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Abstract

Background Most patients with pancreatic cancer develop cachexia, which is characterized by progressive muscle loss.
The mechanisms underlying muscle loss in cancer cachexia remain elusive. Pancreatic tumour organoids are 3D cell
culture models that retain key characteristics of the parent tumour. We aimed to investigate the effect of pancreatic
tumour organoid-derived factors on processes that determine skeletal muscle mass, including the regulation of muscle
protein turnover and myogenesis.

Methods Conditioned medium (CM) was collected from human pancreatic cancer cell lines (PK-45H, PANC-1, PK-1,
and KLM-1), pancreatic tumour organoid cultures from a severely cachectic (PANCO-9a) and a non-cachectic patient
(PANCO-12a), and a normal pancreas organoid culture. Differentiating C2C12 myoblasts and mature C2C12 myotubes
were exposed to CM for 24 h or maintained in control medium. In myotubes, NF-kB activation was monitored using a
NF-xB luciferase reporter construct, and mRNA expression of E3-ubiquitin ligases and REDD1 was analysed by
RT-gPCR. C2C12 myoblast proliferation and differentiation were monitored by live cell imaging and myogenic markers
and myosin heavy chain (MyHC) isoforms were assessed by RT-qPCR.

Results Whereas CM from PK-1 and KLM-1 cells significantly induced NF-xB activation in C2C12 myotubes (PK-1: 3.1-
fold, P < 0.001; KLM-1: 2.1-fold, P = 0.01), Atrogin-1/MAFbx and MuRFI mRNA were only minimally and
inconsistently upregulated by the CM of pancreatic cancer cell lines. Similarly, E3-ubiquitin ligases and REDD1 mRNA
expression in myotubes were not altered by exposure to pancreatic tumour organoid CM. Compared with the control
condition, CM from both PANCO-9a and PANCO-12a tumour organoids increased proliferation of myoblasts, which
was accompanied by significant downregulation of the satellite cell marker paired-box 7 (PAX7) (PANCO-9a: —2.1-fold,
P < 0.001; PANCO-12a: —2.0-fold, P < 0.001) and myogenic factor 5 (MYF5) (PANCO-9a: —2.1-fold, P < 0.001;
PANCO-12a: —1.8-fold, P < 0.001) after 48 h of differentiation. Live cell imaging revealed accelerated alignment
and fusion of myoblasts exposed to CM from PANCO-9a and PANCO-12a, which was in line with significantly increased
Myomaker mRNA expression levels (PANCO-9a: 2.4-fold, P = 0.001; PANCO-12a: 2.2-fold, P = 0.004). These morpho-
logical and transcriptional alterations were accompanied by increased expression of muscle differentiation markers
such as MyHC-IIB (PANCO-9a: 2.5-fold, P = 0.04; PANCO-12a: 3.1-fold, P = 0.006). Although the impact of organoid
CM on myogenesis was not associated with the cachexia phenotype of the donor patients, it was specific for tumour
organoids, as CM of control pancreas organoids did not modulate myogenic fusion.

Conclusions These data show that pancreatic tumour organoid-derived factors alter the kinetics of myogenesis, which
may eventually contribute to impaired muscle mass maintenance in cancer cachexia.
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Introduction

Pancreatic cancer is a highly lethal malignancy that accounts
for 4.5% of all cancer deaths worldwide. Despite advances in
our understanding of the complex tumour biology of pancre-
atic cancer and new treatment strategies, the prognosis of
pancreatic cancer patients has only marginally improved.?

A major contributor to the poor survival of pancreatic can-
cer patients is the cachexia syndrome, which is present in up
to 80% of the patients at the time of diagnosis.®> Cancer ca-
chexia is a severe wasting disorder defined by involuntary
loss of muscle mass, which cannot be fully reversed by con-
ventional nutritional support and which leads to progressive
functional impairment.* The pathophysiology of cancer ca-
chexia remains to be elucidated, but it is well appreciated
that it is driven by a complex interplay between tumour-
and host-derived factors that contributes to a negative pro-
tein and energy balance. Because effective targeted thera-
pies to treat cachexia are currently lacking, a better
understanding of the cachexia-inducing factors and mecha-
nisms is crucial to prevent its onset and progression and to
improve overall survival of pancreatic cancer patients.

Most of our current understanding of the cachexia-
inducing factors expressed and released by tumour cells is
derived from in vitro and in vivo studies using established
cancer cell lines.”™® In particular, studies with mouse
C26-colon carcinoma (C26) and Lewis lung carcinoma (LLC)
cells have shown that tumour-derived factors induce skeletal
muscle atrophy by activation of NF-kB and ubiquitin protea-
some pathway (UPS)-mediated proteolytic degradation of
specific muscle proteins.>™* Moreover, impairments in
myogenesis and its regulation have been implicated in the
net loss of skeletal muscle in the context of cachexia.”>™*’

