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Cachexia is a debilitating syndrome characterized by progressive skeletal muscle wasting,
commonly affecting patients with cancer, particularly those with pancreatic cancer. Despite

its clinical significance, the molecular mechanisms underlying cancer cachexia remain poorly
understood. In this study, we utilized single-nucleus RNA-seq (snRNA-seq) and bulk RNA-seq,
complemented by biochemical and histological analyses, to investigate molecular alterations in the
skeletal muscle of the KPC mouse model of pancreatic cancer cachexia. Our findings demonstrated
that KPC tumor growth induced myofiber-specific changes in the expression of genes involved in
proteolytic pathways, mitochondrial biogenesis, and angiogenesis. Notably, tumor progression
enhanced the activity of specific transcription factors that regulate the mTORC1 signaling pathway,
along with genes involved in translational initiation and ribosome biogenesis. Skeletal muscle-
specific, inducible inhibition of mTORC1 activity further exacerbated muscle loss in tumor-bearing
mice, highlighting its protective role in maintaining muscle mass. Additionally, we uncovered new
intercellular signaling networks within the skeletal muscle microenvironment during pancreatic
cancer-induced cachexia. Our study reveals previously unrecognized molecular mechanisms

that regulate skeletal muscle homeostasis, and it identifies potential therapeutic targets for the
treatment of pancreatic cancer-associated cachexia.

Introduction

Cancer cachexia is a multifactorial syndrome characterized by a significant loss of skeletal muscle mass,
often accompanied by adipose tissue wasting. It contributes to reduced responsiveness to antineoplastic
therapies, diminished quality of life, and lower overall survival in patients with cancer (1). While cachexia
is common in individuals with gastroesophageal, lung, and head and neck cancers, it is particularly prev-
alent in pancreatic ductal adenocarcinoma (PDAC), where it is present in approximately 60% of patients
at diagnosis and up to 85% in advanced stages (1-5). Despite its high prevalence and clinical significance,
there are currently no effective therapies approved for the prevention or treatment of cancer cachexia, part-
ly because etiology of cancer-induced cachexia remains less understood (4).

Disruption of proteostasis is one of the important mechanisms leading to skeletal muscle wasting in
many catabolic conditions, including cancer (3, 6, 7). Many proinflammatory cytokines and tumor-derived
factors increase muscle proteolysis through stimulating ubiquitin-proteasome system (UPS) and autophagy
(8). In addition to increased proteolysis, other pathological changes also occur in skeletal muscle during
cancer cachexia. For example, mitochondrial dysfunction resulting in reduced oxidative phosphorylation
(OXPHOS) and heightened oxidative stress are common pathological features of skeletal muscle in animal
models and patients with cachectic cancer (1, 9). Cancer cachexia also involves disruption of neuromuscu-
lar junctions (NMJs), leading to functional denervation and the loss of skeletal muscle mass and function
(10, 11). Furthermore, endothelium dysfunction and loss of skeletal muscle vascular density are common
features of multiple animal models and in patients with cancer cachexia (12).

Although it is generally believed that the rate of protein synthesis is reduced in skeletal muscle during
cancer progression, some studies have shown that protein synthesis remains unaffected or even increases in
animal models and patients with cancer cachexia (13). In mammalian cells, translation is initiated by the
binding of eukaryotic initiation factor 4E (eIF4E) to the 5’ cap of the mRNA, followed by the recruitment
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of elF4G, elF4A, and elF4B. This assembly forms the eIF4F complex, also known as the translation preini-
tiation complex (14). The mechanistic target of rapamycin complex 1 (mMTORC1)- p70 ribosomal S6 kinase
(p70S6K) is a major signaling mechanism that stimulates translation initiation in mammalian cells, includ-
ing skeletal muscle in response to many growth factors and physical exercise (7). While mTORC1-mediated
signaling is not required for the maintenance of muscle mass, it plays an important role in regulating mito-
chondrial proteome and muscle contractile force production in response to Akt-mediated myofiber hypertro-
phy (15). Intriguingly, recent studies employing genetic mouse models have demonstrated that constitutive
activation of mTORCI results in muscle wasting and myopathy without having any significant effect on
protein synthesis (7, 16, 17). However, the role of mTORC1-mediated signaling in the regulation of muscle
mass during pancreatic cancer cachexia remains unknown.

While myofibers are the major cell type that are present in skeletal muscle, there are many other cell
types, including fibroblasts, endothelial cells, and inflammatory immune cells, that may also be affected and
contribute to the loss of muscle mass during cancer cachexia (18). Because of their relative low abundance,
until recently, it was difficult to understand the molecular changes that occur in individual cell types within
skeletal muscle during various pathological conditions, including cancer. Recent studies using single nucle-
us RNA-seq (snRNA-seq) have deciphered the role of a few molecular pathways that may regulate muscle
mass during cancer cachexia (11, 18, 19). However, the molecular and signaling mechanisms that regulate
proteostasis and intercellular communications within skeletal muscle microenvironment during pancreatic
cancer cachexia remain poorly understood.

A recent transcriptomic study has identified several molecular and signaling alterations in the skeletal
muscle of male patients with pancreatic cancer, especially at the late stage of the disease, that closely resem-
ble those observed in KRASC2P53R172HPdx-Cre*/* (KPC) tumor-bearing mice, a well-established mouse
model of pancreatic cancer cachexia (20-22). In the present study, we employed snRNA-seq and bulk RNA-
seq, along with various biochemical and histological techniques, to investigate cell type-specific alterations
in the skeletal muscle of KPC tumor-bearing mice. Our results demonstrate that KPC tumor growth causes
fiber-type reprograming and distinctly affects the activation of specific catabolic and anabolic signaling and
proteostasis in skeletal muscle of adult mice. We also demonstrate that mTORC1 signaling, translational
initiation, and ribosome biogenesis are significantly upregulated in fast-type myofibers of KPC tumor-bear-
ing mice. Targeted inhibition of mTORCI signaling in adult mice exacerbates muscle wasting in response to
tumor growth. Finally, our snRNA-seq transcriptome analysis has identified previously unknown intercel-
lular communications that may play important roles in muscle wasting during pancreatic cancer cachexia.

Results
Single-nucleus RNA-seq reveals cellular heterogeneity in skeletal muscle during pancreatic cancer cachexia. To define
transcriptional alterations in skeletal muscle during pancreatic cancer—induced cachexia, we used an orthot-
opic KPC mouse model (20). Briefly, 2 x 10° KPC cells were injected into the pancreatic tail of 12-week-old
‘WT mice, while control mice received PBS. Twenty-one days after injection, mice were assessed for body
weight and grip strength, followed by collection of hindlimb muscles for histological, biochemical, and
transcriptomic analyses (Figure 1A). Compared with controls, KPC tumor—bearing mice exhibited signifi-
cant reductions in absolute and tumor-free body weight (Figure 1, B and C), as well as decreased 4-paw grip
strength normalized by tumor-free body weight (Figure 1D). Histological analysis of tibialis anterior (TA)
muscle revealed a significant reduction in average myofiber cross-sectional area (CSA), consistent with
muscle atrophy (Figure 1, E and F).

