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Abstract

Background Skeletal muscle wasting (SMW) in cancer patients is associated with increased morbidity, mortality,
treatment intolerance and discontinuation, and poor quality of life. This is particularly true for patients with pancreatic
ductal adenocarcinoma (PDAC), as over 85% experience SMW, which is responsible for ~30% of patient deaths. While
the established paradigm to explain SMW posits that muscle catabolism from systemic inflammation and nutritional
deficiencies, the cause of death, and the cellular and molecular mechanisms responsible remain to be elucidated. To
address this, we investigated the relationship between tumour burden and survival in the KCKO murine PDAC model.
Methods Female C57BL/6J mice 6–8 weeks of age underwent orthotopic injection with KCKO-luc tumour cells. Solid
tumour was verified on Day 5, post-tumour inoculation. In vivo, longitudinal lean mass and tumour burden were
assessed via dual-energy X-ray absorptiometry and IVIS imaging, respectively, and total body weight was assessed,
weekly. Animals were sacrificed at a designated end point of ‘failure to thrive’. After sacrifice, lower limb hind muscles
were harvested for histology and RNA extraction.
Results We found a strong correlation between primary tumour size and survival (r2 = 0.83, P < 0.0001). A signifi-
cant decrease in lower limb lean mass was first detected at Day 38 post-implantation vs. no tumour controls (NTCs)
(P < 0.0001). SMW was confirmed by histology, which demonstrated a 38%, 32.7%, and 39.9% decrease in fibre size
of extensor digitorum longus, soleus, and tibialis anterior muscles, respectively, in PDAC mice vs. NTC (P < 0.002).
Histology also revealed a 67.6% increase in haematopoietic cells within the muscle of PDAC mice when compared with
NTC. Bulk RNAseq on muscles from PDAC mice vs. NTC revealed significant increases in c/ebpβ/Δ, il-1, il-6, and tnf
gene expression. Pathway analyses to identify potential upstream factors revealed increased adipogenic gene
expression, including a four-fold increase in igfbp-3. Histomorphometry of Oil Red-O staining for fat content in tibialis
anterior muscles demonstrated a 95.5% increase in positively stained fibres from PDAC mice vs. NTC.
Conclusions Together, these findings support a novel model of PDAC-associated SMW and mortality in which systemic
inflammation leads to inflammatory cell infiltration into skeletal muscle with up-regulated myocellular lipids.
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Introduction

Sarcopenia, also known as skeletal muscle wasting (SMW), is
a progressive and generalized skeletal muscle disorder, asso-
ciated with an increased likelihood of adverse outcomes
including falls, fractures, physical disability, poor quality of
life, and mortality.1 SMW has been identified as a prognostic
factor in pancreatic ductal adenocarcinoma (PDAC),2 and is
an independent predictor of infectious complications and
post-operative mortality.3,4 It is also associated with adverse
postoperative outcomes, treatment toxicity, increased length
of hospital stay, and poor recovery in patients with pancreatic
cancer.5,6 Thus, SMW is particularly problematic for PDAC
patients, as improvement in treatment tolerance in this
population is vital given the very low 5-year survival rate
(<10%).7 In addition, among cancer patients, the prevalence
of SMW is highest in those with PDAC. In fact, over 85% of
patients with PDAC experience SMW, which contributes sig-
nificantly to mortality, where nearly 30% of patient’s deaths
are attributable to loss of lean mass, rather than an advanced
tumour burden.8 Thus, it has been argued that development
of interventions for SMW are as important as treating the
cancer itself.9

Currently, surgical resection is the only treatment with cu-
rative intent for PDAC. However, because of the aggressive
nature of the disease and high probability of recurrence
and metastasis, combination therapy with surgery and che-
motherapy are recommended as standard of care for resect-
able patients.10 In these patients, SMW is associated with
high-grade complications, increased time in the hospital and
intensive care, and reduced likelihood of adjuvant therapy.10

Therefore, treatments for SMW may improve treatment out-
comes, quality of life, and survival in patients with PDAC.
There remains a need for pre-clinical models of
PDAC-related SMW that recapitulate clinical disease and
can be assessed longitudinally to investigate pathologies as-
sociated with its initiation and progression and find effective
therapies.

Although current knowledge of the aetiology of
PDAC-associated SMW is limited, a fundamental framework
of its initiation and progression has been established.11 Based
on the anatomical distance between primary tumour and
sites of SMW, the established paradigm posits that
tumour-derived factors act as paracrine factors to initiate
proteolysis via inhibition of myofibrillar protein synthesis
and accelerated muscle catabolism.11,12 Indeed, cancer and
its treatments have been shown to cause a systemic increase
in tumour necrosis factor-alpha (TNF-α), interleukin-1 (IL-1),
and interleukin-6 (IL-6) in both humans and animal models
of PDAC-related SMW,11,13 and these have also been linked
to decreased survival in this population. These cytokines are
secreted by PDAC tumour and infiltrating immune cells that
are activated in response to the tumour burden.14,15 Immune
cells such as tumour-associated macrophages (TAMs),

inflammatory monocytes, and myeloid-derived suppressor
cells are known to play an immunosuppressive role during
PDAC tumour development and growth through inhibition
of cytotoxic T cells.16,17 Furthermore, TAMs secrete pro-
inflammatory cytokines, such as TNF-α, IL-1, and IL-6.16

Systemic consequences include infiltration of these immune
cells into muscle tissue,16 leading to a local up-regulation of
pro-inflammatory cytokines and muscle catabolism.11,14

However, pre-clinical studies and clinical trials with cytokine
inhibitors have failed to demonstrate significant inhibition
of PDAC-associated SMW,11 suggesting a great redundancy
that would require inhibition of many pleotropic pro-inflam-
matory cytokines, and/or a yet to be identified paracrine
pathway that controls this catastrophic process.

