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Abstract

Background: Cancer cachexia is a catabolic condition characterized by skeletal muscle wasting, consequent to tumor burden,
which negatively impacts tolerance to cancer therapies and contributes to increased mortality. Partly because of the limited
knowledge of the underlying mechanisms of cancer cachexia derived from human studies, however, the ability to
therapeutically intervene remains elusive. The purpose of the current study was therefore to better define the phenotype of
skeletal muscle obtained from patients with pancreatic ductal adenocarcinoma (PDAC), which has one of the highest rates of
cachexia.
Methods: Morphological analyses were performed on rectus abdominis muscle biopsies obtained from resectable PDAC
patients undergoing tumor resection surgery (N¼20) and from weight-stable non-cancer control subjects undergoing benign
abdominal surgery (N¼16). PDAC patients with a body weight loss of greater than 5% during the previous 6 months were con-
sidered cachectic (N¼15). Statistical tests were two sided.
Results: Skeletal muscle from cachectic PDAC patients had increased collagen content compared with non-cancer control
subjects (1.43% vs 9.66%, P¼ .0004, Dunn test). Across all PDAC patients, collagen content positively correlated with body
weight loss (P¼ .0016, r¼0.672), was increased in patients with lymph node metastasis (P¼ .007, Mann-Whitney U test), and
was associated with survival on univariate (HR¼1.08, 95% confidence interval [CI] ¼ 1.02 to 1.04, P¼ .008) and multivariable
analyses (HR¼1.08, 95% CI ¼ 1.00 to 1.17, P¼ .038). Cachectic PDAC patients also displayed increased lipid deposition (2.63%
vs 5.72%, P¼ .042), infiltration of CD68þmacrophages (63.6 cells/mm2 vs 233.8 cells/mm2, P¼ .0238), calcium deposition (0.21%
vs 2.51%, P¼ .030), and evidence of deficient cellular quality control mechanisms (Mann-Whitney U test). Transcriptional pro-
filing of all patients supported these findings by identifying gene clusters related to wounding, inflammation, and cellular
response to TGF-b upregulated in cachectic PDAC patients compared with non-cancer control subjects.
Conclusions: To our knowledge, this work is the first to demonstrate increased collagen content in cachectic PDAC patients
that is associated with poor survival.

Cachexia is a complex, devastating effect of cancer that is char-
acterized by profound and ongoing loss of skeletal muscle, with
or without the loss of fat, that leads to progressive functional
impairment and that cannot be fully reversed through nutri-
tional support (1). In general cancer cachexia is a multifactorial
syndrome that encompasses metabolic disruptions, hormonal

abnormalities, and inflammation leading to negative energy
balance and breakdown of muscle and adipose tissue (1).
Cachexia may be a consequence of secretions from tumor cells
and/or host cells, insulin resistance, anorexia, and cancer thera-
pies (including chemotherapy and radiation) (2). Cachexia nega-
tively impacts both quality of life and tolerance to cancer
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therapies (1–4) and is associated with poor outcomes and de-
creased survival (5–7). Cachexia most commonly afflicts
patients with cancers of the gastrointestinal tract, lung, pros-
tate, and pancreas, with pancreatic ductal adenocarcinoma
(PDAC) among those with the highest indices of cachexia.
Indeed, a recent study showed cachexia was present in 63% of
newly diagnosed PDAC patients (6), which increases up to 80%
as the disease progresses (8).

Currently the only potential cure for pancreatic cancer and
its associated cachexia is complete surgical resection of the
tumor. However, this is possible only in non-metastatic and
locally restricted stages, of which only 15% to 20% of patients
are eligible at first presentation (9,10). Of those who do undergo
tumor resection, only 70% have tumors that are fully resectable
during the surgery, and the prognosis for all remains poor due
to the high rate of local recurrence and/or distant metastasis
(11). Thus, for the vast majority of PDAC patients, treatments
are targeted toward extending survival and increasing quality
of life, both of which are directly related to cachexia. In fact,
studies in tumor-bearing mice have demonstrated that treat-
ments that prevent muscle loss can prolong survival even if
they have no effects on tumor growth (12,13). Therefore, devel-
oping countermeasures that deter muscle wasting in response
to cancer could lead to major advances in improving the qual-
ity of life and extending survival in a majority of PDAC
patients.

