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Abstract

Cancer cachexia is a highly debilitating condition characterized by weight loss and muscle wasting that contributes
significantly to the morbidity and mortality of pancreatic cancer. The factors that induce cachexia in pancreatic cancer
are largely unknown. We previously showed that pancreatic adenocarcinoma upregulated factor (PAUF) secreted by
pancreatic cancer cells is responsible for tumor growth and metastasis. Here, we analyzed the relation between
pancreatic cancer-derived PAUF and cancer cachexia in mice and its clinical significance. Body weight loss and muscle
weight loss were significantly higher in mice with Panc-1/PAUF tumors than in those with Panc-1/Mock tumors. Direct
administration of rPAUF to muscle recapitulated tumor-induced atrophy, and a PAUF-neutralizing antibody abrogated
tumor-induced muscle wasting in Panc-1/PAUF tumor-bearing mice. C2C12 myotubes treated with rPAUF exhibited
rapid inactivation of Akt-Foxo3a signaling, resulting in Atrogin1/MAFbx upregulation, myosin heavy chain loss, and
muscle atrophy. The neutrophil-to-lymphocyte ratio and body weight loss were significantly higher in pancreatic
cancer patients with high PAUF expression than in those with low PAUF expression. Analysis of different pancreatic
cancer datasets showed that PAUF expression was significantly higher in the pancreatic cancer group than in the
nontumor group. Analysis of The Cancer Genome Atlas data found associations between high PAUF expression or a
high DNA copy number and poor overall survival. Our data identified tumor-secreted circulating PAUF as a key factor
of cachexia, causing muscle wasting in mice. Neutralizing PAUF may be a useful therapeutic strategy for the treatment
of pancreatic cancer-induced cachexia.

Introduction inflammation, insulin resistance, and destruction of

Cachexia is a metabolic syndrome characterized by muscle protein. A reduction in skeletal muscle mass,
decreases in skeletal muscle and fat that occurs in more  which is a clinically important feature of cachexia, is a
than 50% of patients with advanced solid cancers'. The  prognostic factor of mortality. Preventing muscle wasting
clinical features of cachexia include weight loss, thus decreases morbidity and enables continuous cancer
treatment, decreasing toxicity while increasing the efficacy
of chemotherapy® ™. Despite the severity of cancer
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pancreatic cancer patients die from complications of
cachexia, including severe respiratory muscle damage
because of cardiopulmonary dysfunction and immune
dysfunction’. More than 70% of newly diagnosed pan-
creatic cancer patients meet cachexia criteria, and
although nearly 70% of pancreatic cancers are diagnosed
as unresectable, pancreatic cancer patients who undergo
resection show cachexia, and 40% of patients eligible for
resection show weight loss®. Even in patients who
undergo resection, cachexia is associated with poor
responses to treatment and decreased survival rates. In
patients receiving FOLFIRINOX chemotherapy, a reduc-
tion in adipose tissue and muscle atrophy are critical
factors associated with pancreatic ductal adenocarcinoma
mortality. The identification of a cancer cachexia-
associated biomarker would be valuable to improve the
outcomes of pancreatic cancer patients.

Numerous soluble factors, including systemic hormones
and inflammatory cytokines, are considered cancer
cachexia biomarkers associated with systemic inflamma-
tion® !, However, inflammatory cytokines associated with
cachexia, including tumor necrosis factor (TNF), inter-
leukin (IL)-6, IL-1p, and interferon (IFN)-y, are unlikely to
be considered potential biomarkers associated with
cachexia. This is because inflammatory cytokines asso-
ciated with disease progression are difficult to distinguish
from those secreted in association with second-line or
third-line chemotherapy. In addition, the severity of muscle
wasting in pancreatic cancer cannot be predicted by only
the tumor burden. Resectable pancreatic cancer patients
have low levels of canonical cytokines, including TNFa, IL-
6, IL-1P, and IFN-y, which are not correlated with cancer
cachexia. However, serum monocyte chemoattractant
protein-1 levels in resectable pancreatic cancer patients are
highly correlated with cancer cachexia®. Therefore, distin-
guishing tumor-specific and host-specific factors that affect
cancer-induced cachexia may be essential for screening
therapeutic targets and identifying the patient population
that may benefit from targeted therapies.

