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Mechanisms Underlying Diversity in Cancer Cachexia

B0092 tumor-bearing mice are a new model for the study of cachexia in head
and neck cancer
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Abstract

Head and neck cancer (HNC) accounts for �4% of all cancers but causes �15,000 deaths annually in the United States. Over
40% of HNC patients present with cachexia, a severe comorbidity associated with skeletal muscle defects, worsened treatment
response, and poor outcomes. The mechanisms behind HNC cachexia remain unclear, partly due to limited small animal models.
This study characterizes functional and molecular features of cachexia in a novel preclinical model using tobacco-induced
B0092 oral squamous cell carcinoma in C57BL/6J mice. C2C12 myotubes were exposed to various concentrations of B0092
conditioned media (CM) to assess effects on myotube diameter and expression of muscle-specific ubiquitin ligases (MuRF-1 and
atrogin-1). C57BL/6J male and female mice were implanted with B0092 cells (5 � 105 cells) to investigate musculoskeletal effects
of HNC. RNA sequencing of muscle identified gene signatures associated with cachexia. Myotubes treated with B0092 CM
showed atrophy already at 25% CM (�21%, P < 0.01), along with elevated MuRF-1 (þ81%, P < 0.05) and atrogin-1 (þ27%, P <
0.05). B0092 tumor growth in male mice led to muscle atrophy, reduced strength (�36%, P < 0.001), and lower bone mineral
density (�8%, P < 0.01). Muscle atrophy correlated with increased MuRF-1 (þ 1.96-fold, P < 0.05) and atrogin-1 (þ 1.97-fold, P <
0.05). Female mice exhibited moderate cachexia despite similar tumor size. RNA sequencing of muscle in male B0092 hosts
revealed mitochondrial dysfunction and upregulation of proteasome- and translation-related pathways, supporting a shift toward
protein degradation and impaired energy metabolism. These findings suggest that B0092-bearing mice are valuable to uncover
novel molecular pathways and potential therapeutic targets for HNC cachexia.

NEW & NOTEWORTHY This study introduces a novel preclinical model for head and neck cancer (HNC) cachexia using B0092
oral squamous cell carcinoma in C57BL/6J mice. Key findings include muscle atrophy, systemic musculoskeletal effects, and criti-
cal gene signatures associated with skeletal muscle wasting. These insights pave the way for potential therapeutic targets to mit-
igate cachexia in patients with HNC, offering a promising avenue for improving patient outcomes.

bone loss; cachexia; head and neck cancer; muscle wasting; muscle weakness

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the
seventh most common cancer type, accounting for �4% of all
new cancer cases worldwide (1). Its incidence rate is predicted

to swell an alarming 30% by 2030 (2, 3). Major risk factors for
HNSCC include tobacco use, alcohol consumption, and human
papillomavirus (HPV) infection. Although tobacco use and
alcohol consumption still account for the largest population
and the highest mortality rate of oral cancers (4), the incidence
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rate is declining. Conversely, HPV-induced oropharyngeal car-
cinomas (OPC), despite being attributed with better survivor-
ship than consumption-induced oral cancers, has recently
seen an increased incidence rate (5). Depending on their ana-
tomical location, primary oral tumors are often the source of
complications in patients, including dysarthria (difficulty
speaking), dysphagia (difficulty eating), odynophagia (pain
when swallowing), or dyspnea (difficulty breathing), all poten-
tially leading to substantial weight loss and reduced quality of
life (QoL) (6, 7). Interestingly, men are generallymore suscepti-
ble to development of HNSCC than women (8), likely because
of distinct lifestyle choices (e.g., smoking and drinking), hor-
monal differences, abnormal immune response, and higher
risk of contracting HPV (9–12). Standard of care treatment for
most kinds of HNC includes a combination of radiotherapy
and chemotherapy (e.g., cisplatin and paclitaxel) (13), which
have also been reported to contribute to the onset of musculo-
skeletal complications andworsened QoL, independent of can-
cer (14–16).

Of note, in addition to weight loss induced by swallowing
complications, it is estimated that nearly half of all patients
diagnosed with HNSCC present with cachexia (7, 17).
Cachexia is described as a multifactorial wasting syndrome,
whose onset frequently occurs in association with the later
stages of various kinds of cancer (18). Symptoms are marked
by loss of skeletal muscle mass, weight, and appetite, alto-
gether leading to fatigue, poorer QoL, metabolic dysfunction,
systemic inflammation, and overall increased morbidity and
mortality (18–21). There are currently no approved therapies
for cachexia, even though it is estimated to account for up to
30% of all cancer-related deaths (22). Muscle wasting as it per-
tains to cachexia is largely a result of an imbalance of protein
homeostasis, and not simply malnutrition or lack of eating
(23). Indeed, increased protein degradation through inflamma-
tion and overactivation of muscle-specific ubiquitin-ligases,
alongside decreased protein synthesis, altogether result in
diminished andweakened skeletalmuscles (24, 25). A decrease
in mitochondrial regulators and an overactivation of lipolysis
are also hallmarks of this severe cancer comorbidity (19).

Cancer cachexia is a relatively understudied phenomenon
in patients with HNC, who are already at high risk of malnu-
trition due to the location of the tumor and treatment-
related toxicity (6, 26). This can be largely attributed to the
lack of HNSCC preclinical animal models representative of
the clinical scenario capable of forming tumors in immuno-
competent mice and inducing cachexia, altogether impeding
research progression and development of potential thera-
pies. Although there have been various preclinical mouse
models published for the study of HNSCC cachexia conse-
quential to HPV infection and other less relevant sources
(27–29), there is an alarming lack of literature characterizing
the extent of cachexia caused by tobacco- or alcohol-induced
HNSCC.