Whereas these murine cell lines have contributed tremen-
dously to our current understanding of cancer cachexia
mechanisms, their suitability for modelling human cancer ca-
chexia may not be optimal.®® For example, C26 and
LLC-tumour bearing mice develop cachexia on a timescale
of only a few weeks and their tumour volume typically repre-
sents more than 10% of the entire body mass, which is not
the case in humans.”**18 As such, human cell lines have been
increasingly used to study cancer-induced cachexia.®’ In par-
ticular, human pancreatic cancer cell lines like MiaPaCa-2,
Capan-1, and Panc-1 have been frequently applied because
of the severity of cachexia in pancreatic cancer.®”*%2° Unfor-
tunately, the actual cachexia-related clinical background of
these cell lines is unknown. In addition, cell lines are routinely
cultured on a stiff two-dimensional (2D) plastic surface in
the absence of physiological gradients of oxygen and nutri-
ents and without functional cellular-extracellular matrix

interactions.”* These comparatively artificial culture condi-
tions may evoke important non-physiological cellular adapta-
tions that are associated with mutational and chromosomal
instability.?? As the majority of the cell lines used to study
cancer cachexia mechanisms have been cultured in 2D for de-
cades, currently available strains are likely to be genetically
different compared with the originally isolated tumour cells,
potentially affecting gene expression patterns. As a result,
the established pancreatic cancer cell lines will likely have
gained or lost cachexia-inducing properties, contributing to
inconsistent findings among studies. Taken together, these
limitations of existing 2D cell lines highlight the need for
better experimental models that contribute to our under-
standing of human cancer-induced cachexia.

Recently, several aspects of cancer biology have been
shown to be accurately modelled by three-dimensional (3D)
organoid cultures.”®2®> Pancreatic tumour organoids can be
efficiently established by culturing primary epithelial tumour
cells in basement membrane extract (BME) and a defined,
tissue-specific growth medium. These tumour cells self-
organize into 3D structures mimicking the architecture of
the organ of origin, and have been shown to closely recapit-
ulate pathophysiologically relevant aspects of pancreatic can-
cer both in vitro and in vivo.?® Hence, we applied pancreatic
tumour organoid cultures that were recently established in
our lab%® to investigate cachexia-inducing properties of
pancreatic cancer cells. We used tumour organoids from a
severely cachectic and from a non-cachectic patient to assess
the direct effect of tumour-derived factors on C2C12 skeletal
muscle cells, focusing on muscle atrophy signalling and
myogenesis. We hypothesized that tumour organoid-derived
CM induces myotube atrophy and impairs myogenesis.

Materials and methods
Human pancreatic organoid culture

Pancreatic tumour organoid cultures PANCO-9a and PANCO-
12a were previously generated and characterized in our
laboratory.?® In short, ethical approval (METC 13-4-107) was
obtained to pre-operatively assess the cachexia status of pan-
creatic cancer patients undergoing surgical resection. A nor-
mal pancreas organoid culture (NP) was established at the
Erasmus University Medical Center in Rotterdam (ethical ap-
proval obtained from the local Medical Ethics Committee,
MEC-2015-085). Surgically removed pancreatic tumour tissue
was used to generate pancreatic tumour organoids. This
study has been performed in accordance with the ethical
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standards laid down in the 1964 Declaration of Helsinki and
its later amendments.

For maintaining cultures, organoids were resuspended in
ice-cold BME (Geltrex LDEV-Free Reduced Growth Factor
Basement Membrane Matrix, Gibco, Cat. No. 1413202) and
three approximately 15 pL droplets of Geltrex-cell suspension
were allowed to solidify per well of a 24-wells culture plate
(Eppendorf,) at 37°C for 30 min. When the droplets were so-
lidified, 500 pL of medium was added to each well.?® The
plate was transferred to a humidified 37°C/5% CO, incubator
and medium was changed every 2-3 days. The organoids
were passaged every 7-10 days. Organoids were mechani-
cally sheared, resuspended in ice-cold BME, and re-plated
as described earlier.

Collection of pancreatic organoid conditioned
medium

Conditioned medium (CM) was collected from both pancre-
atic tumour organoids (PANCO-9a, PANCO-12a) and a normal
pancreas organoid culture (NP). One day before passaging,
organoid growth medium was replaced by basal culture me-
dium consisting of DMEM/F12 supplemented with 1% (v/v)
HEPES and 1% (v/v) antibiotics (100 units/mL penicillin and
100 pg/mL streptomycin, GIBCO). Additional wells containing
empty Geltrex-droplets overlaid with basal culture medium
were included for the collection of control medium. After
24 h, CM was collected and centrifuged at 350xg for 10 min
at 4°C. The supernatant was centrifuged for another 20 min
at 2000xg at 4°C and the resulting CM cleared from cellular
debris was aliquoted and stored at —80°C.

Culturing of 2D pancreatic cancer cell lines and
collection of conditioned medium

Human pancreatic cancer cell lines PK-45H, PANC-1,%” PK-1,%8
and KLM-1%° (obtained from RIKEN BioResource Center) were
cultured in high glucose (4.5 g/L) Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% (v/v) foetal bovine
serum (FBS) (Greiner Bio-one, cat. no. 758093) and 1% (v/v)
antibiotics (100 units/mL penicillin and 100 ug/mL strepto-
mycin, GIBCO). All cell lines were maintained at 37 °C, 5%
CO, in a humidified incubator.