To elucidate the mechanism of PDAC-related SMW in mice,
we have utilized the Muc1-null PDAC model (designated
KCKO).17 We chose this model because lack of Muc1 signifi-
cantly decreases proliferation, invasion, and mitotic rates of
the tumour cells both in vivo and in vitro, compared with
PDAC cells containing Muc1 (designated KC and KCM).18

Furthermore, in the absence of Muc1, the pancreatic tumour
burden and secondary metastases are decreased. This fea-
ture provides KCKO tumour-bearing mice a significant survival
benefit compared with KC and KCM mice,18 and this is critical
for studies of SMW. We have also shown that KCKO mice live
>5 weeks longer than KC mice, which provides an enhanced
opportunity for therapeutic intervention before, during, and
after the onset of PDAC-related SMW.19 We acknowledge
the existence of orthotopic20 and genetic models21 of PDAC
that experience similar degrees of muscle loss to that of
our model and that these models have been utilized to assess
potential treatments. However, limitations of these models
have been noted. While Mulder et al. showed efficacy in
targeting c-Jun N-terminal kinase (JNK) to attenuate SMW in
an orthotopic model of PDAC, they did so in an immune in-
competent mouse.20 Although this research was effective in
showing the impact of such a treatment on a specific target,
it has limited clinical translation because it is impossible to
understand the consequence(s) that inhibiting JNK has on
immune response. It is important to understand the affect
that treatments for cancer-related SMW have on host
immunity due to the known relationship that exist between
an up-regulated immune response and proteolysis. It is
also important to note the distinction between muscle
wasting caused by distal metastasis vs. local progression.
Talbert et al. provide a compelling rationale for the use of
Kras+/G12D, Ptf1a+/ER-Cre, Ptenf/f (KPP) mice to study SMW.21

The KPP model of PDAC capitalizes on the limitations of other
PDAC genetic models in that it can be initiated in young and
older adult mice. This characteristic of the KPP model
increases the likelihood that muscle wasting is induced after
the rapid neonatal growth of mice has concluded.21 Although
there are benefits to using this PDAC model, we found that
the orthotopic KCKO model was more appropriate because
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it allows for the synchronization of the onset of disease and
disease progression. Also, five injections of tamoxifen are
needed to active the CRE recombinase in the KPP model.
The use of tamoxifen would be a contraindication in our
model, as it has been found to induce the secretion of
IGFBP-3.22 Furthermore, the addition of luciferase to KCKO
cells provides the opportunity to longitudinally assess tumour
burden, which enables the assessment of the relationship
among tumour burden, survival, and onset of SMW relative
to disease.

To our knowledge, this is the first model of its kind and in-
corporates clinically translatable outcome measures. Most re-
cently, we developed longitudinal DEXA outcome measures
to quantify lean mass in KCKO mice and demonstrated that
this PDAC model faithfully recapitulates the pathophysiology
of cancer-related SMW.23 Based on this advance, we aimed
to determine the kinetics of SMW and its relationship to
primary tumour size and mortality in the KCKO model. We
also aimed to elucidate the cellular and molecular changes
that occur in the skeletal muscle tissues of these mice with
end-stage PDAC-associated SMW. Here, we report the results
of these studies, which confirm the role of pro-inflammatory
cytokines and immune cell infiltration and also identify a
novel up-regulation of myocellular lipid accumulation within
cachectic muscle fibres. Thus, this may be a unique pathology
that triggers end-stage disease.

Materials and methods

Animals

Murine orthotopic model of pancreatic cancer
All experiments were approved by the University Committee
on Animal Resources and were performed in compliance with
the National Institutes of Health (NIH)-approved and Univer-
sity of Rochester-approved guidelines for the care and use
of animals. We utilized the murine syngeneic-orthotopic
model of PDAC, as previously described.23 Briefly, female
C57BL/6J mice 6–8 weeks of age were used. After a 1 week
acclimation period, mice were randomized to one of two
groups: PDAC or no tumour control (NTC). Mice in the PDAC
group were anaesthetized and injected in the tail of the pan-
creas with 2 × 105 KCKO-luc cells suspended in a 1:1
phosphate-buffered saline (PBS) to Matrigel (Corning) mix-
ture. NTC mice received no surgery and were sacrificed at a
ratio of 1:1 with mice in the PDAC group. Mice were main-
tained in standard isolation cages with a 12 h light:dark cycle,
and given ad libitum access to water and standard chow.
Tumour-bearing mice were sacrificed when they developed
end-stage disease, defined by having three or more charac-
teristics of the Institutional Animal Care and Use Committee’s
(IACUC) definition of ‘failure to thrive’. Characteristics of

‘failure to thrive’ included, but were not limited to self-
isolation, hunched over appearance, lack of or reduced cage
activity, lack of or no resistance to scruffing, mangled hair
appearance after scruffing, failure to eat or drink, and/or
visual signs of breathing difficulty. To determine if these
characteristics developed, animals were checked twice daily,
30 days after tumour inoculation. This is the time point at
which untreated animals reach an advanced stage of
disease.24 Mice in the non-tumour-bearing group were
sacrificed contemporaneously to allow for intergroup com-
parisons. When animals were found to have three or more
characteristics of ‘failure to thrive’, they were euthanized
via ketamine overdose and secondary cervical dislocation.

Bioluminescent imaging
In vivo tumour growth was measured using an IVIS Spectrum
Imaging System (IVIS, PerkinElmer). Mice were anaesthetized
by vaporized isoflurane and injected subcutaneously (s.c.)
with D-luciferin (2.5 mg, Invitrogen) in 100 ml PBS vehicle.
While in the right lateral recumbent position, a series of
images were taken at 2 min intervals for 24 min, and photon
emissions were collected. Bioluminescence (p/s/cm2/sr) was
calculated within matching (circular) regions of interest (ROIs)
manually placed over tumours. Peak intensity was recorded
for each tumour upon two sequential measurements demon-
strating signal decay.