Taking this into account, the purpose of this study was to
address the critical gap in preclinical modeling of cachexia
in HNSCC tumors, particularly those induced by tobacco-
related carcinogens. Indeed, despite the high prevalence of
cachexia among patients with HNSCC and its significant
contribution to morbidity and mortality, there remains a
lack of robust, immunocompetent animal models that accu-
rately reflect the clinical manifestations of this syndrome.

This study aimed to establish and characterize a novel
murine model of HNSCC-induced cachexia using the B0092
cell line, generated by exposing female C57BL/6J mice to
4-nitroquinoline 1-oxide (4NQO), a broadly studied tobacco
mimetic carcinogen. Following the development of primary
oral tumors and subsequent lung metastases, metastatic
cells were isolated and reimplanted into syngeneic C57BL/6J
mice to yield a stable and reproducible cell line derived from
a HNSCC tumor, capable of forming tumors subcutaneously
and inducing systemic cachexia-like symptoms, with limited
interference from factors normally associated with clinical
anorexia and influenced by tumor location, diet, and type of
anticancer therapies. Overall, our investigations revealed
that subcutaneously implanted B0092 tumors promotemus-
culoskeletal abnormalities, likely consequential to high lev-
els of tumor-derived proinflammatory factors and activation
of signaling pathways associated with maintenance of skele-
tal muscle mass. By delineating the cachectic profile and
identifying key proinflammatory and muscle-degenerative
pathways activated in this model, we sought to lay the
groundwork for the development of targeted therapeutic
strategies to mitigate skeletal muscle loss and improve qual-
ity of life in patients with HNSCC.

METHODS

Cell Cultures

The B0092 cells were isolated from lung metastases in a
C57BL/6J mouse implanted with the parental C57BL/6J
syngeneic HNSCC line, namely the A1207, which was gener-
ated by inducing tongue SCC in a female C57BL/6J mouse
with tobacco mimetic 4-nitroquinoline 1-oxide (4NQO), as
previously described (30). The B0092 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM)/F-12 supple-
mented with 10% fetal bovine serum (FBS) and 1% penicil-
lin/streptomycin and maintained at 37�C in a humidified
atmosphere with 5% CO2. C2C12 myoblasts and 3T3-L1
fibroblasts (ATCC, Manassas, VA) were grown in high-glu-
cose DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin. C2C12 differentiation was induced by switch-
ing 90% confluent myoblast cultures to DMEM containing
2% horse serum and 1% penicillin/streptomycin, replaced
every other day for up to 5 days. B0092 and 3T3-L1 condi-
tioned media (CM) were generated by adding fresh growth
medium to �90% confluent cell layers, whereas C2C12
CM was obtained by supplementing fresh differentiation
medium to 5-day differentiated myotube layers. After 48 h,
the media were collected and centrifuged to remove any
remaining debris. The CM was then immediately used or
stored at �80�C. To determine the effects of tumor-derived
mediators on fiber size and homeostasis, C2C12 myotubes
were exposed to various concentrations (25%, 33%, and
50%) of B0092-derived CM for up to 48 h. Fresh (uncondi-
tioned) differentiation medium and equivalent concentra-
tions of C2C12 CMwere used as controls.

Animals

All in vivo experiments were approved by the Institutional
Animal Care and Use Committee at University of Colorado
Anschutz Medical Campus and were in compliance with the
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National Institutes of Health Guidelines for Use and care of
Laboratory Animals. In our initial experiment, to examine
the procachexiogenic effects of the B0092 HNSCC cells, 10-
wk-old C57BL/6J male mice (The Jackson Laboratory, Bar
Harbor, ME) were randomized into two groups based off ini-
tial body mass and humanely euthanized when body weight
loss was �10% of the initial body weight (IBW). The tumor
hosts (n ¼ 6; B0092) were injected subcutaneously with 5 �
105 B0092 cells in the intrascapular region, whereas the con-
trol mice (n¼ 6; control) were administered an isovolumetric
(200 μL) subcutaneous injection of vehicle (sterile saline). In
a second experiment aimed at investigating the effects of
B0092 tumors in female hosts, 10-wk-old C57BL/6J female
mice (The Jackson Laboratory, Bar Harbor, ME) were
randomized into two groups as described earlier. The tumor
hosts (n ¼ 5; B0092) were injected subcutaneously with 5 �
105 B0092 cells in the intrascapular region, whereas the con-
trol animals (n ¼ 5; control) were administered an equal vol-
ume of sterile saline. In both experiments, animal weights
were monitored daily. Euthanasia entailed up to 1 mL of
blood being drawn from intracardiac puncture followed by
cervical dislocation. At the time of euthanasia (36 days for
the male mice and 84 days for the female mice), skeletal
muscles (gastrocnemius, quadriceps, and tibialis anterior)
and other organs (heart, liver, spleen, epididymal fat, and
kidneys) were harvested, weighed, and snap frozen, whereas
the extensor digitorum longus (EDL) muscles were carefully
isolated to undergo ex vivo muscle contractility measure-
ment to determine the impact of B0092 tumors on muscle
function. Tibialis anterior muscles were frozen in liquid
nitrogen-cooled isopentane, then stored at �80�C and used
for histological analysis.

EchoMRI

Body composition, including lean (muscle) and fat (adipose)
tissue, was measured weekly throughout the study in unanes-
thetized mice. The mice were physically restrained using an
EchoMRI whole body composition analyzer (EchoMRI LLC,
Houston). Before scanning, a phantom containing vegetable oil
was used to calibrate the fat component of the body composi-
tionmeasurements.

