, 277 

Eif4a3, Plcg1, Pias1, Abce1, Ptpn1, Kpna1, Ppm1b, Arih1, Kpnb1, and Ptpn11) was noted in 278 

4wks male (Data not shown, p=0.0001). Unique downregulated pathways to females displayed 279 

a relationship with mitochondrial pathways (Supplementary Figure SF1a), while male-only 280 

downregulated pathways included DNA replication and repair, estrogen signaling, and 281 

ribosomal pathways, in which 40% of genes in this pathway were dysregulated, including many 282 

Mitochondrial Ribosomal Proteins (MRBLs) and Ribosomal Proteins (RPSs) genes 283 

(Supplementary Figure SF1b).  284 

After the observation of many mitochondrial-associated pathways being a dominant 285 

factor in the comparison of male and female mice undergoing CC, we inquired whether there 286 

were differences in MitoCarta matched genes in CC between biological sexes (Figure 7). 287 

Comparably with global gene expression, the most commonalities were found at the in the HT 288 

vs 4wks comparison, with 20 up- and 342 downregulated shared mitochondrial-associated 289 

genes (Figure 7a). Four genes displayed inverse expression profiling between biological sexes 290 

(Figure 7b). Figure 7c shows ~19% share of total upregulated mitochondrial-genes of females 291 

and males, highlighting the unique upregulation of apoptotic genes and mitochondrial gene 292 
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expression-related genes in females, while fatty acid biosynthesis-related genes were uniquely 293 

upregulated in males. Downregulated mitochondrial genes displayed 54% shared genes 294 

between sexes (Figure 7d). Figure 7e shows distinction in Log2FC between the mitochondrial 295 

genes associated with the three top common pathways between biological sexes, highlighting a 296 

more prominent impact in males (higher Log2FC) compared to females.  297 

 298 

Discussion  299 

Effective treatments for CC remain lacking. Unfortunately, most preclinical studies have 300 

been historically performed in males, overlooking likely biological sex dimorphisms. Our group 301 

and others have shown differences in CC development between biological sexes (10, 17-21), 302 

demonstrating the necessity to study underlying mechanisms of CC unique to each biological 303 

sex. Here, we first evaluated the time-course of transcriptomic alterations in response to LLC-304 

induced CC in female mice. We then directly compared cachexia-induced transcriptomic 305 

alterations between the current dataset in female LLC-bearing mice and reanalyzed data in 306 

male LLC-bearing mice (12) to compare between sex. In females, we observed muscle 307 

transcriptomic shifts one week following tumor allograft. Most importantly, major transcriptomic 308 

alterations occurred with onset of the cachectic phenotype despite relative preservation of 309 

gastrocnemius muscle mass in females. Further, our data shows disruption of important 310 

pathways involved in detriments to muscle function and health with cachectic development, 311 

including cell structure, autoimmune system, protein ubiquitin, JAK-STAT pathways, and 312 

oxidative metabolism in female mice. Cross-referencing female and male data (12), 313 

demonstrates only a ~33% overlap in DEGs of cachectic mice between biological sexes. Our 314 

data demonstrate unique downregulation of type-II-interferon genes amongst the top DEGs and 315 
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pathways to female mice. Overall, data suggest a specific biological sex signature to CC 316 

progression. 317 

 318 

 319 

Overview of transcriptomic shifts in female mice undergoing LLC-induced cachexia 320 

Our experimental model was successful in demonstrating key components of cachectic 321 

phenotype, including loss of fat mass, TA and soleus muscle wasting and splenomegaly. 322 

Transcriptional profiling of gastrocnemius muscle during different timepoints of tumor 323 

progression showed strong transcriptomic alteration one-week after cancer inoculation. 324 

Moreover, 83% of upregulated and 90% of downregulated DEGs were observed specifically in 325 

phenotypic cachexia. These findings are consistent with prior reports, confirming large 326 

transcriptomic shifts appear with onset of the cachectic phenotype (10, 12, 27). Corroborating 327 

the current study, prior research showed alterations at the transcriptomic levels in early and late 328 

stages of C26 colorectal and pancreatic ductal adenocarcinoma cancer-induced cachexia, 329 

despite mitigated muscle mass loss at early cachexia stage in females (10, 27). Altogether, the 330 

large degree of transcriptomic shifts occurs with the onset of cachexia. 331 

 332 

Consistent dysregulation across development of CC in females 333 

To examine the DEGs further, we cross-referenced all DEGs between tumor-bearing 334 

groups. By cross-referencing we note 1wk and HT groups showed the most similarities, with 335 