Dual-energy X-ray absorptiometry
This technique was performed as previously described.23

Briefly, body composition was assessed in all mice using a
dual-energy X-ray absorptiometry (DEXA) scanner. Mice were
weighed before undergoing DEXA scanning. Each mouse was
anaesthetized for the duration of the procedure (5 min). Mice
were placed on the scanner bed in the prone position with
limbs and tail stretched away from the body. Lean mass
was calculated using the lower hind limbs as an ROI to
exclude measurement of the tumour burden. For each
mouse, lean mass was calculated for the lower right and left
limb independently, and the average of both measurements
was used as the final lean mass for the animal.

Tumour histology
All PDAC tissue samples were cut to 4 μm and fixed in 10%
neutral buffered formalin and processed through paraffin
and sectioned in the University of Rochester, Center for
Musculoskeletal Research Histology Core. Tumour sections
(4 μm thick) were placed on slides, deparaffinized and
rehydrated in distilled water and stained in Mayers
Haematoxylin for 4 min. Sections then were washed in tap
water for 4–5 min, dipped in 0.3% acid alcohol, and washed
three times in distilled water. Sections were then incubated
in 1× PBS for 1 min, then washed three times in distilled
water. Tissue was counterstained for 1 min in alcoholic-eosin
and dehydrated using three changes of 95% EtOH and two
changes of 100% EtOH for 1 min each. Finally, sections were
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cleared in three changes of Xylene for 1 min each, mounted
and cover slipped.

Muscle histology
The tibialis anterior (TA), soleus (SOL), extensor digitorum
longus (EDL), and gastrocnemius muscles were harvested
for histology. TA muscles were cut from the most distal and
proximal TA tendon attachment, cleaned of extraneous tis-
sue, blotted, and weighed. TA muscles then were stored in
a 30% mixture of sucrose in PBS for 24 h, at which time, mus-
cles were embedded in OCT (Tissue Tek), flash-frozen using
dry ice and 2-methylbutane (Sigma-Aldrich), and processed
for fresh-frozen histology as previously described.25 TA mus-
cles were cryosectioned at 10 μm to obtain transverse
sections, and immunohistochemistry was performed for iden-
tification of laminin (extracellular matrix) and nuclei, as previ-
ously described.25,26 Gastrocnemius muscles were sectioned
at 4 μm and fixed in 10% neutral buffered formalin and proc-
essed through paraffin, and sectioned in the University of
Rochester, Center for Musculoskeletal Research Histology
Core. For IHC, serial tissue sections were deparaffinized and
rehydrated. Antigen retrieval was performed in citrate buffer
(1x Ph6). After blocking in non-serum protein block for
60 min, sections were stained in CD45 primary antibody,
overnight at 4°C. After 24 h, sections were incubated in sec-
ondary for 60 min at room temperature, then counterstained
with haematoxylin. Fluorescent microscopy was performed
using a Zeiss Imager: M1m microscope with AxioVision SE64
software, and representative images were used to quantify
myocyte area. IHC sections were imaged using Zeiss Axioskop
40 upright microscope with SPOT RT3 camera (for brightfield/
darkfield imaging only) SPOT software v4.5.9.9.

RNA isolation and reverse transcription-quantitative PCR
Muscles were flash frozen in Trizol (Ambion) at dissection and
homogenized using a Bullet Blender Gold homogenizer (Next
Advance BB24-AU). RNA was isolated using an RNeasy Plus
Mini Kit (Qiagen) following the manufacturer’s instructions.
cDNA was synthesized using 500 or 1000 ng of RNA (from
EDL/SOL or gastrocnemius, respectively) using qScript cDNA
SuperMix (QuantaBio). Reverse transcription-quantitative
PCR (RT-qPCR) was performed on a Step One Plus Real-Time
PCR machine (Applied Biosystems) using PerfeCTa SYBR
Green FastMix (QuantaBio). All reactions utilized the follow-
ing thermal cycler conditions: 50°C for 2 min, 95°C for
2 min, 40 cycles of a two-step reaction, denaturation at
95°C for 15 s, and annealing at 60°C for 30 s. Experiments
were standardized to YWAZ. Primers are provided in
Table S1.

RNAseq data library
Total RNA concentration was determined with the NanoDrop
1000 spectrophotometer (NanoDrop), and RNA quality was
assessed with the Agilent Bioanalyzer. Illumina compatible li-
brary construction was performed using the TruSeq Total

Stranded RNA Sample Preparation Kit (Illumina) following
manufacturer’s protocols. Briefly, rRNA was extracted from
200 ng total RNA with RiboZero magnetic beads. Residual
RNA, depleted of rRNA, was chemically fragmented following
the manufacturer’s recommendation. First-strand cDNA syn-
thesis was performed using random hexamer priming
followed by second-strand cDNA synthesis using dUTP. End
repair and 3′ adenylation was performed on the
double-stranded cDNA. Illumina adaptors were ligated to
both ends of the cDNA, purified by gel electrophoresis and
amplified with PCR primers specific to the adaptor sequences
to generate amplicons of approximately 200–500 BP in size.
The amplified libraries were hybridized to the Illumina
single-end flow cell and amplified using the cBot (Illumina).
Approximately, 40 million single-end reads of 100 nt were
generated for each sample.

Serum cytokine and IGFBP-3 measurements
Pro-inflammatory cytokines IL-6 and TNF-α were measured in
mice serum using a custom built Milliplex xMAP Murine
Cytokine Magnetic Bead Panel (EMD Millipore) according to
manufacturer’s instructions. Additionally, utilizing manufac-
turer’s protocols, serum Insulin-like Growth Factor Binding
Protein-3 (IGFBP-3) levels were quantified in mice using ELISA
(Abcam).