We next performed single-nucleus RNA-seq (snRNA-seq) on pooled gastrocnemius (GA) muscle from
5 control and 5 KPC tumor-bearing mice. After quality control, 8,953 nuclei from control, and 9,794
nuclei from KPC samples were retained for analysis. Unsupervised clustering of the integrated dataset
identified 21 clusters, which were annotated into 13 distinct cell types based on established marker genes
(11, 19, 23), including myonuclear subtypes, muscle stem cells, endothelial cells, fibroblasts, immune cells,
and other resident populations (Figure 1, G and H, and Supplemental Figure 1A; supplemental materi-
al available online with this article; https://doi.org/10.1172/jci.insight.200396DS1). Notably, 2 nuclear
clusters (clusters 2 and 14), hereafter termed Cachectic-1 and Cachectic-2, were detected exclusively in
KPC tumor-bearing mice (Figure 1I). These clusters were characterized by strong enrichment of the mus-
cle-specific E3 ubiquitin ligases Fbxo32 (MAFbx) and Trim63 (MuRF1) and were therefore annotated as
“cachectic” myonuclei (Figure 1, G and H, and Supplemental Figure 1A). Similar multicluster patterns
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Figure 1. Cellular diversity in skeletal muscle from control and KPC tumor-bearing mice. (A) Schematic representation of experimental design. Twelve-
week-old male C57BL/6 were injected with KPC cells or PBS into the pancreas. On day 21, hindlimb muscles of the mice were isolated and processed for
morphometric, biochemical, and snRNA-Seq analyses. (B and C) Changes in absolute body (BW) weight (B), and tumor-free BW (C) in control and KPC
tumor-bearing mice. (D) Four-paw grip strength normalized by tumor-free BW of control and KPC tumor-bearing mice. (E) Representative anti-lami-
nin- and DAPI-stained TA muscle transverse sections. Scale bar: 50 pm. (F) Quantification of average myofiber cross-sectional area (CSA) in TA muscle of
control and KPC tumor-bearing mice. n = 5 per group. All data are presented as mean + SEM. *P < 0.05, significantly different from control mice injected
with PBS alone analyzed by unpaired Student’s t test. (G) UMAP plot representing manually annotated clusters for cell type identity. (H) Expression of
representative marker genes define major cell types in dot plot. (1) Split-UMAP illustrating transcriptomic clustering of muscle-derived nuclei of control
and KPC tumor-bearing mice. (J) Proportion of different nuclei population in GA muscle of control and KPC tumor-bearing mice.
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were observed for Type IIb myonuclei, fibroblasts, and endothelial cells, indicating heterogeneity within
these populations. Comparative pathway analysis revealed that Cachectic-1 and Cachectic-2 clusters shared
activation of KEAP1/NFE2L.2 signaling and catabolic and proteolytic pathways, while also exhibiting dis-
tinct features: Cachectic-1 was enriched for ER protein processing and TOR signaling, whereas Cachectic-2
was associated with nutrient sensing and glycogen metabolism (Supplemental Figure 1B). Further analysis
of Type IIb myonuclei uncovered functional diversity across 4 subclusters, with enrichment for OXPHOS,
cytoskeletal organization, proteolysis/ER stress, or hormone-mediated signaling (Supplemental Figure
1C). Although Type IIb fibers are classically glycolytic, a subset of Type IIb myonuclei displayed elevated
OXPHOS gene expression, consistent with emerging evidence for metabolically distinct Type IIb subtypes
(24). Finally, analysis of cell type proportions revealed that cachectic myonuclei constituted ~24% of total
nuclei in KPC samples and were absent in controls, resulting in an apparent reduction in the relative abun-
dance of most other cell types, except myotendinous and NMJ-associated nuclei (Figure 1J). Collectively,
these data demonstrate pronounced cellular and transcriptional heterogeneity in skeletal muscle during
pancreatic cancer cachexia, including the emergence of distinct cachectic myonuclear populations.
Pancreatic cancer induces a robust atrophy program in skeletal muscle. To define the transcriptional features of
the cachectic cluster in KPC tumor—bearing mice, we performed differential gene expression analysis com-
paring cachectic myonuclei with all myonuclei from control mice (Type I, Type IIa, Type IIb, Type IIx,
MTJ, NMJ, and MuSC), thereby enriching for muscle-specific responses to tumor growth. Using a thresh-
old of |log,FC| > 0.58 and P < 0.05, we identified 4,360 differentially expressed genes (DEGs), including
1,811 upregulated and 2,549 downregulated genes (Supplemental Figure 2A). Pathway enrichment analysis
revealed strong upregulation of genes associated with the KEAP1/NFE2L2 (NRF2) pathway, protein catabo-
lism, autophagy, mitophagy, and endoplasmic reticulum (ER) stress responses in cachectic myonuclei relative
to controls (Figure 2A). The KEAP1/NRF2 pathway is a well-established protective mechanism activated
by oxidative stress in skeletal muscle during cancer cachexia, and muscle-specific loss of NRF2 has been
shown to exacerbate wasting (25). Consistent with enhanced proteolysis, gene set scoring analysis demon-
strated elevation of UPS and autophagy pathway scores in cachectic and Type IIb myonuclear clusters, with
more moderate increases in Type Ila and IIx clusters and modest changes in Type I clusters, indicating fiber-
type—specific activation of atrophy pathways (Figure 2B and Supplemental Figure 2, B and C). These find-
ings were supported by bulk RNA-seq analysis, which showed significant upregulation of multiple UPS- and
autophagy/mitophagy-related genes in skeletal muscle from KPC tumor—bearing mice (26). Notably, several
established atrophy-associated genes, including Fbxo32, Trim63, Eda2r, Il6ra, and Ddit4, were among the top
50 upregulated genes in cachectic myonuclei and were similarly enriched at the tissue level, as illustrated in
the bulk RNA-seq heatmap (Figure 2, C and D). Validation by qPCR confirmed significant increases in Sik/,
Arrdc3, Sesnl, Retregl, Fbxo32, and Trim63 mRNA levels in skeletal muscle of KPC tumor—bearing mice com-
pared with control mice (Figure 2E). At the protein level, Western blot analysis revealed increased abundance
of ubiquitin-conjugated proteins, MAFbx, MuRF1, and LC3B-II, but not Beclinl, in TA muscle from KPC
tumor-bearing mice (Figure 2F and Supplemental Figure 2D). Together, these transcriptomic and biochem-
ical analyses demonstrate that KPC tumor growth activates a coordinated skeletal muscle atrophy program
characterized by robust induction of UPS- and autophagy-mediated proteolysis in cachectic myonuclei.
KPC tumor growth suppresses mitochondrial metabolism, angiogenesis, and structural maintenance programs in
skeletal muscle. We next analyzed the downregulated genes in cachectic nuclear cluster of KPC tumor—bear-
ing mice. Pathway enrichment analysis showed that genes involved in aerobic respiration, muscle cytoskel-
etal organization, actin filament-based processes, circulatory system development, and tube morphogen-
esis were significantly downregulated in cachectic myonuclei compared with all myonuclei from control
mice (Figure 3A). Consistently, analysis of the top 50 downregulated genes revealed repression of multiple
genes essential for muscle structure and contraction, including Myll, Myh4, Myhl, Tpml, Mylk4, Mylpf,
and Irgh6, in cachectic myonuclei (Figure 3B). Gene set scoring further demonstrated a significant reduc-
tion in OXPHOS-related gene expression across cachectic and other myonuclear clusters, independent of
muscle fiber type, in KPC tumor-bearing mice. Angiogenesis scores were also reduced in cachectic and
most other myonuclear clusters, with the exception of the Type I myonuclear cluster (Figure 3C and Sup-
plemental Figure 3, A and B). Analysis of bulk RNA-seq data from GA muscle corroborated these findings,
showing coordinated downregulation of OXPHOS- and angiogenesis-related genes in KPC tumor—bearing
mice compared with controls (Figure 3D). These transcriptional changes were validated by performing
biochemical or histological analysis. Western blotting revealed a significant reduction in myosin heavy
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Figure 2. Upregulation of proteolytic systems in cachectic myofibers. (A) Enrichment analysis of upregulated genes in cachectic myonuclei highlighting
significantly enriched pathways related to protein degradation. (B) Violin plots showing module scores for the ubiquitin-proteasome system (UPS) and
autophagy across different myonuclear clusters from GA muscle of control and KPC tumor-bearing mice. Scores were calculated using Seurat’s scoring
function to quantify pathway activity. Each violin represents the distribution of pathway scores within a fiber type. (C) Heatmap displaying the expression
of the top 50 upregulated genes in cachectic nuclei compared with all the myonuclei in control mice. (D) Heatmap showing the expression of representa-
tive top 50 upregulated genes from Bulk RNA-seq at tissue level. (E) Independent gPCR analysis of the upregulated top-ranked representative genes in
GA muscle of control and KPC tumor-bearing mice. (F) Immunoblots of the levels of total ubiquitinated proteins, MAFbx, MuRF1, Beclin1, LC3B-1/I1, and
unrelated protein GAPDH in TA muscle of control and KPC tumor bearing mice. n = 4 for PBS group and n =5 in KPC tumor group. All data are presented as
mean + SEM. *P < 0.05, values significantly different from PBS-injected control mice analyzed by unpaired Student’s t test.

chain (MyHC) as well as mitochondrial respiratory chain complexes I, III, and IV in skeletal muscle from
KPC tumor—bearing mice (Figure 3, E and F, and Supplemental Figure 3, C and D). In parallel, immunos-
taining of soleus muscle sections demonstrated a significant decrease in CD31* vascular density, indicating
impaired angiogenesis (Figure 3, G and H). Collectively, these results indicate that pancreatic cancer—asso-
ciated cachexia is characterized by broad repression of mitochondrial oxidative capacity, vascularization,

and myofiber structural and contractile programs in skeletal muscle.