A major constraint in the development of muscle-preserving
clinical therapies is the limited knowledge of the underlying
mechanisms of cachexia derived from human studies. This is
likely due, at least in part, to the challenges of obtaining tissue
samples from an increasingly fragile population. Experimental
models of cancer cachexia indicate that skeletal muscles un-
dergo fiber atrophy, but no other overt morphological changes,
and that the fiber atrophy is broadly due to altered protein and
energy metabolism via disruptions to the protein synthesis/deg-
radation and energy production/expenditure balances (14). For
more detail of these mechanisms in tumor-bearing mice, the
reader is referred to two recent reviews (4,15). Although these
preclinical mechanistic studies are critically important, thus far
only one drug developed from such studies (Anamorelin, a ghre-
lin receptor agonist) has improved cachexia symptoms in phase
3 trials (16). To move the field forward toward developing more
effective therapies targeting cachexia in cancer patients, it is es-
sential to better define the cachectic phenotype of skeletal mus-
cle in response to human cancer, which was the purpose of the
current study.

Methods

For complete detailed methods (including histological staining
protocols, antibodies, and quantitative reverse transcriptase po-
lymerase chain reaction [qRT-PCR] primers), see Supplementary
Methods (available online).

Patient Population and Skeletal Muscle Biopsies

Skeletal muscle biopsies from the rectus abdominis muscle
were obtained from eligible patients following a prospective col-
lection model. Separate portions of each muscle specimen were
embedded in optical coherence tomography (OCT) and frozen in
isopentane cooled in liquid nitrogen (for histology) or immedi-
ately flash frozen in liquid nitrogen (for RNA isolation). Muscle

specimens from a subset of patients were also fixed and proc-
essed for ultrastructural analysis.

The eligible population consisted of confirmed PDAC
patients undergoing surgical resection with curative intent at
the University of Florida Pancreatic Surgical Center, or weight-
stable patients undergoing benign abdominal surgery, as appro-
priate non-cancer control subjects, between March 2015 and
September 2017. The study was approved by the University of
Florida Institutional Review Board and written informed con-
sent was obtained from all participants. All biopsies were
obtained at the beginning of the operation from n¼ 20 PDAC
patients and n¼ 16 weight-stable non-cancer control subjects.
Based on the diagnostic criteria set forth by a panel of experts in
cancer cachexia (1), PDAC patients with a body weight (BW) loss
of greater than 5% during the previous 6 months were consid-
ered cachectic. According to this criteria, N¼ 15 PDAC patients
were cachectic and N¼ 5 PDAC patients were non-cachectic. We
did not consider patient body mass index (BMI) as an indicator
of cachexia because recent work shows that cancer patients
with a large BMI may have low muscle mass (17). BW loss and
BMI were calculated from BW and height measurements
obtained from electronic medical records.

Muscle Histology and Imaging

Serial skeletal muscle sections (10 mM) were cut and transferred
to positively charged glass slides. Morphology was evaluated in
muscle sections from all patients using hematoxylin and eosin
(H&E), Masson’s Trichrome (stains collagen) and Oil Red O
(stains lipid). A subset of cachectic PDAC patients and non-
cancer control subjects were further processed using Alizarin
Red S (stains calcium), CD68 antibody (to label macrophages)
and antibodies against UBIQUITIN, P62, LAMP1 and LC3 to as-
sess pathways involved in cellular quality control. All images
were obtained using a Leica DM5000B microscope (Leica
Microsystems; Bannockburn, IL) and analyzed using ImageJ
software. Detailed methods have been described by us previ-
ously (18) and can be found in Supplementary Methods (avail-
able online).

RNA Isolation, Microarray and qRT-PCR

Total RNA was isolated as performed and described previously
following homogenization in TRIzol (19). Microarray analysis
was performed by the Boston University Microarray and
Sequencing Resource Core facility as described previously (20)
on RNA samples from 36 patients (n¼ 16 non-cancer control
subjects, n¼ 15 cachectic PDAC patients, and n¼ 5 non-
cachectic PDAC patients). Differential gene expression analyses
were performed using Gene Pattern (1.20 > fc < �1.20, P < .05)
and gene sets analyzed using the DAVID Bioinformatics data-
base (21,22), version 6.8 as detailed in Supplementary Methods
(available online). Select genes of interest were validated via
qRT-PCR using Applied Biosystems PCR system and TaqMan
Gene Expression Assays.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism
version 7 (GraphPad Software, San Diego, CA) and SPSS version
22.0 statistical software package (IBM SPSS statistics for
Windows; IBM Corp, Armonk, NY). Continuous variables were
analyzed using Mann-Whitney U test to compare two groups,
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Kruskal-Wallis test to compare groups of at least three and
Dunn multiple comparisons post-hoc test, when necessary.
Univarate correlations were performed between continuous
variables using Spearman rank-order correlation coefficient.
For PDAC patients, Kaplan-Meier survival curves were gener-
ated for percent area occupied by collagen, using less than and
greater than 10% collagen as the cutoff for dichotomization,
and for N0- vs N1-stage patients, and evaluated using the log-
rank (or Mantel-Cox) test. The effects of continuous variables
on survival were evaluated using a Cox proportional hazards
model. The assumption of proportionality was confirmed
using time-dependent covariates as well as visual inspection of
log-log plots. Variables that showed associations with survival
on univariable analysis were incorporated into multivariable
analysis. All tests were two-sided, and statistical significance
was established at P less than .05.