Medium used for the production of CM consisted of
DMEM (10% v/v) diluted in Hank’s Balanced Salt solution
(HBSS) (GIBCO) supplemented with NaHCO; (Sigma-Aldrich,
Saint Louis, MQ), 10% (v/v) FBS, and 1% (v/v) antibiotics.
The medium was conditioned for 48 h using cells at approxi-
mately 60—80% confluency. CM was collected and stored at
—80 °C.

C2C12 skeletal muscle cell culture

Murine C2C12 skeletal myoblasts (obtained from the
American Type Culture Collection, #CRL1772) were cultured
in growth medium (GM), composed of low glucose (1 g/L)
DMEM supplemented with 10% (v/v) FBS and 1% (v/v) antibi-
otics (100 units/mL penicillin and 100 pg/mL streptomycin,
GIBCO). The cells were maintained at 37°C, 5% CO, in a hu-
midified incubator.

Myotubes were generated by plating C2C12 myoblasts at
a density of 1.0 x 10% cells per square centimetre on
BD  Matrigel-coated  (Matrigel®  Matrix  Basement
Membrane—Growth factor reduced, Corning) (1:50 in low glu-
cose DMEM) cell culture plates (Eppendorf); myoblasts were
cultured in GM for 48 h before induction of differentiation.
To induce differentiation, GM was replaced by differentiation
medium (DM) consisting of DMEM supplemented with
1% heat-inactivated FBS (30 min at 56°C) and 0.5% (v/v) anti-
biotics (50 units/mL penicillin and 50 pug/mL streptomycin,
GIBCO). The medium was refreshed every 48 h. At
indicated time points, C2C12 skeletal myoblasts or myotubes
were exposed to 50% v/v CM diluted in differentiation
medium.

NF-kB-luciferase activity

At Day 5 of differentiation, C2C12 myotubes with a luciferase
construct containing three tandem NF-«B luciferase respon-
sive elements®® were incubated for 4 h with CM. For the as-
sessment of NF-kB activation, myotubes were harvested in 1x
luciferase buffer (5% Reporter Lysis Buffer, Promega) on ice
and cell lysates were stored at —80°C. Luciferase activity
was measured according to the manufacturer’s protocol
(Promega) using a luminometer (Berthold Technologies).
Luciferase activity was corrected for total protein by using
the BCA Protein assay according to the manufacturer’s proto-
col (Pierce® BCA Protein Assay Kit, Thermo Scientific,
Rockford, IL, USA).

Quantitative real-time PCR

Total RNA was extracted from cell cultures using TRI Reagent
(Sigma, St. Louis, MO) according to the manufacturer’s in-
structions. RNA was reconstituted in RNase free water and
stored at —80°C. The RNA concentration was measured using
a DeNovix DS-11 spectrophotometer and 375 ng RNA were
reversed transcribed using the SensiFast cDNA Synthesis Kit
according to the manufacturer’s instructions (Bioline GmbH,
Germany).

To quantify mRNA expression levels, quantitative real-time
PCR (qRT-PCR) analysis was performed on the LightCycler480
(Roche) using a three-step PCR programme followed by melt
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curve analysis. cDNA was amplified with the SensiMix SYBR
Hi-Rox Kit (Bioline, cat. No. QT605-05). Specific primer pairs
for each gene were ordered from Sigma as listed in Table
S1. Relative gene expression levels were derived from the
LinRegPCR (Version 2016.1) method®! and normalized to
the geometric average of three reference genes, cyclophilin
A (CYPA), B-2-microglobulin (f2M), and 60S acidic ribosomal
protein PO (RPLPO).

IncuCyte™ Nuclight rapid red proliferation assay

C2C12 myoblasts were plated on Matrigel-coated 96-wells
cell culture plates (Eppendorf) at a density of 1 x 10* per
square centimetre. The cells were cultured for 48 h in GM be-
fore the induction of differentiation. The IncuCyte NucLight
Rapid Red Reagent (Essen Bioscience, Cat no. 4717) was di-
luted 1:250 in DM containing 2% (v/v) HI-FBS. Subsequently,
DM containing NucLight Rapid Red was diluted with either
control (DMEM/F12) (50% v/v) or CM samples (50% v/v)
resulting in a final NucLight Rapid Red dilution of 1:500 and
1% HI-FBS in all conditions. Insulin growth factor 1 (IGF-1)
(Sigma), a well-known anabolic stimulus, was included as a
positive control and was added at the induction of differenti-
ation. The differentiation of C2C12 myoblasts into myotubes
was monitored through an IncuCyte® S3 Live-Cell analysis sys-
tem (Sartorius). Phase-contrast images and red-fluorescence
images were captured every 2 h using the 10x objective.
The integrated red object count metric tool was used to
quantify the number of nuclei.

Statistics

Data are representative of three independent experiments
performed in triplicate and are expressed as mean = SEM.
Raw data were analysed using IBM SPSS 25 for Microsoft
Windows®. Statistical analyses were performed using the in-
dependent sample T-test to compare differences between
two groups. In case of more than two groups, the
One-way ANOVA test was used followed by Tukey’s post-
hoc testing. A P value of P < 0.05 was considered statisti-
cally significant.