Statistical analysis
Myofibres cross-sectional area (CSA) was determined using
ImageJ software. The diameter of the fibre was measured
at three points along the fibre to get an average CSA. TA cell
area was calculated by drawing a ROI around the extracellu-
lar space of 200 individual cells and taking the average of the
sum of those cells. Results are presented as mean ± SD.
Statistical significance was determined using Independent
Student’s t tests for comparisons between two groups.
One-way was used to determine fold change difference in
genes of NTC and PDAC mice and two-way ANOVA was used
for the comparisons of between and within group differ-
ences in (lean mass vs. time) and (lean mass vs. treatment)
for NTC and PDAC groups. Kaplan–Meier estimator of sur-
vival was used to quantify survival of PDAC mice. Pearson
correlation coefficient was calculated to measure the associ-
ation between tumour size and survival. Independent t tests
and one-way ANOVA were used to analyse differences
between NTC and PDAC mice. A mixed-effects linear
change-point regression model with a compound symmetry
within-mouse correlation structure was used to estimate
and compare changes in lower limb mass over time.27 Anal-
yses were performed using GraphPad Prism software
(GraphPad Software, San Diego, CA, USA) version 7.2 and
8.0, R version 3.5.1, and SAS version 9.4. P < 0.05 was
considered significant (*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001).
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Results

An orthotopic murine mode of pancreatic ductal
adenocarcinoma recapitulates clinical skeletal
muscle wasting without tumour metastasis

To elucidate the mechanisms of PDAC-related SMW in mice,
we used theMuc1-null PDACmodel (designated KCKO) (Figure
1). Using a small animal in vivo Imaging System (IVIS), we
verified implant tumour growth in 100% of the mice on Day
5 post injection (Figure 2A). Visualization of the biolumines-
cent signal [bioluminescent imaging (BLI)] confirmed KCKO tu-
mour growth localized to the peritoneal cavity. Quantification
of the BLI from Day 5 to Day 54 verified in vivo peri-injection
tumour growth (Figure 2B and 2C). These data indicate that,
while KCKO cells develop into solid tumours and advance lo-
cally, there is no distant metastasis of the tumour.

Primary tumour size is not predictive of morbidity
and mortality in the murine KCKO pancreatic
ductal adenocarcinoma model

To determine if tumour size correlates with morbidity and
mortality in KCKO-implanted mice, we evaluated the

macroscopic and microscopic features of the primary tumour
at the time of death. Post-mortem examination revealed sub-
stantial growth of the inoculated tumours at Day 40, and mice
that survived to Day 60 had local spread of tumours (Figure 3A
and 3B). Histological assessment showed that KCKO immortal-
ized cell line tumours have features similar to those of human
PDAC, as evidenced by formation of neoplastic glands with
nuclear atypia (Figure 3C) and mucin production (Figure 3D).
Interestingly, the Kaplan–Meier estimator showed a broad
range of time to death post-KCKO implantation from 34 to
68 days, with a median survival time of 42 days (Figure 3E).
Thus, although we found a strong positive relationship
between tumour size and survival (r2 = 0.83, P < 0.0001)
(Figure 3F), these findings demonstrate that tumour volume
alone does not explain survival in this model.

Longitudinal quantification of lean mass via dual-
energy X-ray absorptiometry identifies onset of
pancreatic ductal adenocarcinoma-related muscle
wasting

Lean mass of murine PDAC mice were longitudinally assessed
via DEXA imaging (Figure 4A). Post-mortem analysis of total
body weight (TBW) with and without the tumour burden

Figure 1 Schematic overview of the murine pancreatic ductal adenocarcinoma (PDAC) skeletal muscle wasting model. Seven-week-old female C57/B6
mice (n = 19) were anaesthetized for laparotomy and received orthotopic injections of 2 × 105 KCKO-Luc tumour cells in 0.1 mL of saline in their pan-
creas. In vivo BLI was performed on Day 5 to verify tumour engraftment, and tumour bearing mice were maintained in standard isolation cages with
12 h light:dark cycle, and given ad libitum access to water and standard chow. Longitudinal assessments of tumour growth (BLI), body mass (DEXA) and
weight were obtained on the indicated days. Mice were sacrificed when they reached end stage disease, as defined by the IACUC’s definition of ‘failure
to thrive’. Following euthanasia, skeletal muscles [quadriceps, extensor digitorum longus (EDL), soleus (SOL), and tibialis anterior (TA)] and pancreatic
ductal adenocarcinoma (PDAC) tumours were harvested for histology, and cardiac puncture was performed to obtain serum for Luminex assay. A sep-
arate cohort of 7 week-old female C57/B6 mice (n = 10) that did not receive any treatments was used as no tumour controls (NTCs).
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showed a significant decrease in TBW after resection of the tu-
mour (P < 0.0001) (Figure 4B). TBW and lean mass of both
PDAC and NTCmice weremeasured at set time intervals. A sig-
nificant decrease in leanmass was observed at Day 38, and this
was sustained through Day 56; in contrast, no difference was
observed in TBW between the groups during this period
(Figure 4C and 4D), as loss in lean body mass was offset by
increased tumour mass. Rates of change in lower limb mass
over time were estimated and tested within a mixed-effects
linear change-point regression model.27 This model included
random effects in mice to account for the repeated measures
over time by assuming a compound symmetry within-mouse
correlation structure. The estimated change point was
obtained from the model, and slopes before and after
the change-point were estimated and compared. The
mixed-effects linear change-point regression model for lower
limb mass revealed an estimated change-point at Day 38.6
(95% confidence interval: 33.2–44.1). There was an increase
over the initial 38.6 days (slope = 0.0003 g/day, standard
error = 0.0001, P = 0.007), followed by a decrease after day
38.6 (slope = �0.002 g/day, standard error = 0.0003,
P < 0.0001); the difference in slopes was substantial
(P< 0.0001). Thus, using longitudinal assessment of lean mass
with DEXA, we were able to detect the onset of SMW, which is

crucial for intervention studies andmay aid in identifying stage
and progression of disease in patients with PDAC.