Results

Because the focus of the current study was cachexia, defined as
greater than 5% BW loss during the previous 6 months, we com-
pared percent BW loss across patient demographics and clinico-
pathological parameters available to us for this study (Table 1).
Across PDAC patients there were no statistically significant
differences in percent BW loss based on sex, tumor size,
neoadjuvant therapy, tumor differentiation, N stage or lympho-
vascular invasion. Mean age was also not different between
non-cachectic and cachectic PDAC patients and age did not
correlate with percent BW loss (P¼ 0.7830, r¼ 0.068).

Increased Collagen Deposition in Cachectic PDAC
Patients, BW Loss, and Decreased Survival

To assess gross skeletal muscle morphology, skeletal muscle
sections from PDAC patients and non-cancer control subjects
were stained with H&E (Figure 1). Compared with non-cancer
control subjects and non-cachectic PDAC patients, cachectic
PDAC patients displayed evidence of skeletal muscle pathol-
ogy characterized by centralized nuclei, abnormal myofiber
membranes and fiber damage, increased numbers of mono-
nuclear cells, and increased connective tissue surrounding
myofibers.

We further processed muscle sections using Masson’s
Trichrome staining to identify collagen deposition (fibrotic tis-
sue) (Figure 2, A–C). The percent area occupied by collagen was
increased in skeletal muscle from cachectic (but not non-
cachectic) PDAC patients compared with non-cancer control
subjects (9.66% vs 1.43%, P¼ .0004) (Figure 2D, Table 1), and
across all PDAC patients was positively correlated with percent
BW loss (P¼ .0016, r¼ 0.672) (Figure 2E). Collagen content did not
correlate with age (P¼ .909, r¼ 0.028), BMI (P¼ .318, r¼�0.242), or
tumor size (P¼ .323, r¼ 0.2398) (graphs not shown) and was not
different between males and females (Table 1). We also found
no differences in collagen content following stratification of
PDAC patients based on neoadjuvant therapy, tumor differenti-
ation, disease stage, or lymphovascular invasion (Table 1). We
did, however, find greater collagen content in PDAC patients
with (N1, 11.47%), vs no (N0, 2.27%), regional lymph node metas-
tasis (P¼ .007) (Figure 3A, Table 1). Because lymph node metas-
tasis is known to be associated with poor survival (23), we
further performed Kaplan-Meier analyses on PDAC patients di-
chotomized by either N stage or collagen content less than and
greater than 10%. Both the absence of regional lymph node

metastasis (P¼ .0073, Figure 3B) and collagen content below 10%
(P¼ .0047, Figure 3C) were statistically significantly associated
with improved long-term survival. Indeed, PDAC patients sur-
viving more than one year post-surgery had lower collagen de-
position compared with patients surviving less than one year
post-surgery (3.17% vs 12.22%, P¼ .0076, Figure 3D).

A Cox proportional hazards model was used to evaluate rela-
tionships between collagen content within skeletal muscle, clini-
copathologic variables, and overall survival after pancreatic
resection with curative intent (Figure 3E). Univariate analysis
confirmed known correlations between positive surgical margin,
lymphatic metastasis, and poor survival. Interestingly, high skele-
tal muscle collagen content was similarly associated with poor
survival (HR¼ 1.08, 95% CI ¼ 1.02 to 1.04, P¼ .008). Multivariable
analysis further confirmed the statistical significance of increased
collagen content in predicting overall survival (HR ¼ 1.08, 95% CI
¼ 1.00 to 1.17, P ¼ .038), demonstrating for the first time a statisti-
cally significant relationship between intramuscular collagen
content and oncologic outcomes in pancreatic cancer.

Because the replacement of muscle tissue with fibrotic tis-
sue is commonly associated with fat deposition, we also proc-
essed muscle sections using Oil Red O staining, which stains
lipid (Figure 4, A and B). Compared with non-cancer control sub-
jects, we identified an increase in lipid deposition in cachectic
(2.63% vs 5.72%, P¼ .042), but not non-cachectic (2.63% vs 3.29%,
P�.999) PDAC patients (Figure 4C), much of which was localized
to areas of muscle fibrosis. Correlative analysis between fat con-
tent and percent BW loss, however, was not statistically signifi-
cant (P¼ .135, r¼ 0.326). Since the pathological development of
both adipogenesis and fibrosis in skeletal muscle is known to be
associated with the expansion and differentiation of fibro/adi-
pogenic progenitor (FAP) cells that are positive for platelet-de-
rived growth factor receptor alpha (PDGFRa) (24), we further
stained muscle sections from a subset of non-cancer control
subjects and cachectic PDAC patients using an antibody against
PDGFRa. As shown in Figure 4D, PDGFRa-positive FAP cells were
visually more abundant in muscle of cachectic PDAC patients
compared with non-cancer control subjects, and were localized
near areas of connective tissue deposition (Supplementary
Figure 1, available online).