Results

Tumour-derived factors from established 2D
pancreatic cancer cell lines do not consistently
induce NF-xB or atrophy signalling in mature
C2C12 myotubes

Previous studies using conventional 2D colon and lung carci-
noma lines have demonstrated that tumour-derived factors

may directly induce C2C12 skeletal muscle atrophy by
activation of the ubiquitin proteasome pathway (UPS). Fur-
thermore, proteolytic degradation of specific muscle pro-
teins has been shown to be regulated via tumour factor-
promoted NF-kB activation.!* Given that pancreatic cancers
generally have strong cachexia-inducing abilities, we first in-
vestigated whether tumour-derived factors from various es-
tablished human 2D pancreatic cancer cell lines could
initiate skeletal muscle atrophy signalling in vitro. Differenti-
ated C2C12 myotubes were incubated with CM from four
pancreatic cancer cell lines (PK-45H, PANC-1, PK-1, and
KLM-1). First, we assessed the effect of CM on NF-«B activa-
tion (Figure 1A). TNF-a, a known inducer of NF-«B signalling
and here included as a positive control, significantly induced
NF-kB activity (5.0-fold, P < 0.001) in C2C12 myotubes
within 4 h. Whereas CM from PK-1 (3.1-fold, P < 0.001)
and KLM-1 (2.1-fold, P = 0.01) also induced C2C12 NF-kB ac-
tivation, this was not observed after exposure to CM from
PK-45H and PANC-1. Next, we assessed whether expression
of Atrogin-1/MAFbx and MuRF1, muscle-specific E3-ubiqui-
tin ligases involved in muscle proteolysis, which have been
reported to be wupregulated under atrophy-inducing
conditions,®* was affected by pancreatic cancer cell
line-derived factors (Figure 1B). Treatment with HBSS to
mimic muscle atrophy as a consequence of nutrient depriva-
tion caused significantly increased expression of Atrogin-1/
MAFbx (4.2-fold, P < 0.001) and MuRFI (3.6-fold,
P < 0.001), showing the responsiveness of the system. How-
ever, increased Atrogin-1/MAFbx mRNA levels were only
found after incubation with CM from PK-1 (1.7-fold,
P =0.015), and MuRFI mRNA expression levels were only in-
creased by CM from PK-45H (2.0-fold, P = 0.017). Collec-
tively, these data show that whereas some human
pancreatic cancer cell lines display certain skeletal muscle
atrophy-inducing properties, their effects are generally small
and inconsistent. Moreover, cachexia-related clinical data of
the donor patients of these cell lines are not available,?”~%°
questioning their application for modelling pancreatic
cancer-induced cachexia.

Human pancreatic tumour organoid-derived
factors do not induce skeletal muscle atrophy
signalling in mature C2C12 myotubes

Given the limitations of human 2D pancreatic cancer cell
lines and promising developments in organoid technology,
we recently established an organoid biobank consisting of
pancreatic tumour organoid cultures originating from pa-
tients whose cachexia phenotype was thoroughly
assessed.?® According to the international consensus defini-
tion of cancer cachexia, we selected an organoid culture
from a cachectic (PANCO-9a) and a non-cachectic (PANCO-
12a) patient for the current study. These patients showed
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Figure 1 Effect of tumour-derived factors from established 2D pancreatic cancer cell lines on C2C12 myotubes. Mature C2C12 myotubes were treated
with CM from PK-45H, PANC-1, PK-1, and KLM-1. (A) After 4 h, NF-kB luciferase activity luciferase was assessed. (B) mRNA expression of Atrogin-1/
MAFbx and MuRF1 were determined after 24 h. Data were normalized to CYPA, B2M, and RPLPO reference genes and obtained from three indepen-

dent experiments. Data are presented as mean + SEM.

substantial differences concerning the percentage of weight
loss over the past 6 months (PANCO-9a: 13.4% vs. PANCO-
12a: 1.2%) and body composition parameters, including the
L3-skeletal muscle index (PANCO-9a: 43.0 cm?/m? vs.
PANCO-12a: 36.1 cmz/mz) and the L3-visceral adipose tis-
sue index (PANCO-9a: 61.9 cm’/m® vs. PANCO-12a:
25.8 cm?/m?), which are representative for whole body
muscle mass and fat mass, respectively.?®

We first investigated the potential of tumour organoid-
derived CM to induce NF-«kB activation in C2C12 myotubes.
Mature C2C12 myotubes were exposed to pancreatic tumour
organoid CM for 4 h (Figure 2A). Whereas TNF-a administra-
tion caused a 6.9-fold (P < 0.001) increase of NF-kB activity,
CM from PANCO-12a resulted in a mere 1.8-fold (P = 0.001)
increase of NF-kB activity, and PANCO-9a-derived CM did
not induce any appreciable NF-kB activation.