161 up- and 83 downregulated genes shared between groups, followed by LT and HT sharing 336 

55 up- and 51 downregulated genes. Interestingly, only ten genes are consistently dysregulated 337 
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across all timepoints, all of which were associated with downregulation of Type II interferon 338 

signaling; including upregulation of three type II interferon repressors with downregulation of 339 

seven genes associated with type II interferon activation. Furthermore, in reviewing the 10 most 340 

differentially expressed genes at each timepoint, several Gbp genes were downregulated 341 

across all timepoints. Gbps-2,-3,-4,-5,-6 were amongst the ten most downregulated genes, 342 

many of which were downregulated in muscle across development of LLC-induced cachexia. 343 

Gbps are a GTPase family strongly induced by interferons and can contribute to cell survival 344 

through inhibiting apoptosis (28). One prior study shows downregulation of Type-II-interferon 345 

signaling in muscle of aged mice undergoing impaired regeneration (29), while another showed 346 

inefficient muscle regeneration in interferon null mice (30). Another recent study utilized single-347 

cell RNA-seq to reveal upregulation in interferon-induced guanylate-binding protein through 348 

endothelial cells within skeletal muscle as a key player to aging-associated muscle loss 349 

(sarcopenia) (41) further suggesting the potential importance of interferon signaling in muscle 350 

atrophy. The role of Type II interferon signaling in muscle mass regulation is not yet fully 351 

understood, but this dataset supports a potential role for Type II interferon, specifically Gbps, in 352 

CC in females.  353 

 354 

Pathway analysis: biphasic transcriptomic alterations in females 355 

We next examined functional ontology of CC-induced transcriptomic changes in female 356 

mice. Corroborating prior work in pancreatic cancer patients (31), pathways of extracellular 357 

matrix (ECM) remodeling and cell structure were upregulated in the 1wk group, including 358 

upregulation of genes associated with collagen biosynthesis, deposition, focal adhesion 359 

including multiple Col-family genes. Dysregulation in cell structure and induction of ECM 360 

remodeling, such as collagen deposition and fibrosis, have been associated with worsened 361 
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prognosis for cachectic patients (31, 32), are observed in other tissues such as cardiac muscle 362 

(33), and are a hallmark of atrophy (15). Increased collagen deposition at the skeletal muscle 363 

endomysium is unique to cachectic patients, while cancer patients not presenting with cachexia 364 

do not exhibit collagen deposition (34). At 2wks, transcriptomic dysregulation was minimal, 365 

except upregulation of the JAK-STAT pathway, which persisted in the LT group, along with the 366 

upregulation of inflammation and proteasome pathways in LT and HT groups. JAK-STAT 367 

signaling is a known mediator of cachectic wasting (27, 35) associated with the acute phase 368 

response commonly noted in cachexia (27, 35).   369 

Imbalanced protein turnover is a hallmark of muscle wasting (36). Corroborating this, 370 

proteasome was the strongest upregulated pathway in the HT group. The timing of this 371 

induction of the proteasomal system agrees with our prior findings (17) and ties induction of 372 

major catabolic signaling cascades with onset of the cachectic phenotype. Similarly, 373 

downregulation of multiple immune system associated genes and pathways was observed as 374 

early as one week following tumor allograft persisting throughout tumor development. Induction 375 

of the proteasome and dysregulation of immune-related functions found in the current study 376 

aligns with our prior report in males (12). However, Type II Interferon signaling downregulation 377 

(discussed above) was noted in female tumor-bearing mice only, displaying a biological sex 378 

dimorphism in CC. Interestingly, inflammation and immune system factors such as Nuclear 379 