Histological evidence of skeletal muscle wasting in
mice with end-stage pancreatic ductal
adenocarcinoma

Ex vivo analysis of the EDL, SOL, and TA muscles from mice
with end-stage PDAC showed a significant decrease in CSA
when compared with NTC (Figure 5A, 5B, and 5C). TA mass
was significantly decreased in PDAC mice (Figure 5D). These
data confirm our in vivo findings of PDAC-related SMW in this
murine PDAC model.

Increased immune cell infiltration and elevated
pro-inflammatory cytokine levels in skeletal muscle
of mice with end-stage pancreatic ductal
adenocarcinoma experiencing skeletal muscle
wasting

To elucidate the cellular and molecular mechanisms respon-
sible for SMW in KCKO-bearing mice, we completed a

Figure 2 Longitudinal bioluminescent imaging (BLI) demonstrates stable in vivo pancreatic ductal adenocarcinoma (PDAC) growth localized to the ret-
roperitoneal cavity over 54 days of syngeneic PDAC engraftment. The mice described in Figure1 were subjected to in vivo BLI as described in Materials
and Methods, and the (A) relative signal intensity of the engrafted tumour in a representative mouse that was studied out to Day 54 is shown. Note
that the longitudinal BLI signal radiating from the mouse’s pancreas is fairly consistent throughout the study period and there was no detectable BLI
signal outside of this abdominal region. (B) The BLI signal for each mouse in the study is presented with the mean ± SD on the day of assessment. (C)
Longitudinal BLI values for mice that survived throughout the entire assessment period (n = 4) are presented with the mean ± SD. No statistical dif-
ferences in BLI signal intensity between any of the time points of this subgroup were noted.
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series of histological and gene expression studies on skele-
tal muscle tissue. Mice with end-stage PDAC had increased
intramuscular immune cell infiltration (Figure S1), which
was confirmed by CD45+ staining (Figure 6A and 6B).
Real-time qPCR analysis revealed a significant increase in
mRNA expression levels of pro-inflammatory cytokines, il-
1α, il-1β, il-6, and tnfα, in the quadriceps muscle of PDAC
mice with terminal disease (Figure 6C). In addition, serum
IL-6 and TNF-α levels were up-regulated in these animals
(Figures 6D and 6E). Consistent with prior studies and
established paradigm, these findings underscore local and
systemic inflammation as key factors in the pathogenesis
of PDAC-related SMW.

IGFBP-3 dysregulation in multiple functional
genomic pathways during pancreatic ductal
adenocarcinoma-associated muscle wasting

We completed a non-hypothesis-driven differential gene ex-
pression study of PDAC muscle vs. NTC. Bulk RNA sequenc-
ing was used to identify expressed genes associated with
the phenotype of PDAC-related SMW. Among the differen-
tially expressed genes, mRNA levels of 1296 genes were
up-regulated, and 1453 genes were down-regulated using a
threshold of a 1.5-fold change and FDR of <0.001(S2A). Of
these differentially expressed genes, an ingenuity pathway

Figure 3 Tumour burden and survival are positively correlated in this murine pancreatic ductal adenocarcinoma (PDAC) model. Gross images of PDAC
in mice that achieved failure to thrive on Day 40 (A) and Day 60 (B), post-inoculation are presented to illustrate the primary tumour (yellow arrows)
and local metastases (green arrows). The ×10 micrographs of representative haematoxylin and eosin stained sections of primary PDAC tumours are
presented to illustrate their histopathology including: ductal adenocarcinoma with well-differentiated glands and marked nuclear atypia infiltrating
the stroma (C), and mucinous ductal adenocarcinoma surrounded by malignant epithelium (D). (E) The Kaplan–Meier estimator of survival of the PDAC
tumour bearing mice is shown (n = 19). The onset of failure to thrive in this cohort ranged between 30 and 60 days post-inoculation. (F) A linear re-
gression analysis is presented to illustrate the strong correlation between survival (days) and tumour wet weight (G) at the time of failure to thrive
(r2 = 0.83; P < 0.0001).
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analysis of upstream regulators indicated the predicted dys-
regulation of 50 pathways (Table S2). Next we assessed gene
changes within the top altered upstream regulator growth
pathways. Thus, angiotensinogen, IGF-1, myostatin, TGFβ,
and VEGF were selected for further analysis (Figure 7A). A
Venn diagram analysis of altered genes within these path-
ways revealed Insulin-like Growth Factor Binding Protein-3
(IGFBP-3) to be the sole common nodal point (Figure 7B).
ELISA confirmed that serum IGFBP-3 levels are higher in
mice with PDAC than NTC mice (Figure 7C). Additionally,
qPCR analysis confirmed up-regulation of igfbp-3, associated
with concomitant increases in levels of the adipogenic
genes, c/ebpα, β, and Δ, along with pparγ and fabp4 (Figure
7D). Intriguingly, we found igfbp-3 mRNA to be differentially
expressed in the muscle of PDAC mice with SMW compared
with PDAC mice without wasting (Figure 7E). These data
suggest that adipogenesis is induced during end-stage

PDAC-related SMW and that IGFBP-3 may be a potential
mediator of adipogenesis.