Pancreatic adenocarcinoma upregulated factor (PAUF),
also known as ZG16b, has been extensively investigated as
a tumorigenic factor and diagnostic marker in pancreatic
cancer as well as gastric, colon, ovarian, oral squamous
cell, and cervical carcinoma'*'®, PAUF promotes angio-
genesis and recruits myeloid-derived suppressor cells,
which mediate immune evasion in the tumor micro-
environment. PAUF facilitates tumor growth and plays a
central role in stromal cells present in the tumor micro-
environment by affecting autocrine/paracrine signaling. In
a previous study, we showed that mice injected with
PAUF-overexpressing cells had poor mortality rates, even
those with tumors of the same size'*'". These data suggest
that PAUF plays a role in cachexia-induced morbidity
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during pancreatic cancer progression. In the present study,
we investigated the effect of PAUF secretion by pancreatic
cancer cells on cachexia induction in an in vivo mouse
model of PAUF-modified tumors. To generate the in vivo
model, PAUF-overexpressing pancreatic cancer cells were
implanted into mice. In addition, recombinant PAUF
(rPAUF) was injected directly into muscle tissues. Mice
with PAUF-overexpressing tumors were treated with a
PAUF-neutralizing antibody to examine the relationship
between PAUF and cachexia. Finally, we showed that the
levels of PAUF were increased in the plasma of patients in
correlation with cancer-induced cachexia phenotypes. The
present findings demonstrate that PAUF secreted by
pancreatic cancer cells induces muscle atrophy in an
Atrogin-1-dependent manner in pancreatic cancer.

Materials and methods
Cell culture

The Panc-1 human pancreatic cancer cell line and
C2C12 murine myoblast cell line were obtained from the
American Type Culture Collection (ATCC; Manassas, VA,
USA) and were maintained in ATCC-recommended
growth medium at 37°C and 5% CO,. The generation of
PAUEF-overexpressing (Panc-1/PAUF) cell lines and con-
trols was described in a previous report'®. Panc-1/Mock,
Panc-1/PAUF, and C2C12 cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% antibiotics. To induce
myogenic differentiation, C2C12 myoblasts were grown to
80% confluence (day 0) and cultured in DMEM containing
2% FBS and 1% antibiotics. Conditioned media were col-
lected from Panc-1/Mock and Panc-1/PAUF cell cultures
after 24 h, pooled, and sterilized by filtration through a
0.22-um filter. To analyze the effect of PAUF on muscle
atrophy, C2C12 cells were differentiated for 5 days and
then treated with conditioned medium collected from
control (Panc-1/Mock) or PAUF (Panc-1/PAUF) cultures
for 24 h. To analyze myotube diameters, cells were fixed
with 10% formalin, washed in phosphate-buffered saline
(PBS), and stained with eosin. The diameters were calcu-
lated using NIH Image] software (http://rsb.info.nih.gov/ij).

PAUF ELISA

Cultured supernatants from Panc-1/Mock or Panc-1/
PAUF cells and plasma from pancreatic cancer patients
were used for the detection of PAUF using the methods
described by Choi et al.'”. Plates were coated with 4E6
capture antibodies (5 pg/ml) for 16 h at room temperature
and incubated with patient-derived plasma for 2h.
Detection antibodies (11G6, 250 ng/ml) were added for
90 min at 37 °C, followed by incubation with streptavidin-
HRP (1:5000) for 30 min at 37 °C. The PAUF expression
level was detected at 450 nm.
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Animal experiments

All animal studies were performed in compliance with
the policies of the Korea Research Institute of Bioscience
and Biotechnology (KRIBB Daejeon, Korea) Animal Care
and Use Committee (approval number: KRIBB-ACE-
18162). Mice were maintained on a 12-h light/12-h dark
cycle with food and water provided ad libitum. NOD-scid
gamma (NSG) mice (The Jackson Laboratory, Bar Harbor,
ME, USA) were used in all experiments and housed in a
pathogen-free animal facility at KRIBB. To establish the
pancreatic cancer cachexia model, 5.0 x 10° Panc-1/Mock
or Panc-1/PAUF cells were slowly injected into the pan-
creas tail of mice (6 weeks old) under anesthesia (iso-
flurane, Butler Schein, Dublin, OH, USA). To assess
muscle wasting induced by PAUF, mice were treated with
PBS or 50 pg/kg rPAUF by intraperitoneal injection every
2 days for 3 weeks or with intramuscular injection of
Matrigel (Becton Dickinson, Oxford, Oxon, UK) con-
taining 50 ug/kg rPAUF. We chose 50 pg/kg rPAUF for
this study based on the optimal dose in experiments with
tumor-derived factors'®'”. For PMAbS3 experiments,
mice were treated with 10mg/kg control IgG or
PMADB83 starting at 1 week postimplantation twice a week
for 3 weeks. rPAUF and PMADb83 were generated as
previously described'®'®. Body weight and food intake
were assessed weekly using scales. More than ten mice per
group were used in experiments, and duplicates or tri-
plicates were performed in each experiment.