Factor kB (NFkB) and Type II interferon are inversely regulated by ubiquitin proteasome 380 

systems, likely explaining concomitant downregulation of immune-system with increased 381 

proteasome activity. Yet, downregulation of Type II interferon preceded transcriptomic disruption 382 

in proteasome-associated genes in this dataset, raising the need for a deeper understanding of 383 

the role of type II interferon in muscle atrophy. 384 

 385 
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Comparison of cachectic female DEGs and MitoCarta 3.0  386 

We previously documented impaired mitochondrial health in multiple atrophy models, 387 

including LLC-induced cachexia (17, 19, 22, 37). Specifically, mitochondrial degeneration 388 

preceded atrophy in male mice undergoing either LLC-induced cachexia or disuse atrophy, 389 

while females largely protect mitochondrial health until onset of muscle atrophy (17, 19). Herein, 390 

we noted strong dysregulation in mitochondrial pathways including oxidative phosphorylation, 391 

metabolic pathways, electron transport chain, among others with the onset of cachexia itself. In 392 

fact, among the top 15 dysregulated pathways in HT mice, 11 were associated with energy 393 

metabolism. To further assess the extent of transcriptional disruption of mitochondrial genes we 394 

cross-referenced DEGs with the MitoCarta 3.0 showing an 18% match among all DEGs with 395 

476 DEGs in HT mice from the MitoCarta (1158 genes in MitoCarta, 41% of MitoCarta genes). 396 

This data suggests large disruptions in mitochondrial gene expression correlates with onset of 397 

mitochondrial dysfunction (17) and cachexia. While mechanisms behind biological sex 398 

differences in cachexia remain largely elusive, the ability of female mice to protect muscle 399 

mitochondria during early stages of development may provide one such mechanism. 400 

 401 

Biological sex comparison in CC-induced transcriptomic alterations  402 

Finally, we aimed to assess transcriptomic level biological sex differences in cachexia more 403 

quantitatively. Therefore, we returned to raw data from our male study and re-analyzed to match 404 

analysis parameters across studies. Most strikingly when comparing DEGs between cachectic 405 

male and female mice only ~1/3 of total DEGs were shared between sexes, meaning 2/3 were 406 

biological sex specific. This observation aligns with recent work in the KPC model of cachexia 407 

where in “late-stage” (i.e., cachectic) where a similar portion of DEGs were shared between 408 
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biological sexes (10). Notably, within the 10 most up and downregulated genes for each 409 

biological sex only upregulation of Lcn2, Csf3r and Slfn4 with downregulation of Tgtp2 were 410 

observed across both sexes.  411 

Similarly, across functional ontology only 37% of male pathways matched with females, 412 

while the same number represents ~98% of female pathways, demonstrating a larger 413 

transcriptomic disturbance in males. Among shared pathways, many were largely expected 414 

pathways associated with aspects of protein turnover and energy metabolism. Considering 415 

unique pathways, downregulation of multiple pathways associated with DNA damage repair and 416 

ribosomal pathways (including both mitochondrial ribosomal protein and ribosomal protein 417 

encoding genes) appeared specific to males, suggesting DNA maintenance and ribosomal 418 

activity play an important role in the protection in females but not male mice undergoing 419 

cachexia. This data is suggestive of the role of ribosomal activity in muscle mass regulation in 420 

cachexia discussed in previous studies showing reduced ribosomal capacity is associated loss 421 

of muscle mass (38) and is in accordance with mitochondrial detriments in males (19). Females 422 

did not display dysregulation of ribosomal pathways, accompanied by preservation in 423 

gastrocnemius mass, while the opposite was noted in males, suggestive of a protective role of 424 

muscle mass in maintenance of ribosomal function.   425 

Additionally, while female mice show consistent downregulation of interferon type II 426 

associated genes in multiple timepoints of CC development, males show upregulation of 427 

interferon-genes at 3- and 4-weeks following tumor allograft, raising possibility of a novel 428 

interferon role in cancer-induced atrophy. Meanwhile, females displayed unique upregulation of 429 

exercise-induced circadian regulation, including Pura, and Ncoa4, which are associated with 430 

regulation of DNA replication, preventing inappropriate DNA synthesis and replication stress 431 

(39). Moreso, females showed upregulation of Oxidative Stress Response, including important 432 
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antioxidant-associated genes including Sod1 and Cat (40). Upregulation in genes associated 433 

with aid to DNA replication and antioxidant response may partially explain relative protection to 434 

muscle and mitochondrial health noted in females (17) compared to males undergoing CC. 435 