Muscle Fibrosis in Cachectic PDAC Patients and Muscle
Damage, Calcium Deposition, and Macrophage
Infiltration

Based on our novel finding of fibrosis in cachectic PDAC
patients, we further evaluated a subset of cachectic PDAC
patients (and a subset of age-matched and sex-matched non-
cancer control subjects) for additional pathologies commonly
associated with the development and progression of fibrosis, in-
cluding muscle damage, calcium deposition, and macrophage
infiltration (25,26). Muscle fiber architecture was assessed at the
ultrastructural level using transmission electron microscopy
(TEM), which revealed considerable evidence of ultrastructural
myofiber damage in cachectic PDAC patients, including disrup-
tions to the myofiber membrane and myofiber fragmentation
(Figure 5, A–C). Staining of muscle sections with Alizarin Red S
or CD68 antibody revealed an increase in the percent of muscle
area positive for calcium deposition (Figure 5, D–L, 0.21% vs
2.51%, P¼ .0238) and an increase in the number of CD68þ mac-
rophages (Figure 5, M–O, Q, 63.6 cells/mm2 vs 233.8 cells/mm2,
P¼ .0303) in cachectic PDAC patients compared with non-cancer
control subjects.
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Accumulation of Protein Aggregates and Giant Vesicles
in Cachectic PDAC Patients

TEM imaging of skeletal muscle also revealed giant single-
membrane vesicles in cachectic PDAC patients. These vesicles
were filled with undigested material [consistent with lipofuscin
granules, ie, aggregates of incompletely degraded proteins and lip-
ids (27,28)] and were localized to the myofiber membrane and di-
rectly adjacent to myonuclei (Figure 6, A–F). Several light-density
lipid inclusions could be observed in each vesicle, many of which
were partially or entirely replaced by darkly stained calcifications
(29). We therefore further evaluated, via immunohistochemistry,
markers of the autophagy-lysosome system (p62, LAMP1, LC3)
and the ubiquitin proteasome pathway (UBIQUITIN), which are
both involved in the degradation of cellular proteins and lipids
(Figure 6, G–R). Compared with non-cancer control subjects,

cachectic PDAC patients showed an increase in the staining inten-
sity of ubiquitinated proteins (P¼ .0357) (Figure 6S) and increases
in the size of p62þ aggregates (P¼ .0043) (Figure 6T) and LAMP1þ
lysosomes (P¼ .0159) (Figure 6V). No changes were identified for
LC3 (Figure 6, X and Y).

Genome-wide Microarray Analyses and Skeletal Muscle
Damage, Inflammation, and Fibrotic Changes in
Cachectic PDAC Patients

Microarray analysis revealed 527 genes (296 upregulated and
231 downregulated) that were differentially expressed in skele-
tal muscle of cachectic PDAC patients (N¼ 15) vs non-cancer
control subjects (n¼ 16) (Supplementary Table 1, available on-
line). Of these 527 genes, two were commonly upregulated and

Table 1. Patient demographics

Variable Number or mean (SEM) P % BW loss (95% CI) P % Collagen content (95% CI)† P

Condition
Non-cancer control subjects 16 �0.88 (�2.92 to 1.14) <.0001* 1.43 (1.09 to 1.76) .0009*
PDAC 20 12.34 (8.21 to 16.47) 8.08 (3.84 to 12.32)

Non-Cachectic PDAC 5 1.98 (�0.61 to 4.57) <.0001* 2.16 (�1.15 to 5.48) .011*
Cachectic PDAC 15 15.79 (11.74 to 19.85) 9.66 (4.52 to 14.79)

Sex
Non-cancer control subjects

Male 5 �0.22 (�2.73 to 2.29) .97 1.64 (0.32 to 2.96) .913
Female 11 �1.22 (�4.32 to 1.88) 1.33 (1.12 to 1.53)

PDAC
Male 10 10.02 (3.04 to 17.00) .18 7.69 (�0.69 to 16.07) .865
Female 10 15.87 (9.65 to 22.10) 8.43 (3.43 to 13.42)

Age, y
Non-cancer control subjects 57.6 (2.92) .005*
PDAC 67.8 (1.96)

Non-cachectic PDAC 67.2 (2.71) .66
Cachectic PDAC 68 (2.5)