Immunohistochemical analysis

Harvested mouse tissues from the liver, adipose tissue,
or skeletal muscle were fixed in 10% formalin and then
mounted in OCT for cryosectioning or paraffin for
immunohistochemical staining. The frozen samples were
cryosectioned at a thickness of 10 um. Sections were then
blocked in 1% BSA in PBS for 1 h and incubated with an
anti-laminin antibody (Abcam, Cambridge, MA, USA)
overnight at 4°C. The Alexa Fluor 488 (Abcam, Cam-
bridge, MA, USA) fluorescent dye conjugated to a sec-
ondary antibody and DAPI (Vector Laboratories,
Burlingame, CA) were used for visualization. The paraffin
sections were stained with hematoxylin for 30s and then
with eosin for 60 s. Measurements were performed using
NIH Image] software (http://rsb.info.nih.gov/ij).

Western blot analysis

Cells were rinsed in PBS and lysed in Pro-Prep lysis
buffer (iNtRON Biotechnology, Seoul, South Korea)
containing protease and phosphatase inhibitors (Sigma
Aldrich, St. Louis, MO, USA). The protein concentration
was determined using a bicinchoninic acid (BCA) protein
assay (Pierce Biotechnology, Rockford, IL, USA). Indivi-
dual proteins were separated by SDS-PAGE and trans-
ferred to PVDF membranes (Millipore, Billerica, MA,
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USA). The membranes were probed with the appropriate
primary antibodies diluted in PBS with Tween-20 con-
taining 1% BSA and then with secondary horseradish
peroxidase-conjugated antibodies. Bound antibodies were
visualized using ECL reagents (Millipore). The following
primary antibodies were used for western blotting: anti-
IRa, anti-IRS-1, anti-p-mTOR, anti-mTOR, anti-pS6K,
anti-S6K, anti-pAkt, anti-Akt, anti-p-ERK, anti-ERK, anti-
Foxo3a, anti-pFoxo3a, and anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibodies from
Cell Signaling Technology (Denver, MA, USA); anti-
Atrogin-1 and anti-MuRF-1 antibodies from ECM Bios-
ciences (Versailles, KY, USA); an anti-ubiquitin antibody
from AbFrontier (Seoul, Korea); and an anti-a-tubulin
antibody from Sigma-Aldrich (St. Louis, MO, USA).

Data collection from patients with pancreatic cancer

Between December 2017 and May 2018, peripheral
blood was drawn from 20 patients with pancreatic cancer
who were diagnosed by pathological testing at the Asan
Medical Center, a tertiary care center. The plasma was
separated and stored at —70°C until analysis. Patients
who did not consent and those whose condition could
interfere with the study results (e.g., infectious diseases or
coexisting illness) were excluded. The study complied
with the Declaration of Helsinki, and the protocol was
reviewed and approved by the Institutional Review Board
of the Asan Medical Center (IRB No. 2017-0305). Writ-
ten informed consent was obtained from all participants.
Patient-, surgery-, and oncology-related data were
obtained from patient medical records. Patient body
weight before tumor diagnosis was obtained from the
patient’s past history, which was usually recorded
6 months to 1 year before tumor diagnosis. We obtained
blood samples when patients were hospitalized for cancer
evaluation. Only two of the enrolled patients were treated
with preoperative chemotherapy, and the other patients
had no additional treatment, such as radiation therapy.
Data are shown as the mean + standard deviation. For
statistical analysis of the data, patients were divided into
two groups on the basis of plasma PAUF levels as follows:
a low-PAUF group (<10.2 ng/ml) and high-PAUF group
(210.2 ng/ml).

Assessment of skeletal muscle and fat areas

Body composition, i.e., the skeletal muscle area (SMA)
and intermuscular fat area (IMA), was assessed at the L3
vertebral level on an abdominopelvic CT scan. An
experienced radiologist (K.W.K., 13 years of experience)
analyzed the CT images using automated Asan]-
Morphometry™ software (AsanJ-Morphometry, available
online:  http://datasharing.aim-aicro.com/morphometry,
accessed on 17 October 2019). The SMA and IMA were
demarcated using predetermined thresholds (—29 to +190
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and —190 to —30 Hounsfield units [HU], respectively)zo.
The skeletal muscle index (SMI) was calculated by dividing
the SMA by the patient body weight (cm?®/kg)*'. The
myosteatosis index (MI) was also calculated by dividing the
IMA by the patient body weight (cm?®/kg).

Pathway network identification and bioinformatic analyses
The interaction pairs of pathway-enriched genes were
researched through the Search Tool for the Retrieval of
Interacting Genes (STRING) database, version 10.5
(http://string-db.org). Known and predicted associations
were integrated and scored. The pancreatic cancer patient
datasets used in this study included GSE15471,
GSE16515, GSE28735, GSE32676, GSE55643, GSE62165,
and the TCGA. Survival analysis was performed using
PROGgeneV2 (watson.compbio.iupui.edu/chirayu/prog-
gene/database), and correlation analysis between gene
copy number and survival probability was performed
using the UCSC Xena database (http://xena.ucsc.edu/).

