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ABSTRACT

Background: Cancer cachexia represents a debilitating muscle wasting condition that is highly prevalent in gastrointestinal can-
cers, including pancreatic ductal adenocarcinoma (PDAC). Cachexia is estimated to contribute to ~30% of cancer-related deaths,
with deterioration of respiratory muscles suspected to be a key contributor to cachexia-associated morbidity and mortality. In
recent studies, we identified fibrotic remodelling of respiratory accessory muscles as a key feature of human PDAC cachexia.
Methods: To gain insight into mechanisms driving respiratory muscle wasting and fibrotic remodelling in response to PDAC,
we conducted temporal histological and transcriptomic analyses on diaphragm muscles harvested from mice-bearing orthotopic
murine pancreatic (KPC) tumours at time points reflective of precachexia (D8 and D10), mild-moderate cachexia (D12 and D14)
and advanced cachexia (endpoint).

Results: During the precachexia phase, diaphragms showed significant leukocyte infiltration (4+3-fold to +13-fold; D8—end-
point vs. Sham, p <0.05) and transcriptomic enrichment of inflammatory processes associated with tissue injury that remained
increased through endpoint. Diaphragm inflammation was followed by increases in PDGFR-a* fibroadipogenic progenitors
(+2.5 to +3.8-fold; D10—endpoint vs. Sham, p <0.05), fibre atrophy (—16% to —24%, D12 to endpoint vs. Sham, p < 0.05), ECM ex-
pansion (+1.5 to +1.8-fold; D14—endpoint vs. Sham, p <0.05), collagen accumulation (+3.8-fold; endpoint vs. Sham, p=0.0013)
and reductions in breathing frequency (—55%, p=0.0074) and diaphragm excursion (—43%, p=0.0006). These biological pro-
cesses were supported by changes in the diaphragm transcriptome. Ingenuity pathway analysis predicted factors involved in
inflammatory responses to tissue injury, including TGF-£1, angiotensin and PDGF BB, as top upstream regulators activated in
diaphragms prior to and throughout cachexia progression, while PGC-1a and the insulin receptor were among the top upstream
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regulators predicted to be suppressed. The transcriptomic dataset further revealed progressive disturbances to networks involved

in lipid, glucose and oxidative metabolism, activation of the unfolded protein response and neuromuscular junction remodelling

associated with denervation.

Conclusions: In summary, our data support leukocyte infiltration and expansion of PDGFRa mesenchymal progenitors as early
events that precede wasting and fibrotic remodelling of the diaphragm in response to PDAC that may also underlie metabolic

disturbances, weakness and respiratory complications.

1 | Introduction

Cancer cachexia is a debilitating condition characterised by
the involuntary loss of lean body mass, with or without con-
comitant loss of fat mass [1]. This cancer-associated pathology
contributes to reduced functional capacity and quality of life
in patients and limits cancer treatment options and efficacy
[2]. Cachexia is estimated to contribute to ~30% of cancer-
related deaths, with deterioration of cardiorespiratory mus-
cles suspected to be a major contributor to cachexia-associated
morbidity and mortality [3]. While cachexia can be triggered
by multiple types of cancer, it is highly prevalent in patients
with pancreatic cancer [4], with up to 70% of patients present-
ing with body weight loss of 5% or more at the time of diagno-
sis [5].

In recent work, we demonstrated that patients with pancreatic
ductal adenocarcinoma (PDAC) exhibiting cachexia showed
significant morphological disruptions in skeletal muscle biop-
sied from the rectus abdominis—a respiratory accessory mus-
cle involved in forceful expirations. In this regard, we observed
evidence of muscle damage, inflammation, degeneration/regen-
eration and expansion of muscle connective tissue, including fat
and fibrotic tissue [6]. Notably, increased muscle fibrotic tissue
was associated with regional lymph node metastasis and was
identified as an independent predictor of survival in PDAC pa-
tients, thereby linking respiratory muscle fibrosis to poor out-
comes in this patient population.

Several studies have now shown an increased presence of
immune cells in skeletal muscle tissues of cachectic tumour-
bearing mice [7, 8] and humans [6, 9, 10], with a handful of
studies also demonstrating increased deposition of extracel-
lular connective tissue [6, 11, 12]. Data from our lab using
the preclinical PDAC patient-derived xenograft (PDAC-PDX)
model further found that mouse respiratory muscles better
replicate human PDAC cachexia pathophysiology than pe-
ripheral limb muscles [12], at least when comparing to human
biopsies from the rectus abdominis. In this regard, similar
to PDAC patients exhibiting cachexia, we identified that the
diaphragm of cachectic PDAC-PDX mice showed increased
deposition of collagen and transcriptional changes supporting
immune cell trafficking, inflammation and connective tissue
expansion [12]. These similarities suggest that studying the
response of the mouse diaphragm to PDAC may offer novel
insights into the response of human respiratory muscles to
PDAC as it relates to cachexia and pathological muscle remod-
elling. Herein, we therefore sought to better define the tem-
poral changes impacting the mouse diaphragm in response
to PDAC prior to, and throughout, cachexia development and
progression.