BMI
Non-cancer control subjects 29.31 (1.31) .09
PDAC 27.02 (1.13)

Neoadjuvant Therapy
Yes 5 16.24 (3.18 to 29.30) .16 11.18 (�5.22 to 27.58) .559
No 15 10.38 (5.44 to 15.32) 6.97 (12.95 to 10.99)

Tumor size, cm
<3 11 11.24 (4.80 to 17.68) .76 9.41 (1.48 to 17.33) .491
>3 9 12.59 (5.11 to 20.07) 6.60 (2.31 to 10.89)

AJCC Stage 7th

IA 1 29.4 .16 6.14 .104
IIA 6 7.12 (0.01 to 14.22) 1.62 (0.58 to 2.66)
IIB 12 12.75 (6.68 to 18.82) 12.26 (5.84 to 18.68)
III 1 11.8 2.78

Tumor Differentiation‡
Well/moderate 12 8.3 (2.05 to 14.55) .051 5.40 (1.81 to 8.99) .36
Poor 7 17.04 (11.16 to 22.93) 8.60 (1.46 to 15.74)

N Stage
N0 7 10.3 (0.64 to 19.96) .6 2.27 (0.48 to 4.05) .007*
N1 13 12.68 (7.15 to 18.21) 11.47 (5.42 to 17.51)

Lymphovascular Invasion
Yes 14 11.25 (�0.65 to 23.15) .86 3.65 (�0.75 to 8.04) .058
No 6 12.1 (6.94 to 17.26) 10.12 (4.25 to 15.99)

*Groups were compared using Mann-Whitney U test to compare two groups and Kruskal-Wallis test to compare groups of three or more. AJCC ¼ American Joint

Committee on Cancer; BMI ¼ body mass index; BW ¼ body weight; PDAC ¼ pancreatic ductal adenocarcinoma. Stastically significantly different (P< .05).

†One non-cachectic PDAC patient had insufficient tissue sample for analysis of collagen content.

‡One adenosquamous cancer patient excluded from the analysis of tumor differentiation.
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22 commonly downregulated in non-cachectic PDAC patients vs
non-cancer control subjects (Supplementary Table 2, available
online). Gene Ontology (GO)/Kegg Pathway analysis of genes
upregulated only in cachectic PDAC patients revealed enrich-
ment of multiple GO terms/biological processes that align with
our histological findings including “leukocyte activation”
(P¼ 3.23� 10�5) and “leukocyte migration” (P¼ 1.65� 10�5),
“response to wounding” (P¼ 5.9� 10�4), “fat cell differentiation”
(P¼ 3.81� 10�4), and “response to transforming growth factor

beta (TGF-b)” (P¼ 7.55� 10�4), the latter of which is known to
be involved in the development of tissue fibrosis. Terms related
to pathways previously implicated in cachectic muscle wasting,
such as the “FoxO signaling pathway” (P¼ .00509) and
“regulation of the MAPK signaling cascade” (P¼ 1.99� 10�6),
were also enriched. Analysis of genes downregulated only in
cachectic PDAC patients identified seven enriched GO terms, all
of which were related to “mitochondrion” (P¼ 2.51� 10�7),
which was the most enriched GO term.
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Figure 1. Morphological characteristics of skeletal muscle from non-cancer control patients and PDAC patients. Representative hematoxylin and eosin (H&E) stained

sections from the rectus abdominis muscle of weight stable non-cancer control patients (A) and PDAC patients (B, C) with varying degrees of BW loss (indicated as a

percentage) within the 6 months prior to surgery. PDAC patients are further stratified based on survival time of more than 1 year post-surgery (B) vs less than 1 year

post surgery (C). Morphological features consistent with skeletal muscle pathology are observed in muscle from PDAC patients, including mononuclear cell infiltration,

muscle fiber fragmentation (white arrowheads), muscle fibers with centralized nuclei (white arrows), and connective tissue deposition (*). Images are representative of

n¼16 non-cancer control subjects, n¼5 non-cachectic PDAC patients, and n¼ 15 cachectic PDAC patients. M¼male; F¼ female; neo¼ received neoadjuvant therapy

prior to tumor resection surgery; naı̈ve¼naı̈ve to neoadjuvant therapy; PDAC ¼ pancreatic ductal adenocarcinoma. Scale bar¼100mm.
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content (% area) and BW loss (%) in PDAC patients (Spearman’s correlation, P¼ .0016, r¼0.672). BW ¼ body weight; PDAC ¼ pancreatic ductal adenocarcinoma.
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qRT-PCR Validation and Upregulation of Pro-Fibrotic
Genes in Muscle of Cachectic PDAC Patients