Statistical analysis

Data were obtained from at least three experiments
performed in triplicate and analyzed using Student’s ¢-
test. For calculation of two-tailed significance levels for
equality of means, equal variance was assumed for the two
populations analyzed. The relations between variables
were assessed by using Pearson’s regression analyses. The
chi-squared test or Mann—Whitney U-test was used to
compare patient characteristics. All statistical analyses
were performed using GraphPad PRISM 5 (GraphPad,
San Diego, CA, USA). Results were considered significant
when p-values were <0.05.

Results
PAUF induces cancer cachexia in mice with pancreatic
tumors

To examine the effect of PAUF on cancer cachexia, the
Panc-1 cell line, which had no expression of PAUF among
the pancreatic cancer cell lines tested'®, was chosen as an
adequate in vivo tumor model. PAUF-overexpressing Panc-
1 or control cells with stable luciferase expression (Panc-1/
PAUF-Luc or Panc-1/Mock-Luc) were generated, tested for
the expression and secretion of PAUF (Supplementary
Materials, Fig. s1), and then orthotopically injected into
NSG mice. As expected, implanted Panc-1/PAUF tumors
grew significantly faster than Panc-1/Mock tumors (Sup-
plementary Materials, Fig. s2a). Interestingly, mice inocu-
lated with Panc-1/PAUF cells showed a decrease in total
body weight without changes in food consumption (Sup-
plementary Materials, Fig. s2b, c). At the end of the
experiment, tumors were removed from tumor-bearing
mice, and the weight of the tumor-free bodies was
measured. Consistently, tumor weight was higher in the
Panc-1/PAUF group than in the Panc-1/Mock group
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(Supplementary Materials, Fig. s2d), and the tumor-free
body weight of the Panc-1/PAUF-injected group was lower
than that of the control group (Supplementary Materials,
Fig. s2e). White adipose and liver tissues were not sig-
nificantly different between the two groups, while the weight
of tibialis anterior (TA) muscles was significantly decreased
in the Panc-1/PAUF group (Supplementary Materials, Fig.
s2f). The amount of body weight loss can positively correlate
with tumor volume®2. Because overexpression of PAUF was
shown to promote tumor progression (Supplementary
Materials, Fig. s2), experiments were designed to consider
tumor volume. Moreover, when Panc-1/Mock or Panc-1/
PAUF tumors reached similar sizes by IVIS imaging of the
luciferase signal, the mice were necropsied at different time
points (Fig. la). As shown Fig. 1b, Panc-1/PAUF tumor-
bearing mice showed a decrease in total body weight, and
these results were in agreement with the aforementioned
data (Supplementary Materials, Fig. s1). Interestingly, tumor
weights were not changed (Fig. 1c), while tumor-free body
weights were consistently decreased in the Panc-1/PAUF
group compared with the Panc-1/Mock group (Fig. 1d).
However, food consumption was not different between the
two groups (Fig. le). Because the Panc-1 cell line does not
express PAUF, pancreatic cancer cells with high expression
of PAUF were chosen, and body weight changes in a tumor-
bearing mouse model were evaluated. Consistent with our
observations above (Supplementary Materials, Fig. s1 and
Fig. 1), subcutaneous inoculation of mice with a high
intrinsic PAUF-expressing cell line, such as MIA PaCa-2 or
CFPAC-1, resulted in body weight loss without changes in
food consumption compared to subcutaneous inoculation
of control cells (Supplementary Materials, Fig. s3a—d). These
results indicate that tumor formation by PAUF-expressing
cells results in overall body weight loss because of cachexia
in mice.

PAUF is associated with increased muscle atrophy

To determine whether the PAUF-induced decrease in
body weight was caused by decreases in the weights of
multiple tissues/organs, mice were sacrificed, and the
weights of several organs were measured. The weight of the
TA muscle differed significantly between Panc-1/PAUF
and control mice (Fig. 2a), while there were no significant
change in heart, white adipose tissue (WAT), or liver mass
in response to tumor-released PAUF (Fig. 2b). TA muscle
sections were stained with H&E and an anti-laminin anti-
body to examine the effect of PAUF on muscle fiber
architecture and cross-sectional area (CSA). Laminin
staining showed that muscle fiber size was smaller in Panc-
1/PAUF-inoculated mice than in control mice (Fig. 2c).
Similarly, the mice bearing tumors generated by MIA
PaCa-2 or FAPAC-1 cells, which express high intrinsic
levels of PAUF, revealed smaller muscle fibers than control
mice (Supplementary Materials, Fig. s3e). These results


http://string-db.org
http://xena.ucsc.edu/

Yoo et al. Experimental & Molecular Medicine (2021) 53:432—445

436

o
o

Tumor weight (g)
[ o o
o N »

