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Abstract

Background Causes and mechanisms underlying cancer cachexia are not fully understood, and currently, no therapeu-
tic approaches are available to completely reverse the cachectic phenotype. Interleukin-6 (IL-6) has been extensively de-
scribed as a key factor in skeletal muscle physiopathology, exerting opposite roles through different signalling pathways.
Methods We employed a three-dimensional ex vivo muscle engineered tissue (X-MET) to model cancer-associated
cachexia and to study the effectiveness of selective inhibition of IL-6 transignalling in counteracting the cachectic phe-
notype. Conditioned medium (CM) derived from C26 adenocarcinoma cells was used as a source of soluble factors con-
tributing to the establishment of cancer cachexia in the X-MET model. A dose of 1.2 ng/mL of glycoprotein-130 fused
chimaera (gp130Fc) was added to cachectic culture medium to neutralize IL-6 transignalling.
Results C26-conditioned medium induced a cachectic-like phenotype in the X-MET, leading to a decline of muscle mass
(�60%; P< 0.001), a reduction in myosin expression (�92.4%; P< 0.005) and a reduction of the contraction frequency
spectrum (�94%). C26-conditioned medium contains elevated amounts of IL-6 (8.61 ± 4.09 pg/mL) and IL6R
(56.85 ± 10.96 pg/mL). These released factors activated the signal transducer and activator of transcription 3 (STAT3)
signalling in the C26_CMX-METsystem (phosphorylated STAT3/TOTAL+54.6%; P< 0.005), which in turn promote an
enhancement of Il-6 (+69.2%; P < 0.05) and Il6r (+43%; P < 0.05) gene expression, suggesting the induction of a
feed-forward loop. The selective neutralization of IL-6 transignalling, by gp130Fc, in C26_CM X-MET prevented the
hyperactivation of STAT3 (�55.8%; P < 0.005), countered the reduction of cross-sectional area (+28.2%; P < 0.05)
and reduced the expression of proteolytic factors including muscle ring finger-1 (�88%; P < 0.005) and ATROGIN1
(�92%; P < 0.05), thus preserving the robustness and increasing the contractile force (+20%) of the three-
dimensional muscle system. Interestingly, the selective inhibition of IL-6 transignalling modulated gene regulatory
networks involved in myogenesis and apoptosis, normalizing the expression of pro-apoptotic miRNAs, including
miR-31 (�53.2%; P < 0.05) and miR-34c (�65%; P < 0.005), and resulting in the reduction of apoptotic pathways
highlighted by the sensible reduction of cleaved caspase 3 (�92.5%; P < 0.005) in gp130Fc-treated C26_CM X-MET.
Conclusions IL-6 transignalling appeared as a promising target to counter cancer cachexia-related alterations. The
X-MET model has proven to be a reliable drug-screening tool to identify novel therapeutic approaches and to test them
in preclinical studies, significantly reducing the use of animal models.
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Introduction

Cancer cachexia is a complex metabolic syndrome character-
ized by the loss of skeletal muscle mass and weakness.1

In particular, the overwhelming majority of cancer patients
(approximately 80%) presents cachexia and this wasting
syndrome represents the primary cause of death in a signifi-
cant fraction of patients (20–30%).2,3 As cancer cachexia is
not usually diagnosed in early stages of the disease and
radio-chemotherapy treatments can exacerbate the cachectic
phenotype, loss of muscle mass can severely diminish quality
of life in cancer patients.4,5

To date, the underlying causes and mechanisms of ca-
chexia are not completely understood. In this context, animal
models greatly contributed to the identification of molecular
networks involved in the establishment of metabolic alter-
ations and wasting events. Nevertheless, the field has
awaited the generation of appropriate in vitro experimental
models. The aim was to limit the use of animal models, thus
satisfying the principles of the 3Rs (Replacement, Reduction
and Refinement) and providing a framework for performing
more humane animal research, and on the other hand, to
guarantee the generation of complex dynamics tissues ‘in a
dish’.

Although cell lines assure consistency and simple manipu-
lation, they cannot reproduce key in vivo conditions such as
the complexity of host tissues and tissue–tumour interac-
tions. Strategies involving tissue engineering have been de-
veloped to circumvent limitations of both in vivo and
in vitro approaches, contributing to the study of mechanisms
underlying disease onset/progression and to the identifica-
tion of therapeutic targets. In particular, the design of
three-dimensional (3D) engineered tissue models is currently
in its development stage, showing high potential in overcom-
ing the limitations of already available models. Indeed, the
complex 3D microenvironment in which cells are organized
in vivo allows the interaction between different cell types
and between cells and the extracellular matrix; thus, 3D
in vitro models more realistically reproduce a tissue or organ
than two-dimensional (2D) cell culture systems.

Complying with these principles, in our laboratories, a
scaffold-free 3D engineered skeletal muscle tissue from mu-
rine primary cultures, namely, the ex vivo muscle engineered
tissue (X-MET), has been developed. The X-MET recapitulates,
in vitro, morphological, molecular and functional characteris-
tics of skeletal muscle.6 The X-MET is composed by a heteroge-

neous population of cells structurally organized in lengthwise
disposed myotubes, connective layers and vessel-like struc-
ture, allowing nutrient diffusion.6,7 A key advantage of this
model is the possibility tomeasure functional parameters such
as spontaneous contraction and contractile force,8–10 further
strengthening the rationale of using the X-MET to estimate
critical outcomes of therapeutic approaches.