We next assessed whether tumour organoid-derived CM
induced upregulation of E3 ligases in mature C2C12 myo-
tubes. Whereas HBSS resulted in significantly increased
mRNA expression of Atrogin-1/MAFbx (2.7-fold, P = 0.004)
and MuRF1 (1.6-fold, P = 0.002), no increase of either E3-
ubiquitin ligase was observed in C2C12 myotubes incubated
with CM from either tumour organoid culture (Figure 2B).
In human primary myotubes incubated with CM from either
tumour organoid culture, expression of these E3-ubiquitin li-
gases was also unaltered, ruling out that interspecies differ-
ences accounted for the absence in activation of proteolysis
signalling (Figure S1).

Because maintenance of skeletal muscle mass is coordi-
nated by a balance between rates of protein synthesis and
protein degradation, we also assessed the expression levels
of REDD1, a repressor of protein synthesis signalling, which
is elevated in skeletal muscle during various atrophic
conditions.333% As expected, REDDZ levels were significantly
elevated after culturing C2C12 myotubes in HBSS (2.7-fold,
P = 0.011) (Figure 2C). In contrast, incubation with tumour

organoid-derived CM did not affect REDDI expression
(Figure 2C).

Human pancreatic tumour organoid-derived
factors promote myoblast fusion during
differentiation

As myogenesis is an important process in the maintenance
of muscle mass, we next explored the impact of tumour
organoid factors on myogenesis. Impaired myogenesis and
muscle regeneration have previously been observed in
multiple muscle pathologies, including cancer-associated
cachexia.’>*®3>37 \When C2C12 myoblasts were exposed
to tumour organoid-derived CM during differentiation, pro-
nounced disturbances in the morphology of the myotubes
were observed after completion of the differentiation pro-
cess (Figure 3A). The presence of either tumour organoid
CM caused a highly heterogeneous appearance of both
very large myotubes and detached myotubes. These pro-
nounced morphological disturbances were not observed in
the myotubes that were formed in the presence of either
CM from a normal pancreas organoid culture or uncondi-
tioned control medium. To examine the impact of tumour
organoid CM on myotube morphology in more detail, we
monitored myotube formation using live cell imaging
(Videos S1-54). Interestingly, compared with both control
conditions, CM from PANCO-9a and PANCO-12a markedly
accelerated the alignment of C2C12 myoblasts followed by
strongly enhanced fusion into myotubes already after
48 h. Strikingly, detachment of large myotubes was fre-
quently observed in the presence of tumour
organoid-derived CM, and occurred even prior to
completion of myotube formation in control conditions
(Figure S2). These observations prompted us to further
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Figure 2 Pancreatic tumour organoid-derived factors do not induce C2C12 muscle atrophy signalling. Mature C2C12 myotubes were treated with CM
from PANCO-9a and PANCO-12a organoid cultures. (A) After 4 h, NF-kB-induced luciferase activity was assessed. (B) mRNA expression of Atrogin-1/
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investigate at which level myogenesis was affected by the
pancreatic tumour organoid-derived factors.

Transient increase of C2C12 myoblast proliferation
by pancreatic tumour organoid-derived factors

We first investigated myoblast proliferation during differenti-
ation in the presence or absence of tumour organoid CM by
live cell imaging of C2C12 cultures, using Nuclight Red
nuclear staining (Figure 3B). In all conditions, the number of
cells increased throughout the first 48 h of differentiation,
corresponding to the cell cycle exit which is required for ter-
minal differentiation (Figure 3C—D). However, CM from both
tumour organoid cultures significantly enhanced proliferation
within the first 48 h in comparison with the unconditioned
control medium (Figure 3C). The enhancement was interme-
diate to that observed after stimulation by IGF-1, a highly po-
tent inducer of myoblast proliferation and myogenesis
(Figure 3D). CM from a normal pancreas organoid culture also
stimulated myoblast proliferation (Figure 3D). As this was not
followed by accelerated and increased myoblast fusion
induced by PANCO-9a and PANCO-12a CM (Videos S1-54),
these data suggest that enhanced myotube formation is
unlikely to result from increased myoblast numbers but
rather induced by tumour-specific factors. Remarkably, tran-
script levels of cyclin D1 (CCNDI), a gene with a cell
cycle-dependent expression pattern, was significantly
decreased in C2C12 myoblasts differentiated with CM from
PANCO-9a (—1.8-fold, P < 0.001) and PANCO-12a (—1.7-fold,
P < 0.001) compared with control DM after 48 h (Figure 3E).
This suggests that fewer cycling myoblasts remained, and
that the proliferative effect of PANCO-CM is transient in
nature.