Mock PAUF
Panc-1

a
X o
8 ) 3 Il Panc-1/Mock
=35 @ | O Panc-1/PAUF
- 0 = ok
o6 3 2
5~ :
o o4
e
5, x 2] .
i § 5 | *%k
o3 = 0 1 2 4 6
& E weeks
c d
Panc-1 PR
. L e =
/Mock ‘ & 3 o 6
Panc-1 | @&
IPAUF b g @ i '

Fig. 1 Association between cachexia and pancreatic cancer-derived PAUF. a Panc-1/Mock or Panc-1/PAUF cells were orthotopically injected
into NSG mice (n = 5). Bioluminescence imaging of luciferase in the Panc-1/Mock or Panc-1/PAUF tumor-bearing mice and photon values of the
tumor mass are displayed in the graph. b Time-dependent changes are expressed as the percent modulation of initial body weight. ¢ Representative
tumor image and tumor weight after Panc-1/Mock (7 weeks) or Panc-1/PAUF (6 weeks) cell inoculation. d Tumor-free body weight. e Food
consumption per day. The data represent the mean + SD; *p < 0.05 vs. Panc-1/Mock cell-injected mice.

B Panc-1/Mock
15 - [OPanc-1/ PAUF
@
2
S 101
S=
©
EE 5]
==
>
©
=] -5 4
o
7 -10 : :
0 1 2 4 6 7 weeks
e
S 21, 5
=
o 20 g 4
g H
19 o)
z * ES s
2 184 23
$ Sy 2
2 174 g8
S 16 s 1
5
F 15 0
Mock PAUF Mock PAUF
Panc-1 Panc-1

indicate that PAUF released from cancer cells induces
muscle atrophy leading to body weight loss in pancreatic
cancer models.

rPAUF induces body weight loss

To determine whether PAUF has a direct effect on
muscle wasting in the absence of tumors, mice were
injected intraperitoneally with rPAUF, which was pro-
duced in a CHO cell system, every 2 days for 2 weeks, and
body weight changes were monitored. Mice began to lose
body weight 2 days after injection of rPAUF. By 18 days
postinjection of rPAUF, mice had lost 8% of their starting
body weight. On day 2, mice injected with rPAUF showed
an approximately 4% loss of body weight, which pro-
gressed to 8% after 18 days (Fig. 3a, b). Food consumption
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did not differ significantly between the two groups
(Fig. 3c). At the end of the experiment, TA muscles were
excised and stained with DAPI and an anti-laminin anti-
body to examine the effect of rPAUF on muscle fiber
architecture and CSA. Immunofluorescence data revealed
that the CSA was lower in rPAUF-injected mice than in
control mice, and similar results were obtained in mice
inoculated with PAUF-expressing cancer cells (Fig. 3d).
To examine the role of rPAUF in muscle fiber atrophy, we
directly injected Matrigel mixed with rPAUF into the TA
muscle. After 2 weeks, immunofluorescence analysis
showed that the size of muscle fibers was smaller in
rPAUF-injected mice than in control mice (Fig. 3e). Taken
together, these results indicate that PAUF induced ske-
letal muscle catabolism independently of cancer cells.
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PMAb83, a PAUF-neutralizing antibody, attenuates PAUF-
induced muscle atrophy in pancreatic cancer models
PMADbS83 is a PAUF-neutralizing antibody that was
developed as a targeted agent for the treatment of pan-
creatic cancer. To confirm the effect of PMADbS83 on
cachexia, Panc-1/PAUF cells were implanted into the
pancreas of NSG mice, which were then treated with
PMAD83 (10 mg/kg) twice a week starting at 5 days after
tumor cell injection. At 4 weeks after administration of
IgG or PMADb83, body weights were not significantly
changed in PMAD83-injected mice, while IgG-injected
mice showed weight loss (Fig. 4a). Interestingly, tumor-
free body weight was higher in PMAbS83-injected mice
than in IgG-injected mice (Fig. 4b). Food consumption
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did not differ between the two groups (Fig. 4c). Next, TA
muscle were excised from mice in the two groups and
stained with DAPI and an anti-laminin antibody to cal-
culate the CSA. Consistently, the CSA was significantly
higher in PMAD83-injected mice than in control mice
(Fig. 4d). These results demonstrate that PMADbS3
decreased PAUF-induced muscle atrophy in vivo (Fig. 4e).