Currently, a pharmacologic intervention that can
completely reverse the cachectic phenotype is still lacking.
Hence, the importance to identify key molecular players to
develop novel strategies with therapeutic potential is a
critical point. Among factors, interleukin-6 (IL-6) is involved
in tumour growth, malignant differentiation of cancer cells
and microenvironment immunomodulation.11 IL-6 has been
found to be a cancer disease prognostic marker,12 and it
was also increased in patients with cancer-induced cachexia,
in which it mediated the catabolic activity via signal trans-
ducer and activator of transcription 3 (STAT3) protein
phosphorylation.13 However, IL-6 is a pleiotropic cytokine
with multiple functions, ranging from homeostatic to patho-
genic actions, depending on targets, levels and type of signal
transduction.14

IL-6 exerts pro-inflammatory, pro-oxidant and catabolic ac-
tions, and it is sufficient to induce cachexia in mice, as well as
atrophy in myotubes.15 On the other hand, IL-6 cytokine has
been also recognized as a myokine, a key mediator of
muscle homeostasis contributing to regenerative and hyper-
trophic pathways. Opposite actions of this pleiotropic media-
tor have been explained with the hormetic nature of its sig-
nalling and with the ability to transduce signals through
different receptor complexes.14 The IL-6 classic signalling,
mediated by the membrane bound receptor complex
gp130/IL-6R (glycoprotein-130/IL-6 receptor), promotes
anti-inflammatory and pro-regenerative actions of IL-6. In
contrast, IL-6 transignalling, mediated by IL-6 binding to the
soluble IL-6R, can promote chronic inflammation and cata-
bolic pathways.14

Based on this rationale, we built a research project (i) to
generate a reliable 3D culture system to model the cancer-
associated cachexia in vitro, (ii) to study the mechanisms un-
derlying cancer-associated muscle wasting and (iii) to provide
a useful 3D in vitro model as a testing tool for pharmacolog-
ical treatments.

We demonstrated that X-MET recapitulates, in vitro, key
features of the cachectic muscle phenotype when cultured
in conditioned medium (CM) derived from mouse C26 colon
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adenocarcinoma cells and that the cachectic activity of tu-
mour cells is mediated by IL-6 transignalling. Of note, phar-
macologic inhibition of IL-6 transignalling was able to coun-
teract key phenotypic changes of cancer cachexia, including
the modulation of proteolytic/autophagic pathways, the loss
of muscle mass, protein content and functionality, as well
as the alteration of plasma membrane.16–22

Materials and methods

Experimental model

Wild-type C57Bl/6J mice and IL6RKO mice of 4 weeks of age
were used to perform the experiments included in the study,
in accordance with the Italian Law on the Protection of Ani-
mals. The IL6RKO murine model is a genetically modified an-
imal constitutively knocked out of IL-6R protein expression.
Specifically, to obtain the ablation of IL6R protein expression,
an oligonucleotide sequence, containing a premature stop
codon, has been included in the first coding exon of the Il6r
gene by CRISPR/CAS9 technique. Furthermore, the integrated
sequence introduced a restriction site recognized by EcoRI,
leading to the generation of gDNA fragments utilized for
mouse genotyping. Animals were hosted in a temperature-
controlled (22°C) room with a 12-h light/dark cycle. The re-
search project was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional
Review Board of the animal facilities of National Institute of
Health-Italy (No. 609/2015-PR; No. 864/2020-PR).

Cell culture and media preparation

C26 colon adenocarcinoma cells, obtained from the American
Type Culture Collection (ATCC; kindly provided by Prof. David
Sassoon), were grown in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% foetal bovine serum (FBS), 100 U/mL of
penicillin and 2 mM of L-glutamine (growth medium [GM])
and maintained at 37°C in a humidified atmosphere of 5%
CO2 in air. In order to produce C26-conditioned medium, ap-
proximately 8 × 105 C26 cells were plated in GM in a 60-mm
cell culture dish (Falcon). The medium was completely re-
placed with 6 mL of fresh GM after the overnight attachment.
When the C26 cells reached confluence, the resulting medium
(C26_CM) was collected, centrifuged (1000 g for 10 min) and
filtered with a 0.22-μm polyethersulfone hydrophilic filter
(Millipore). The collected medium was finally diluted in a ratio
of 1:10 in the differentiation medium (DM; DMEM, 2% horse
serum, 25 mM of HEPES, 4 mM of L-glutamine, 0.1% gentami-
cin, penicillin/streptomycin), to obtain the DM + 10%
C26_CM. The medium C26_CM + glycoprotein-130 fused

chimaera (gp130Fc) was obtained by adding a concentration
of 1.2 ng/mL of gp130Fc (R&D Systems) to C26_CM.

Primary culture and generation of ex vivo muscle
engineered tissue

X-MET construct was obtained by mechanical and enzymatic
dissociation of hind limbs of mice using the Skeletal Muscle
Dissociation Kit (Miltenyi Biotec).6,7 Dissociated cells were
filtered in a 70-μm cell strainer and centrifuged at 250 x g for
15 min. Cells were resuspended in GM (DMEM, 20% horse
serum, 3% chick embryo extract, 25 mM of HEPES, 4 mM of
L-glutamine, 0.1% gentamicin, penicillin/streptomycin) and
plated for 30 min twice in a row to get an enrichment of myo-
blasts in the culture. Cells were plated at a concentration of
40 000 cells/mL on a tissue culture dish of 35 mm diameter
coated with type I collagen (Sigma-Aldrich) and incubated at
5% CO2 at 37°C. After 5–6 days of culture, myoblasts were in-
duced to differentiate using a DM (DMEM, 2% horse serum,
25 mM of HEPES, 4 mM of L-glutamine, 0.1% gentamicin, pen-
icillin/streptomycin). Then, a skeletal muscle primary cell
monolayer is delaminated and pinned on a silicone-coated
dish (Sylgard, Dow Corning, Midland, MI, USA) using 0.20-
mm-diameter stainless steel Minutien pins (Austerlitz INSECT
PINS®). X-METs were cultured in DM for 3 days enabling
complete remodelling in a self-organized cylindrical structure
containing beating myotubes.