2 | Methods
2.1 | Cells

Pancreatic KPC FC1245 tumour cells were a kind gift of Dr.
David Tuveson (Cold Spring Harbour Laboratory, Cold Spring
Harbour, New York, NY). These cells were derived from a LSL-
Kras®12P/+; LSL-Trp53R172H/+; Pdx-1-Cre mouse backcrossed
to the C57BL/6 genetic background and were previously de-
scribed [13]. KPC FC1245 cells were cultured in Dulbecco's
Modified Eagle Medium (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) supplemented with 10% foetal bovine
serum (Thermo Fisher Scientific), 1% penicillin (Thermo Fisher
Scientific) and 1% streptomycin (Thermo Fisher Scientific) at
37°Cina 5% CO, humidified chamber.

2.2 | Animals

C57B1/6] male mice were purchased from The Jackson
Laboratory (Bar Harbor, Maine, USA). All animal procedures
were approved by the University of Florida Institutional Animal
Care and Use Committee (IACUC). Mice were provided with
ad libitum access to food and water and were housed in a tem-
perature- and humidity-controlled facility on a 12h dark/light
cycle. The pancreas of ten-week-old male C57BL/6J mice was
surgically exposed, and 0.25x10° cells diluted in 50 uL of ster-
ile PBS (KPC group) or 50 L of sterile PBS (Sham group) were
orthotopically injected as previously described [14]. To evaluate
the progression of KPC-induced cachexia, tissues were har-
vested from KPC tumour-bearing mice at various time points
(N=6 per time point), including on Day 8 (D8), Day 10 (D10),
Day 12 (D12) and Day 14 postsurgery (D14), and at IACUC-
mandated endpoint (i.e., 15 to 18 days postsurgery, END) based
on body condition score and/or body mass loss. Sham mice were
euthanised on D8, D14 and D15.

2.3 | InVivo Diaphragm Ultrasound Imaging

In vivo diaphragm function was evaluated via M-mode ultra-
sound imaging (V LOGIQ e Vet NEXTGEN, GE, Boston, MA,
USA) immediately prior to euthanasia while mice were main-
tained under light anaesthesia (2% isoflurane in 98% O,) with
an O, flow set at 1.5L/min as previously described [15]. After
shaving and cleaning of the sternum/abdominal area, mice were
placed in a supine position with a 2.5-7 phased array transducer
positioned horizontally below the diaphragm immediately distal
to the xiphoid process. At least two 10-s M-mode video sequences
were recorded and used to measure diaphragm excursion ampli-
tude (i.e., vertical displacement) and breathing frequency and to
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estimate minute ventilation (i.e., diaphragm excursion ampli-
tude x breathing frequency). A total of six breaths were analysed
and averaged per animal.

2.4 | Blood Collection

Blood from the inferior vena cava artery was collected, mixed
with clotting factors (Microtainer BD 365967, BD, Franklin
Lakes, New Jersey, USA), incubated at room temperature for at
least 30min and centrifuged at 2500g for 10min at 4°C. Serum
samples were then stored at —80°C until analysis.

2.5 | Cytokine and Chemokine Analyses

Serum circulating factors were screened using a 25-plex mouse
cytokine/chemokine magnetic bead panel (25 Plex MILLIPLEX
MAP Mouse Cytokine/Chemokine Magnetic Bead Panel,
Millipore, Burlington, Massachusetts, USA) as previously de-
scribed [16], following the manufacturer recommendations.

2.6 | Immunohistochemistry

Upon harvest, tissues were embedded in optimal cutting tem-
perature compound (OCT) and frozen in liquid isopentane
cooled in liquid nitrogen before storing at —80°C. Samples
were equilibrated at —20°C before cutting 10-um sections
using microtome cryostat. Sections were dried and stored
at —80°C. Prior to staining, sections were thawed and air-
dried for 30min at room temperature. Haematoxylin and
eosin (H&E) staining was performed as previously described
(Supporting Information Reference 1). For fibre-type-specific
myofiber size, sections were blocked for 60min with 10%
normal goat serum at room temperature and incubated for
90min with antibodies against myosin heavy chain I (BA-
D5, DSHB; University of Iowa, Iowa, USA) and myosin heavy
chain ITA (SC-71, DSHB) at a concentration of 1:10 in PBS
at room temperature and incubated for 1h with appropriate
fluorescently conjugated secondary antibodies (#A21141,
#A21120, Invitrogen, Carlsbad, CA, USA) and Alexa Fluor
594-conjugated wheat germ agglutinin (WGA) (Invitrogen)
at room temperature. Total collagen content was determined
through picrosirius red staining, where slides were fixed
in Bouin's fluid and incubated for 90 min in picrosirius red
solution (0.1% Direct Red 80 in saturated picric acid) prior to
dehydration and cover slipping. The extent of collagen remod-
elling was assessed by staining cross-sections with a collagen
hybridising peptide (CHP; 3Helix, Salt Lake City, Utah, USA)
as previously described [17]. Leukocyte infiltration and FAP
expansion were quantified as described in [18] following im-
munofluorescent staining using antibodies against CD45 (a
pan leukocyte marker; #553076, BD Bioscience, New Jersey,
USA) and PDGFRa (i.e., a FAP marker; A32814, Invitrogen),
respectively. All sections were imaged with a widefield Leica
DM5000B or confocal Leica TCS SP8 microscope (Leica,
Microsystems, Bannockburn, Illinois, USA). ImageJ was used
for all analyses (Supporting Information Reference 2). Skeletal
muscle fibre size was measured by a semi-automated thresh-
old analysis as previously described [19]. A total of 420-2170

(mean: ~ 1200) fibres were traced for each diaphragm cross-
section. The WGA signal was also used to detect changes in
extracellular matrix (ECM)/fibrosis, by quantifying the per-
centage of the muscle area occupied by WGA-positive staining
(Supporting Information Reference 3). The degree of collagen
remodelling was assessed by quantifying the percentage of
muscle area occupied by CHP-positive staining [17]. The num-
ber of CD45 positive cells was calculated by manually count-
ing CD45%/DAPI* cells. The degree of FAP expansion was
determined by quantifying the percentage of the muscle area
occupied by PDGFRa-positive staining.