PAUF activates a catabolic pathway by inhibiting anabolic
signaling in muscles

To identify the molecules involved in PAUF-induced
muscle atrophy in vitro, we used C2C12 murine skeletal
myoblast models of atrophy. Differentiated C2C12 myo-
tubes were exposed to PAUF conditioned medium, and
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myotube diameter was measured. The results showed that
the diameter of PAUF conditioned medium-treated myo-
tubes was approximately 50% smaller than that of control
myotubes (Fig. 5a). Atrogin-1 and MuRF-1 are ubiquitin
ligases that induce skeletal muscle atrophy by targeting
proteins for degradation®*~>°>. We therefore examined
Atrogin-1 and MuRF-1 levels in atrophic C2C12 myotubes
by western blotting. The results showed that PAUF con-
ditioned medium upregulated Atrogin-1 by approximately
1.7-fold compared with control medium, whereas the
levels of MuRF-1 were not affected by Panc-1/PAUF
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conditioned medium (Fig. 5b, c). Next, we analyzed
Foxo3a phosphorylation, which leads to Foxo3a translo-
cation into the cytoplasm and downregulation of Atrogin-
1, in C2C12 cells treated with conditioned medium by
western blotting. As shown Fig. 5b, c, the levels of
phospho-Foxo3a were lower in Panc-1/PAUF conditioned
medium-treated myotubes than in control myotubes.
Therefore, the levels of ubiquitination were higher in the
PAUF conditioned medium-treated cells than in the con-
trol cells (Fig. 5d). In general, it has been established that
muscle atrophy induces an imbalance between anabolic
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and catabolic pathways>**’. Therefore, we observed the
expression and activity of protein synthesis markers
representing anabolism. Interestingly, myotubes treated
with conditioned medium showed reductions in IRS-1 and
phospho-Akt (Fig. 5e, f). Taken together, these results
suggest that PAUF-induced muscle atrophy is associated
with Atrogin-1-dependent protein ubiquitination in
myotubes.

PAUF is associated with cancer cachexia in patients with
pancreatic cancer

To examine whether plasma PAUF concentrations are
related to disease severity, we focused on a cohort of
patients with pancreatic cancer. For this analysis, we
divided the pancreatic cancer patients into two groups
based on the plasma PAUF concentration: <10.2 ng/ml
and 210.2ng/ml. The baseline characteristics of the
patients with pancreatic cancer are summarized in Table
1 and Supplementary Materials, Table sl1. In the 20
patients included in the analysis, the subjects with a high
PAUF level were significantly associated with weight loss
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greater than 5% of body weight, which is defined as a
cachexia indicator (p =0.032). In addition, the percen-
tages of eosinophils (3.7 £2.9% vs. 2+2.7%; p=0.027)
and lymphocytes (32.9 +8.2% vs. 24.4 £ 6.3%; p =0.023)
were significantly lower in the high-PAUF group than in
the low-PAUF group. However, the percentage of neu-
trophils, which play a role in the induction of cancer
cachexia®®~*°, was higher in the high-PAUF group than in
the low-PAUF group (64.5+7.3% vs. 56.3+8.7%; p=
0.058). The neutrophil-to-lymphocyte ratio (NLR), an
inflammatory index®’, was significantly higher in the high-
PAUF group than in the low-PAUF group (2.9 + 1.1 vs.
1.9 + 0.8; p = 0.023). The patients in the high-PAUF group
were significantly younger than those in the low-PAUF
group (68.2+6.7 years vs. 57 +10.6 years; p=0.026).
There were no differences in sex, BMI, food intake, body
weight, WBC counts, C-reactive protein, albumin, or
tumor stage between the two groups. Assessment of
PAUF levels in the plasma of patients showed significant
differences between the two groups (Fig. 6a). Body weight
loss was significantly higher in the high-PAUF group than
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in the low-PAUF group (—8.5 £8.2kg vs. —2.6 + 2.3 kg; p
= 0.039) (Fig. 6b). Next, clinical significance was analyzed
using Pearson’s correlation analysis to determine the
relationship between plasma PAUF and weight loss and a
positive correlation was found (r=0.3563, p=0.057)
between plasma PAUF and weight loss (Fig. 6¢). Through
CT imaging at the time of tumor diagnosis, the SMA and
IMA of the patients were analyzed (Fig. 6d and Supple-
mentary Materials, Fig. s4). Comparison of the PAUF-Low
group and the PAUF-High group showed that patient
muscle volume decreased as the PAUF level increased. To
obtain a more concise understanding of the interactions
between enriched pathways related to PAUF, PAUF
protein—protein interaction pathways were analyzed using
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STRING (Fig. 6d). Biological and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses showed
that PAUF is associated with IL-8, nitric oxide biosynth-
esis, Toll-like receptor (TLR) signaling, and TNF-a pro-
cesses, which are responsible for inflammatory and
autoimmune diseases. Additionally, PAUF is associated
with lipopolysaccharide receptor activity, which is
involved in inflammation and myosin binding according
to molecular function analysis.