Intramuscular adipose deposits in quadriceps
muscle of mice with pancreatic ductal
adenocarcinoma-associated muscle wasting

To investigate the relationship between increases in IGFBP-3
and genes associated with adipogenesis, we performed Oil
Red-O staining on skeletal muscle samples from NTC and
mice with PDAC-associated SMW. We observed numerous
fat droplets in muscle fibres in PDAC mice, but very few in
NTC mice (Figure 8A–8D) and confirmed this quantitatively
in digital slides using a Visiopharm image analysis system
(Figure 8E–8H). This novel finding implicates an increase in

Figure 4 Longitudinal quantification of lean mass via DEXA demonstrates commencement of pancreatic ductal adenocarcinoma (PDAC)-related muscle
wasting within 38 days of tumour implantation, which cannot be detected by assessment of total body weight. Mice were randomized to two groups
prior to orthotopic tumour injections: (1) PDAC tumour bearing; (n = 19) and (2) non-tumour control (NTC); (n = 10). Longitudinal dual-energy X-ray
absorptiometry (DEXA) and total body weight measurements were performed as described in Materials and Methods. (A) A representative DEXA scan
image of a PDAC mouse is shown to illustrate segmentation of the head (red oval), body (green outline), the primary tumour mass (arrow), and the
region of interest for lean mass analysis (box over lower leg). (B) The total body weight (TBW) of the PDAC-bearing mice was determined prior to tissue
harvest, and the data are presented as TBW (+ tumour) and net weight (� tumour) after primary tumour harvest for each mouse with the mean ± SD
(****P < 0.0001). (C) The cross-sectional TBW for all mice in the study are presented with the mean of the group for Days 0, 14, 21, and 35. For the
later time points, TBW is presented for each mouse that is alive at that time point. No differences between groups were observed. (D) The
cross-sectional lower limb mass determined by DEXA of all mice in the study are presented with the mean of the group for Days 0, 14, and 35. For
the later time points, lower limb mass is presented for each mouse alive at that time point (**P < 0.01, ***P < 0.001, ****P < 0.0001).
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myocellular lipid concentration as a factor in the develop-
ment and/or progression of PDAC-related SMW.

Discussion

Pancreatic cancer is a highly lethal treatment refractory dis-
ease that is associated with severe SMW.28 SMW is prognos-
tic of treatment failure, poor surgical outcomes, and a shorter
time to tumour progression related to survival.6,29–31 How-
ever, the mechanisms that lead to SMW in patients with
PDAC remain unclear. In this study, we established the first
model of PDAC-related SMW using a Muc 1-null model
(KCKO). In addition, we confirmed the recently described in-
crease in striated muscle immune cell infiltration in PDAC16

and discovered a novel triad of SMW involving pathologic
fat accumulation in myocytes, IGFBP-3, and inflammation, as-
sociated with dysregulation of pathways of protein synthesis.
Using in vivo DEXA, longitudinal analysis of lean mass in KCKO
tumour-bearing mice, we identified the onset of SMW
around day 38 post tumour cell inoculation. In addition to
marking the onset of SMW in this model, it is also important
to note the lack of significant decrease in lean muscle mass
after Day 38. Remarkably, this onset of muscle wasting seems

to also mirror the time in which animals begin to succumb to
disease in this model. Clinically, refractory cachexia is defined
as the end stage of disease and the point in which muscle
wasting cannot be reversed as death is imminent.32 Future
studies on cancer-related muscle wasting in this KCKO model
should capitalize on the use of DEXA to longitudinally assess
lean mass to determine if a molecular marker such as
IGFBP-3 can be used indiscriminately to signal the onset on
SMW. This finding will facilitate prospective research and fu-
ture intervention studies to prevent and treat SMW in this
model. Ex vivo analysis confirmed SMW in the lower limbs
of mice with terminal PDAC. Furthermore, we determined
that increased muscle immune cell infiltration and fat accu-
mulation, and IGFBP-3 serum levels are associated with
PDAC-related SMW. Taken together, this is the first study to
establish SMW in a KCKO murine model of PDAC, and to
show histologic evidence of increased fat accumulation in
the muscle cells of mice with PDAC-related SMW.

Research supports the immunosuppressive role of myeloid
cells in the development of PDAC tumours and growth
through neutralization of cytotoxic T cells.16,17 Furthermore,
these cells are responsible for the systemic and local
up-regulation of pro-inflammatory cytokines, such as TNF-α,
IL-1, and IL-6,16 that cause muscle catabolism.11,14 To exam-
ine pathogenesis of PDAC-related SMW in KCKO bearing

Figure 5 Quantitative analysis of skeletal muscle atrophy in terminal mice with pancreatic ductal adenocarcinoma (PDAC). Following euthanasia due
to failure to thrive, the extensor digitorum longus (EDL) and soleus (SOL) muscles were harvested from PDAC (n = 19) bearing and non-tumour (NT)
control (NTC) (n = 10) mice, and stained with DAPI for calculation of CSA (100 fibres per mouse). Tibialis anterior (TA) muscles were dissected and
weighed. After which, TA muscles were frozen and stained with Laminin for measurement of cross-sectional area (CSA). Quantification of (A) EDL
and (B) SOL muscle fibres at the time of sacrifice from NT and PDAC-baring mice are presented, along with quantification of (C) TA CSA (μm2

)
(n = 5) and (D) weights (mg) (n = 10) with the mean ± SD (**P < 0.01) (****P < 0.0001).
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mice, we completed a series of histological and gene expres-
sion studies on skeletal muscle tissue. Our findings are consis-
tent with other reports documenting an increase in immune
cell infiltration and up-regulation of pro-inflammatory cyto-
kines in the muscles of animal models and in patients with
cancer cachexia.11,16 To better understand the cellular and
molecular mechanisms that mediate SMW in our model, we
performed a differential bulk RNAseq analysis of NTC vs.
PDAC mice. We observed the predicted significant increases
in macrophage and pro-inflammatory gene expression and a
surprising increase in adipogenic and igfbp3 mRNA levels in
skeletal muscle from PDAC mice. This discovery of macro-
phage and adipogenic gene expression in wasting muscle tis-
sue has a molecular basis. In addition to their known role in
adipogenesis, CCAAT/enhancer-binding proteins (C/EBP) play
an important role in the regulation of cell proliferation and
differentiation and are induced in terminally differentiating
macrophages.33 Furthermore, the up-regulation of genes that

regulate both adipogenesis and macrophage differentiation
are consistent with increases in IGFBP-3.