Increased expression of muscle-specific genes by
pancreatic tumour organoid-derived factors

To investigate whether myogenic differentiation was af-
fected by tumour organoid-derived factors, we first vali-
dated the expression of key-myogenic regulators, muscle
specific genes, and genes involved in excitation-contraction
(EC)-coupling in muscle (Figures 4A and S3), confirming the
suitability of this system to monitor myogenesis in vitro.
Next, C2C12 myoblasts were exposed to both CM from a
normal pancreas organoid culture and tumour-organoid
CM from PANCO-9a and PANCO-12a during differentiation,
and expression of transcription factor paired-box 7 (Pax-7),
a satellite cell marker that has been postulated to be a crit-
ical mediator of asymmetric cell division of these muscle
progenitor cells,*® was monitored. After 48 h of differentia-
tion, PAX7 was significantly downregulated (PANCO-9a:
—2.1-fold, P < 0.001; and PANCO-12a: -—2.0-fold,
P < 0.001) compared with the control (Figure 4B). In addi-
tion, we observed significantly reduced mRNA levels of myo-
genic factor 5 (MYF5) (PANCO-9a: —2.1-fold, P < 0.001; and
PANCO-12a: —1.8-fold, P = 0.01). After 48 h, mRNA expres-
sion levels of both myogenic differentiation 1 (MYOD)
(PANCO-9a: —1.4-fold, P = 0.002; and PANCO-12a: —1.4-
fold, P = 0.004) and myogenin (MYOG) (PANCO-9a: —1.3-
fold, P = 0.01; and PANCO-12a: —1.4-fold, P = 0.006) were
significantly lower after exposure to tumour organoid CM
compared with CM from a normal pancreas organoid culture
(Figure 4C). Furthermore, the transcript levels of muscle cre-
atine kinase (MCK) were markedly elevated after exposure
to tumour organoid CM (PANCO-9a: 3.3-fold, P = 0.005;
and PANCO-12a: 2.7-fold, P = 0.032), indicating that myo-
genic differentiation was enhanced (Figure 4C). In line,
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Figure 3 Tumour organoid-derived CM transiently stimulates proliferation and increases fusion of myoblasts during differentiation. (A) Representative
phase-contrast images of C2C12 myoblasts differentiated for 5 days in DM control medium [DM, 50% (v/v) DMEM/F12] (control CM) or DM containing
50% (v/v) (tumour) organoid CM (NP; normal pancreas). Scale bar = 400 pm. (B) C2C12 myoblasts were differentiated in DM control medium [DM, 50%
(v/v) DMEM/F12], DM containing 10 nM IGF-1, or DM containing 50% (v/v) tumour organoid CM. Nuclight rapid red was used to stain nuclei.
Representative phase-contrast images overlaid with red-fluorescence images are presented. Scale bar = 400 um. (C) The number of red stained nuclei
on each individual image (12 h time interval) was quantified and plotted against time. (D) Bar graph showing the number of nuclei after 48 h of
differentiation. Nuclei counts were obtained from three independent experiments. Data are presented as mean + SEM. (E) mRNA expression of CCND1
was determined after 48 h. Data were normalized to CYPA, B2M, and RPLPO reference genes and obtained from three independent experiments. Data
are presented as mean + SEM.
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Figure 4 Enhanced myogenic differentiation induced by tumour organoid-derived CM is accompanied by increased MyHC-lIb expression and suppres-
sion of self-renewal markers. (A) Graphical representation of the myogenic process. Myoblasts have the ability to proliferate, self-renew, differentiate,
and fuse into myotubes. During proliferation, myoblasts express the paired-box 7 (PAX7) transcription factor. Upon myogenic commitment, a decrease
in Pax7 expression results in cell cycle arrest, which is accompanied by increased expression of myogenic factor 5 (MYF5) and myoblast determination
(MYOD) transcription factors. Myogenin (MYOG) is a transcription factor that is highly expressed during the fusion of myoblasts into myotubes. This
protein results in the transcription of genes required for the fusion of myoblasts into myotubes, including myomaker (MYMK). mRNA expression of (B)
satellite cell marker PAX7, (C) key-myogenic regulators and muscle specific genes (MYF5, MYOD, MYOG, MCK, MYMK), and (D) ca”" flux regulating
signalling channels (RYRZ, SERCA2, CACNB1, DHPR) were determined after 48 h. (E) Expression of myosin heavy chain isoforms (MYHZ, MYHZ2,
MYH4, MYH?7) was determined after 72 h. Data were normalized to CYPA, B2M, and RPLPO reference genes and obtained from three independent
experiments. Data are presented as mean + SEM. CACNB, calcium voltage-gated channel auxiliary subunit betal; DHPR, dihydropteridine reductase;
MCK, muscle creatine kinase; MYH1, myosin heavy chain 1, MyHC-lIx; MYHZ2, myosin heavy chain 2, MyHC-lla; MYH4, myosin heavy chain 4, MyHC-IIb;
MYH 7, myosin heavy chain 7, MyHC-I; RYRZ, ryanodine receptor 1; SERCAZ, sarcoplasmic/endoplasmic reticulum calcium ATPase 2.
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MRNA levels of myomaker (MYMK) were significantly in-
creased (PANCO-9a: 2.4-fold, P = 0.001; and PANCO-12a:
2.2-fold, P = 0.004) and corresponded to the strong increase
in the number of nuclei residing inside myotubes (Figure
3C). Collectively, these data indicate that pancreatic tumour
organoid-derived factors accelerate the myogenic differenti-
ation process.