JCl Insight 2026;11(6):e200396 https://doi.org/10.1172/jci.insi

ght.200396



. RESEARCH ARTICLE

A Downregulated genes in cachectic cluster c OXPHOS pathway score by cell type Angiogenesis pathway score by cell type
vs. all muscle nuclei
o.g! EEPBS L 020
g = KPC 2
1 wy
Aerobic respiration ] 06 w 0.15
Cytoskeleton in muscle cells 8 0.4 j‘,:‘} 0.10
Actin filament-based process E 02l L 005
Circulatory system process > 2 0.00 <‘ 6 & <>
Tube marphogenesis © 0.0 -=(P" '&‘ ‘(b =<L ‘<* qg’ 0-05
0 10 20 30 40 ® \\+ : \\o
o e st 2 ) J(Q
log,, (P) & <3 ,\\KQ” «F oee,o ,\\KQ*’ <« ,\\\Q"
l:"’““s"’“. D res «kec 2"9852 PBS  KPC
Top 50 Downregulated genes 24012 01 . Exﬁ”f
All muscle nuclei Cachectic 5 3"3
LI Mylk4 av.
MR Cdh13 gollttai
Dock4 gp"
Map2k6
| | | Pde7b gg;%m
| IR Myt Vangl2
gtxbﬁ'd @ glnn t§i1
m in ngpt
} 0?10145 2 g ;Infgai 12
| Sabp 2 XN
| tgb6 o g Pdgfb
= =4 Pxdn
[ | I} Enod g Hspg2
| Myhas o < ngg
| I Agbl1 Pdagfra
| | Mybpc2 Cdd7
Ckmt2 Bmper
| Nr3c2 C1galt1
MO Psa3 Cdca2
Slc8a3 M"“ID
SRR Patia b?':égb
Prkag3 Thyi
L | Smox Itg;v
| Pitpnei
ALY )] FiliPﬂ F
| | orbs2 PBS KPC
I || | I ” \ Mylp - o
LY }m Phkai ov E
e ' il o — cin 2
| | 4930512H18F||k F]
| | | ‘l Amd1 +
EREAUICR 6L | Tmem233 - cIv :
| Sorbs2os ci ]
| {HTE I 10 Rbms1 o
| Dapk2
| LN | Kengs
[, Cdk19
I | Stim2 cl
1000 (TR I’ UDRRLLE RS Gm13490
Il Ly 2310065F04Rik
[ LYY ) Plcd4 :
| 0 T Ky Ponceau
| [ L Hdac9 Stain
| | I Kenn2
|_|||||||_|II I:| |:| Rcan2
NN D430041D05Rik KP
] PICDY 01| Tpie S
L LR Metti21e
T ML Myh1
110 Ldlrad4

PBS KPC
EEET TR

I =T ----|GM='DH

Laminin

Figure 3. Downregulation of oxidative phosphorylation and angiogenesis pathway in cachectic myofibers. (A) Enrichment analysis of downregulated
genes in cachectic myonuclei highlighting significantly enriched pathways. (B) Heatmap displaying the expression of the top 50 downregulated genes

in cachectic nuclei compared with all the myonuclei of control mice. (€) Violin plots showing module scores for the 0OXPHOS and angiogenesis processes
across different myonuclear clusters from GA muscle of control and KPC tumor-bearing mice. Each violin represents the distribution of pathway scores
within a fiber type. (D) Heatmap showing the expression of representative genes related to 0XPHOS and Angiogenesis from bulk RNA-seq analysis of GA
muscle of control and KPC tumor-bearing mice. (E and F) Immunoblots showing protein levels of MyHC (E), and OXPHOS (F) complexes I-V in skeletal
muscle of control and KPC tumor-bearing mice. (G and H) Representative photomicrographs (G) and quantification of CD31* cells (H) per unit area after
immunostaining for CD31 (pink) and Laminin (white) protein in soleus muscle from control and KPC tumor-bearing mice. Scale bar: 50 um. n = 3-4 per
group. All data are presented as mean + SEM. *P < 0.05, values significantly different from control mice analyzed by unpaired Student’s t test.

KPC tumor growth induces fiber-type reprograming in skeletal muscle. Skeletal muscle fibers are heteroge-
neous in their expression of MyHC isoforms, which define distinct contractile and metabolic properties
and allow classification into Type I, IIa, IIx, and IIb fibers (27). Although prior studies have reported
variable effects of cancer cachexia on fiber-type composition, including shifts toward more glycolytic phe-
notypes (28-30), the effect of pancreatic cancer—induced cachexia remains incompletely defined. To deter-
mine whether KPC tumor growth alters fiber-type composition and associated transcriptional programs,
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we first analyzed the distribution of Type I, IIa, IIx, and IIb myonuclei in our snRNA-seq dataset. To avoid
bias arising from the emergence of cachectic-specific clusters, these nuclei were excluded prior to analysis.
This analysis revealed a relative increase in Type IIx and Type IIb myonuclei in KPC tumor-bearing mice
compared with controls (Figure 4A). Consistent with these findings, IHC analysis of TA muscle demon-
strated a significant reduction in Type Ila fibers accompanied by a corresponding increase in Type IIx and
IIb fibers in KPC tumor—bearing mice (Figure 4, B and C). We next assessed fiber-type—specific vulnerabili-
ty to cachexia using the machine learning-based Augur approach. This analysis ranked Type IIb myonuclei
as the most transcriptionally perturbed in response to tumor growth, followed by Type IIx and Ila, whereas
Type I myonuclei were least affected (Figure 4D). Together, these results indicate that KPC tumor growth
drives a fiber-type transition from Type Ila toward more glycolytic Type IIx/IIb phenotypes and that Type
IIb myofibers exhibit the greatest susceptibility to KPC tumor—induced atrophy.

To further define the transcriptional dynamics underlying the transition of myonuclei toward a cachec-
tic state, we performed trajectory analysis to model myonuclear state transitions along a pseudotime axis
representing cachexia progression. The inferred trajectory originated from both Type IIa and Type IIb
myonuclear clusters and converged on the terminal cachectic cluster. In contrast, Type I myonuclei showed
no trajectory connection to the cachectic state, reinforcing the notion that Type I myofibers are relatively
resistant to wasting during pancreatic cancer cachexia (Figure 4E).

Because skeletal muscle from KPC tumor—bearing mice likely contains myofibers at multiple stages of
atrophy, we next sought to identify shared and stage-specific transcriptional programs by defining coregu-
lated gene expression modules across myonuclear clusters. Using Louvain community detection, we identi-
fied 41 coregulated gene modules (Supplemental Figure 4). Several modules displayed cachexia-associated
activity patterns consistent with either “preterminal” (transitional) or “terminal” (fully cachectic) states
(Figure 4F). Notably, Module 3 was selectively enriched in cachectic myonuclei and represented a termi-
nal-stage program characterized by activation of canonical atrophy pathways, including proteasome-medi-
ated protein degradation, KEAP1/NFE2L2 signaling, ER stress responses, mitophagy, and negative reg-
ulation of mTOR signaling (Figure 4, F and G). In contrast, Modules 10 and 12 peaked at a preterminal
divergence point along the trajectory and were enriched for genes involved in proteasomal protein catab-
olism, mRNA metabolism, ribosome rescue, protein stability, and regulation of TORCI signaling, sug-
gesting distinct transcriptional programs that preceded overt cachexia (Figure 4, F and G). Together, these
analyses delineate a progressive, fiber-type—dependent transcriptional trajectory from healthy to cachectic
myonuclei during pancreatic cancer cachexia.