Assessment of Muscle Cross-Sectional Area

To assess skeletal muscle fiber cross-sectional area (CSA),
10-μm-thick cryosections taken at the midbelly of the tibialis
anterior muscle were processed for hematoxylin-eosin (H&E)
staining, as described previously (31, 32). H&E-stained sec-
tions were imaged using a Zeiss Axioscan 7, Germany. CSA
was quantified in QuPath version 0.4.2 (33) using the
Cellpose extension (34). For the analysis, 300–500 muscle
fibers from four representative tibialis anterior samples per
group weremeasured.

Assessment of Myotube Size

Five-day differentiated C2C12 myotubes were fixed in ice-
cold acetone–methanol (50:50) at �20�C for 10 min, fol-
lowed by incubation with an antimyosin heavy chain anti-
body (MF-20, 1:200; Developmental Studies Hybridoma
Bank, Iowa City, IA) and an AlexaFluor 488-labelled second-
ary antibody (Invitrogen, Grand Island, NY). Analysis of

myotube size was performed by measuring the average
diameter of long, multinucleated fibers (n ¼ 250–350 per
condition), avoiding regions of clustered nuclei on a cali-
brated image using the ImageJ 1.53 software (35). Diameter
was assessed only in mature myotubes possessing greater
than three nuclei.

Cytokine Profiling Assay

Tumor secreted cytokines were assessed in B0092 CM
(collected as described above) using a mouse cytokine/che-
mokine 32-plex discovery assay array (Eve Technologies,
Calgary, AB, Canada). Tumor levels were compared to base
DMEM/F-12 media as well as CM generated from 3T3-L1
fibroblasts. To ensure consistency across all experimental
conditions and to eliminate physiological variability intro-
duced by different serum lots, all media were supplemented
with FBS from the same lot and prepared concurrently. This
approach minimizes potential confounding effects on cyto-
kine profiles in the conditioned media. Resulting data was
graphed as raw pg/mL derived from comparison to a stand-
ard curve.

Real-Time Quantitative Polymerase Chain Reaction

RNA from quadriceps was isolated using the miRNeasy
Mini kit (Qiagen, Valencia, CA) and following the protocol
provided by the manufacturer. RNAwas quantified by using
a Nanodrop spectrophotometer (BioTek, Winooski, VT).
Total RNA was reverse transcribed to cDNA by using the
Verso cDNA kit (Thermo Fisher Scientific, Waltham, MA).
Transcript levels were measured by real-time PCR (7500
Fast Real-Time PCR System: Applied Biosystems, Waltham
Massachusetts) using the TaqMan gene expression assay
system (Life Technologies, Carlsbad, CA). Expression levels for
Atrogin-1 (Mm00499523_m1) and MuRF-1 (Mm01185221_m1)
were assessed. Gene expressionwas normalized to TATA-bind-
ing protein (TBP) (Mm01277042_m1) levels using the standard
2�DDCt methods.

Bulk RNA Sequencing

Total RNA from skeletal muscle was extracted as described
earlier. RNA purity, quantity, and integrity were determined
with NanoDrop (Thermo Fisher Scientific, Waltham, MA) and
TapeStation 4200 (Agilent, Santa Clara, CA) analysis before
RNA sequencing (RNA-Seq) library preparation. The Universal
Plus mRNA-Seq library preparation kit with NuQuant was
used (Tecan, M€annedorf, Switzerland) with an input of 200 ng
of total RNA to generate RNA-Seq libraries. Paired-end
sequencing reads of 150 bp were generated on NovaSeq 6000
(Illumina, SanDiego, CA) sequencer at a target depth of 80mil-
lion paired-end reads per sample. Raw sequencing reads were
demultiplexed using bcl2fastq. Raw data are available via the
GEO gene expression omnibus, accession number GSE288471.
RNA-Seq data were processed using the nf-core RNAseq pipe-
line (v. 3.12.0) (36). In brief, illumina adapters were removed
using Cutadapt (v. 3.4) (37). Reads were aligned using STAR
(2.7.9a) to the Ensemblmouse transcriptome (GRCm39 release
104) and quantified using Salmon (1.10.1) (38, 39). Raw data
with counts by gene were generated using tximport on salmon
quantified data (40). For downstream analysis, rlog normaliza-
tion and differential expression analysis were performed using
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DESeq2 (41). Principal component analysis (PCA) was con-
ducted to assess sample variance. Differentially expressed
genes (DEGs) between tumor-bearing and control samples
were identified based on an adjusted P value < 0.05 and an
absolute fold change (jFCj) > 1. The top 100 genes positively
and negatively correlated with quadricepsmuscle weight were
selected for further analyses (Supplemental Table S1). To visu-
alize the expression differences across groups, a heatmap was
generated using Morpheus (42). Functional enrichment
analysis of the 200 selected genes was performed using
EnrichR (43–45). The two most highly associated genes
from each pathway were depicted in an alluvial plot gener-
ated with SankeyMatic (https://sankeymatic.com/) and a
heatmap created using Morpheus (42).

Ex Vivo Muscle Contractility

The contractile force in EDLmuscles wasmeasured through
wholemuscle contractility assessment. The EDLmuscles were
quickly dissected in a tray containing Tyrode solution (121 mM
NaCl, 5.0 mM KCl, 1.8 mM CaCl2, 0.5 mM MgCl2, 0.4 mM
NaH2PO4, 24 mM NaHCO3, 0.1 mM EDTA, and 5.5 mM glu-
cose), and stainless-steel hooks were tied to both tendons using
4-0 silk sutures. The muscles were then placed between a
mounted force transducer (Aurora Scientific, Aurora, ON,
Canada) and incubated in a stimulation heated bath con-
taining Tyrode supplementedwith continuous O2/CO2 (95/5%).
Following a 10-min incubation period, the maximum twitch
force was obtained by determining optimalmuscle length (L0).
Force data were collected and analyzed with the Dynamic
Muscle Control/Data Acquisition and DynamicMuscle Control
Data Analysis programs (Aurora Scientific), and EDL muscle
weight and L0were used to determine specific force.