Canonical insulin-like growth factor binding proteins
(IGFBPs) bind insulin-like growth factors (IGFs) to stabilize
the ligand complex, and enhance the half-life and
bio-distribution of IGFs to target tissues.34 IGFBP-3, a major
IGFBP species in circulation, binds 75% to 90% of circulating
IGF-1.22 This function of IGFBP-3 is vital to muscle homeosta-
sis given the major role that IGF-1 plays in protein synthesis.
However, excessive increases in IGFBP-3 that are not accom-
panied by increases in IGF-1 result in suppressed IGF-1 stim-
ulated myoblast proliferation, perturbed protein synthesis,
and apoptosis.34,35 Previous research suggest that the role
IGFBPs play in cellular proliferation and differentiation are
IGF dependent; however, recent studies completed on
fibroblasts and human epithelial cells support an
IGF-independent role of IGFBP-3 on cell growth, proliferation,
and survival.22 Thus, more research is needed to elucidate

Figure 6 Confirmation of increased CD45+ cell infiltration and elevated pro-inflammatory cytokine in the muscle of mice experiencing pancreatic duc-
tal adenocarcinoma (PDAC)-related skeletal muscle wasting (SMW). Gastrocnemius muscles of non-tumour control (NTC) and PDAC mice were dis-
sected as described in Figure 1, and immunohistochemistry was performed with labelled antibodies against CD45. Representative ×40
photomicrographs of the immunostained muscles are shown to illustrate the numbers of CD45+ cells (black arrows) within muscle from (A) NTC
and (B) PDAC mice. (C) Real-time reverse transcription-quantitative PCR (RT-qPCR) of total RNA of quadriceps muscle tissue from PDAC (n = 5) and
NTC (n = 5) mice was performed to assess pro-inflammatory gene expression, and the data are presented as the mean fold change over NTC ± SD.
Gene expression studies were performed by pooling total RNA from five mice per group, and each group was analysed in duplicate. Serum levels
of (D) IL-6 and (E) TNF from NTC and PDAC mice were determined by Luminex, and the data for each mouse with the mean ± SD of the group are
shown. (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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the underlying molecular mechanisms involved in these bio-
logical actions of IGFBP-3.

IGFBP-3 is up-regulated both locally36–38 and systemically39

in patients with pancreatic cancer and is associated
with a poor prognosis.37,38 Overexpression of IGFBP-3 by
muscle-associated macrophages has been implicated in

increased ubiquitination-associated proteolysis, inhibition
of myogenesis, and PDAC-associated SMW.36,40–43 In
support of these findings, our RNAseq analyses revealed
dysregulation of the protein ubiquitin and MYOD1 pathways
(Figure S1). We also found dysregulation of the insulin-like
growth factor-1 (IGF-1), myostatin (MSTN), transforming

Figure 7 Bulk RNAseq reveals IGFBP-3 dysregulation in multiple functional genomic pathways during pancreatic ductal adenocarcinoma (PDAC)-
associated muscle wasting. (A) Bulk RNAseq was performed on quadriceps muscles from non-tumour control (NTC) and PDAC-bearing mice (n = 3),
and heat maps of the differentially expressed genes in the indicated pathways are shown to illustrate the high (red) vs. and low (blue) mRNA levels
in the pathway. (B) Venn diagram analysis reveals IGFBP-3 as the lone gene that is dysregulated in all the functional genomic pathways. (C) IGFBP-3
levels in serum from NTC and PDAC-bearing mice were determined by ELISA, and the data for each mouse with the mean ± SD of the group are shown.
(D) Real-time reverse transcription quantitative PCR (RT-qPCR) of total RNA of quadriceps muscle tissue from the mice was performed to assess igfbp3
and macrophage marker gene expression, and the data are presented as the mean fold change over NTC ± SD. Gene expression studies were
performed by pooling total RNA from five mice per group, and each group was analysed in triplicate. Post hoc analysis of the igfbp3 mRNA levels
determined in (D) was performed to illustrated the four-fold increase in quadriceps muscles of PDAC mice with wasting (n = 4) vs. without wasting
(n = 3) determined dual-energy X-ray absorptiometry (DEXA) (**P < 0.01; P < 0.001; ****P < 0.0001).
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growth factor-β (TGFβ), vascular endothelium growth factor
(VEGF), and angiotensinogen (AGT) pathways (Table S2). In
light of their known role in muscle homeostasis,11 we used
an ingenuity pathway analysis of upstream regulators to
identify all genes associated with these pathways. A Venn
diagram analysis of the genes associated with these five
dysregulated pathways identified IGFBP-3 as the only gene
common to all of them.