We next examined fiber-type—specific transcriptional responses to KPC tumor growth by analyzing dif-
ferential gene expression within individual myonuclear populations from control and tumor-bearing mice.
Pathway enrichment analysis revealed several commonly upregulated pathways across all 4 myonuclear types,
including proteolysis, regulation of catabolic processes, autophagy/mitophagy, fatty acid oxidation and PPAR
signaling, oxidative stress responses, insulin resistance, and canonical NF-«B signaling (Figure 5A). In addition
to these shared responses, distinct fiber-type—specific regulatory programs were evident. AMPK signaling was
upregulated in Type I, ITa, and IIx myonuclei but downregulated in Type IIb myonuclei, whereas KEAP1/
NFE2L2 signaling was selectively induced in Type IIa, IIx, and IIb clusters but not in Type I myonuclei. Nota-
bly, genes encoding translation factors and components of translational initiation were significantly elevated in
Type IIb myonuclei relative to other fiber types. Consistent with this heightened remodeling, mTOR signaling,
K11-linked ubiquitination, and ubiquitin E3 ligase pathways were significantly enriched exclusively in Type
IIb myonuclei (Figure 5A). Analysis of downregulated pathways revealed that aerobic respiration and muscle
contraction programs were broadly suppressed across all fiber types. In contrast, pathways related to mitochon-
drial biogenesis, glycolysis/gluconeogenesis, and EGFR1 signaling were selectively downregulated in all Type
II myonuclear clusters but remained largely unchanged in Type I myonuclei (Figure 5A).

The top 20 upregulated and downregulated genes within each fiber type highlighted both shared and
fiber-type—specific gene regulation (Figure 5, B-E). Among these, TnfrsfI2a (Fnl4), the receptor for the
catabolic cytokine TWEAK, was prominently upregulated in Type Ila and Type IIb myonuclei, consistent
with its established role in cancer cachexia—induced muscle wasting (31, 32). Similarly, Eda2r, another
mediator of muscle atrophy (33), was highly enriched in Type IIb myonuclei. Importantly, the canonical
atrogenes Fbxo32 (MAFbx) and T7im63 (MuRF1) were among the top 20 upregulated genes specifically
in Type IIb myonuclei, reinforcing the heightened vulnerability of this fiber type to pancreatic cancer—
associated wasting. Additional genes, including Mt/ and M2, were strongly induced in Type Ila, IIx, and
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Figure 4. KPC tumor growth causes fiber-type remodeling in skeletal muscle. (A) Proportion of muscle fiber-type nuclei in snRNA-seq dataset. (B) Rep-
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in TA muscle of control and KPC tumor-bearing mice. n = 4 per group. Data are presented as mean + SEM. *P < 0.05, values significantly different from
control mice analyzed by unpaired Student’s t test. (D) Augur-based analysis of perturbation sensitivity of different fiber-type in skeletal muscle of control
and KPC tumor-bearing mice. (E) Pseudotime trajectory and annotation of myonuclei subpopulations by UMAP. (F) UMAP visualization of module-specific
gene expression across myonuclear clusters. (G) Enrichment analysis of the pathways associated with the preterminal/terminal stage gene modules.

IIb clusters; however, their functional roles in cachexia remain unknown (Figure 5, B-E). Together, these

findings demonstrate that KPC tumor growth drives fiber-type—specific transcriptional reprogramming,

with Type IIb myofibers exhibiting the most pronounced activation of catabolic and remodeling pathways

during pancreatic cancer cachexia.
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Figure 5. Transcriptome analysis of different myofiber types in control and KPC tumor-bearing mice. (A) Heatmap showing the pathway enrichment
analysis for the DEGs across individual myofiber nuclear cluster. (B-E) The heatmap illustrates the expression of the top 20 upregulated and top 20 down-
regulated genes in the nuclear cluster of Type | (B), Type lla (C), Type lIx (D), and Type lIb (E) myofibers.

Transcriptional programs governing protein synthesis are altered in myofibers during pancreatic cancer cachexia.

Because transcription factors (TFs) act as master regulators of gene expression, we next examined how TF
activity is altered in skeletal muscle during pancreatic cancer cachexia. To define transcriptional regulatory
programs associated with cachexia, we computationally inferred TF activity and gene regulatory networks
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from our snRNA-seq dataset. DEGs in myonuclear clusters were first analyzed for overrepresented TF-bind-
ing motifs. These data were then integrated with gene expression using the Single-Cell rEgulatory Network
Inference and Clustering (SCENIC) framework to infer TF regulons and quantify regulon activity at sin-
gle-nucleus resolution using AUCell. This analysis identified multiple TFs whose activity was significantly
altered in response to KPC tumor growth. A heatmap of the 15 most strongly affected TFs revealed both
increased and decreased regulon activity across myonuclear clusters, with pronounced changes in cachectic
myonuclei (Figure 6A). To determine the functional relevance of these TFs, we performed pathway enrich-
ment and network-based clustering on their target genes. This revealed several interconnected functional
modules, notably including processes related to regulation of target of rapamycin complex 1 (TORC1) sig-
naling (highlighted in red) and a broader network of translation- and ribosome-associated pathways (high-
lighted in blue) (Figure 6B).

To prioritize TFs most relevant to cachexia-associated remodeling, we applied 3 selection criteria: (a)
increased regulon activity inferred by SCENIC/AUCell, (b) elevated TF expression in cachectic myonu-
clei, and (c) significant overlap between TF regulons and genes upregulated in cachectic clusters. Candidate
TFs were further filtered based on their association with TORC1- and translation-related processes. This
approach identified TFs with distinct activity patterns, including factors whose activity was largely restrict-
ed to cachectic myonuclei (e.g., Foxol, Clock, Elk4) and others showing broader induction across myonu-
clear populations (e.g., Zbth20, Teadl), suggesting a hierarchical organization of transcriptional control
(Supplemental Figure 5).

An alluvial diagram illustrates the relationships between prioritized TFs (Tfdp2, Mlit10, Mecp2,
Zbtb20, Teadl, Zbtb11, Elk4, Clock, Myf6, Arnt, Arntl, Foxol, Zthx3, Zfp639, and Mnt) and their asso-
ciated Gene Ontology terms, with ribbon width reflecting the extent of target gene overlap (Figure 7A).
Notably, multiple TFs converged on key biological processes, including ribosome biogenesis, translational
initiation, and regulation of posttranslational protein modification. Because TORC1 is a central regulator
of protein synthesis and ribosome biogenesis, these findings identify TORC]1-centered transcriptional net-
works as a critical hub governing muscle proteostasis during pancreatic cancer—associated cachexia.

We next sought to determine whether TFs associated with TORC1-related processes converge on a
common set of downstream target genes. This analysis revealed that multiple distinct TFs converged on 3
shared targets, Arrdc3, Eif4h, and Vegfd (Figure 7B). Notably, Arrdc3 and Vegfd were among the top 50 upreg-
ulated genes in cachectic myonuclei compared with myonuclei from control mice (Figure 2C). In addition,
elF4H is a known functional partner of el[F4A within the elF4F complex and enhances its helicase activity,
thereby promoting translational initiation and protein synthesis, linking these convergent targets directly to
translational control (14).