Dual-Energy X-Ray Absorptiometry

Bone mineral density (BMD) and bone mineral content
(BMC) were assessed by means of dual-energy X-ray absorp-
tiometry (DXA) scanning of formalin-fixed femurs. As per
manufacturer’s guidelines, to calibrate and validate the
apparatus, a phantomwas scanned using the InAnalyzer sys-
tem (MediKors, Jungwon-gu, Seongnam-si, Gyeonggi-do,
Republic of Korea) before scanning the first bone. Regions of
interest were defined around the whole bone to gain the
BMD from each individual femur.

Analysis of Bone Microstructure

After euthanasia, the right femur was dissected from each
mouse, fixed for 2 days in 10% neutral-buffered formalin,
and transferred into 70% ethanol. Trabecular and cortical
bone morphometry were quantified at the distal metaphysis
and middiaphysis, respectively, using X-ray micro-com-
puted tomography (μCT50, Scanco Medical AG, Bassersdorf,
Switzerland). Femurs were imaged in 70% ethanol at 70 kVp
(200 μA) within a 20-mm diameter field of view, collecting
2,000 conebeam projections per revolution at an integration
time of 500 msec. Three-dimensional images were recon-
structed at 10 μm resolution using standard convolution
back projection algorithms with Shepp and Logan filtering
and rendered at a discrete voxel density of 1,000,000 voxels/
mm3 (isometric 10 μm voxels). Bone mineral was calibrated
to a discrete-step hydroxyapatite phantom and segmented

from marrow and soft tissue in conjunction with a con-
strained Gaussian filter to reduce noise, applying mineral
density thresholds of 550 and 700mg HA/cm3 for trabecular
and cortical bone, respectively. Volumetric regions for tra-
becular bone analysis were selected within the endosteal
borders to include the secondary spongiosa of femoral meta-
physes located�1 mm (�7% of length) from the growth plate
and extending 5% of femur length proximally. Trabecular
morphometric parameters were measured without imposing
a presumed structural model to obtain direct measures of
trabecular volume fraction (BV/TV), thickness (Tb.Th), num-
ber (Tb.N), spacing (Tb.Sp), connectivity density (Conn.D),
and tissuemineral density (Tiss.D).

Statistics

All statistical analyses were performed using GraphPad
Prism 9.0.0 (GraphPad Software, San Diego, CA). Two-tailed
Student’s t tests were performed to determine significant dif-
ferences between control and tumor-bearing animals. One-
way ANOVA tests were used to determine significance of fac-
tor secreted into conditioned media. Statistical significance
was set at P � 0.05, and the data were presented as means ±
standard deviation.

RESULTS

B0092 HNSCC Cells Induce Atrophy in C2C12
Myotubes

To evaluate the effects of HNSCC tumor-derived factors on
skeletal muscle, we exposed 5-day-differentiated, mature
C2C12myotubes to various concentrations of B0092 CM (25%,
33%, and 50%). Freshmedium and equivalent concentrations
of C2C12 CM were used as respective controls. After 48 h of
treatment, C2C12 CM had no significant effect on myotube
diameter, whereas B0092 CM consistently induced myotube
atrophy at all concentrations tested (25% CM:�21%, P< 0.01;
33% CM: �29%, P < 0.01; 50% CM: �24%, P < 0.05 vs.
C2C12 CM; Fig. 1, A and B). To shed light on the mechanisms
associated with B0092-dependentmuscle atrophy, we investi-
gated the expression of the muscle-specific ubiquitin ligases
MuRF-1 and atrogin-1, which are commonly upregulated in
conditions associated with skeletal muscle atrophy (46, 47).
Both ligases were significantly elevated in B0092 CM-treated
myotubes across all dilutions, with MuRF-1 showing a more
pronounced response, indicating activation of a hypercata-
bolic program (Fig. 1, C andD). Interestingly, we also observed
modest but significant increases in MuRF-1 and atrogin-1
expression in the 50% C2C12 CM group versus freshmedium,
suggesting that nutrient depletionmay contribute to catabolic
signaling under high CM concentrations. However, expres-
sion levels remained consistently higher in the B0092 CM
groups compared with their C2C12 CM counterparts, reinforc-
ing the role of tumor-derived factors in driving the cachectic
phenotype.

B0092 Cancer Cells Secrete High Levels of
Proinflammatory Mediators

To better understand whether HNSCC is a source of
immune and proinflammatory mediators that could induce
wasting in C2C12myotubes, we performed cytokinemultiplex
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profiling of B0092 CM. As shown in Fig. 2, A–G, when com-
pared with unconditioned DMEM/F12Kmedium and CM gen-
erated from 3T3-L1 fibroblasts, the B0092 cells were generally
found to secrete higher levels of soluble factors previously
implicated in the onset of cachexia, including IL-6 (8.55 pg/
mL) and LIF (50 pg/mL). Other factors were also markedly
elevated, including macropahge colony-stimulating factor
(M-CSF) (0.45 pg/mL), granulocyte colony-stimulating factor
(G-CSF) (630 pg/mL), keratinocyte-derived cytokine (KC)
(4,785 pg/mL), LIX (248 pg/mL), and VEGFA (614 pg/mL).
Thereby, these observations suggested that the B0092 HNC
tumors have the potential to promote skeletal muscle atrophy
due to elevations in tumor-derived proinflammatory factors.