Then, X-METs were divided into three different groups
(X-MET CTRL, X-MET treated with C26_CM and X-MET treated
with C26_CM + gp130Fc compound) and treated for 5 days.
We considered the samples cultured in DM with 10% of
non-conditioned GM as X-MET CTRL. As described above, to
simulate the cancer cachexia microenvironment, we treated
X-METs with C26 cell line-conditioned medium (X-MET
C26_CM). The condition X-MET C26_CM + gp130Fc was ob-
tained by adding 1.2 ng/mL of gp130Fc to C26_CM. In detail,
muscle tissue from hind limbs of one mouse will yield enough
cells for fifteen 35-mm tissue culture dishes, which means an
average of 15 X-MET constructs from one mouse. A total of
five independent experiments were conducted, assuring a
minimum of five constructs derived from different mice to
perform the analysis included in the present study.

Isolation and culture of muscle stem cells and
fibro-adipogenic progenitors

Satellite cell populations (MuSCs) and fibro-adipogenic pro-
genitor cells (FAPs) were isolated by depletion of non-target
cells using the Principle of the MACS® Separation (Miltenyi
Biotec s.r.l.). Briefly, minced muscle was digested as described
above. Then, the cell suspension was filtered using 70-μm cell
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strainers, centrifuged for 15 min at 1200 rpm and resus-
pended in 80 μL of buffer (phosphate-buffered saline [PBS],
pH 7.2, 0.5% FBS, 2 mM of EDTA) treated with 20 μL of the
Satellite Cell Isolation Kit per gramme of muscle for 15 min
at 4°C. LS columns (Miltenyi Biotec, 130-042-401) placed in
a magnetic field of a MACS Separator (Miltenyi Biotec) were
used to separate the cell suspension. Unlabelled MuSCs were
collected in a flow-through and purified using Anti-Integrin-7
MicroBeads (Miltenyi Biotec, 130-104-261). Then, MuSCs α-7
positive cells were plated at a density of 45 000 cells/mL in a
tissue culture dish of 35 mm diameter coated with type I col-
lagen (Sigma-Aldrich). Magnetically labelled non-satellite cells
obtained from the first purification were collected in 15 mL of
tubes, plated on a tissue culture dish of 100 mm diameter
and incubated at 5% CO2 at 37°C. After 48 h, cells were de-
tached using 500 μL of Trypsin (Sigma-Aldrich) and purified
using CD140a MicroBeads Kit (Miltenyi Biotec, 130-101-
502). CD140a positive cells were plated at a density of
45 000 cells/mL on a tissue culture dish of 35 mm diameter
and cultured in DMEM supplemented with 10% of FBS, 1×
penicillin/streptomycin and 2.5 ng/mL of fibroblast growth
factor (FGF).

RNA extraction and real-time PCR

RNA extraction was performed using TriReagent™
(Sigma-Aldrich). The double-stranded cDNA was obtained fol-
lowing the retrotranscription of 1 μg of RNA per sample,
using the QuantiTec Reverse Transcription Kit (QIAGEN).
Relative quantitative PCR was performed on ABI PRISM
7500 SDS (Applied Biosystems, USA), using premade
6-carboxyfluorescein (FAM)-labelled TaqMan assay for Hprt,
Myh2a, Myh7, Il-6, Il6r, suppressor of cytokine signalling 3
(Socs3), ATROGIN1, muscle ring finger-1 (MuRF1), cathepsin
L (Ctsl), light chain 3 (LC3), tumour necrosis factor α (Tnfa), in-
terleukin-1β (Il1b), cyclin K (Ccnk), cyclin-dependent kinase
inhibitor 2a (Cdkn2a), Bcl2-associated X protein (Bax) and B
cell leukaemia/lymphoma 2 (Bcl2) (Applied Biosystems). The
Hprt mRNA expression was used to normalize the relative
quantitative real-time (RT)-PCR sample value. To assess the
expression of microRNAs (miR-1, miR-206, miR-133a, miR-
21, miR-24, miR-31 and miR-34c), the extracted RNA was
retrotranscribed using microRNA Reverse Transcription Kit
(Applied Biosystems). Relative quantitative PCR was per-
formed on ABI PRISM 7500 SDS (Applied Biosystems) as de-
scribed above, and the relative quantitative RT-PCR sample
value was normalized for the expression of U6 snRNA.

Immunofluorescence analysis

Immunofluorescence analysis was performed on the entire
amount of X-MET. It was fixed with 4% paraformaldehyde

(PFA) for 15 min, washed in PBS with 1% bovine serum albu-
min (BSA) and 0.2% Triton X-100, preincubated for 1 h in
10% donkey serum at room temperature (RT) and incubated
overnight at 4°C with MF20 (Sigma-Aldrich) and cleaved cas-
pase 3 (Cell Signaling) antibodies. X-METs were then washed
in PBS with 0.2% Triton X-100 and incubated with a secondary
antibody (Alexa Fluor, Life Technologies) for 45 min at RT.
Nuclei were stained using HOECHST. Images were taken with
a Nikon DS-Fi1 camera (Nikon Corporation, Tokyo, Japan)
coupled with a Zeiss Axiovert optical microscope (Zeiss,
Oberkochen, Germany). For each experimental condition,
three independent experiments were performed.

Protein extraction and western blot

Total protein extract was obtained by homogenizing each
sample in lysis buffer (Tris–HCL, pH 7.5/20 mM, EDTA/
2 mM, EGTA/2 mM, sucrose/250 mM, DTT/5 mM, Triton-
X/0.1%, PMSF/1 mM, NaF/10 mM, SOV4/0.2 mM, Cocktail
Protease Inhibitors/1×) (Sigma-Aldrich). The same quantities
of protein (70 μg) from each lysate, quantified through the
Bradford assay, were then electrophoresed in sodium dodecyl
sulfate (SDS) polyacrylamide gel (4–15% Criterion™ TGX Stain-
Free™ Protein Gel, Bio-Rad). Proteins were transferred into a
nitrocellulose membrane (Trans-Blot Turbo transfer pack,
Bio-Rad) using the Trans-Blot® Turbo™ Transfer System (pro-
gramme: 1.3 A, 25 V, 7 min). The membrane was then blocked
with 5% BSA in TBS-1% Tween for 1 h at RT, followed by an in-
cubation with diluted antibody for STAT3 (Cell Signaling),
phosphorylated STAT3 (pSTAT3) (Cell Signaling), MF20
(Sigma-Aldrich), β-actin (Sigma A3854) and sarcomeric actin
(Antibodies A36150) in blocking solution overnight at 4°C. Af-
ter washing in TBS-1% Tween, the membrane was incubated
with a specific peroxidase-conjugated secondary antibody
and then visualized by the enhanced chemiluminescence sys-
tem (ChemiDoc Imaging System, Bio-Rad). The acquired signal
was evaluated by scanning densitometry using a bio-image
analysis system (Image Lab™ Software). The results were
expressed as relative integrated intensity compared with con-
trols (GAPDH), and the ratio of relative intensities of pSTAT3
to total STAT3 was measured to assess STAT3 pathway
activation.