2.7 | RNA Isolation

RNA isolation was performed as described previously [12].
Briefly, muscle tissues were homogenised in Trizol (Thermo
Fisher Scientific), and RNA was extracted with phenol/chloro-
form protocol and treated with DNAse (AM1906, Invitrogen).

2.8 | RNA Sequencing and Analysis

RNA sequencing analyses were performed by Novogene
(Novogene Co, Ltd., Sacramento, California, USA). Briefly,
RNA degradation and contamination were evaluated on 1%
agarose gel, RNA purity was checked using a NanoPhotometer
spectrophotometer (Implen Inc., Westlake, California, USA)
and RNA integrity and quantity were assessed using an RNA
Nano 6000 Assay and a Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, California, USA). A total of 1ug
of RNA per sample and three biological replicates per group
were used to generate sequencing libraries. Paired-end clean
reads were aligned to the reference genome using the Spliced
Transcripts Alignment to a Reference (STAR) software (ver-
sion 2.5). Fragment Per Kilobase of exon model per Million
mapped reads (FPKM) were calculated using the HTSeq pack-
age (version 0.6.1) based on the length of the gene and reads
count mapped to this gene. Follow-up analyses were conducted
using R (version 4.2.3) in the RStudio Integrated Development
Environment (version 2023.03.04+386). Principal component
analysis (PCA) was conducted using the R built-in prcomp
function on log2-transformed, scaled and normalised read
counts. Differential expression between groups was calculated
using the DESeq2 R package, and the resulting p-values were
adjusted using the Benjamini and Hochberg's approach. A hi-
erarchical clustering analysis was performed on differentially
expressed genes (adjusted p-value < 0.01) using the WardD2
method on variance stabilised data. Bioinformatic enrich-
ment analyses were conducted using Ingenuity Pathway anal-
ysis (IPA, QIAGEN Inc., https://digitalinsights.qiagen.com/
IPA; Supporting Information Reference 4), DAVID (version
2021, Supporting Information Reference 5, 6) and Enrichr
(Supporting Information Reference 7-9). At each time point,
upstream regulator analyses were performed using IPA, while
DAVID was used to identify enriched biological processes
and pathways. Bioinformatic enrichment analyses performed
on genes within hierarchical clusters were conducted with
DAVID to identify enriched biological processes and KEGG
pathways and Enrichr to identify potential upstream tran-
scriptional regulators and cell type signatures.
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2.9 | Statistical Analyses

Shapiro-Wilk tests were used to test data normality.
Depending on Shapiro-Wilk test outcome, parametric or
nonparametric tests were used. One-way ANOVAs were per-
formed to examine the effect of increased tumour burden on
body mass and changes in body mass, tissue mass (except for
skeletal muscle, see below), respiratory rate, diaphragm ex-
cursion, minute ventilation, mean fibre diameter, muscle fibre
typology, percent area occupied by WGA-positive staining,
percent area occupied by CHP-positive staining, CD45% cell
number and cytokine and chemokine concentrations. CD45%
cell number data were also fit with an exponential model. The
effect of tumour burden on skeletal muscle mass was eval-
uated using a nested one-way ANOVA. When a statistically
significant difference was detected by the ANOVA, Dunnett
(for one-way ANOVA) or Dunn's (for Kruskal-Wallis one-way
ANOVA) post hoc was used to test for differences among pairs
of means. The alpha level for statistical significance was set a
priori to 0.05. All data are reported as mean + standard error.
Apart from the RNAseq, all statistical analyses were per-
formed using Prism (version 10.0.0, GraphPad Software, La
Jolla, California, USA).

3 | Results

3.1 | Cachexia Development and Progression in an
Orthotopic KPC Model

To provide a comprehensive time course reflecting the differ-
ent stages of PDAC cachexia, mice were orthotopically inocu-
lated with murine pancreatic cancer (KPC) cells (Supporting
Information Figure Sla). KPC tumour-bearing mice
showed exponential tumour growth (¥?=0.8709, Figure 1la
and Supporting Information Figure S1b) and progressive

tumour-free body mass reduction (Figure 1b). Muscle wasting
was significant from day 12 (D12) onwards (Figure 1c-e) and
cancer cachexia—marked by a concomitant loss of body and
skeletal muscle mass [1]—was thus first detected 12days fol-
lowing KPC cell inoculation. Fat and cardiac wasting were ob-
served by day 14 (D14; Figure 1f and Supporting Information
Figure Slc). However, the sham surgery alone causes sig-
nificant fat wasting (Supporting Information Figure S2),
which could potentially mask early cancer-related losses in
fat mass. Lastly, KPC tumour burden induced splenomeg-
aly (Figure S1d) which is indicative of systemic inflamma-
tion. Liver mass was not statistically changed in KPC mice
at any time point (Figure Sle). Multiplex analyses performed
on serum revealed a transient increase in the abundance of
chemoattractant factor keratinocyte chemoattractant (KC)
and interleukin-5 (IL-5) in precachectic mice (D8 and D10,
Figure S3a,b). At the time of cachexia onset (D12), interleu-
kin-6 (IL-6) showed increased abundance, while interferon
gamma-induced protein 10 (IP-10) showed reduced abun-
dance (Figure S3c-d). IL-6 remained numerically increased at
D14 and statistically increased at endpoint (END, Figure S3c).
Granulocyte colony stimulating factor (G-CSF) levels were
statistically elevated at endpoint only (Figure S3e). Overall,
our data demonstrate that pancreatic tumours cause systemic
inflammation that develops prior to cachexia onset and re-
mains throughout cachexia progression.