B0092 Tumor Hosts Experience Loss of Whole Body,
Lean, and Fat Mass

To examine whether growth of the B0092 tumors con-
tributed to the development of cachexia in vivo, 10-wk-old

male C57BL/6J mice were subcutaneously injected in the
scapular region with 5 � 105 B0092 cells (control: n ¼ 6;
B0092: n ¼ 6). Both tumor-bearing hosts and control ani-
mals were assessed for body weight and compositional
changes over the duration of the entire experiment. After
an initial lag phase, at approximately day 33 body weight in
the B0092 hosts showed a significant deviation from the
control animals (�14%, P < 0.01; data not shown). At the
time of euthanasia (day 36), B0092 tumors were excised
and weighed, reaching �3% of the mouse body mass (�0.8
g on average; Fig. 3A). Initial histologic characterization of
H&E-stained tumors revealed large areas supported by
fibrous collagen (Supplemental Fig. S1A) and necrotic areas
exhibiting fractured nuclei (Supplemental Fig. S1B). Picro-
Sirius Red staining also uncovered the presence of strands
of fibrillar collagen between sheets and cords of large epi-
thelioid cancer cells (Supplemental Fig. S1C) and larger
bundles of collagen along with smaller bundles and even

Figure 1. B0092 cells induce myotube atrophy. A: representative images of C2C12 myotubes exposed to 25%, 33%, and 50% B0092 conditioned
medium (CM) for up to 48 h. Fresh differentiation medium and equivalent amounts of C2C12 CMwere used as controls. B: myotube diameter (expressed
in lm) was measured in long, multinucleated fibers (n ¼ 250–350 per condition) avoiding regions of clustered nuclei. Data are representative of 3 tech-
nical replicates (n ¼ 3 per experimental group). Scale bar: 100 lm. Assessment of MuRF-1 (C) and atrogin-1 (D) muscle-specific E3 ubiquitin ligase RNA
expression in myotubes exposed to 25%, 33%, and 50% CM for 2 h assessed by qPCR. TATA-binding protein (TBP) was used as housekeeping gene for
normalization. Data expressed as means ± SD. Significant differences: �P< 0.05; ��P< 0.01; ���P< 0.001.

Figure 2. B0092 conditioned medium (CM) shows elevations in proinflammatory/procachectic cytokines. Concentrations (expressed in pg/mL) of repre-
sentative proinflammatory cytokines in (unconditioned) base media, 3T3-L1 fibroblast CM, and B0092 CM (n ¼ 4) assessed via multiplex cytokine profil-
ing. Levels of IL-6 (A), LIF (B), M-CSF (C), G-CSF (D), KC (E), LIX (F), VEGFA (G). Data expressed as means ± SD. Significant differences: �P < 0.05; ��P <
0.01; ���P< 0.001; ����P< 0.0001.
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single fibrils (Supplemental Fig. S1D), although no clearly
definable overall pattern was observed. Lipid deposition
was also present, although it appeared unrelated to the pat-
tern of collagen fibrils. Similar to models of HPV-derived
HNC cachexia (27), at end point, the B0092 tumor-bearing
mice had lost �11% of their initial body weight, whereas
respective controls had gained �11% their initial body
weight (P < 0.01; Fig. 3B). Loss of whole body mass in the
B0092 hosts also aligned with progressive changes in lean
(control: þ 8.6% vs. B0092: �5.7%, P < 0.0001) and fat mass
(control: þ 26% vs. B0092: �26%, P < 0.05; Fig. 3C) com-
pared with the control animals.

Consistent with the significant body weight loss, skeletal
muscle was severely diminished in tumor-bearing mice, as
marked by reduced gastrocnemius (�19%, P < 0.05%;
Fig. 4A), quadriceps (�30%, P < 0.01; Fig. 4B), and tibialis
anterior (�25%, P < 0.01; Fig. 4C) weights. Alongside the
depletion of skeletal muscle mass, muscle functional
impairments were also observed, as described in previously
characterized cachexia models. (48) In particular, ex vivo

functional testing of the extensor digitorum longus (EDL)
revealed significant muscle weakness in the B0092 hosts
compared with the controls (�36%, P < 0.0001; Fig. 4D),
also consistent with reduced fiber size in the tibialis ante-
rior muscle at time of euthanasia (�37%, P < 0.01; Fig. 4, E
and F). In agreement with our in vitro data, the skeletal mus-
cle of B0092 hosts also displayed marked upregulations of
muscle-specific E3 ubiquitin ligase mRNA expression
(MuRF-1: þ65%, P< 0.05; atrogin-1: þ 79%, P< 0.05) versus
control (Fig. 4, G andH). Accompanying the skeletal muscle
atrophy, severe cardiac wasting (�34%, P< 0.01; Fig. 4I) and
diminished gonadal fat (�72%, P < 0.001; Fig. 4J), liver
(�28%, P < 0.0001; Fig. 4K), and kidney (�24%, P < 0.0001;
Fig. 4L) masses were also observed in the B0092 tumor hosts.
Notably, unlike other murine models for the study of cancer
cachexia, the spleen size was unchanged compared with the
control mice (data not shown).

Given that men are two to three times more likely to
develop head and neck cancers compared with women, we
aimed to determine whether the present model could also

Figure 3. B0092 tumors induce loss of body mass and
body composition. A: tumor weight (expressed in grams) in
control and B0092 hosts (n ¼ 6). B: change in body mass
percentage compared with initial body weight (IBW) in con-
trol and B0092-bearing mice. Changes in lean muscle mass
(C) (control: þ8.6% vs. B0092: �5.7%, P < 0.0001) and fat
mass (D) (control: þ26% vs. B0092: �26%, P < 0.05)
assessed by EchoMRI with respect to day 0 values. Data
expressed as means ± SD. Significant differences: �P <
0.05; ����P< 0.0001.