Enzyme-linked immunosorbent assay

Aliquots of culture supernatant from C26 adenocarcinoma
cell line were collected after 3 days and compared with fresh
DM. IL-6 and IL6R levels were then assayed using the DuoSet
ELISA Development System (DY406-05 and DY1830) following
the instructions provided by the manufacturer. The optical
density of each sample was determined using a microplate
reader set to 450 nm (Digital and Analog System).
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Functional characterization of the ex vivo muscle
engineered tissue models

We performed different functional tests to analyse the bio-
mechanical properties of the X-MET models with the aim to
validate this construct as a suitable model to study
cancer-associated muscle wasting, as well as to test the effi-
cacy of the gp130Fc protein in mediating cancer-related loss
of skeletal muscle functionality. At first, we evaluated the fre-
quency of the tissue’s spontaneous contraction during the
5 days of treatment by using an optical tracking algorithm de-
veloped in LabView 2019.8,23,24 The images of the X-MET
models were acquired at 300 fps for 10 s and then correlated
by the algorithm in a region of interest (ROI) of 600 × 90
pixels, divided in 18 nodes and placed in the centre of the
construct. The spontaneous contraction frequency was then
computed through the fast Fourier transform (FFT). The use
of the FFT allowed obtaining the amplitude of the signal com-
ponents at each analysed frequency, thus finding the main
signal component that characterizes the tissue’s contraction.
Then, on the last day of conditioning, we measured the spon-
taneous contraction force of the X-MET models and the force
generated by the constructs during a stimulation protocol
constituted by one twitch test with a 1-ms single pulse stim-
ulation and two tetanic stimulations delivered at 40 and
80 Hz. For all the tests, the force was measured through
the use of a microforce transducer (Kronex AE801)8–10 and
the specific spontaneous forces were obtained by dividing
the acquired force for the cross-sectional area (CSA) of the
tissues, calculated with a programme developed in Matlab.8

For the entire duration of the functional tests, the X-MET
models were maintained at a temperature of 37°C, by using
a temperature control plate (Okolab s.r.l., H401).

Evans Blue dye

X-METs, pinned in a silicon-coated dish, were treated with 1%
Evans Blue dye (EBD) (Sigma E2129) (w/v) in PBS (pH 7.5)
filtered using Millex®-GP 0.22 μm of filter (Millipore, Bedford,
MA, USA). Evans Blue is a non-permeating dye, which is used
for checking cell viability and plasma membrane damage.
Images were obtained using Axio Imager A2 microscope (Carl
Zeiss Microimaging, Inc.) and processed by ZEN2 software
(Blue Edition). The evaluation of EBD-derived fluorescence
was performed on at least five fields chosen arbitrarily from
each sample and was analysed by ImageJ software.

Statistical analyses

Statistical significance was determined by using one-way
analysis of variance (ANOVA), two-way ANOVA and unpaired
t-test with GraphPad Prism 8.0 software (Graph Pad

Software Inc., La Jolla, CA, USA). Differences between
groups were determined by Tukey’s multiple comparisons
test and Bonferroni’s test. Asterisks denote statistically
significant differences. Statistical significance was set to a
P value < 0.05.

Results

The ex vivo muscle engineered tissue model
recapitulates, in vitro, key features of the cachectic
muscle phenotype

Based on the complex and not completely understood
aetiopathogenesis of cachexia, we validated the 3D X-MET
in vitro construct as a suitable model to study cancer-
associated muscle wasting. To this aim, we used CM derived
from mouse C26 colon adenocarcinoma cells, a cellular model
that induces cancer cachexia in mice, to study the morpho-
functional properties and molecular mechanisms underlying
muscle wasting in X-MET construct.6,10,25

As the X-MET has been characterized as a skeletal
muscle-like structure,6 we at first evaluated the weight of
the whole construct as an index of potential loss of muscle
mass. We observed, after 5 days in a C26-conditioned me-
dium, a significant reduction of the whole X-MET mass com-
pared with the control medium (Figure 1A).

As a significant impairment of myosin expression has been
observed both in rodent cancer models and in cachectic can-
cer patients,26–28 we analysed fast 2a myosin heavy chain
(Myh2a) and slow myosin heavy chain isoform (Myh7) gene
expression in our 3D model. We observed that the X-MET cul-
tured in presence of C26-derived CM showed a significant
down-regulation of both Myh2a and Myh7 gene expression
compared with control (Figure 1B). The negative regulation
ofMyh genes induced by C26_CM in the X-METmodel was fur-
ther associated with a significant decrease in myosin protein
content, compared with control construct (Figure 1C). We fur-
ther reported a significant reduction of β-actin (Figure 1C) and
skeletal muscle actin (Figure 1D) proteins in the X-MET
C26_CM compared with control, indicating that factors de-
rived from C26 tumour cells directly affect the X-MET con-
struct, impairing muscle protein content. To evaluate whether
the loss of structural and contractile proteins observed in the
X-MET C26_CM would impair the force generating ability of
the construct, we performed a functional test to analyse the
X-MET spontaneous contraction frequency. As revealed by
the optical tracking analysis, control X-METs displayed a func-
tional frequency of ~4 Hz while the X-METs cultured with C26-
conditioned medium showed an almost complete impairment
of the contraction frequency (Figure 1E).