PAUF overexpression is associated with poor clinical
outcomes in pancreatic cancer patients

The present data suggest that high PAUF expression is
involved in cachexia development in pancreatic cancer
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Table 1 Clinical and histopathological characteristics of pancreatic cancer patients.
Variable ALL Low PAUF (PAUF < 10.2 ng/ml) High PAUF (PAUF = 10.2 ng/ml) p-Value
Age 63.7 (£9.9) 68.2 (+6.7) 57 (£10.6) 0.026°
Sex: n, % 0064°
Male 11 (55) 4 (57.1) 7 (42.9)
Female 9 (45) 7 (77.8) 2(222)
BMI, kg/m2 24.7 (+6.8) 25 (£6.9) 244 (£7.1) 0.879°
Food intake, kcal/kg/day 264 (+7.7) 27.1 (£7.8) 263 (+8.0) 1.000°
Body weight, kg
Usual weight 67.8 (£10.9) 64.3 (£9.5) 73 (x11.1) 0.087°
Preoperation day 63 (£9.0) 61.7 (£9.3) 644 (+88) 0.704°
Weight changes: n, % 0.032°
<5% 9 (45) 7 (63.6) 2(222)
>5% 11 (55) 4 (364) 7 (77.8)
Tumor stage, TNM 0.873°
1=l 14 (70) 8 (57.1) 6 (42.9)
- 6 (30) 3 (50) 3 (50)
WBC, ><1O3/pL 6.8 (+1.7) 6.9 (+1.7) 6.6 (+1.7) 0.704°
Lymphocyte, % 29.1 (+84) 329 (+8.2) 244 (+6.3) 0.023?
Neutrophil, % 60 (+£89) 56.3 (£8.7) 64.5 (+7.3) 0.058°
Eosinophil, % 29 (29 37 (£29) 2 (x2.7) 0.027%
Neutrophil-to-lymphocyte ratio 19 (0.8) 29 (1.1) 0.023?
C-reactive protein, mg/dL 0.5 (+0.6) 0.5 (+0.7) 04 (x04) 1.000°
Albumin, g/dL 36 (£0.5) 37 (£0.3) 35 (£0.6) 0.849°

Values are the means + standard deviations.

BMI body mass index, WBC white blood cell.
Mann-Whitney U-test.

PChi-squared test.

Bold values indicate statical significance P < 0.05.

patients. In addition, we previously reported aberrant
expression of PAUF in pancreatic cancer cells®'. To
generalize our findings, we recapitulated PAUF gene
expression from large cohorts of pancreatic cancer
patients available from the GEO database. As shown in
Fig. 7a, PAUF gene expression was significantly increased
in the tumor groups in all the cohorts. Finally, we
investigated the potential correlation of PAUF with
patient survival. Log-rank analysis showed that groups
with high expression of PAUF had shorter survival times
than those with low expression (p = 0.0258; hazard ratio
=1.13, Fig. 7b). To determine the prognostic implica-
tions of copy number gains, survival analysis was per-
formed with TCGA-PAAD. Kaplan—Meier survival
analysis showed that a high copy number of the PAUF
gene was correlated with a poor prognosis (p = 0.02979;
log-rank statistics = 7.027, Fig. 7c). Analysis of multiple
cohorts of pancreatic cancer patients profiled across
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various microarray platforms identified a strong asso-
ciation between PAUF and poor clinical outcomes in
pancreatic cancer patients.

Discussion

Cachexia is particularly prominent in patients with gastric,
pancreatic, prostate, colon, or lung cancer’>>*, Cachexia
impairs quality of life, reduces weight, causes muscle wast-
ing, impairs the response to chemotherapy and is a prog-
nostic factor for the survival of cancer patients®**~*°, Cancer
cachexia is a systemic disease that involves tumor-derived
mediators, hormones, neuropeptides, abnormal host meta-
bolism, and proinflammatory cytokine networks affected
during cancer progression®****®, This severe disease is
common in many types of cancer, although it is particularly
ubiquitous in pancreatic cancer. There are no effective
medical treatments for cancer-associated cachexia and no
approved drug therapies. Here, we demonstrated that PAUF
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directly mediates cancer-induced muscle wasting. Previous
reports show that PAUF plays important roles in the
metastasis, angiogenesis, and progression of pancreatic
cancer'™'®*!, In this study, we provide novel insight into the
physiological roles of PAUF in cancer-induced muscle
wasting. PMAD83 suppressed cancer-related muscle wasting
induced by PAUF. The functional mechanism was PAUF

leading to muscle wasting through a Foxo3a-dependent
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pathway. These data suggest that PAUF is a key regulator
causing muscle wasting in pancreatic cancer.