While dysfunctional mitochondria (19) precede prominent alterations in mitochondrial pathways 436 

in males (12), concomitant transcriptomic and functional mitochondrial alterations (17) are 437 

delayed in female skeletal muscle. Altogether, data suggests key biological sex dimorphisms in 438 

functional and intrinsic skeletal muscle alteration and therefore sex-specific mechanisms of 439 

cachexia.  440 

 441 

Perspectives and Significance 442 

Despite the potentially critical importance of biological dimorphisms withing health and disease, 443 

the majority of pre-clinical work in CC is still performed in male specimens. This study focused 444 

on exploring the female transcriptomic alteration in response to tumor presence and dissect 445 

distinctions when compared to male mice. This study contributes to a larger body of evidence to 446 

support the existence of biological sex differences in the development of cancer-induced 447 

cachexia. Within our study approximately two-thirds of all DE genes were biological sex specific. 448 

Furthermore, we unveil the downregulation of interferon-associated genes to be unique to 449 

female, concomitant to protection of skeletal muscle mass in the presence of systemic cachectic 450 

phenotype. Males on the other hand show elevated interferon signaling, along with marked 451 

impairments in energy metabolism pathways and loss of muscle mass. This finding represents a 452 

new potential therapeutic target for mitigation of poor CC outcomes through strategies to reduce 453 

interferon signaling in skeletal muscle environment. Overall, our data strongly suggest sex 454 

specific mechanisms of CC which must be considered in further understanding this debilitating 455 

condition and developing appropriate and efficacious therapeutic modalities. 456 
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 457 

Conclusion 458 

Overall, our study adds to the growing evidence demonstrating biological sex differences in 459 

development of CC. Here we showed two large disruptions in transcriptome in female LLC 460 

tumor-bearing mice; one associated with alteration to the extracellular matrix, and a second 461 

accompanied by development of the cachectic phenotype affecting overall skeletal muscle 462 

protein and energy metabolism in parallel with functional decrements in mitochondria and 463 

muscle health. Furthermore, alterations to Type II Interferon signaling appears to be a signature 464 

of CC development in females, accompanied by preserved gastrocnemius mass not noted in 465 

males (Figure 8). By comparing data in female mice with our prior work in male LLC-bearing 466 

mice, we reveal only ~one-third of DEGs are shared between biological sex, strongly indicating 467 

biological sex dimorphism in transcriptomic response to cachexia. This study is limited to 468 

preclinical analysis and use of a single cancer type. Herein, we have demonstrated novel 469 

transcriptomic alterations to skeletal muscle in female mice undergoing LLC-induced cachexia 470 

distinct from those observed in males. These data strongly suggest biological sex specific 471 

mechanisms in CC which need to be considered in developing effective therapeutic approaches 472 

to prevent and reverse this condition. 473 
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Group PBS 1wk 2wk LT HT

Body weight (g)
18.89± 0.21ab 17.64± 0.18a 18.61 ± 0.20a 19.91± 0.44b 21.24± 0.57

Tumor Weight (mg)
N/Aa 33.85 ±4.83a 220.2±41.7ab 506.4 ±106.4b 3078±141

Body Weight – Tumor

Weight (g)

18.89± 0.21ab 17.60±0.19b 18.39 ± 0.23ab 19.41±0.38a 18.16±0.54

Gastrocnemius (mg)
89.60±1.17abc 85.42±1.88ac 88.16 ±1.45abc 94.63 ± 1.65b 85.58±2.17

Soleus (mg)
7.3±0.18a 6.43±0.18ab 6.84±0.35ab 7.28±0.17a 5.89±0.27

Plantaris (mg)
12.78±0.43ab 12.43±0.36ab 12.65±0.28ab 13.38±0.44a 11.88±0.28

EDL (mg)
8.00±0.40 7.75±0.13 7.88±0.24 8.18±0.24 7.28±0.18

TA (mg)
36.03±1.20a 35.27±1.23ab 35.76±0.80ab 36.31±0.86a 31.99±0.83

Fat (mg)
313.60±32.41a 238.80±43.78ab 270.10±23.88ab 340.00±35.25a 175.40±30

Heart (mg)
102.9±3.32 100.80±1.80 102.40±4.8 105.30±2.98 105.20±3.