These data indicated that the factors released by C26 cancer
cells directly affect skeletal muscle robustness and functional-
ity and highlighted the X-MET model as a valid muscle-like
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Figure 1 The ex vivo muscle engineered tissue (X-MET) recapitulates in vitro typical features of cancer cachexia, exhibiting a significant decline of
structural components and altered contractile properties. (A) Histogram shows the weight measurements (mg) of control X-METs (CTRL) and
X-METs treated with C26-conditioned medium (C26_CM). The values represent mean ± SEM of five independent experiments, unpaired t-test
(*P ≤ 0.05, **P ≤ 0.005, ***P ≤ 0.001). (B) Quantitative expression of myosin heavy chain genes (Myh2a and Myh7) measured by quantitative
real-time PCR (qRT-PCR). The values represent mean ± SEM of five independent experiments, unpaired t-test (P < 0.05) (n ≥ 4 per group). HPRT
was used for the normalization. (C) Representative western blot bands (right panel) and densitometric analysis (left panel) of sarcomeric myosin
and β-actin expression (n ≥ 5 per group). All data are expressed as a mean ± SEM. (D) Densitometric analysis (left panel) and representative western
blot bands (right panel) of sarcomeric actin expression (n ≥ 3 per group). All data are expressed as a mean ± SEM. (E) Representative frequency spec-
trum obtained during spontaneous contraction for X-MET CTRL (left) and X-MET C26_CM (right).
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model able to reflect, in vitro, key features of the cachectic
phenotype.

C26-derived conditioned medium induced
interleukin-6 signalling in the ex vivo muscle
engineered tissue model through the release of
both interleukin-6 and soluble IL6R

Increased levels of circulating pro-inflammatory cytokines have
been suggested as potential causative factors for cachexia.29

Among them, IL-6 is thought to correlate to the cachectic
condition being a recognized mediator of pro-inflammatory,
pro-oxidant, catabolic and degenerative pathways.

To evaluate the potential involvement of IL-6 as a determi-
nant in the establishment of a cachectic phenotype in the
X-MET construct, we investigate whether IL-6 signalling is in-
duced in our model.

We at first evaluated, by enzyme-linked immunosorbent
assay (ELISA), the content of IL-6 cytokine and IL6R in tissue
culture media. We observed that the medium conditioned
by C26 tumour cells contains elevated levels of both IL-6
and soluble IL6R when compared with fresh control medium
(Figure 2A).

As C26 cells secreted elevated levels of both IL-6 and IL6R,
we investigated whether the IL-6 signal transduction was ac-
tivated in the X-MET construct upon conditioning with
C26-derived medium. Interestingly, the expression of both
Il-6 and Il6r genes was also significantly induced in the
C26_CM-treated X-MET compared with control X-MET
(Figure 2B). Thus, we analysed the activation of STAT3 by
evaluating the phosphorylated active form of the protein
(pY705-STAT3). We revealed a significant increase of
pSTAT3/STAT3 ratio in the C26_CM-treated X-MET, com-
pared with control cell culture (Figure 2C).

As IL-6 is a pleiotropic cytokine with multiple functions,
ranging fromhomeostatic to pathogenic effects, wewondered
whether the detrimental action of IL-6 signal stimulation on
the X-MET construct would be mainly associated with the in-
duction of the transignalling rather than the classic signalling.
To validate this hypothesis, we generated the X-MET from an
IL6RKO mouse model, characterized by the constitutive lack
of IL6R protein expression. By using C26_CM as a unique
source of soluble IL6R protein within the X-MET IL6RKOmodel,
we evaluated the specific response of muscle tissue to cancer-
induced IL-6 transignalling. We observed a significant decline
of tissuemass in the IL6RKO construct after the administration
of C26-conditioned medium (X-MET IL6RKO C26_CM), com-
pared with untreated control X-MET IL6RKO culture system
(Figure 3A). In accordance with the loss of tissue mass, we ob-
served a decline of myosin genes expression (Myh2a and
Myh7) in the IL6RKO X-MET (Figure 3B) and a significant
up-regulation of ATROGIN1 and MuRF1 gene expression
(Figure 3C), master regulators of the ubiquitin–proteasome

pathway, upon C26-conditioned medium administration, con-
firming the prominent role of IL-6 transignalling in inducing a
cachectic-like phenotype. Furthermore, we observed that
the administration of C26-derived medium to the X-MET
IL6RKO induced pro-apoptotic changes in the X-MET IL6RKO
culture system, with a significant down-modulation of Bcl2
gene and the enhancement of Bax gene expression compared
with controls (Figure 3D).

Interleukin-6 transignalling blockade is sufficient to
counteract the pro-cachectic action of C26-derived
conditioned medium on the ex vivo muscle
engineered tissue construct

As IL-6 is a pleiotropic cytokine with multiple functions,
ranging from homeostatic to pathogenic actions, we won-
dered whether the detrimental action of IL-6 signal stimula-
tion on the X-MET construct would be mainly associated
with the induction of the transignalling rather than the clas-
sic signalling. To validate this hypothesis, we used the
X-MET conditioned with C26-derived medium as an in vitro
model of tumour-induced muscle wasting. In this model,
we tested the efficacy of the gp130Fc protein in interfering
with the induction of pathologic changes in a muscle-like
structure. A dose of 1.2 ng/mL of gp130Fc has been added
to the C26-conditioned medium to culture the mature X-
MET. Five days after treatment, the X-MET constructs were
collected and analysed for molecular and morpho-functional
parameters.