3.2 | KPC-Induced Ventilatory Modifications

Respiratory complications are highly prevalent among patients
with late-stage cancer [20]—a stage at which the large majority
of patients present with cachexia [21]. Although multiple factors
may contribute to these complications, disruptions to diaphragm
architecture and function could play a role. Recent work showed
that tumour burden causes significant reductions in ex vivo
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FIGURE1 |

Orthotopic KPC tumours induce progressive body wasting associated with declines in skeletal muscle, heart and fat mass. Orthotopic

injection of murine pancreatic cancer (KPC) cells induces exponential growth of KPC tumours (a) and causes progressive declines in body mass (b)

associated with wasting of skeletal muscles (c-e) and fat (f). Cachexia, based on significant wasting of skeletal muscle tissues and reduced body mass,

was first observed on D12. All p-values < 0.1 are included, symbols represent individual data and bars represent mean + SE.
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diaphragm specific force in the C26 model prior to and throughout
cachexia development [22], while work from our lab demonstrated
significant diaphragm weakness in the orthotopic KPC model
in moderately and severely cachectic mice [19, 23]. Herein, we
used ultrasonography to noninvasively examine time-dependent
changes in diaphragm function, in vivo, through measurement
of diaphragm excursion amplitude (Figure 2a). Compared to
Sham mice, KPC mice showed progressive reductions in breath-
ing frequency (Figure 2b) and diaphragm excursion amplitude
(Figure 2c) throughout the cachexia trajectory, reaching statistical
significance at endpoint. Note that diaphragm excursion ampli-
tude has been shown to strongly correlate with ex vivo diaphragm
specific force values and to negatively correlate with diaphragm
fibrosis in a mouse model of muscular dystrophy [15]. As a result
of the decline in breathing frequency and reduced diaphragm ex-
cursion, a progressive reduction in minute ventilation may be pre-
dicted as early as D10 (Figure 2d).

3.3 | Leukocyte Infiltration and Expansion

of PDGFRa Mesenchymal Progenitors Precedes
Muscle Fibre Atrophy and ECM Remodelling in
the Diaphragm of KPC Mice

We previously observed both muscle fibre atrophy and structural
alterations within the diaphragm of preclinical PDAC models at
endpoint [7, 12], which may contribute to diaphragm dysfunc-
tion. Analysis of muscle fibre minimum Feret diameter (MFD)
indicates that diaphragm fibre atrophy is observed from the
time of cachexia onset (D12) in KPC mice (Figure 2e—f). Fibre
typology assessment further revealed a predominant atrophy of
type IIA and type IIX/B fibres, with no significant changes in
type I myofibers (Figure S4a-c). We also observed a reduction
in the percentage of type IIX/B myofibers and a corresponding
increase in the percentage of type I and ITA myofibers after ca-
chexia onset (Figure S4d-f).

KPC ENDPOINT
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FIGURE 2 | Reductions in breathing frequency and diaphragm excursion are associated with progressive diaphragm myofiber atrophy and al-
terations in fibre-type composition. (a) Representative ultrasonographic traces depicting diaphragm movements recorded in a nontumour bearing
Sham mouse and a mouse bearing a pancreatic (KPC) tumour at humane endpoint. (b-d) KPC tumour burden leads to reductions in respiratory rate
(b), diaphragm excursion (c) and estimated minute ventilation (d). (¢) Representative images of diaphragm cross-sections stained with haematoxylin
and eosin (H&E) or with antibodies against wheat germ agglutinin (WGA) to label muscle fibre borders and myosin heavy chain I (MyHCI) and my-
osin heavy chain ITA (MyHCIIA) to distinguish between Type I (green), Type ITIA (blue) and Type IIX/B (black) myofibers. (f) Quantification of dia-
phragm minimum Feret diameter (MFD) reveals KPC-induced diaphragm fibre atrophy beginning at the time of cachexia onset (D12). All p-values

< 0.1 are included, symbols represent individual data and bars represent mean + SE.
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H&E staining of diaphragm muscles from KPC mice revealed
a progressive pathology similar to that observed in muscles
of cachectic PDAC patients [6], including increased presence
of mononuclear cells, myofibers with either diffusely dark
or pale cytoplasmic staining (indicative of damage & necro-
sis) and increased presence of connective tissue (Figure 2e).
Picrosirius red and wheat germ agglutinin (WGA, Figure 3a)
staining further showed ECM expansion from D12 onwards,
with total muscle area staining positive for collagen trending
toward significance on D14 and significantly elevated at end-
point (Figure 3b,c). As collagen damage and degradation is an
early and transient event that precedes the development of tis-
sue fibrosis, we also stained diaphragm cross-sections with a
CHP, which uniquely binds to unfolded collagen in conditions
of inflammation and tissue damage (Figure 3a) [24]. Binding
of CHP within diaphragms of KPC mice transiently increased
by twofold at the time of cachexia onset (i.e., D12, Figure 3d)
but was not significantly changed at any later time points.
This finding suggests that factors that degrade collagen, such
as metalloproteinases (MMPs), may predominate during ca-
chexia onset, while factors promoting collagen accumulation
may dominate during the later stages of cachexia, when in-
creased collagen is observed.