Figure 4. Skeletal muscle size and function are perturbed by B0092 tumors in male tumor hosts. Gastrocnemius (A), tibialis anterior (B), and quadriceps
weights (C) [normalized to initial body weight (IBW)] in control and B0092-bearing male animals (n ¼ 6). D: extensor digitorum longus (EDL) ex vivo-spe-
cific force (measured at 150 Hz and expressed as kN/m2; n ¼ 6). E: quantification of cross-sectional areas (CSA) in tibialis anterior muscles from control
and B0092 hosts (n ¼ 4). F: representative images from hematoxylin-eosin (H&E)-stained cross sections of tibialis anterior muscle collected at time of
euthanasia in control and B0092 hosts. qPCR quantification of MuRF-1 (G) and atrogin-1 (H) gene expression in the quadriceps muscle of control and
B0092-bearing mice (n ¼ 4). Heart (I), gonadal fat (J), liver (K), and kidney (L) weights (normalized to IBW) from control and B0092 hosts (n ¼ 6). Data
expressed as means ± SD. Data were normalized to TBP. Data expressed as means ± SD. Significant differences: �P < 0.05; ��P< 0.01; ���P < 0.001;
����P< 0.0001.
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replicate these sex-specific differences in cachexia progres-
sion. Epidemiological data also suggest that men have a
higher incidence and severity of cancer-associated cachexia
(49). To this end, age-matched female C57BL/6J mice (con-
trol: n ¼ 5; B0092: n ¼ 4) were injected with the same num-
ber of B0092 cells used in the male cohort. Similar to males,
the female mice exhibited an initial lag phase in tumor
growth but reached end point criteria much later (84 days
after inoculation). Interestingly, despite developing slightly
larger tumors compared with the male mice (�1.18 g; data
not shown), the female mice showed only modest body
weight loss (�3.5% of the IBW; Fig. 5A) and not significant
reductions in muscle mass (Fig. 5, B and C). Notably, these
animals did not reach the typical 10% body weight loss
threshold used for cachexia classification and were eutha-
nized once tumors reached sizes comparable with those in
themale study (Fig. 4). Nonetheless, functional impairments
were evident, with the EDL muscles from tumor-bearing
females showing moderately decreased muscle strength
(�13%, P < 0.01 vs. control; Fig. 5D). In addition, organ
weight loss followed a similar pattern to that observed in
males, with modest but significant reductions in heart
(�20%, P < 0.01), liver (�16%, P < 0.05), kidney (�14%, P <
0.05), and adipose tissue (�72%, P < 0.05) compared with
controls (Fig. 5, E–H).

Tumor Hosts Show Decreased Trabecular Bone
Parameters Alongside Increased Bone Resorption

To determine whether bonemass was affected by the pres-
ence of B0092 tumors, we assessed bone mineral content
(BMC) and bone mineral density (BMD) in formalin-fixed
femurs by using DXA, in line with our previous findings (50).
Although BMC was unchanged in controls (Fig. 6A), BMD
was significantly decreased in the bones from B0092 hosts
(�8%, P < 0.001; Fig. 6B). To further investigate bone archi-
tecture, we then performed micro-computed tomography
(micro-CT) analysis of femurs at the time of euthanasia.
Cortical bone volume was unaffected (data not shown),
but several parameters indicated trabecular bone loss in
tumor-bearing animals. Although no significant changes
were observed in trabecular bone volume fraction (BV/TV;

�11%, not significant; Fig. 6C), decreases were seen in trabecu-
lar number (Tb.N; �12%, P < 0.01; Fig. 6D) and trabecular
connectivity (Conn.D; �33%, P < 0.05; Fig. 6E), also in line
with increased trabecular spacing (Tb.Sp; þ 12%, P < 0.05
Fig. 6F). Tissue mineral density (Tiss.D) was unaffected by
B0092 tumors (Fig. 6G). These findings, supported by the 3-D
renderings (Fig. 6H), indicate a diminished trabecular bone
phenotype in B0092-bearingmice. To explore themechanism
underlying this bone loss, we quantified osteoclast activity of
tartrate-resistant acid phosphatase (TRAP)-stained femur lon-
gitudinal sections (Fig. 6I). B0092-bearing mice exhibited a
significant increase in TRAP-positive osteoclasts (þ 75%, P <
0.001; Fig. 6J), thereby suggesting that bone loss in the B0092
hosts is likely a consequence of increased bone resorption.

Bulk RNA-Seq of Quadriceps Reveals Pathways of
Interest

To elucidate the molecular mechanisms driving skeletal
muscle wasting in the B0092 model of cancer cachexia, we
performed a comprehensive transcriptomic analysis using
total RNA extracted from quadriceps muscles of control
and B0092-bearing mice using bulk RNA sequencing.
Principal component analysis (PCA) revealed a clear separa-
tion between the two groups, with PC1 accounting for most
of the variance (Fig. 7A), indicating a distinct transcrip-
tional profile in tumor-bearing animals. Analysis of the top
50 differentially expressed genes (DEGs) revealed greater
variability among upregulated genes, whereas downregu-
lated genes exhibited a more consistent pattern across sam-
ples (Fig. 7B). Notably, genes responsible for maintaining
elements of mitochondrial homeostasis were significantly
downregulated in the quadriceps of B0092 tumor-bearing
animals. These included key regulators of mitochondrial
fusion (e.g., Opa1 and Mfn2) and components of the elec-
tron transport chain (e.g., Atp5a), suggesting impaired
mitochondrial function (Fig. 7C). This trend was reflected
in the overall DEG distribution, with more genes downregu-
lated (736) than upregulated (420) in tumor-bearing muscle
(Fig. 7D). To investigate the relationship between the DEGs
and muscle atrophy, we correlated transcript levels with
final quadriceps muscle weights. The top 100 positively and