To verify whether gp130Fc treatment was able to modu-
late IL-6 signal transduction induced by C26-conditioned me-
dium in the X-MET, we analyse the activation of STAT3 pro-
tein and the expression of Socs3 gene. We reported that
the X-MET C26_CM showed a reduction in pSTAT3/STAT3 ra-
tio upon gp130Fc treatment compared with the untreated
construct (Figure 4A). In accordance, Socs3 gene expression,
which is known to be induced by IL-6 through the STAT3
pathway, was reduced in the X-MET C26_CM treated with
gp130Fc compared with the untreated X-MET (Figure 4B). In-
terestingly, the activation of STAT3 and the expression of
Socs3 gene returned to basal levels in the X-MET conditioned
with C26 medium and treated with gp130Fc. In order to fur-
ther validate the efficacy of gp130Fc neutralizing activity, we
measured the levels of free IL6R protein in X-METs media col-
lected at the experimental endpoint (5 days of treatment).
The ELISA revealed that the medium derived from X-METs
conditioned with C26_CM contained elevated levels of IL6R
protein compared with untreated X-MET (Figure 4C).
Conversely, gp130Fc administration to the X-MET C26_CM
significantly reduced the levels of free IL6R in supernatant
(Figure 4C). These data confirmed the effective modulation
of IL-6 signal transduction induced by gp130Fc protein.
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Figure 2 C26-conditioned medium induced the activation of interleukin-6 (IL-6) signal transduction in the ex vivo muscle engineered tissue (X-MET)
model. (A) Histogram shows the concentration (pg/mL) of IL-6 and IL6R measured by enzyme-linked immunosorbent assay comparing the differenti-
ation medium (DM) and C26-conditioned medium (C26_CM). The values represent mean ± SEM. (B) Histogram shows the expression of Il-6 and Il6r for
X-MET control (CTRL) and X-MET treated with C26_CM measured by quantitative real-time PCR (qRT-PCR). The values represent mean ± SEM of five
independent experiments, unpaired t-test (P< 0.05) (n ≥ 4 per group). HPRT was used for the normalization. (C) Densitometric analysis (left panel) and
representative western blot bands (right panel) of the phosphorylated signal transducer and activator of transcription 3 (pSTAT3) and signal transducer
and activator of transcription 3 (STAT3) expression (n ≥ 6 per group). Graph to the left shows quantitative analyses of replicative blots of the ratio of
relative intensities of pSTAT3 to total STAT3 in X-MET CTRL and X-MET C26_CM. All data are expressed as a mean ± SEM.
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We proceeded with morpho-functional and molecular
analysis to investigate whether the interference with IL-6
transignalling could protect the X-MET against the establish-
ment of a cachectic phenotype induced by C26-conditioned
medium. At first, we evaluated the impact of gp130Fc treat-
ment on the CSA of the X-MET conditioned with C26
medium. We observed that C26-derived medium induced a
significant reduction of the whole X-MET CSA compared with
control (Figure 4D). In contrast, no differences were observed

in the X-MET C26_CM treated with gp130Fc compared with
control (Figure 4D).

We thus evaluated whether blocking IL-6 transignalling
would influence proteolytic pathways. We observed a signifi-
cant induction of ATROGIN1 and MuRF1, master regulator of
the ubiquitin–proteasome pathway, in the X-MET condi-
tioned with C26-derived medium compared with the control
medium (Figure 4E). The supplementation of gp130Fc protein
to X-MET C26_CM significantly reduced the expression of

Figure 3 C26-conditioned medium induces cachectic changes in the ex vivo muscle engineered tissue (X-MET) IL6RKO construct. (A) Histogram shows
the weight measurements (mg) of control IL6RKO X-METs and IL6RKO X-METs treated with C26-conditioned medium. The values represent
mean ± SEM of three independent experiments, unpaired t-test (*P ≤ 0.05). (B–D) Quantitative expression of myosin heavy chain genes (Myh2a
and Myh7) (B), ATROGIN1 and muscle ring finger-1 (MuRF1) (C), and Bcl2-associated X protein (Bax) and B cell leukaemia/lymphoma 2 (Bcl2) (D) genes
measured by quantitative real-time PCR (qRT-PCR). The values represent mean ± SEM; P value by unpaired t-test (P < 0.05). HPRT was used for the
normalization.
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Figure 4 Interleukin-6 (IL-6) transignalling blockade counteracts the establishment of cachectic alterations in the ex vivo muscle engineered tissue (X-
MET) model. (A) Representative western blot bands (left panel) and densitometric analysis (right panel) of the phosphorylated signal transducer and
activator of transcription 3 (pSTAT3) and signal transducer and activator of transcription 3 (STAT3) expression (n ≥ 6 per group). Graph to the right
shows quantitative analyses of replicative blots of the ratio of relative intensities of pSTAT3 to total STAT3 in X-MET CTRL, X-MET C26_CM and X-
MET C26_CM + glycoprotein-130 fused chimaera (gp130Fc), respectively. All data are expressed as a mean ± SEM. (B) Quantitative real-time PCR
(qRT-PCR) analysis for the expression of suppressor of cytokine signalling 3 (Socs3) gene (n ≥ 6 per group). HPRT was used for the normalization.
All data are expressed as a mean ± SEM. P values were calculated using one-way analysis of variance test, and Bonferroni’s test was used for multiple
comparisons (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). (C) Histogram shows the concentration (pg/mL) of IL6R measured by
enzyme-linked immunosorbent assay comparing the X-MET control medium (X-MET CTRL), the X-MET C26-conditioned medium (X-MET C26_CM)
and the X-MET C26 medium plus gp130Fc (X-MET C26_CM + gp130Fc) at the endpoint of the treatment. The values represent mean ± SEM. P values
were calculated using one-way analysis of variance test (**P < 0.01, ***P < 0.001). (D) Haematoxylin and eosin staining on cross sections of treated
and non-treated X-METs (left panel) and measure of corresponding cross-sectional area (right panel). All data are expressed as a mean ± SEM (n ≥ 4 per
group). (E–G) Histograms show the expression of ATROGIN1 and muscle ring finger-1 (MuRF1) (E), cathepsin L (Ctsl) and light chain 3 (LC3) (F), and
tumour necrosis factor α (Tnfa) and interleukin-1β (Il1b) (G) measured by qRT-PCR. HPRT was used for the normalization. All data are expressed as
a mean ± SEM (n ≥ 4). P values were calculated using one-way analysis of variance test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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both ATROGIN1 and MuRF1 gene expression, compared with
the untreated X-MET C26_CM (Figure 4E). A similar
expression pattern has been observed also for markers of
the autophagy–lysosome system. In particular, we observed
that the C26-derived medium induced a significant
up-regulation of Ctsl, and the microtubule-associated protein
1 LC3 gene expression compared with the control medium
(Figure 4F). In contrast, in the X-MET C26_CM treated with
gp130Fc, the expression of both Ctsl and LC3 genes (Figure
4F) remains at basal levels, highlighting the relevance of
IL-6 transignalling in inducing cancer-associated muscle pro-
teolysis and wasting. Interestingly, we also found that the
Tnfa and the Il1b, cytokines primarily involved in the en-
hancement of catabolism in cachectic patients,30 were both
down-modulated in the X-MET C26_CM treated with gp130Fc
compared with the X-MET C26_CM (Figure 4G).