ECM expansion and collagen deposition in muscle is a nor-
mal transient response to tissue injury that stabilises the con-
tractile apparatus during regenerative processes. However, a
number of factors—including systemic inflammation related
to underlying disease [25] and persistence of an injury stimu-
lus—can result in chronic tissue inflammation and leukocyte
presence that impairs tissue regeneration, leading to sustained
ECM accumulation and fibrosis development [26]. In the con-
text of cancer cachexia, leukocyte infiltration into muscle and
muscle fibrosis have both been observed in response to multi-
ple cancer types [6-12]. Furthermore, signalling through the
inflammatory transcription factor, NF-kB—which can be ac-
tivated by pro-inflammatory cytokines—has been established
to inhibit satellite cell differentiation, impeding muscle regen-
erative capacity and mediating cancer-induced muscle loss
[27]. Together these results suggest that local tissue inflam-
mation may be a key upstream trigger of muscle wasting and
ECM remodelling in response to cancer. We therefore further
stained diaphragm tissue cross-sections with a CD45 antibody
(a pan leukocyte marker) to label leukocytes (Figure 3a). We
observed an early (D8) and exponential increase in CD45%
cells throughout the development and progression of cachexia
(Figure 3e), supporting leukocyte infiltration as an early event
that precedes cachexia. We subsequently stained diaphragm
muscles for PDGFR-a (Figure 3a), a marker of mesenchymal
progenitors that labels skeletal muscle fibroadipogenic progen-
itors (FAPs) which expand following posttraumatic inflam-
mation. Depending on niche signals, FAPs may differentiate
into either adipocytes or fibroblasts, contributing to fat and/
or fibrotic tissue accumulation within muscle [28]. Previous
work has shown that in limb muscles of cachectic mice-
bearing C26 tumours, PDGFRa is also expressed by Pax7+
cells of nonsatellite cell origin that accumulate in cachectic
muscle, yet fail to differentiate [27]. Similar to our previous
observations in the rectus abdominis muscle of PDAC patients
[6], we found that PDGFR-at mesenchymal progenitors were
significantly increased in diaphragm muscles of KPC mice by

D10, and remained increased through endpoint (Figure 3f).
Collectively, these data support leukocyte infiltration into the
diaphragm of tumour-bearing mice as an early event that pre-
cedes PDGFR-a+ progenitor expansion, with both processes
occurring prior to muscle atrophy and fibrotic remodelling.

3.4 | Transcriptomic Analyses Support Immune
Cell Trafficking and Cytokine Signalling as

Early Events That Precede Diaphragm Wasting
and Fibrotic Remodelling

To gain insight into the molecular mechanisms driving dia-
phragm wasting and pathological remodelling in response to
pancreatic tumour burden, diaphragms harvested from Sham
mice and KPC mice at each time point were subjected to RNA-
seq analyses. PCA revealed good separation between time points
(Figure S5). As tumours grew and cachexia developed and pro-
gressed, we observed a progressive increase in the number of
differentially expressed genes (DEG, padj. < 0.01, Supporting
Information File S1). In total, 352 (D8), 860 (D10), 1353 (D12), 1795
(D14) and 3060 (END) showed a > twofold upregulation, while 58
(D8), 282 (D10), 1011 (D12), 1284 (D14) and 2759 (END) showed
a>twofold downregulation at each time point, respectively.