To further define the structure of the transcriptional regulatory network, we examined pairwise cooper-
ativity among the prioritized TFs to assess coordinated or divergent regulatory relationships. This analysis
identified discrete TF cooperative modules within cachectic myofibers. For example, Teadl, Foxol, Tfdp2,
Zbtb20, Mlit10, Mecp2, and Arnt formed a tightly correlated cluster, consistent with shared or convergent
regulatory programs. In contrast, other TFs exhibited weak or negative correlations, suggesting divergent
transcriptional regulation or potential functional antagonism (Figure 7C). Together, these snRNA-seq—
based analyses uncovered previously unrecognized transcriptional coregulatory networks and shared
downstream targets that converge on mTOR/TORC1-related processes, highlighting a central role for coor-
dinated transcriptional control of protein synthesis and proteostasis in skeletal muscle during pancreatic
cancer cachexia.

Increased translational initiation and ribosome biogenesis in skeletal muscle of KPC tumor—bearing mice. Skel-
etal muscle loss during cancer cachexia occurs when protein degradation exceeds protein synthesis (1, 6).
Our inferred TF activity analyses indicated that mTORC1 signaling and protein translation pathways are
altered in cachectic myonuclei from KPC tumor-bearing mice (Figures 6 and 7). Consistent with this,
gene set enrichment analysis (GSEA) of the snRNA-seq dataset revealed significant upregulation of genes
whose products are involved in translational initiation and ribosome biogenesis in cachectic myonuclei
compared with all myonuclei from control mice (Figure 8A). Similarly, analysis of both snRNA-seq and
bulk RNA-seq datasets demonstrated coordinated induction of gene expression of multiple molecules
involved in translation initiation and ribosome biogenesis in skeletal muscle of KPC tumor—bearing mice
relative to controls (Figure 8B). Independent qPCR analysis confirmed significantly increased mRNA lev-
els of ribosome biogenesis markers, including 18S rRNA, TIF1A, PAF53, Polrlb, UBF, Rpl5, Rpl11, Rps3,
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and Rps6, in skeletal muscle from KPC tumor—bearing mice compared with controls (Supplemental Figure
6A). To directly assess protein synthesis, we performed surface sensing of translation (SUnSET) assays.
Puromycin incorporation was significantly elevated in skeletal muscle of KPC tumor—bearing mice at days
14 and 18 following KPC cell implantation, indicating increased rates of protein synthesis (Figure 8C and
Supplemental Figure 6B).
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Consistent with enhanced translational initiation, Western blot analyses revealed increased levels of
total and phosphorylated 4EBP1, as well as phosphorylated p70S6K, in skeletal muscle from KPC tumor—
bearing mice. Moreover, protein levels of e[F4H, one of the convergent transcriptional targets identified in
cachectic myonuclei (Figure 7B), were also significantly elevated (Figure 8C and Supplemental Figure 6B).
Together, these findings demonstrate that, despite ongoing muscle wasting, skeletal muscle in KPC tumor—
bearing mice exhibits increased ribosome biogenesis and translational initiation, suggesting a compensato-
ry or maladaptive activation of protein synthesis pathways during pancreatic cancer—associated cachexia.

‘We recently reported that KPC cell conditioned media (KPC-CM) induces atrophy in cultured mouse
primary myotubes (31). To investigate the functional significance of increased ribosome biogenesis in
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cachectic muscle, we tested the effect of BMH-21, a small-molecule inhibitor of RNA polymerase I that
targets the rate-limiting step of ribosome biogenesis (34), on cultured myotube diameter in control and
KPC-CM-treated cultures. Primary mouse myoblasts were differentiated for 48 hours, pretreated with
vehicle alone or 250 nM BMH-21 for 2 hours, and then incubated in exhausted differentiation medium
(control) or KPC-CM, with or without BMH-21, for an additional 24 hours. Cultures were fixed and
immunostained for MyHC, and myotube diameter was measured. Results showed that BMH-21 treatment
alone significantly reduced average diameter of cultured myotubes, and this effect was further exacerbated
in the presence of KPC-CM (Figure 8D and Supplemental Figure 6C). These results indicate that trans-
lational initiation and ribosome biogenesis are upregulated in skeletal muscle during pancreatic cancer
cachexia, likely representing an adaptive mechanism that mitigates the severity of muscle wasting.

Targeted inhibition of TORCI signaling exacerbates muscle wasting during pancreatic cancer cachexia. Since we
observed an increase in mTORCI signaling and translation initiation, we next sought to investigate the
effect of inhibition of mTOCRI1 on the regulation of muscle mass in response to KPC tumor growth. The
regulatory-associated protein of mammalian target of rapamycin (Raptor) binds to mTOR and is essential
for mTORC1 activity. Previous studies have shown that muscle-specific deletion of Raptor (Rptor) leads to a
drastic reduction in the protein levels and activity of mTORCI1 without affecting muscle mass and function
under normal physiological conditions (35, 36). Using inducible muscle-specific Rpror-KO mice, we deter-
mined whether the inhibition of mTORCI1 signaling affects skeletal muscle mass during pancreatic cancer
cachexia. Briefly, floxed Rptor (henceforth, Rptor??) mice were crossed with HSA-MCM mice to generate
Rptor; HSA-MCM (henceforth, Rptor™*©) and littermate Rptor? mice. Twelve-week-old Rptor™%° mice
were treated by i.p. injection of tamoxifen for 4 consecutive days to induce the deletion of Raptor. Litter-
mate Rptor"" mice were also treated with tamoxifen and served as controls. After 2 days of last tamoxifen
injection, the mice were injected with PBS alone or 2 X 10° KPC cells into the tail of pancreas and the mice
were analyzed on day 21 after inoculation with KPC cells.

There was a significant reduction in the wire hanging time and 4-paw grip strength normalized by tumor-
free body weight in KPC tumor-bearing Rptor’? and Rptor™° mice compared with corresponding control
mice. Although statistical significance was not achieved, there was a trend toward reduced average hanging
time and 4-paw grip strength in KPC tumor—bearing Rptor™° compared with KPC tumor-bearing Rptor’/"
mice (Figure 9, A and B). There was a significant reduction in the wet weight of TA, quadriceps (QUAD),
soleus, and GA muscle of both Rptor and Rptor™° mice in response to KPC tumor growth (Figure 9C
and Supplemental Figure 7A). Interestingly, tumor-induced loss in the wet weight of QUAD and GA muscle
was significantly higher in Rptor™© mice compared with Rptor? mice (Figure 9D and Supplemental Figure
7B). In contrast, there was no significant difference in tumor wet weight between Rptor’? and Rptor™© mice
(Supplemental Figure 7C).

Next, transverse sections of TA muscle were prepared and analyzed by performing H&E staining or
immunostaining for dystrophin (Figure 9E and Supplemental Figure 7D), followed by morphometric analy-
sis. The average myofiber CSA was significantly reduced in KPC tumor—bearing Rptor™! and Rptor™° mice
compared with controls. Notably, myofiber CSA was further reduced in KPC tumor—bearing Rptor™° mice
relative to their Rptor/? counterparts (Figure 9, F and G). Consistent with these findings, frequency distri-
bution analysis revealed a shift toward smaller myofibers in Rptor™° mice compared with Rptor™ mice in
response to KPC tumor growth (Figure 9H).

Since Type IIb myofibers are particularly susceptible to cachexia (Figure 4D) and since mTOR
signaling genes are selectively upregulated in Type IIb myonuclei (Figure 5A), we next examined fiber-
type—specific effects of Raptor deletion. Immunostaining for MyHC isoforms demonstrated that all
myofiber types (IIa, IIb, and IIx) exhibited reduced CSA in KPC tumor-bearing Rptor®® and Rptor™X©
mice compared with controls (Figure 9, I and J). Importantly, Type IIb myofibers showed the greatest
reduction in CSA in Rptor™ ° mice relative to Rptor™® mice (Figure 9K), indicating a fiber-type—depen-
dent vulnerability. Efficient deletion of Rptor was confirmed by the reduction in Raptor protein levels in
skeletal muscle from Rptor™ © mice compared with Rptor™? mice. Correspondingly, levels of both total
mTOR and phosphorylated mTOR were reduced in Rptor™8© mice, irrespective of tumor burden. In
addition, a modest increase in ubiquitin-conjugated proteins was observed in skeletal muscle from KPC
tumor—bearing Rptor™8© mice compared with Rptor’? mice (Supplemental Figure 7E). Collectively,
these findings suggest that targeted inhibition of mTORC1 exacerbates skeletal muscle wasting during
pancreatic cancer—associated cachexia.
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Figure 8. Increased ribosome biogenesis and translation initiation in skeletal muscle of tumor-bearing mice. (A) Gene set enrichment analysis of trans-
lation initiation and ribosome biogenesis processes in cachectic myonuclear clusters compared with all other nuclei of control mice. (B) Dot plots from the
snRNA-seq dataset demonstrating the proportion of nuclei expressing translation initiation and ribosome biogenesis genes (left) and heatmap showing
corresponding expression in bulk RNA-seq dataset (right). (C) Immunoblots showing levels of indicated proteins in TA muscle of control and KPC tumor-
bearing mice after 14 and 18 days of inoculation of KPC cells in pancreas. (D) Representative photomicrographs of myotube cultures treated with vehicle
alone or BMH-21 and incubated with or without KPC cells conditioned medium (KPC-CM).