Based on our novel finding of skeletal muscle fibrosis in ca-
chectic PDAC patients, we selected to validate in a subset of
patients through qRT-PCR the expression of genes related to

the TGF-b signaling pathway that were identified via microar-
ray as increased in cachectic PDAC patients compared with
non-cancer control subjects. We measured thrombspondin-1
(THBS1/TSP-1), which plays a role in fibrosis through its direct
activation of latent TGF-b and the TGF-b receptors TGFBR2 and

Figure 3. Relationship between muscle collagen content, lymph node metastasis and survival in PDAC patients. A) The percent of total muscle area occupied by colla-

gen in PDAC patients stratified by N stage (N0 vs N1), expressed as mean 6 SEM. PDAC patients with positive lymph node metastasis (N1, n¼ 12) vs PDAC patients with

no lymph node metastasis (N0, n¼ 7) (P¼ .0099, Mann-Whitney U test). B, C) Kaplan-Meier analyses on PDAC patients dichotomized by either N stage (B, N0 vs N1) or

collagen content (C, <10%>). D) The percent of total muscle area occupied by collagen in PDAC patients surviving >1 year post-surgery vs PDAC patients surviving <1

year post-surgery (P¼ .0040, *Mann-Whitney U test). *Two patients still alive at 10 months and 11 months postsurgery, who had not reached the 1-year mark postsur-

gery and who had 6.1% and 2.0% collagen content, respectively, were excluded from the analysis. E) Univariate analysis was performed using a Cox proportional hazard

model. All variables statistically significant (P< .05) on univariate analyses were included in multivariable Cox regression.
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TGFBR3/betaglycan. Although TGFBR3 does not participate di-
rectly in TGF-b signal transduction, through binding of TGF-b
family members it acts as a reservoir of receptor ligands. We
also measured connective tissue growth factor (CTGF/CCN2)
and plasminogen activator inhibitor-1 (PAI-1/SERPINE1), both of
which are downstream targets of TGF-b that mediate tissue
fibrosis. Compared with non-cancer control subjects, cachectic
PDAC patients showed increases in THBS1/TSP-1 (6.9-fold,
P¼ .0491), TGFBR2 (1.9-fold, P¼ .0378), TGFBR3 (2.0-fold,
P¼ .0116), CTGF (4.3-fold, P¼ .0134), and PAI-1/SERPINE1 (4.9-
fold, P¼ .0062) (Figure 7).

Discussion

To the best of our knowledge, the current findings demonstrate
for the first time skeletal muscle remodeling characterized by

fibrosis in cachectic PDAC patients. Critically, this study is the
first to demonstrate a novel and statisticaly significant relation-
ship between the extent of muscle fibrosis and oncologic out-
comes in pancreatic cancer. Indeed, we found that increased
collagen content associates with lymph node metastasis and
poor survival.

The replacement of muscle tissue with ectopic tissues such
as fat and fibrotic tissue is a known consequence of impaired
muscle regeneration following muscle damage. Interestingly, ev-
idence of muscle damage, including disruptions to myofiber
membranes and increased membrane permeability, are evident
in both preclinical models of cancer cachexia (30) and cachectic
PDAC patients (31). Furthermore, although satellite cells are acti-
vated in cancer cachexia, they are inhibited from completing dif-
ferentiation and thus muscle regeneration is also impaired (31).
Although the underlying causes of muscle damage are not clear,
we show here substantial calcium deposition in muscle of
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Figure 4. Lipid content in skeletal muscle of non-cachectic and cachectic PDAC patients versus non-cancer control patients. A, B) Representative serial sections from

the rectus abdominis muscle of non-cancer control patients and PDAC patients with varying levels of BW loss (indicated as a percentage) stained with Oil Red O, which

stains lipid orange, or Masson’s Trichrome, which stains collagen blue. Scale Bar ¼ 200 mm. C) The percent of total muscle area occupied by fat in non-cancer control

patients (n ¼ 16), non-cachectic PDAC patients (n ¼ 4) and cachectic PDAC patients (n ¼ 15), expressed as mean 6 SEM (*P ¼ .0418, Dunn’s test). D) Representative skele-

tal muscle sections from a non-cancer control and cachectic PDAC patients immunostained with antibodies against platelet-derived growth factor receptor alpha (to

label fibroadipogenic progenitor [FAP] cells, green) and laminin (to label basement membranes, red), and counterstained with DAPI (to label cell nuclei, blue). Scale bar