Toinvestigate biological processesand pathwaysaltered during
the different phases of cachexia, genes significantly upregu-
lated or downregulated (padj. < 0.01 and twofold change vs.
Sham) at each time point were analysed via bioinformatic en-
richment analyses (Figure 4 and Supporting Information File
S2). At the earliest precachexia time point (D8) when leukocyte
infiltration was observed, upregulated genes were enriched
for processes related to cell cycling, immune cell trafficking
and cytokine signalling, as well as lipid and atherosclerotic
processes and included marker genes for monocytes (Cdi14)
and macrophages (Cd68) (Figure 4a). Inflammatory processes
remained highly upregulated throughout the development
and progression of cachexia (Figure 4a), with genes related to
neutrophil degranulation enriched by D10 and platelet activa-
tion and aggregation by D12. On D10, the time point imme-
diately preceding cachexia development, upregulated genes
was enriched for not only inflammatory pathways but also for
pathways related to sterol/cholesterol metabolism, endoplas-
mic reticulum (ER) stress and zinc ion homeostasis. At the
time of cachexia onset (D12), when we first observed fibre
atrophy and ECM expansion, upregulated genes showed en-
richment of pathways related to ECM remodelling and fibrosis
and included markers for anti-inflammatory M2 macrophages
(Cd163) which are linked to tissue and organ fibrosis. These
fibrosis-associated pathways remained elevated on D14 and
END (Figure 4a). When considering downregulated genes,
during the precachexia phase, we observed enrichment in
processes related to oxygen binding and fatty acyl-coA bio-
synthesis as early as D8 (Figure 4b), followed by enrichment
of carbohydrate metabolism, voltage-gated potassium chan-
nel activity and signalling pathways involved in metabolism,
including AMPK and Insulin signalling on D10 (Figure 4b).
At the time of cachexia onset (D12), downregulated genes
showed enrichment of pathways related to TCA cycle flux,
fatty acid fB-oxidation, tRNA biosynthesis, translation elon-
gation and mitochondrial biogenesis (Figure 4b), all of which
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FIGURE3 | Immune cellinfiltration and expansion of FAPs precede KPC-induced diaphragm atrophy and fibrotic remodelling. (a) Representative
images of diaphragm cross-sections from Sham and KPC mice (D8, D10, D12, D14, END) stained with Picrosirius red to label collagen (red), a col-
lagen hybridising peptide (CHP) to label unfolded/degraded collagen, an anti-CD45 antibody to label leukocytes and an anti-PDGFRa antibody to
label fibroadipogenic progenitors (FAPs). Note that some cross-sections were co-stained with DAPI to label nuclei and wheat germ agglutinin (WGA),
which labels glycosylated proteins abundant in myofiber membranes and in the extracellular matrix. (b) KPC tumours induce significant deposition
of collagen at endpoint (END) that is preceded by extracellular matrix expansion (% WGA+ area) (c) and collagen damage/remodelling (% CHP+
area) (d). (e) Increased numbers of CD45+ leukocytes are observed in diaphragm muscles of KPC mice as early as D8, prior to cachexia development
and extracellular matrix remodelling, and show an exponential (r>=0.9126) increase thereafter. (f) Expansion of PDGFR+ FAPs in diaphragm mus-
cles of KPC mice is observed during the precachectic stage on D10, following leukocyte infiltration, and progressively increases through endpoint.
All p-values < 0.1 are included, symbols represent individual data and bars represent mean + SE.
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FIGURE4 | Biological processes and pathways enriched in the diaphragm throughout the development and progression of KPC-induced cachex-
ia. RNA sequencing was conducted on diaphragm from Sham mice and KPC mice at time points reflective of precachexia (D8, D10) and cachexia
(D12, D14, END). Bioinformatic enrichment analyses using the DAVID platform were performed on genes demonstrating a significant (padj. < 0.01)
twofold upregulation (a) or downregulation (b) in diaphragms of KPC mice (vs. Sham) at each time point.
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remained enriched throughout cachexia progression. On D14,
downregulated genes became enriched for additional pro-
cesses related to mitochondrial biogenesis and metabolism,
as well as for muscle-specific genes involved in muscle de-
velopment, structure and function, which remained enriched
at endpoint (END, Figure 4b). To identify potential upstream
regulators driving transcriptional changes during the transi-
tion from precachexia to cachexia, we performed follow-up
IPA analyses on DEG (Supporting Information File S3). We
identified PGC-1a, let-7 miRNA, retinoblastoma (RB1), a-
catenin and INSR (insulin receptor) among the top upstream
regulators predicted to be suppressed in the diaphragm of
both precachectic (D10) and cachectic mice (D12) (Figure 5a).
These data thus predict early disruptions to energy metabo-
lism and insulin sensitivity/signalling, cellular adhesion and
transcriptional pathways governing muscle-specific gene ex-
pression. At these same time points, lipopolysaccharide (LPS),
tumour-necrosis factor (TNF), angiotensin (AGT) and factors
known to be released from macrophages and a-granulates
of activated platelets (TGF-B1 and PDGF BB) were predicted
as top upstream regulators activated within the diaphragm
(Figure 5b), implicating their potential involvement in driving
downstream processes that promote diaphragm wasting and
fibrotic remodelling.

3.5 | Hierarchical Clustering Reveals Gene Sets
With Similar Temporal Regulation Throughout
Cachexia Progression

To identify gene sets and biological processes showing sim-
ilar temporal regulation throughout the different stages of
PDAC cachexia, we performed hierarchical clustering analy-
sis of genes differentially expressed at one time point or more.
This analysis revealed eight major gene clusters with unique
temporal expression patterns (Figures 6 and S6 and File S4).
Enrichment analyses were performed on each cluster using
DAVID and Enrichr to identify enriched biological processes
and KEGG pathways, potential upstream transcriptional reg-
ulators and cell type signatures (Figure 6 and Supporting
Information Files S5-S7).

a KPC vs. Sham (Z-score)
Cachexia
D14 END

Pre-Cachexia

Upstream Regulators D8 D10 D12
PPARGC1A| -3.5
RB1| -3.0

let-7| -4.5
Alpha catenin| -4.3
let-7a-5p| -3.8
miR-124-3p| -3.4 -42
HBA1/HBA2| N/A | -4.0
ETV6-RUNX1| -29 -3.3
INSR| 09 -2.8
LARP1| N/A  -3.3

Rb| -3.2 4.1
CDKN1A| -3.0 = 4.0
miR-1-3p|

APOE|

SMARCAS5

Clusters 1 and 2 demonstrated gene expression patterns
that gradually decrease throughout the stages of cachexia
(Figure 6a). Among the 2450 genes in Cluster 1, there was an
enrichment in processes related to mitochondrial structure and
function and oxidative metabolism, which aligns with previous
results in other preclinical models of cancer cachexia [29-31].
Transcription factor enrichment analyses of Cluster 1 genes
using ChEA revealed enrichment of target genes of ESRRB
and JARID1A—a histone demethylase that supports transcrip-
tional repression. Cluster 2 (995 genes) showed a slower rate of
decline than Cluster 1 and was enriched for processes related
to the contractile apparatus and muscle development, includ-
ing target genes of CTCF, an epigenetic modifier of chromatin
and TEAD4, which are both known to regulate muscle-specific
genes. Cluster 2 also showed enrichment of genes related to pro-
tein ubiquitination, the autophagy-lysosome system, circadian
rhythm and signalling pathways involved in energy homeosta-
sis, including AMPK, cGMP-PKG and PPAR signalling. Cluster
8 (347 genes, Figure 6a) similarly showed an overall pattern of
gene repression throughout cachexia progression, with peak re-
pression observed at the time of cachexia onset. Cluster 8 was
most strongly enriched for target genes of nuclear receptors
RXR, LXR and PPARA involved in lipid metabolism, including
beta oxidation and lipid biosynthetic processes. Cell type signa-
ture analyses of Clusters 1, 2 and 8 support a skeletal muscle cell
origin.