Remodeling of inferred intercellular signaling in skeletal muscle in response to KPC tumor growth. While our
previous analyses focused on myofiber-intrinsic transcriptional changes during pancreatic cancer cachexia,
nonmyogenic cells in the muscle microenvironment also contribute to muscle wasting. Analysis of non-
myogenic nuclei transcriptome revealed upregulation of genes associated with KEAP1/NFE2L2 signaling,
protein catabolism, autophagy, apoptosis, and noncanonical NF-kB pathways, alongside downregulation
of genes involved in muscle structure, ECM organization, cytoskeleton, energy metabolism, tube morpho-
genesis, and blood circulation in MTJ, NMJ, SMC, fibroblast, and endothelial nuclei of KPC tumor—bear-
ing mice (Supplemental Figure 8). These findings indicate that cachexia broadly remodels the transcription-
al landscape of nonmyogenic cells as well.
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distribution (H) in TA muscle of control and KPC tumor-bearing Rptor"" and Rptor™®° mice. (1) Representative photomicrographs of TA muscle cross-sec-
tions after immunostaining for MyHC isoforms. Scale bar: 50 um. (J and K) Myofiber CSA (J), and tumor-induced decrease (K) in average myofiber CSA in
individual muscle type in TA muscle of Rptor™/" and Rptor™©° mice. n = 3-5 per group. Data are presented as mean + SEM. *P < 0.05, versus corresponding
control mice, #P < 0.05, versus KPC-tumor bearing Rptor™™ mice (unpaired Student’s t test or 2-way ANOVA and Tukey's multiple-comparison test).

Next, we investigated the intercellular signaling interactions between nuclear clusters identified in snR-
NA-seq dataset. For this analysis, we applied CellChat with population weighting to map ligand-receptor—
mediated intercellular signaling. Results show that KPC tumor growth induced extensive alterations in both
the number and strength of interactions across different muscle and nonmuscle cell types in skeletal muscle
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(Figure 10A). Further analysis showed that the nuclei in KPC tumor—bearing mice exclusively acquired
information flow from various molecules, such as EDA, EDN, PLAU, Nectin, CSPG4, IGFBP, NPR2,
TWEAK, ADGRA, WNT, CNTN, CD34, and CD39, which was absent in the nuclear clusters of control
mice (Figure 10B and Supplemental Figure 9). In contrast, nuclear clusters of KPC tumor-bearing mice lost
information flow from cholesterol, THBS, AGRN, GRN, VCAM, LIFR, SPP1, LAIR1, SEMAS5, NPNT,
OSTN, VISTA, CD48, CD80, and HH, which were present in the control nuclear clusters (Figure 10B and
Supplemental Figure 9). We next investigated how these molecules are affected in different nuclei popula-
tions of control versus KPC tumor—bearing mice. This analysis showed that there were significant alterations
in signaling from different molecules (e.g., IGF1, Visfatin, MSTN) between nuclear clusters of different
cell types in control and KPC tumor—bearing mice (Figure 10B and Supplemental Figure 10A). Moreover,
CD39 signaling was present in EC and smooth muscle nuclei, whereas CD34 was present in only EC of
tumor-bearing mice. CNTN and Wnt were present in almost all types of nuclei of tumor-bearing mice, but
not in control mice. TWEAK, a potent muscle wasting cytokine (31, 32), was present in cachectic, MTJ,
smooth muscle, and Type IIa and Type IIb nuclear clusters (Supplemental Figure 10B and Supplemental
Figure 11A). We also found that strength of information flow from several other molecules implicated in
muscle wasting, such as EDA, Prostaglandin, CD46, NGL, Notch, Testosterone, CCL, MSTN, Visfatin,
fibronectin, ANGPT, TGF-B, FLRT, BMP, and FGF, was considerably increased in cachectic nuclei of KPC
tumor—bearing mice, even though some of these signals were present in Type II myofibers of both control
and tumor-bearing mice (Supplemental Figure 11A). We performed further analyses to identify the ligand/
receptor enrichment in our snRNA-seq dataset. In control muscle, enrichment was dominated by Col4a3,
Mpz, Lama2, Tnxb, and Col4al, consistent with a structural extracellular matrix (ECM) and NMJ support-
ive environment. In contrast, KPC muscle shifted toward Fnl, Col4al, Col4a2, and Vegfa reflecting ECM
remodeling and altered vascular-endocrine communication (Supplemental Figure 11B). Together, these inte-
grated metrics demonstrate reprogramming of intercellular signaling in a directional and pathway-specif-
ic manner, supporting catabolic alterations such as ECM remodeling, inflammation, and neuromuscular
degeneration, in skeletal muscle during pancreatic cancer cachexia.

Discussion

Cachexia is a major catabolic condition during malignant tumor progression involving the loss of skeletal mus-
cle mass with or without concomitant fat loss (8). However, the etiology of cancer-induced cachexia remains
less understood. In the present study, we have used snRNA-seq and bulk RNA-seq approaches to investigate
the molecular changes that occur in different cell types present in skeletal muscle microenvironment in the
KPC mouse model of pancreatic cancer cachexia. We have identified a unique myonuclei population that
we termed as cachectic cluster, which expresses the molecular signature of muscle atrophy. Our analysis also
demonstrates that the transcriptional regulation, specifically in the Type II myofibers, induces transition of
myonuclei toward the cachectic state. Furthermore, our results demonstrate that several common and distinct
transcriptional changes occur in each myofiber types in response to tumor growth (Figures 4 and 5).

UPS and autophagy are the major mechanisms driving muscle proteolysis in various catabolic conditions,
including cancer-induced cachexia (3, 6, 37). Some studies suggest that the Type IIb myofibers undergo atro-
phy at faster rate compared with other types of myofibers in various atrophying conditions, including cancer
cachexia (38, 39). Our analysis of the snRNA-seq dataset showed that molecular signatures of both UPS
and autophagy are highly upregulated in cachectic myonuclei as well as Type IIb and IIx myonuclear clus-
ters, suggesting that glycolytic myofibers are more susceptible to wasting compared with oxidative myofibers
during cancer cachexia (Figures 2 and 4). Our analysis further showed that the gene expression of many other
molecules (e.g., Mtl/Mt2, Vegfd, Elk4, Retregl, Arrdc3) is highly induced in cachectic myonuclei. Future
studies will characterize the role of these proteins in the etiology of muscle wasting during cancer cachexia.