Tumour organoid-derived factors increase the
expression of glycolytic fast-twitch fibre MyHC-1IB

Recent evidence indicates that disturbances of EC-coupling
may represent a common underlying phenomenon in the
pathophysiology of many skeletal muscular disorders includ-
ing cachexia and sarcopenia.>>*° In particular, downregula-
tion of Ca®* flux-regulating signalling channels impairs
muscle function. However, in line with the enhanced
myogenesis, we also observed significantly increased expres-
sion of Ca* flux regulating signalling channels (RYRZ, SERCAZ,
DHPR, and CACNBI) in differentiating C2C12 myoblasts that
were stimulated with CM from either tumour organoid
(Figure 4D).

Finally, we investigated whether organoid-derived CM
affected the expression of genes encoding contractile pro-
teins, focusing on myosin heavy chain (MyHC) isoforms.
Compared with the control, mRNA expression levels of
the glycolytic fast-twitch myofibre MyHC-IIB (MYH4) was
significantly increased by CM from PANCO-9a (2.5-fold,
P = 0.04) and PANCO-12a (3.1-fold, P = 0.006) after 72 h
of differentiation (Figure 4E). Altogether, these data imply
that pancreatic tumour organoid-derived factors accelerate
myogenesis, which is accompanied by a shift towards a
myosin expression pattern that is frequently observed in
cachexia.

Discussion

The loss of skeletal muscle is a clinically significant feature
of cancer cachexia and is assumed to result from direct
and/or indirect actions of tumour-derived factors. At pres-
ent, there is a lack of adequate pre-clinical models that
can be used to assess the direct effect of tumour-derived
factors of cachectic cancer patients on muscle wasting. In
the current study, we first showed that the factors released
by four different conventional human pancreatic cancer cell
lines cultured in 2D had minimal and inconsistent effects
on atrophy signalling pathways in skeletal muscle cells. Sim-
ilarly, CM from pancreatic tumour organoids obtained from
either a cachectic or non-cachectic patient did not induce
muscle atrophy signalling in mature C2C12 myotubes. Un-
expectedly, however, pancreatic tumour organoid-derived

factors transiently increased proliferation of C2C12
myoblasts and accelerated their alignment and fusion. This
enhanced myogenesis was accompanied by altered
expression of factors governing muscle cell differentiation
and a selective increase in MyHC-IIB, which is preferentially
expressed in  atrophy-sensitive  glycolytic  myofibres.
Interestingly, these tumour organoid CM effects were not
associated with the cachexia phenotype of the donor
patients.

The loss of skeletal muscle tissue in cachexia has been
suggested to result from tumour-derived factors that activate
the ubiquitin-proteasome pathway to target major contrac-
tile skeletal muscle proteins for degradation. However, we
found that the secretome of most conventionally cultured
human pancreatic cancer cell lines only minimally affected
the expression of the E3-ubiquitin ligases Atrogin-1/MAFbx
and MuRFZ in mature C2C12 myotubes. Similar results were
obtained in our pancreatic tumour organoid experiments.
These data are not in line with previous in vitro studies that
showed tumour-induced muscle atrophy via activation of
the ubiquitin proteasome pathway. For example, treatment
of C2C12 mouse skeletal muscle myotubes with C26- and
LLC-derived factors has been reported to induce significant
upregulation of the E3-ubiquitin ligase Atrogin1/MAFbx, loss
of myosin heavy chain proteins, and reduction of myofibre
size.*>*2 However, in line with our results, Talbert et al. did
not detect differential expression of these genes in muscle
biopsies from cachectic versus non-cachectic pancreatic can-
cer patients.’® Similar observations were made in muscles
from cachectic lung cancer patients: compared with healthy
subjects, cachectic lung cancer patients showed no differ-
ences in E3 ubiquitin ligase expression despite reduced mus-
cle mass, muscle fibre atrophy, and decreased quadriceps
strength.*® Furthermore, we did not observe noticeable mor-
phological muscle cell atrophy after exposure to tumour
cell-derived or tumour organoid-derived factors. Although
this contrasts with findings of other studies,®***? our data
are in line with a recent study of Guigni et al. in which the
effect of murine and human lung tumour secreted factors
on skeletal muscle was investigated.** Their report revealed
that in fully matured C2C12 myotubes, myotube size and my-
osin heavy chain content were not affected by
tumour-derived factors. Altogether, these data do not sup-
port activation of the proteasome by E3-ubiquitin ligases
and subsequent myofibre atrophy as a direct effect of pan-
creas tumour-derived factors. In line with these in vitro ob-
servations, we did not find evidence for the activation of
the ubiquitin-proteasome pathway (i.e. no upregulation of
the E3 ubiquitin-ligases Atrogin-1/MAFbx and MuRFI1) in
the muscles of mice transplanted with PANCO-9 and
PANCO-12 organoids, even though wet muscle weights gen-
erally tended to correlate with tumour weight (manuscript
under review at JCSM*). Instead, other processes in
muscle cells may be affected by tumour-derived factors and
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contribute to the loss of muscle mass in human cancer-
induced cachexia.