Figure 5. B0092 tumors implanted in female mice exhibit a
modest cachectic response. A: change in body mass com-
pared with initial body weight (IBW) in control and B0092-
bearing female mice (n ¼ 5). Quadriceps (B) and tibialis
anterior (C) weights (normalized to IBW) in control and
B0092-bearing animals (n ¼ 5). D: extensor digitorum lon-
gus (EDL) ex vivo-specific force (measured at 150 Hz and
expressed as kN/m2) in control and B0092-bearing female
mice (n ¼ 4 or 5). Heart (E), liver (F), kidney (G), and gonadal
fat (H) weights (normalized to IBW) from control and B0092
hosts (n¼ 6). Data expressed as means ± SD. ns, not signifi-
cant. Significant differences: �P< 0.05; ��P< 0.01.
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negatively correlated genes were then visualized on a heat-
map (Fig. 7E). Genes positively correlated with muscle
weight (e.g., LTO1, Gm5069, and Kif26b; Supplemental
Table S1) were downregulated in B0092-bearing mice,
whereas negatively correlated genes (e.g., Mrps26, Gstm2,
and Rpl6l; Supplemental Table S1) were upregulated. To
better understand the functional relevance of the differen-
tially correlated genes, we performed an enrichment anal-
ysis (Fig. 6F). Downregulation of genes associated with
pathways critical for muscle integrity, such as actin cyto-
skeleton organization (Acta1), mitochondrial function
(Timm22), and extracellular collagen formation (Egfl7),
was positively correlated with the loss of quadriceps
weight. Conversely, several of the top upregulated genes
associated with muscle loss, including Usp15 and Nod2,
are known to be involved in pathways related to protea-
some function and NF-κB signaling (Fig. 7F), therefore
suggesting potential activation of these catabolic proc-
esses in the quadriceps of tumor-bearing mice. Altogether,
these findings further substantiate the extensive molecu-
lar remodeling underlying muscle degeneration in the
B0092 model, characterized by suppressed mitochondrial
and structural maintenance pathways and activation of
proteolytic and inflammatory signaling. This molecular
signature not only aligns with known cachexia mecha-
nisms but also identifies potential avenues for therapeutic
intervention.

DISCUSSION

In this study, we established and characterized a novel
immunocompetentmurinemodel of tobacco-related head and
neck squamous cell carcinoma (HNSCC)-induced cachexia,
using the B0092 cell line. This line was derived from C57BL/6J
mice exposed to 4NQO, a well-established tobacco mimetic

carcinogen, to mimic tobacco-induced HNSCC. The resulting
model faithfully reproduces hallmark features of cancer
cachexia, including progressive skeletal muscle atrophy, loss of
adipose and organmass, and impairedmuscle function. These
phenotypes are consistent with those observed in other well-
established models of cachexia, such as pancreatic, ovarian,
and colorectal cancer (50–52), thereby validating the utility of
our mouse model for studying cachexia in the context of
HNSCC. Importantly, this model addresses a critical gap in the
field: the lack of preclinical systems that especially reflect the
cachexia-inducing potential of tobacco-associated HNSCC.
Indeed, although HPV-driven models have been previously
studied, tobacco-related HNSCC remains clinically prevalent
and is associated with higher mortality (53, 54), thus warrant-
ing formore exhaustive investigations in this area.

Our in vivo and in vitro analyses revealed hallmark fea-
tures of cachexia, including increased expression of muscle-
specific E3 ubiquitin ligases (MuRF-1 and atrogin-1), alto-
gether suggestive of a hypercatabolic state. These findings
were also supported by transcriptomic data showing down-
regulation of mitochondrial and oxidative phosphorylation
pathways and upregulation of catabolic and inflammatory
signaling. These molecular signatures are consistent with
those reported in other models of cancer cachexia (46, 55)
and are also in line with observations generated inmodels of
cachexia induced by HPV-derived HNSCC (27, 56, 57), thus
further reinforcing the robustness of our system.

Interestingly, we observed high levels of IL-6 and LIF in
the conditioned media of B0092 cancer cells. These proin-
flammatory cytokines are well-established mediators of can-
cer cachexia and are also strongly associated with activation
of an acute-phase response and skeletal muscle wasting
(55, 58, 59). In addition to IL-6 and LIF, we also detected
increased levels of other tumor-derived factors, including
KC (CXCL1) and VEGFA. Although KC was previously

Figure 6. B0092 tumors induce trabecular bone loss. A: bone mineral content (A) (BMC; expressed as grams) and bone mineral density (B) (BMD;
expressed as g/cm2) were assessed via dual-energy X-ray absorptiometry (DXA) (n¼ 6). Trabecular bone volume (BV/TV; expressed as %) (C), trabecular
number (Tb.N; expressed in mm�1) (D), connectivity density (Conn.D; expressed in mm�3) (E), trabecular spacing (Tb.Sp; expressed in mm) (F), and tissue
mineral density (G) (Tiss.D; expressed in mg/ccm HA) in control and B0092-bearing animals (n¼ 6). H: representative three-dimensional (3-D) rendering
of trabecular bone in control and B0092 hosts. Representative images of tartrate-resistant acid phosphatase (TRAP)-stained longitudinal femur sections
from controls and B0092 bearers (I) and quantification (expressed as number of osteoclasts; n¼ 4) (J). Data expressed as means ± SD. Significant differ-
ences: �P< 0.05; ���P< 0.001; ����P< 0.0001.
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implicated in cachexia through its role in modulating
inflammation and immune responses in both tumor and
microenvironment (60, 61), the contribution of VEGFA to
muscle wasting remains less defined. Notably, here we
observed a paradoxical downregulation of VEGFA expression

in skeletal muscle, despite its high secretion by the tumor.
This suggests a potential disconnect between tumor-derived
and tissue-specific VEGFA signaling. Interestingly, VEGFA has
previously been shown to enhance skeletal muscle regenera-
tion by promoting vascular perfusion and directly interacting