Recently, it was demonstrated that pancreatic cells induce
muscle wasting via IGFBP-3 production in vitro.36 Further-
more, IGFBP-3 secreted either by tumour cells or

macrophages has been implicated in PDAC-related SMW.
IGFBP-3 expression increases transiently in skeletal muscle
during repair and after injury, and these changes occur in
muscle-associated macrophages.43 Although IGFBP-3 has
been shown to inhibit differentiation of pre-adipocytes under
physiological conditions, pathological increases of IGFBP-3
stimulate brown adipocyte differentiation.34 Our qPCR
analysis confirmed the up-regulation of igfbp-3mRNA expres-
sion in the quadriceps muscles of mice with advanced PDAC.
We also determined that IGFBP-3 is significantly increased in
the serum of these animals. Interestingly, igfbp-3 was

Figure 8 Intramuscular adipose deposits in quadriceps muscle of mice with pancreatic ductal adenocarcinoma (PDAC) associated muscle wasting. The
tibialis anterior (TA) muscles from non-tumour control (NTC) (A–D) and mice with PDAC-associated muscle wasting (E–H) described in Figure 5 were
flash frozen and processed for Oil Red-O-stained histology, and representative images are shown at ×10 (A,E), and ×40 (B,F) to illustrate the prevalence
of adipogenesis in the muscle fibres and the fat lobules in the fibres, respectively. To quantify the number of Oil Red-O positive fibres per section via
computer automated histomorphometry, we wrote an app in Visiopharm that imports the digital histology images, segments the individual fibres, and
this binarizes positive and negative fibres based on the intensity of the red staining to produce the number of fibres and per cent of positive (C,D,G,H).
(I) PDAC muscles had a significantly greater per cent of positive fibres P = 0.002 compared with NTC. Data are presented as (% positive fibres)
mean ± SD.
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differentially expressed in the muscle of PDAC mice
with wasting compared with PDAC mice without wasting.
These findings suggest that up-regulation of IGFBP-3 may
be a key factor in the initiation of SMW in this model. In
support of this, Judge et al. found that skeletal muscle
taken from patients experiencing the severest cachexia
had significantly higher amounts of IGFBP-3, macrophage
infiltration, and lipid deposition compared with
non-cachectic and non-cancer controls.44 Thus, more re-
search is needed to understand the relationships among in-
creases in IGFBP-3, macrophage infiltration, adipogenesis,
and PDAC-related SMW.

To further investigate the relationship between increases
in IGFBP-3 and genes associated with adipogenesis, we per-
formed Oil Red-O staining on skeletal muscle samples from
NTC and mice with PDAC-associated SMW and developed
an automated Visiopharm image analysis algorithm to quan-
tify fat accumulation in myocytes. Using this algorithm, we
found that PDAC mice had more than a 30-fold increase in
positively stained muscle fibres when compared with NTC,
which further validates our RNAseq results. Of note is that
this intracellular lipid accumulation is distinct from the ca-
nonical intermuscular adipose tissue observed in older adults
and across a wide variety of comorbid conditions, such as
stroke, spinal cord injury, diabetes, and chronic obstructive
pulmonary disease.45 Thus, this may represent a unique pa-
thology, the effects of which remain unknown at this time.
Thus, future research should investigate the relationships
among up-regulated adipogenesis, the onset of SMW, and
death from PDAC.

In conclusion, the results of this study support the role of
increased systemic and local pro-inflammatory cytokines in
cancer-related SMW. We also show dysregulation in path-
ways associated with anabolism. To our knowledge, this is
the first study to histologically confirm myocyte fat accumu-
lation in a murine PDAC model and show that this increase
in adiposity is associated with increased immune cell infiltra-
tion and IGFBP-3 expression. However, our study has nota-
ble limitations. First, we did not study natural death from
PDAC. Rather, we followed our IACUC’s definition of ‘failure
to thrive’ as an endpoint for euthanasia of mice with ad-
vanced stage PDAC, which may have biased our survival
analysis. However, the criteria for failure to thrive have been
validated previously as a survival endpoint,46 and were
applied consistently across all animal groups. Furthermore,
animals were sacrificed on the advice of university veterinar-
ians without knowledge of their treatment. With animal
welfare justification from this study, future IACUC-approved
studies using death as an endpoint can be performed to
confirm our findings and investigate this as an independent
outcome variable. Second, we did not sacrifice animals at
set time intervals to better characterize the association of
increased myocyte adiposity and SMW. Further research
should investigate this relationship and the relationship

between increased inflammation and the dysregulated path-
ways identified in our gene expression studies. Lastly, we did
not determine the cellular source of the increased IGFBP-3.
Of note is that other studies have investigated this and
found that both pancreatic tumour cells and macrophages
secrete IGFBP-3.36,43 Gain and loss of function experiments
are also needed to establish the role of IGFBP-3 in this mu-
rine model of PDAC. Although this research does have some
limitations, the findings of increased myocyte adiposity and
IGFBP-3 are both novel and exciting. However, more re-
search is needed to elucidate mechanisms that lead to these
pathologies and determine their relationship with
PDAC-related SMW. Importantly, our ability to identify the
onset of SMW in this murine model of PDAC is especially
significant, as its clinical translation is vital to better under-
standing SMW and identifying the appropriate timing of
therapeutic intervention in patients with PDAC.
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Figure S1. Increased inflammatory cell infiltration in skeletal
muscle of mice with end-stage PDAC experiencing muscle
wasting. TA muscles were harvested from NTC (n = 15) and
PDAC (n = 30) mice and processed for H&E stained histology.
Representative 10x photomicrographs with magnified images
(inset) are shown (A,B), with quantification of nuclei per
500 μm2 field, and the data are presented as mean of 5
fields ± std. Note the normal myonuclei and satellite cells
(white arrows), and nuclei of infiltrating inflammatory cells
(blue arrows). Data for each mouse with the mean +/-SD of
the group are shown. (***p < 0.001)

Figure S2. Dysregulation of adipogenic, inflammatory, and
growth factor pathways in skeletal muscle of mice with
terminal PDAC. Bulk RNA sequencing of total RNA from mice
quadriceps muscle tissue described in Figure 1 was per-
formed to assess (A) Differentially Expressed Genes, (B)
adipogenic, (C) pro-inflammatory, and (D) growth factor gene
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expression in the quadriceps muscle of mice experiencing
PDAC-related SMW. Heat maps of the gene expression were
generated as described in Figure 7, and illustrate the relative
increase (red) or decrease (blue) in mRNA levels

Table S1. qPCR primer list

Table S2. Upstream Regulator Genes
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