PAUF is a tumorigenic protein involved in pancreatic
cancer'®*?, and it is overexpressed in many human
cancers in association with cachexia (Supplementary
Materials, Fig. s5). In a previous study from our group,
we showed that PAUF binds to TLRs 2 and 4, which

upregulates AP-1-regulated genes via the major
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mitogen-activated protein kinase (MAPK) pathway and
promotes escape from innate immune surveillance and
tumor growth*®. Consistent with our study, a recent
report showed that MyD88, the universal adaptor pro-
tein for TLRs, promotes tumor progression, worsens
cachexia, and accelerates mortality in vivo**. These
results are consistent with those of the present study,
which demonstrate the role of PAUF in the physiolo-
gical and pathophysiological processes associated with
the development of pancreatic cancer cachexia. PAUF
increased catabolism by downregulating essential pro-
tein synthesis signaling, such as that by IRS-1 and
phospho Akt. Inhibition of the protein synthesis path-
way triggers protein degradation®®. In addition,
decreased Akt pathway activity induces Atrogin-1
expression through Foxo signaling®®. PAUF activated
catabolism by upregulating the muscle-specific E3 ligase
Atrogin-1/MAFbx and triggering protein degradation
through the ubiquitin-proteasome pathway (Fig. 5).
Atrogin-1/MAFbx and the upstream Foxo3a signaling
pathway are activated in cancer cachexia®’~*°. The Foxo
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signaling pathway regulates muscle wasting in various
cachexia-related conditions, including sepsis, cancer,
and heart failure®®®!, Here, we provide evidence that
PAUF is a key factor in cancer cachexia. In vitro results
showed that PAUF conditioned medium increased
muscle atrophy and triggered muscle wasting pathways
(Fig. 5). In addition, PAUF promoted muscle loss in a
pancreatic cancer xenograft model. These results iden-
tified a direct Akt-Foxo3a-Atroginl/MAFbx linkage
involved in rPAUF-induced muscle wasting and indi-
cated that PAUF might play a role in pancreatic cancer
cachexia.

Gene ontology and KEGG analyses were performed to
investigate the potential biological processes and path-
ways associated with PAUF (Fig. 6e). The results identified
IL-8 production, the nitric oxide biosynthetic process,
MyD88-dependent TLR signaling, and the TNF biosyn-
thetic process among important biological processes
related to PAUF. These findings are consistent with pre-
vious reports showing that inflammatory factors can
induce muscle atrophy’*~>*. Moreover, it was suggested
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that PAUF might be involved in muscle atrophy-causing
processes in pancreatic cancer by affecting the corre-
sponding inflammatory signaling pathways. However, the
observed protein—protein interaction networks corre-
sponding to PAUF and the related inflammatory respon-
ses will be investigated in follow-up studies.

Pancreatic cancer biomarkers for various applications,
such as early detection, prognostic prediction, and ther-
apeutic response prediction, are urgently needed. The
NLR is a prognostic biomarker in inflammatory diseases,
including several types of cancer, and it is a predictor of
poor survival in patients with advanced pancreatic can-
cer®>”®, Recently, Basile et al. reported that early loss of
skeletal muscle mass plays a negative prognostic role in
advanced pancreatic cancer patients®’. These studies are
in line with our findings, which showed that plasma NLR
values were significantly higher in the high-PAUF group
than in the low-PAUF group. Moreover, analysis of public
databases showed that PAUF expression is increased in
pancreatic tumors and that increased gene expression and
copy number gain of PAUF are correlated with poor
overall survival (Fig. 7b, c).

The present study has several limitations, including the
small number of patients and lack of sarcopenia infor-
mation. In addition, PAUF was assessed at only a single
time point before surgery. Multicenter studies with a large
number of patients and a longitudinal study design are
necessary to confirm the association between PAUF levels
and cachexia in pancreatic cancer. Finally, we did not find
significant differences between food intake and BMIL
However, we specifically aimed to investigate PAUF as a
cachectic factor associated with pancreatic cancer inde-
pendent of involuntary anorexia.

In summary, our findings are critical in identifying a
direct relationship between PAUF and cancer cachexia
and suggest that PAUF represents a cachectic factor that
could be modulated to affect the clinical outcomes of
patients with pancreatic cancer. As PAUF is routinely
measured at low cost in clinical practice, it could serve as
a simple and convenient predictive and stratification
factor to assist with clinical decision-making in pancreatic
cancer.
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