Clusters 3-7 encompassed genes showing an overall pattern of
gene upregulation (Figure 6b). Genes in Cluster 3 (451 genes) and
Cluster 4 (521 genes) showed cell type signatures most strongly
associated with monocytes/macrophages and other leukocytes.
These clusters showed strong enrichment of genes involved in
inflammatory processes, including leukocyte recruitment (i.e.,
chemokines, complement components, adhesion molecules), cy-
tokine production, ECM remodelling and activation of the NF-
xB and MAPK signalling pathways. Genes annotating to Cluster
5 (240 genes) presented a biphasic expression pattern, with av-
erage expression peaking higher than any other cluster during
the precachexia phase. Cluster 5 showed strong enrichment for
processes related to steroid, cholesterol and membrane lipid bio-
synthesis—processes known to support cellular proliferation

b KPC vs. Sham (Z-score)
Pre-Cachexia Cachexia
Upstream Regulators D8 D10 D12 D14 END

KDMS5A/JARID1A( 1. d
IL6| 6.0 5.6
MAP4K4| N/A 3.3

FIGURE 5 | Ingenuity Pathway Analysis (IPA) of diaphragm RNAseq data identifies top upstream regulators predicted to drive transcriptional
changes throughout the progression of PDAC cachexia. Top 15 upstream regulators predicted by IPA to be suppressed (a) or activated (b) in dia-

phragm muscles of KPC mice (vs. Sham) at the time point when cachexia and diaphragm atrophy are first observed (D12). Z-scores are shown for

upstream regulators at all time points, including those reflective of precachexia (D8 and D10) and cachexia (D12, D14 and END).
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FIGURE 6 | Hierarchical clustering of diaphragm RNAseq data reveals gene clusters with unique biological functions and temporal dynamics
throughout PDAC cachexia progression. Hierarchical clustering analysis performed on genes differentially expressed (DEG, padj. <0.01) in the di-
aphragm of KPC mice (vs. Sham) at one time point or more revealed eight major gene clusters with unique temporal profiles. Bioinformatic enrich-
ment analyses using DAVID and Enrichr were performed on each gene cluster to identify top nonredundant enriched biological processes (DAVID),
KEGG pathways (DAVID) and ChEA signature profiles (Enrichr) on clusters showing an overall upregulation (a) or downregulation (b) throughout
the cachexia trajectory. Insets depict the average gene expression in diaphragm of KPC mice vs. Sham (red lines) for each cluster on D8, D10, D12,
D14 and END.

and macrophage activation. Cluster 5 was also enriched for Cluster 6 genes (2184 genes) showed a slow but steady increase
processes involved in hemostatic and inflammatory responses in their expression, peaking at the advanced cachexia stage
to tissue injury, including blood coagulation and complement when diaphragms showed significant ECM expansion and col-
activation. lagen deposition. Cluster 6 genes were enriched for processes
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related to wound healing and fibrosis that are known to be
regulated via TGF-f1, including myofibroblast activation,
ECM degradation and expansion and the transition of cells to a
mesenchymal phenotype (e.g., Tgfbl, Vim, Snail, Fnl, Acta2).
Cluster 6 also included marker genes indicative of endothelial
inflammation/dysfunction and increased vascular permeabil-
ity (e.g., Selp, Icam1, Veam1I) which were elevated prior to ca-
chexia development. These processes, which can be activated
by systemic and local inflammatory mediators, facilitate leu-
kocyte extravasation and contribute to the efflux of fluid and
plasma proteins out of tissue capillaries into the interstitial
space. Aligning with these findings, endothelial dysfunction
and increased vascular permeability have been documented
within skeletal muscles of precachectic mice with PDAC [32],
supporting the involvement of these processes in leukocyte
trafficking to the diaphragm.

Genes annotating to Cluster 7 (1066 genes) showed relatively
stable expression until tumour endpoint, when average expres-
sion dramatically increased. Cluster 7 genes were enriched for
processes/pathways related to wound healing, cell adhesion
and cell proliferation and differentiation, including the Hippo
and EGFR signalling pathways—which are also linked to tu-
morigenesis and to PDAC [33,34]. Cell type analyses of Cluster
7 supported an epithelial origin. Since some diaphragm mus-
cles of moderately/severely cachectic KPC mice (i.e., D14 and
END) showed heterogeneous clusters of mononuclear cells
located along the inferior perimysium (synonymous with the
peritoneum, Figure 2e) which could be indicative of metasta-
ses, we extracted two pancreatic cell marker genes from our
RNAseq dataset (PdxI and Slc44a4). Both transcripts were
detected in diaphragm muscles by D10 and showed large
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Inflammatory response