Mitochondrial dysfunction is a well-established and common pathological feature in the skeletal mus-
cle during cancer cachexia (3, 40). Tumor-derived factors and the host’s inflammatory response trigger
several overlapping mechanisms that inhibit mitochondrial biogenesis and cause mitochondrial damage
and impaired energy metabolism (40). Damaged mitochondria can also cause oxidative stress, which can
independently activate catabolic pathways in skeletal muscle. Indeed, we recently reported increase in fatty
acid accumulation and metabolism and oxidative stress in skeletal muscle of KPC tumor—bearing mice
(26). Moreover, another study showed that cAMP/PKA/CREB signaling is a central mechanism contrib-
uting to mitochondrial dysfunction in skeletal muscle in animal models of cancer cachexia. Furthermore,
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Figure 10. Alterations in inferred intercellular communications in skeletal muscle of KPC tumor-bearing mice. (A) Circle plots showing differential num-
ber of cellular interactions and strength of interactions between different nuclear clusters of control and KPC tumor-bearing mice. (B) Overall information
flow comparison of multiple pathways in nuclei of control and KPC tumor-bearing mice.

transcriptome analysis suggested that this pathway is repressed in skeletal muscle of patients with PDAC
(41, 42). Our analysis of snRNA-seq dataset revealed that the gene expression of many molecules related to
OXPHOS is diminished in cachectic myonuclei compared with controls (Figure 3). These findings suggest
that reduced mitochondrial content and function is one of the important pathological features of atrophy-
ing skeletal muscle during pancreatic cancer cachexia.

Recently, it was also reported that the vascular supply is diminished in skeletal muscle during cancer
induced cachexia (12). The angiogenic program in skeletal muscle is governed not only by the endothelial
and vascular smooth muscle cells, but also by the factors produced by myofibers (43). Our study provides
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evidence that the gene expression of several molecules that support angiogenesis is diminished in all myo-
nuclear clusters except in Type I myonuclei. Bulk RNA-seq and histological analysis further confirmed that
gene expression of various angiogenesis-related molecules and vascular supply is diminished in skeletal
muscle of KPC tumor-bearing mice (Figure 3).

Our bioinformatics analysis demonstrates that the activity of specific TFs and the expression of their
target genes is significantly upregulated in the cachectic myonuclear clusters of KPC tumor—bearing mice
compared with myonuclei of control mice. While the role of some of these TFs (e.g., Foxol) in the reg-
ulation of muscle mass has been elucidated previously (44, 45), we identified several other TFs that are
highly upregulated and play a coregulatory role in cachectic myonuclei but their specific role in cancer-in-
duced muscle wasting has not yet been investigated (Figures 6 and 7). Intriguingly, our analysis showed
that mTORCI1 signaling, ribosome biogenesis, and translation initiation are some of the major processes
associated with the activated TFs in cachectic myonuclei of KPC tumor-bearing mice (Figure 7). A previ-
ous study has shown that ribosome biogenesis and protein synthesis are diminished in skeletal muscle of
a mouse model of ovarian cancer-induced cachexia (46). In addition, there are other reports that suggest
significant reduction, no change, or upregulation of protein synthesis in skeletal muscle of animal models
of cancer cachexia (13, 30). Consistent with the snRNA-seq analysis, our independent biochemical analysis
showed that the markers of ribosome biogenesis, translation initiation, and protein synthesis are signifi-
cantly upregulated in skeletal muscle of KPC tumor—bearing mice (Figure 8 and Supplemental Figure
6A). While the upregulation of protein synthesis and ribosome biogenesis may represent a compensatory
response to counteract excessive proteolysis, apparently, it is not sufficient to prevent muscle wasting during
pancreatic cancer cachexia.

Activation of the mTORC1 complex is a central mechanism that enhances protein synthesis in response
to mechanical loading, nutrient availability, and other anabolic stimuli (45, 47). However, accumulating
evidence suggests that both acute activation and suppression of mTORC1 disrupt autophagy and impair
skeletal muscle homeostasis, ultimately leading to muscle wasting and myopathy (48, 49). Forced activa-
tion of mTORCI exacerbates denervation-induced muscle atrophy by inhibiting Akt kinase through a neg-
ative-feedback mechanism (50). Moreover, mMTORCI activation has been implicated in age-related muscle
loss, potentially via enhanced phosphorylation of the STAT3 TF (17). Interestingly, forced overexpression
of follistatin, which antagonizes myostatin and Activin A signaling, promotes protein synthesis and skel-
etal muscle hypertrophy through activation of the Akt/mTORCI1/p70S6K pathway (51), suggesting that
mTORCI1-mediated signaling can either promote or deteriorate muscle mass in a context-dependent manner.

Our results demonstrate that the mTORC1-mediated signaling prevents the excessive loss of skele-
tal muscle mass during pancreatic cancer cachexia (Figure 9). In addition, our experimentation pro-
vides insights into the fiber-type—specific role of mTORCI signaling in pancreatic cancer cachexia. The
mTORC1-mediated adaptive response was observed selectively in Type IIb myofibers (Figure 5A), support-
ed by the findings that inactivation of mTORCI1 results in a profound decrease in the size of Type IIb myo-
fibers compared with other muscle fiber types in response to KPC tumor growth (Figure 9K). These find-
ings are also supported by a previously published report, which demonstrates that forced activation of Akt/
mTORCI signaling inhibits skeletal muscle wasting in other models of cancer cachexia (52). Altogether,
our results provide initial evidence that skeletal muscle undergoes transcriptional reprograming to enhance
translation capacity and efficiency to prevent extreme muscle wasting during pancreatic cancer cachexia.

In addition to myofibers, skeletal muscle contains many other cell types which may also play important
roles in the regulation of muscle mass in tumor-bearing hosts. Our snRNA-seq analysis demonstrates that
tumor growth affects the transcriptome of other cell types, such as EC, smooth muscle, and fibroblasts pres-
ent in skeletal muscle microenvironment. Moreover, cell-cell communication is altered in skeletal muscle
of tumor-bearing mice compared with controls (Figure 10). While the signaling from IGF1 is diminished,
there is an increase in the signaling from catabolic molecules, such as TWEAK, EDA, and myostatin in
cachectic myonuclei. Interestingly, some of the catabolic molecules are produced predominantly by non-
muscle cells which then act on myofibers, which express cell surface receptors for them (Supplemental
Figure 9-11). This selective rewiring in muscle microenvironment may explain fiber-type vulnerability and
establishes a cachectic microenvironment that promotes progressive myofiber loss.

Our findings from the KPC model of cancer cachexia show concordance with a recently published
study using the KIC model of pancreatic cancer cachexia (11). Notably, we observed similar upregulation
of multiple genes, including canonical atrophy markers such as MAFbx and MuRF1, as well as other genes
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including Vegfd, Tfdp2, Edalr, and Eif4ebpl. These shared transcriptional changes suggest a conserved tran-
scriptional activation of a set of genes whose products directly or indirectly contribute to skeletal muscle
wasting across distinct models of PDAC-induced cachexia. Our snRNA-seq analysis also reveals mod-
el-specific features. For example, we observed 2 cachexia-associated myonuclear clusters exhibiting largely
similar transcriptional profiles with some modest differences (Supplemental Figure 1B). In contrast, Zhang
et al. study showed the presence of distinct “denervated” and “catabolic” myonuclear clusters, indicative of
denervation and proteolysis as major contributors of muscle wasting in the KIC model (11). While our cell-
cell communication analysis revealed enrichment of myostatin signaling between Type IIb and cachectic
myonuclei, the denervation phenotype was not readily observed in our KPC model of pancreatic cancer
cachexia. This discrepancy may reflect model-specific transcriptomic adaptations, suggesting that the rel-
ative contributions of conserved pathogenic mechanisms vary across experimental models of pancreatic
cancer cachexia.

While, in this study, we have used mouse model of cancer cachexia, our dataset shows overlapping fea-
tures with transcriptional changes observed in skeletal muscle of patients with PDAC. For instance, ECM
remodeling and mitochondrial dysfunction are shared transcriptomic signatures between the KPC model
used in this study and cachectic patient datasets (21, 41, 53).

In addition, our observation that glycolytic muscle fibers are more susceptible to atrophy is consistent
with findings in skeletal muscle from patients with pancreatic cancer (21). However, like most mouse mod-
els of PDAC-associated cachexia, our study also demonstrates increased activation of E3 ubiquitin ligases,
a response that does not fully align with transcript levels reported in muscle biopsies from cachectic patients
(21, 53). These observations suggest that, even though many phenotypic features of muscle wasting are
shared, important differences remain between the skeletal muscle transcriptomes of patients with PDAC
and commonly used mouse models of cancer cachexia.