One of these processes is myogenesis, which involves ac-
tivation and asymmetric cell division of satellite cells,
followed by either repletion of this pool of quiescent muscle
precursor cells, or by proliferation of daughter myoblasts
and subsequent myogenic differentiation and fusion into
myotubes.*® Counterintuitively, pancreatic tumour-derived
factors provoked the development of both enlarged and
disrupted myotubes after 5 days of differentiation. Live cell
imaging-based monitoring of morphological changes of
C2C12 myoblasts during differentiation revealed that the
disrupted myotube morphology resulted from early detach-
ment of large myotubes which was followed by formation
of new myotubes. This was preceded by accelerated align-
ment of C2C12 myoblasts and increased expression of
muscle-specific genes. Given that the myogenic process is
driven by highly dynamic and transient changes in these
muscle-specific genes,*® the mere evaluation of expression
levels of these genes at a single point in time only cannot
discriminate between an impaired myogenic programme or
an accelerated myogenic programme. Our data therefore
also underscore the importance of monitoring the morpho-
logical changes during the myogenic process by live-cell im-
aging. Furthermore, the transient increase in myoblast
proliferation in the presence of tumour-derived factors that
we observed is in line with previous reports on increases in
the number of proliferating muscle precursor cells in
atrophying muscle.*>*® Similar observations have previously
been made in cancer cachexia studies. For example, in-
creased numbers of Pax-7 expressing cells have been found
in the muscle of tumour-bearing animals and cachectic pan-
creatic cancer patients, which was interpreted as an aber-
rant proliferative response of muscle precursor cells.**3®
While we found that myoblast proliferation initially in-
creased in response to tumour-derived factors, cyclin D1 ex-
pression was markedly reduced thereafter, in line with
aberrant myoblast proliferative kinetics. In vivo, myoblast
proliferation is subject to asymmetric cell division by acti-
vated muscle progenitor cells, governed by Pax-7
expression.*> Upon entering the myogenic programme, myo-
blasts committing to terminal differentiation lose Pax-7 ex-
pression, whereas Pax-7 expression is maintained by
myoblasts that become quiescent to replete the satellite cell
population. The reduced Pax-7 expression in myoblast cul-
tures in response to the tumour organoid-derived factors
may therefore reflect a depletion of the population of repli-
cation competent cells, referred to as ‘reserve cells’, which
represent the in vitro equivalents of quiescent satellite
cells.*” In vivo, such a depletion of muscle precursor cells
will interfere with long-term myogenic potential, ultimately
contributing to muscle mass loss. In support of this notion,
cultured muscle precursor cells isolated from cachectic
tumour-bearing mice have been reported to differentiate

more readily compared with those of control mice.3®4®

Taken together, these data imply that in response to
tumour-derived factors, muscle precursor cells are directed
towards myogenic commitment at the expense of the quies-
cent satellite cell repopulation, which may contribute to the
impaired muscle mass maintenance that is observed in
cachexia.

Next to the altered myogenesis, we observed increased
levels of the glycolytic fast-twitch myofibre MyHC-1IB
(MYH4) in response to tumour organoid-derived factors.
This is consistent with the shift in muscle fibre type
composition that has been reported in mice bearing C26
carcinomas: the type Ilb myosin isoform comprised 19%
of their total myosin fibre content, whereas it was not
detected in control mice.*® Because it has been suggested
that type 2 muscle fibres are more sensitive to
atrophy-inducing stimuli, a tumour factor-driven shift
towards more fast twitch MyHC-Il expression may sensitize
muscle fibres to additional catabolic triggers in cancer
cachexia.’®*! In line with this, wasting of muscle fibres in
cancer cachexia is more pronounced in fast-twitch type
ll-containing muscles, such as tibialis anterior and gastroc-
nemius, compared with slow-twitch type | muscles, such
as the soleus.’**® This implies that pancreatic tumour
organoid-derived factors could promote the development
of muscle fibres that are more prone to atrophy-inducing
stimuli.

Interestingly, the pronounced effects of tumour
organoid-derived factors on myogenesis and myosin heavy
chain expression were not related to the cachexia status of
the patients contributing the organoid cultures. However, de-
spite the fact that patient PANCO-9 was considered cachectic
and patient PANCO-12 was considered non-cachectic based
on the consensus definition, close evaluation of the actual
cachexia-related phenotype of these patients shows that they
both had a skeletal muscle index below the sarcopenia cut-
off.?® In addition, only CM from PANCO-12a, originating from
a non-cachectic patient, caused mild NF-kB activation in ma-
ture C2C12 myotubes. We have previously shown that
PANCO-12a organoids express relatively higher levels of inter-
leukin 1 (IL-1) and TNF-a, known inducers of NF-kB, which
may explain the increased NF-kB activity in myotubes after
exposure to PANCO-12a CM.%®

In conclusion, we here showed that pancreatic tumour
organoid-derived factors do not promote upregulation of
skeletal muscle specific E3 ubiquitin ligases, but rather alter
the kinetics of myogenesis. Given these data, more detailed
analyses of the organoid secretome to identify the factors
responsible are warranted. These studies will also help to
distinguish direct and indirect effects of tumour-derived
factors on skeletal muscle (patho)physiology in relation to
the cachexia status of the donor patient, thereby contribut-
ing to a better understanding of cachexia-inducing
mechanisms.
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