Activation of interleukin-6 transignalling impinges
satellite cells activity

It has been demonstrated that cachectic mice exhibit a deficit
in muscle stem cell proliferation and differentiation.31 To ver-
ify which cell populations, myofiber itself or other cell popula-
tions, are affected by IL-6 transignalling activation in the mus-
cle, we isolated myogenic and non-myogenic progenitors
from wild-type murine muscles. MuSCs and FAPs were sepa-
rately cultured and then treated with CM derived frommouse
C26 colon adenocarcinoma cells. Morpho-functional and mo-
lecular analysis demonstrated an impairment of MuSCs differ-
entiation in presence of C26 medium compared with control
MuSCs and C26_CM MuSCs treated with gp130Fc
(Figure 5A). At first, we observed that the length of myotubes
was reduced in presence of C26_CM compared with control
medium while gp130Fc administration efficiently counters
the impact of tumour-derived factors (Figure 5B). Sarcomeric
myosin expression was down-regulated in myotubes treated
with C26_CM compared with control medium, while physio-
logic levels of expression were maintained in culture treated
with C26_CM plus gp130Fc (Figure 5C,G). We further ob-
served that the supplementation of gp130Fc compound to
C26_CM myotubes was sufficient to normalize the expression
of both ATROGIN1 and MuRF1 genes that were significantly
enhanced in C26_CM-treated myotubes compared with con-
trols (Figure 5D). We confirmed the pro-apoptotic impact of
C26 medium on myotubes and the protective role exerted
by IL-6 transignalling blockade. Indeed, the C26-conditioned
medium significantly alters the expression of apoptotic
genes (Bax and Bcl2) on differentiated MuSCs, and it induces
the expression of caspase 3 (Figure 5E,G). In contrast, the
expression of pro- and anti-apoptotic genes and caspase 3
expression was rescued by neutralizing IL-6/sIL-6R complex
(Figure 5E,G), suggesting that the tumour-dependent induc-
tion of IL-6 transignalling plays a direct role in disturbing

molecular networks of myogenic cell homeostasis further
eliciting a negative effect on mature myofibers. As FAPs
are known to promote MuSC proliferation and to influence
the commitment of myoblasts to terminal differentiation,22

we investigated whether tumour-derived factors can affect
FAPs survival. Isolated FAPs were treated with C26-derived
medium with or without the supplementation of gp130Fc
compound. We observed that FAPs were not significantly in-
fluenced by C26-conditioned medium or gp130Fc adminis-
tration as shown by the expression levels of key mediators
of the apoptotic programme (Figure 5F).

Interleukin-6 transignalling blockade improves the
functional properties of cachectic ex vivo muscle
engineered tissue

To further strengthen these results, we use the X-MET model
to perform functional tests analysing the spontaneous con-
traction frequency. Figure 6A shows the amplitudes of FFT
analysis corresponding to the main frequency components
of the spontaneous force signals. Two-way ANOVA showed
a significant reduction, among all the acquisition days, in
C26_CM X-MET models, compared with the untreated ones.
Of note, gp130Fc treatment promotes a significant functional
rescue of the X-METs treated with C26_CM. Interestingly, a
post hoc test showed no significant difference of the FFT am-
plitudes between the X-METs treated with gp130Fc and the
untreated ones, expressed 96 h after the beginning of the
treatment, confirming that the pharmacological treatment
allowed tissues to develop a more synchronous spontaneous
contraction. The measurements of the specific spontaneous
forces (Figure 6B) were performed on four X-METs for each
analysed condition, in the last day of the treatment, showing
values of 1.61 ± 1.12, 2.09 ± 0.56 and 2.73 ± 0.93 mN/mm2

for C26_CM X-MET, X-MET treated with gp130Fc and un-
treated X-MET, respectively. These results demonstrated bet-
ter functionality in the constructs treated with gp130Fc with
respect to the tissue cultured with C26-conditioned medium,
with an increase of the generated force of ~29%. Figure 6C
shows the specific twitch and tetanic force developed by
the constructs in the last day of the treatment. One-way
ANOVA showed an increase of the developed forces in the
tissues treated with gp130Fc statistically higher than those
developed by the tissues treated with C26_CM, for both
twitch and tetanic forces. Interestingly, for the tetanic stimu-
lation, we measured a maximum tetanic force of 4.23 ± 2.04,
23.77 ± 16.23 and 28.92 ± 4.31 mN/mm2 for X-MET C26_CM,
X-MET C26_CM treated with gp130Fc and untreated X-MET,
respectively.