While our study has provided important insights into the molecular mechanisms underlying muscle
wasting during pancreatic cancer cachexia, it also has several limitations. Notably, the snRNA-seq analysis
was conducted at a single time point in both control and tumor-bearing mice. Future studies examining
gene expression dynamics across different stages of tumor progression would offer a more comprehensive
understanding of disease development. Additionally, it remains to be determined whether similar tran-
scriptional changes also occur in skeletal muscle across other models of cancer cachexia. Furthermore, key
findings from the snRNA-seq analysis, particularly the involvement of specific TFs, warrant further inves-
tigation using genetic mouse models. Despite these limitations, our study identifies previously unknown
mechanisms and potential molecular targets relevant to pancreatic cancer cachexia.

Methods

Sex as a biological variable. All experiments involving animals were conducted using male mice at 11-12
weeks of age because male animals exhibit cachexia in response to pancreatic cancer. It is unknown wheth-
er similar findings will also be obtained for female mice.

Animals. C57BL/6, floxed Raptor (Rpto#"’; Strain: B6.Cg-Rptor™1Pm2/J) and HSA-MCM (Strain:
B6.Cg-Tg[ACTA1-cre/Esr1*]2Kesr/J) mice were purchased from Jackson Laboratory. Rapro#" mice were
crossed with HSA-MCM mice to generate muscle-specific Raptor-KO (Rpror™©) and littermate control
(Rptor"") mice. All mice were in the C57BL/6 background, and their genotype was determined by PCR
from tail DNA. We employed KPC orthotopic mouse model of pancreatic cancer cachexia (20, 54). KPC
cells, as described (54), were provided by Elizabeth Jaffee (Johns Hopkins University). Briefly, KPC cells
(2 x 10° cells in 20 uL PBS) were injected into the tail of the pancreas of 12-week-old WT or Rptor"" and
Rptor"® mice. Control mice received an injection of PBS alone. The mice were weighed weekly and eutha-
nized on day 14-21 after the injection of KPC cells. All the animals were handled according to the approved
institutional animal care and use committee (IACUC; protocol no. PROT0201900043) of the University of
Houston. All surgeries were performed under anesthesia, and every effort was made to minimize suffering.

Cell culture and immunostaining. Culturing of primary myoblasts and their differentiation into myotubes
and immunostaining protocol is described in Supplemental Methods.

Grip strength test. Four-paw grip strength of mice was measured using a digital grip strength meter
(Columbus Instruments), as previously described (55).

Histology and morphometric analysis. The details about muscle histology and morphometric analysis are
provided in the Supplemental Methods.
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Western blot. Western blot analysis was performed following exactly same procedure as previously
described (56). Primary and secondary antibodies used in western blots are described in Supplemental
Table 1. Uncropped gel images are provided in Supplemental Figure 12.

RNA extraction and gPCR. RNA isolation and gPCR were performed following a protocol as previous
described (56). The sequence of the primers is described in Supplemental Table 2.

Bulk RNA-seq analysis. The bulk RNA-Seq was performed following a method as described (26) and
detailed in the Supplemental Methods. All the raw data files can be found on the NCBI SRA repository
using the accession code PRINA1255232.

snRNA-seq. Freshly isolated GA muscle tissues were processed for the isolation of nuclei. The nuclei
were pooled from 5 mice in each group. snRNA-seq libraries were generated using Chromium Single Cell
3’ v3 kit (10X Genomics) according to the manufacturers protocol. Sequencing was performed on an Illu-
mina NovaSeqXPlus system. The sample demultiplexing was performed based on 10 bp 15 and 17 sample
index reads to generate Readl and Read2 paired-end reads. The Cell Ranger Software Suite (10X Genom-
ics, v7.0.0) was used for data demultiplexing, transcriptome alignment, and UMI counting. Raw data are
stored in FASTQ (fq) format files, which contain sequences of reads and corresponding base quality. The
mouse genome (GRCm38), version M23 (Ensembl 98), was used as reference for read alignments and gene
counting with cellranger count. The Seurat R package was further utilized to achieve data quality control.
All the raw data files can be found on the NCBI SRA repository using the accession code PRINA1330413.

snRINA-seq downstream analysis. The protocol used for the analysis of snRNA-seq dataset is described in
the Supplemental Methods.

Louvain community detection and trajectory analysis. Pseudotemporal dynamics were reconstructed using
Monocle3 (v1.3.7) (57). Seurat objects from KPC and PBS samples were converted to Monocle3 cell_data_
set objects via as.cell_data_set(). Only myonuclei clusters (e.g., Type IIa, IIb, IIx, and cachectic myonuclei)
were retained based on prior annotations. Dimensionality reduction was performed using 50 principal com-
ponents (num_dim = 50), and UMAP coordinates from Seurat were directly transferred to ensure consis-
tency in embedding across analyses. Cells were clustered in Monocle3, and trajectories were learned using
the learn_graph() function. The trajectory was mapped by designating the Type IIa and Type IIb myonuclei
as root (i.e., origin) and Cachectic nuclei cluster as terminal node. Graph-based differential expression test-
ing was performed using graph_test() with the principal graph or KNN graph as the neighborhood structure
(neighbor_graph = “principal_graph” or “knn”). Genes with FDR-adjusted ¢ < 0.05 were retained. We
applied Louvain community detection analysis to identify gene modules via find_gene_modules() using
resolution parameters ranging from 1 x 10 to 1 x 107! to capture modules at multiple scales. Module
expression was aggregated across cell partitions using aggregate_gene_expression(), and module—partition
expression heatmaps were visualized using Ward’s method for clustering.

Comparative intercellular communication analysis. We profiled condition-resolved signaling with CellChat
(v2.1.2) as described (58) on a Seurat object split by group labels (PBS, KPC). The details of this analysis
are provided in Supplemental Methods.

SCENIC and transcription network analysis. This analysis has been described in the Supplemental
Methods.

Augur-based perturbation sensitivity. Determination of cell-state sensitivity to cachexia was performed
using machine learning-based Augur method on a Seurat object (59). Briefly, Augur method quantifies how
strongly each cell population responds transcriptionally to a perturbation (here, control versus KPC) by
training a classifier (random forest) to distinguish cells from control versus cachectic conditions using repeat-
ed subsampling (50 iterations; 20 cells per class) with 3-fold cross-validation. Area under ROC curve (AUC)
values were averaged across subsamples to rank perturbation sensitivity. Cell types with higher Augur scores
were those in which cachexia induced stronger transcriptional divergence from baseline, which we refer to as
increased “sensitivity to cachexia.” Analyses were performed in R (Seurat v5.3.0, Augur v1.0.3).

Pathway module scoring and visualization. We quantified pathway-level activity per nucleus using curated
gene sets for autophagy, the UPS, OXPHOS, and angiogenesis. Metadata were harmonized by renaming
orig.ident to KPC or PBS, and coarse cell types were derived from Seurat clusters (e.g., Type I, Type IIa/
IIb/1Ix, cachectic myonuclei). For each gene set, per-cell module scores were computed with Seurat Add-
ModuleScore on the RNA assay (60). Gene-level expression was summarized with DotPlot grouped by cell
type and split by condition (KPC versus PBS). Pathway activity distributions were visualized with VInPlot
for the corresponding module score (split by condition across cell types).
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Statistics. All wet-lab data are presented as mean = SEM. Statistical analyses were performed using
GraphPad Prism 10.0. Comparisons between 2 groups were conducted using 2-tailed unpaired Student’s ¢
test. For experiments involving multiple comparisons, 2-way ANOVA followed by Tukey’s post hoc test was
applied. P < 0.05 was considered statistically significant. Additional statistical details, including exact #, are
provided in the corresponding figure legends.

Study approval. All animal procedures were conducted in strict accordance with the institutional guide-
lines and were approved by the JACUC and Institutional Biosafety Committee of the University of Hous-
ton (PROT0201900043).

Data availability. All relevant raw data related to this manuscript are available in the Supporting Data
Values file. Raw data files for RNA-seq experiments can be found in the NCBI SRA repository using the
accession code PRINA1255232 and PRINA1330413.
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