Figure 7. RNA sequencing reveals differentially expressed genes and pathways in skeletal muscle undergoing atrophy as a result of B0092 tumor
growth. A: principal component analysis (PCA) of control (red) and B0092 [head and neck cancer (HNC); light blue] samples (n ¼ 4), with the majority of
variance being acounted for by PC1. B: top 50 dysregulated genes in B0092-bearing mice (25 upregulated and 25 downregulated). C: DEGs with a role
in mitochondrial homeostasis in muscle of B0092-bearing mice. D: fold change and FDR cutoff describing differential expression, total number of upreg-
ulated and downregulated genes, and color scale for heatmap. E: heatmap illustrating top 200 dysregulated genes correlated with quadriceps weights
(100 upregulated and 100 downregulated) associated with significantly enriched pathways and ontologies (P� 0.05, minimum of 2 genes per pathway).
F: alluvial plot mapping the connections between genes and the respective enriched pathways and ontologies.
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with myocytes (62, 63). Moreover, in Drosophila, the VEGFA
ortholog Pvf1 was shown to contribute to tissue wasting
through activation of MEK in skeletal muscle and adipose tis-
sue (64). Together, our observations point to a novel regulatory
mechanismworth exploring in future studies.

Notably, in our study, we also identified dysregulation of
mitochondrial dynamics in skeletal muscle. Indeed, our
transcriptomics data revealed reduced expression of mito-
chondrial fusion markers (MFN-2 and OPA-1), alongside a
decline in mitochondria seen through diminished VDAC
expression (58), thereby suggesting impaired mitochondrial
homeostasis—a process not previously reported in HNSCC
cachexia models. Given the role of mitochondrial dysfunc-
tion in driving hypercatabolism and muscle wasting (65),
this findingmay offer new insights into themetabolic under-
pinnings of cachexia and potential therapeutic targets.

In the present model, we also observed moderate trabecu-
lar bone loss in tumor-bearing mice, accompanied by
increased osteoclast activity. This suggests that abnormal
bone muscle cross talk may contribute to cachexia in
HNSCC. Although we did not directly assess for the presence
of tumor dissemination in the bones of B0092 hosts, none-
theless our previous findings support the idea that defective
bone muscle communication involving various signaling
pathways and circulating factors that can mutually affect
both bone andmuscle tissues (66–69) may play a significant
role in the development and progression of cachexia, even in
the absence of bone metastases. Although bone loss in
HNSCC is often attributed to radiation therapy in clinical
settings, particularly in the vertebrae and cervical spine (70,
71), our findings indicate that tumor-induced bone resorp-
tion may occur independently. Future studies should
explore whether bone-targeted therapies (e.g., bisphospho-
nates and denosumab) combined with traditional therapies
for HNC may be beneficial in preserving skeletal muscle
mass through regulation of bone resorption (72).

In this study, we did not perform direct statistical com-
parisons between male and female animals, as the two
experiments were conducted independently. Nonetheless,
sex-specific differences in cachexia progression were also
evident, with female mice exhibiting delayed onset and
reduced severity of muscle wasting compared with males
and despite comparable tumor burden. These observations
are consistent with previous reports, indicating that male
tumor hosts are more susceptible to cachexia and tend to
experience more severe muscle loss and worsened out-
comes compared with females (49). Given that the B0092
cells were derived from immunocompetent female hosts, it
is plausible that the female hosts exhibited slower tumor
progression due to a more compatible (or less reactive)
immune environment (73, 74). Although our functional and
molecular analyses were primarily conducted in male mice,
thereby reflecting the higher prevalence of HNC in the male
population, this model also provides a biologically relevant
platform for investigating cachexia mechanisms in female
hosts, an underrepresented group in preclinical HNSCC
research.

Despite the novelty of these findings, we acknowledge sev-
eral limitations in our approach. First, the use of subcutane-
ous rather than orthotopic implantation limits insights into
tumor-microenvironment interactions. Indeed, although the

growth of orthotopic tumors could provide more insights
into the role of the tumor microenvironment, the present
approach allowed us to focus exclusively on the direct sys-
temic effects consequential to HNSCC growth, thus alsomin-
imizing interference from factors normally associated with
anorexia or dysphagia. Second, we did not assess the meta-
static potential of B0092 tumors, despite their origin from
lung metastases. Considering that the B0092 cell line is
derived from lung metastases, future studies will need to
evaluate whether primary B0092 tumors can spontaneously
metastasize to distal organ or tissues, thus potentially con-
tributing to a higher degree of cachexia. Finally, we did not
compare the B0092 model with other HPVþ HNSCC cell
lines. Therefore, we cannot speculate on whether the molec-
ular mechanisms driving cachexia in the presence of B0092
tumors are HPV-independent.

Conclusions

In summary, the B0092 model provides a robust, repro-
ducible, and biologically relevant platform for studying
tobacco-related HNSCC-induced cachexia. It faithfully reca-
pitulates key features of cancer cachexia, including muscle
wasting, metabolic dysfunction, and systemic inflammation
while also introducing novel aspects such as mitochondrial
dysregulation and bone-muscle cross talk, which have not
been previously described in HNSCC models. Its alignment
with established cachexia mechanisms, combined with its
unique context and observed sex-specific dynamics, makes
this model a valuable tool for advancing our understanding
of cancer-associated muscle wasting and for identifying and
testing therapeutic interventions aimed at preservingmuscle
mass and function in affected patients.
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