¼ 50 mm. White arrows¼FAP cells. BW ¼ body weight; M¼male, F¼ female, neo¼neoadjuvant therapy; naı̈ve¼naı̈ve to neoadjuvant therapy; PDAC ¼ pancreatic duc-

tal adenocarcinoma.
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Figure 5. Figure 5. Ultrastructural damage, calcifications and macrophages present in skeletal muscle from cachectic PDAC patients. A–C) Representative electron

micrographs of skeletal muscle from non-cancer control patients (n ¼ 2) and cachectic PDAC patients (n ¼ 2) following transmission electron microscopy. Areas of ECM

deposition are indicated by black arrows. D–K) Representative skeletal muscle sections from non-cancer control patients (D, H) and cachectic PDAC patients (E–G, I–K)

stained with Alizarin Red S to label calcium deposition (stains red). Calcium deposits localized inside (*) and at the periphery (white arrows) of muscle fibers, in the ex-

tracellular matrix (white arrowheads) and in blood vessels walls (v) are noted. Scale bar: 50 mm. L) The percent of total muscle area positive for calcium deposition in

non-cancer controls (n ¼ 3) versus cachectic PDAC patients (n ¼ 6), expressed as the mean 6 the SEM (P ¼ .0238, Mann-Whitney U test). M–O) Representative skeletal

muscle sections from a non-cancer control patient (M) and cachectic PDAC patients (M, O) immunostained with a CD68 antibody to label macrophages (brown staining,

black arrows). Scale bar: 200 mm. P) Staining of a serial muscle section with H&E to demonstrate the localization of CD68þ macrophages in cachectic muscle. Areas of

collagen (light pink staining, white arrows), lipid (white arrowheads) and muscle fibers (black astericks) are indicated. Q) The average number of CD68þmacrophages

in muscle of cachectic PDAC patients compared to non-cancer control subjects (P ¼ .0303, Mann-Whitney U test). Data represent mean 6 SEM, from n ¼ 5 non-cancer

controls and n ¼ 7 cachectic PDAC patients. CON ¼ controls; PDAC ¼ pancreatic ductal adenocarcinoma.
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Figure 6. Accumulation of protein aggregates, giant vesicles in skeletal muscle from cachectic PDAC patients. A–F) Representative electron micrographs of skeletal

muscle from non-cancer control subjects (A, D) and cachectic PDAC patients (B, C, E, F). The morphology of these vesicles was consistent with that of autolysosomes

containing lipofuscin granules (ie, aggregates of incompletely degraded proteins and lipids). Many of the light-density lipid inclusions (white arrowheads) present in

the vesicles were partially or entirely replaced by darkly stained calcifications (long white arrows), which can be observed more clearly in magnified images. White

scale bars¼500 nm. G–R) Representative muscle sections from non-cancer control subjects or cachectic PDAC patients stained with antibodies against UBIQUITIN (G–

I), p62 (J–L), LAMP1 (M–O), or LC3 (P–R) (red staining) plus antibodies against either dystrophin or laminin to label fiber membranes (green staining) and counterstained
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cachectic PDAC patients that may contribute to muscle damage.
Indeed, calcium overload within myofibers could lead to damage
via activation of calpains and subsequent proteolysis of cellular
constituents; activation of phospholipase A2 and disruptions to the
integrity of the sarcolemma; and calcium overload within mito-
chondria, which can further induce cellular damage and death (32).
In addition, although the replacement of muscle tissue with fat
can be a consequence of muscle damage and failed regeneration,
lipid accumulation within muscle has also been shown to induce
muscle damage and impair regeneration (33), while blocking lipo-
toxicity prevents muscle wasting in tumor-bearing mice (34). In the
current study it is not possible to determine whether the lipid accu-
mulation in PDAC patients is a cause or consequence of muscle
damage. Lastly, impaired lysosomal-mediated degradation of cellu-
lar constituents, including lipids, could also play a role in muscle
damage and myopathy because lysosomal deficiencies are known
to induce dystrophic-like changes to skeletal muscle (35,36).

The long-term consequences of chronic muscle damage
and impaired regeneration are well established and include

non-resolute inflammation, proliferation of FAP cells, and pro-
gressive replacement of muscle fibers with both fat and fibrotic
tissue (25,26). In the current study we provide novel histological
data that support this pathological progression toward the re-
placement of muscle with fat and fibrotic tissue in human pan-
creatic cancer cachexia. This pathological progression was
supported by transcriptional profiling that identified transcripts
involved in inflammation, wound healing, and cellular responses
to TGF-b (which is a known regulator of tissue fibrosis) upregulated
in muscle from cachectic PDAC patients. In fact, TGF-b is a potent
inducer of muscle fibrosis (37,38), is a blood biomarker of cachexia
in cancer patients (39), and mediates cachexia in tumor-bearing
mice (40). Within the muscle of cachectic PDAC patients we con-
firmed, via qRT-PCR, elevation of transcripts involved in TGF-b ac-
tivation (THBS1/TSP-1) and signal transduction (TGFBR2 and
TGFBR3), and of TGF-b target genes that mediate tissue fibrosis
(CTGF and PAI-1) (41–43). In fact, CTGF is stimulated by TGF-b from
both FAP cells (24) and skeletal muscle cells (44), and its overex-
pression is sufficient to induce skeletal muscle damage and
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Figure 7. Gene expression of pro-fibrotic factors in skeletal muscle from control and cachectic PDAC patients. Rectus abdominis muscle biopsies from non-cancer con-