increases in their abundance at endpoint (Figure S7a), sug-
gesting that PDAC metastasis to the diaphragm could drive
Cluster 7 gene expression changes. In line with this finding,
metastases have been reported in diaphragm muscles of ge-
netically engineered mouse models of PDAC [35,36]. However,
activation and mesenchymal transition of mesothelial cells—
which form the monolayer separating the diaphragm from the
peritoneal cavity (i.e., peritoneal mesothelium/peritoneum)—
could also be involved in Cluster 7 changes. Mesothelial cells
are epithelial in nature, are well-established to modulate in-
flammatory, repair and fibrotic responses to tissue injury, and
are suspected to contribute to peritoneal metastasis (reviewed
in [37,38]). In support of this latter possibility, mesothelial cell
markers (Pdpn and Wt1) were also elevated in diaphragms of
KPC mice at one time point or more (Figure S7b). Future stud-
ies investigating the transcriptome of individual cell types
present in diaphragm muscles of control and tumour-bearing
mice using single nucleus RNA-Seq are thus warranted to val-
idate the findings herein.

3.6 | Transcriptomic Data Support the Unfolded
Protein Response and Muscle Denervation as
Potential Mediators of Diaphragm Wasting

and Remodelling

Heatmaps showing expression changes of genes of interest
are shown in Figure 7, including genes involved in glucose
and oxidative metabolism (Figure 7a), lipid storage and break-
down (Figure 7b), cholesterol/steroid and lipid biosynthesis
(Figure 7c), inflammation (Figure 7d), endothelial activation/
injury and ECM remodelling (Figure 7e). To obtain further
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Heatmaps depicting gene expression changes for pathways linked to diaphragm wasting and pathological remodelling prior to and

throughout KPC-induced cachexia. Manually curated genes of interest from the RNAseq dataset showing differential expression of genes involved

in glucose uptake, glycolysis and oxidative metabolism (a), lipid storage and breakdown (b), cholesterol/steroid biosynthesis (c), inflammation (d),

endothelial dysfunction and ECM remodelling (e) and muscle atrophy-related pathways (f), including autophagy, neuromuscular junction (NMJ)

remodelling associated with denervation, ubiquitin-dependent protein degradation, endoplasmic reticulum stress and the unfolded protein response

(UPR). All data represent Log2FC vs. Sham.
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Progression of Diaphragm Remodeling in response to PDAC
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FIGURE 8 | Schematic summary depicting the sequence of events linked to muscle wasting and pathological remodelling of the diaphragm in
response to pancreatic cancer. The events depicted are based upon transcriptomic or histological analyses of the mouse diaphragm at various time

points throughout cachexia progression in an orthotopic model of PDAC that utilises murine KPC cells. D0O-18 =0-18days after surgery, ECM =ex-

tracellular matrix, ER = endoplasmic reticulum, NMJ =neuromuscular junction.

insight into processes established to be involved in muscle
wasting, we manually curated genes from our RNAseq dataset
(Figure 7f). The diaphragm showed significant repression of
FoxO factors, and repression of several genes involved in auto-
phagy, though other autophagy genes were increased. Ubiquitin
E3 ligases, Fbxo32/atrogin-1/Mafbx and Trim63/MuRF1, were
increased in the diaphragm at the time of cachexia onset (D12),
supporting their involvement in muscle fibre atrophy, but de-
clined thereafter, showing significant transcriptional repres-
sion at endpoint. In contrast, genes linked to the unfolded
protein response (UPR), a highly ubiquitous metabolic stress
signalling cascade, were activated in diaphragm muscles prior
to and throughout cachexia onset, including those linked to the
PERK and IREla arms of the UPR (Figure 7f). Although tar-
geted ablation of the PERK arm of the UPR exacerbates cancer
cachexia in mice [39], inhibition of XBP1, a downstream tar-
get of TLR-MYD88 signalling and the IREla arm of the UPR
ameliorated cancer-induced muscle wasting [40]. In support
of the latter axis as a potential driver of KPC-induced wasting
in the diaphragm, IPA analyses predicted TLR, MYD88 and
XBP1 as upstream regulators activated in diaphragm of preca-
chectic and cachectic KPC mice (Supporting Information File
S3). We also observed transcriptional changes associated with
neuromuscular junction impairments and denervation in dia-
phragms of precachectic and cachectic mice, including a prom-
inent upregulation of BMP inhibitor, Noggin, as early as D8.
Recent findings have established a key role for Noggin and
perturbation of BMP signalling as a mechanism contributing
to denervation and cancer-induced muscle loss [41], thereby
supporting this axis as a potential contributor to diaphragm
wasting in response to PDAC.

4 | Conclusion

In summary, our findings reveal leukocyte infiltration and
inflammatory processes within the mouse diaphragm as key
events during the precachexia stage of PDAC that precedes
the expansion of PDGFR-at mesenchymal progenitors, mus-
cle wasting and fibrosis development (schematic presented
in Figure 8). Importantly, local inflammation can also cause
major shifts in parenchymal tissue metabolism that can dis-
rupt tissue homeostasis. Such changes include local depletion
of nutrients and oxygen due to their increased consumption by
infiltrating leukocytes and proliferating cells, and increased
production of reactive oxygen species that can further promote
tissue damage (reviewed in [42]). Thus, inflammation could
also underlie the transcriptional reprogramming of metabolic
networks observed in the diaphragm throughout cachexia de-
velopment and progression. Based on the collective findings
herein, we therefore posit that metabolic stress induced by
local inflammation may represent a key driver of respiratory
muscle wasting and fibrotic remodelling in response to PDAC
that warrants further study.
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