Liver (mg)
729.30±31.08a 804.30±31.68ab 825.40±45.73ab 896.50±45.73bc 1043.00±47

Spleen (mg)
78.93±4.86a 67.14±3.75a 95.86±7.99a 118.1±5.81a 328.20±28
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Figure & Table Legends  
 
Table 1. Phenotypic Data of Subset. Data expressed as mean +- SEM. P<0.05. Different letters 
indicate statistical significance (p<0.05). 
 
Figure 1. (a) Total number of Differentially Expressed (DE) Genes compared to PBS control. LT 
vs HT comparison was added. Volcano Plots for 1wk (b), 2wk (c), LT (d), HT (e), compared to 
PBS. HT compared to LT (F) was added. FDR<0.05.   
 
Figure 2. Top 10 Up- and Downregulated DE Genes. Tumor-bearing 1 week (1wk) (a), 2 week 
(b) Low Tumor (LT) (c), and High Tumor (HT) (d) compared to PBS control. Total number of 
matches of up and down-regulated Differentially Expressed (DE) Genes compared to PBS 
control across all comparisons, LT vs HT comparison was added (e). Consistently DE genes 
across all cancer time points are associated with interferons (f). FDR<0.05.   
 
Figure 3. Top 5 Up- (a) and Downregulated Pathways (b) for KEGG Reactome, and 
WikiPathways. Tumor-bearing 1 week (1wk), Low Tumor (LT), and High Tumor (HT) compared 
to PBS control. Adjusted P-value<0.05. 
 
Figure 4. GE Genes Tumor-bearing Female and MitoCarta 3.0 Cross-reference. Venn Diagram 
of Upregulated Genes (a), Venn Diagram of Downregulated Genes (b), Matching Genes (c) of 
Female and MitoCarta 3.0 datasets, Top 20 Up- and Downregulated matching Genes of Tumor-
bearing Female and MitoCarta 3.0 (d) genes organized from lower to higher FC in HT. 
 
Figure 5. Female and Male Comparison. Venn Diagram of Upregulated Genes (a), 
Downregulated Genes (b), Matching Genes (c) of Female and Male datasets, Top 10 Genes 
Female HT vs 4wks (d), Top 10 Genes Male 4wks vs Female HT. Purple cells= genes unique to 
females, orange cells= genes unique to males, and green cells= common genes between 
biological sexes. FDR<0.05 
          
Figure 6. Female and Male Pathway Comparison. Number of dysregulated pathways in males 
(a), Number of dysregulated pathways in males (b), Matching Pathways in males and females 
(c) Top shared pathways in males and females (d).  
 
Figure 7. Biological dimorphism with focus on mitochondrial genes. Total number of shared 
mitochondrial genes in females and males at all timepoints (a). Inversed expression of four 
mitochondrial genes between biological sexes across all timepoints (b). Venn diagram of up- 
and down-regulated mitochondrial genes in females HT and males 4wks (c & d). Chord diagram 
display differences in Log2FC in common downregulated mitochondrial genes (e). 
 
Figure 8. Summary figure. Females and males display different timeline transcriptomic 
responses to tumor development and cancer cachexia. Females display an early dysregulation 
in extracellular matrix remodeling and cellular structure associated pathways followed by 
increase in JAK-STAT pathways associated gene expression. Interesting, besides maintenance 
of gastrocnemius muscle mass, downregulation of interferon type II genes is unique to females 
through cancer cachexia development. Delayed transcriptomic changes in mitochondrial 
pathways match functional mitochondrial impairments previously reported. Males show 
upregulation inflammation pathways, and interferon signaling genes at pre-cachectic and 
cachectic states. Males show early disruption in mitochondrial function that precedes loss of 
gastrocnemius mass and major transcriptomic changes in mitochondrial genes. Invert 
expression profiling of interferon-associated genes between biological sexes represent a 
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transcriptomic signature to each biological sex in response to cancer cachexia development and 
suggest a potential target for muscle loss during cancer-induced cachexia. 
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