trol subjects and cachectic PDAC patients were processed for qRT-PCR analyses to validate select genes identified via microarray as increased in cachectic PDAC

patients. Compared with non-cancer control subjects, cachectic PDAC patients showed increased gene expression of thrombospondin-1 (THBS1/TSP-1, 6.9-fold,

P¼ .0491) (A), TGFBR2 (1.9-fold, P¼ .0378) (B), TGFBR3 (2.0-fold, P¼ .0116) (C), connective tissue growth factor (CTGF, 4.3-fold, P¼ .0134) (D), and plasminogen activator in-

hibitor-1 (PAI-1/SERPINE1, 4.9-fold, P¼ .0062) (E, F) The housekeeping gene, 18S, was not statistically significantly different between non-cancer control subjects and ca-

chectic PDAC patients. All samples were run in triplicate on the same PCR plate and were normalized to the mean of the non-cancer control group. Data are expressed

as mean 6 SEM, from n¼8-10 non-cancer control subjects and n¼12-13 cachectic PDAC patients. *P< .05, **P< .01, Mann-Whitney U test. PDAC ¼ pancreatic ductal ad-

enocarcinoma; qRT-PCR ¼ quantitative reverse transcriptase polymerase chain reaction.

Figure 6. Continued

with DAPI to label nuclei (blue). Scale bar¼100 mm. Magnified images depict the size of p62þ aggregates and LAMP1þ lysosomes in muscle of cachectic PDAC patients,

their localization near the myofiber membrane, and their proximity to myonuclei (white arrows). S–Y) The average staining intensity of ubiquitin and the average size

and number of p62þ, LAMP1þ, or LC3þ puncta in non-cancer control subjects versus cachectic PDAC patients. All data represent the mean 6 SEM, from n¼4-5 non-

cancer control patients and n¼5-6 cachectic PDAC patients. *P< .05, Mann-Whitney U test. PDAC ¼ pancreatic ductal adenocarcinoma.
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fibrosis (45). Moreover, its inhibition, via genetic deletion or anti-
body targeting, ameliorates muscle fibrosis in a mouse model of
Duchenne muscular dystrophy (46). Our finding that THBS1/TSP-1 is
increased in cachectic PDAC patients is similarly intriguing, because
THBS1/TSP-1 is a direct upstream activator of latent TGF-b, and is a
downstream target of Angiotensin II (Ang II) signaling. Similar to
TGF-b, Ang II is also a blood biomarker of cachexia in cancer
patients (39) and plays a role in muscle fibrosis (47) and cancer-
induced muscle wasting in mice (48,49). Therefore, the muscle dam-
age and progressive fibrosis observed in cachectic cancer patients
could be mediated, at least in part, through TGF-b and Ang II.

Given that this is the first comprehensive phenotypic analy-
sis of skeletal muscle obtained from pancreatic cancer patients,
we acknowledge that the study has some limitations. First, our
study is limited to 20 PDAC patients and 16 non-cancer control
subjects and, therefore, our findings should be validated in a
larger cohort of patients. Second, although 5% BW loss during
6 months is widely accepted as a diagnostic criterion for ca-
chexia (1) and is the criteria used in the current study, the use of
imaging technology can provide a more detailed assessment of
skeletal muscle size and changes in skeletal muscle mass over
time (17). Third, we did not account for other comorbidities, in-
cluding concurrent cardiac disorders and insulin resistance, or
patient medications, which have the potential to affect cachexia
syndrome (50). Despite these limitations, the consistencies in
our data across patients within group provide a high level of
confidence in our findings.

In summary, our findings demonstrate clinically significant
skeletal muscle fibrosis in cachectic PDAC patients that corre-
lates not only with increased BW loss but also with lymph node
metastasis and decreased survival. Although future studies are
needed to determine the initiating mechanisms leading to mus-
cle fibrosis in response to pancreatic cancer, because we
obtained muscle fibers from patients at the beginning of surgery
and found similar pathologies in PDAC patients with and with-
out neoadjuvant therapy, we conclude that neither surgery nor
therapy can explain the identified pathologies. Based on the
findings herein, we speculate that anti-cachexia therapies in
PDAC patients may need to include antifibrotic agents in addi-
tion to agents that target appetite and protein metabolism.
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