The loss of structural and sarcomeric proteins can lead not
only to an impaired muscle functionality but also to the alter-
ation of sarcolemma stability. To investigate this aspect, based
also on the evidence that cancer cachexia can cause skeletal

Modelling cancer-associated cachexia 11

Journal of Cachexia, Sarcopenia and Muscle 2023
DOI: 10.1002/jcsm.13329

 1353921906009, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcsm

.13329 by U
niversity D

i R
om

a L
a Sapienza, W

iley O
nline L

ibrary on [05/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Figure 5 The tumour-dependent stimulation of interleukin-6 (IL-6) transignalling alters satellite cell activity. (A) Representative brightfield images of
differentiated satellite cell populations (MuSCs) cultured in control medium, with C26-conditioned medium (C26_CM) and in presence of C26_CM plus
glycoprotein-130 fused chimaera (gp130Fc). Magnification ×10. (B) Quantification of myotubes length at the indicated time points and experimental
conditions. The analysis has been performed by using ImageJ software. All data are expressed as a mean ± SEM (n = 5), and P values were calculated by
two-way analysis of variance (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). (C–E) Histograms show the expression of myosin genes (C;
Myh2a and Myh7), atrophic markers (D; ATROGIN1 and muscle ring finger-1 [MuRF1]) and apoptotic genes (E; Bcl2-associated X protein [Bax] and
B cell leukaemia/lymphoma 2 [Bcl2]) in differentiated MuSCs upon administration of C26-conditioned medium alone or in combination with gp130Fc
protein compared with control medium. Gene expression has been measured by quantitative real-time PCR (qRT-PCR). HPRT was used for the normal-
ization. All data are expressed as a mean ± SEM. P values were calculated using one-way analysis of variance test (*P< 0.05, **P< 0.01, ***P< 0.001,
****P< 0.0001). (F) Histograms show the expression of apoptotic genes (Bax and Bcl2) in fibro-adipogenic progenitor cells (FAPs) upon administration
of C26-conditioned medium alone or in combination with gp130Fc protein compared with control medium. Gene expression has been measured by
qRT-PCR. HPRT was used for the normalization. All data are expressed as a mean ± SEM. (G) Representative images of MF20 (anti-myosin antibody)
immunostaining (Alexa 568, red signal), nuclei staining (HOECHST, blue signal) and cleaved caspase 3 (Alexa 488, green signal) for control differentiated
MuSCs (CTRL), MuSCs treated with C26-conditioned medium (C26_CM) and MuSCs cultured with C26-CM and treated with gp130Fc
(C26_CM + gp130Fc) (×20 magnification).
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muscle damage, we evaluated, by EBD uptake, the alteration
of muscle fibre integrity after contraction (Figure 6D). X-MET
constructs, treated with C26-conditioned medium alone or
in combination with gp130Fc and control ones, have been
electrically stimulated to induce the generation of the tetanic

force and stained with EBD. Confocal microscopy analysis of
EBD fluorescence in the whole X-MET revealed a significant
increase of EBD uptake by the X-MET treated with
C26-conditioned medium compared with control (Figure 6D).
The administration of gp130Fc to the X-MET C26_CM signifi-

Figure 6 Pharmacological inhibition of interleukin-6 (IL-6) transignalling preserves muscle function against tumour-induced cachexia. (A) Main fre-
quency components amplitude of the ex vivo muscle engineered tissues (X-METs) spontaneous contraction for control X-MET (CTRL), X-MET treated
with C26-conditioned medium (C26_CM) and X-MET cultured with C26-CM and treated with glycoprotein-130 fused chimaera (gp130Fc) protein
(C26_CM + gp130Fc) during the entire duration of the treatments. Data are expressed as mean ± SEM (n ≥ 4). P values were calculated using
two-way analysis of variance test (***P < 0.001, ****P < 0.0001 vs. X-MET CTRL, +P < 0.05 vs. X-MET C26_CM + gp130Fc). (B) Representative X-
MET-specific spontaneous contraction force acquired at the fifth day of treatment with average peak-to-peak values of 2.26, 1.45 and 1.80 mN/
mm

2
for X-MET CTRL, X-MET C26_CM and X-MET C26_CM + gp130Fc, respectively. (C) Specific twitch force (Ftw/CSA) and maximum specific tetanic

force acquired at the fifth day of treatment for X-MET CTRL, X-MET C26_CM and X-MET C26_CM + gp130Fc. All data are expressed as mean ± SD (n ≥
3). P values were calculated using two-way analysis of variance test (*P < 0.05). (D) Densitometric analysis from confocal microscopy images of Evans
Blue dye (EBD) fluorescence for control X-MET (X-MET CTRL), X-MET treated with C26-conditioned medium (X-MET C26_CM) and X-MET cultured with
C26-CM and treated with gp130Fc (X-MET C26_CM + gp130Fc) (×20 magnification; 50 μm of scale bar); quantification of EBD positive area for each
condition. All data are expressed as a mean ± SEM. P values were calculated using one-way analysis of variance test (***P < 0.001).
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Figure 7 Interleukin-6 (IL-6) transignalling neutralization modulates gene regulatory networks involved in myogenesis and apoptosis. Histograms show
the expression of miR-1, miR-133a, miR-206 and miR-24 (A), miR-21 (B), miR-31 and miR-34c (C), cyclin K (Ccnk), cyclin-dependent kinase inhibitor 2a
(Cdkn2a), Bcl2-associated X protein (Bax) and B cell leukaemia/lymphoma 2 (Bcl2) genes (D) measured by quantitative real-time PCR (qRT-PCR). U6 and
HPRT were used for miRNA and gene expression normalization, respectively. All data are expressed as a mean ± SEM (n ≥ 4). P values were calculated
using one-way analysis of variance test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). (E) Immunofluorescence analyses of MF20 (Alexa 568,
red signal), cleaved caspase 3 (Alexa 488, green signal) and nuclei staining (HOECHST, blue signal) for control ex vivo muscle engineered tissue (X-MET)
(CTRL), X-MET treated with C26-conditioned medium (C26_CM) and X-MET cultured with C26-CM and treated with glycoprotein-130 fused chimaera
(gp130Fc) (C26_CM + gp130Fc). Representative images obtained by confocal microscopy (×40 magnification; 20 μm of scale bar) (left panel); quanti-
fication of green area (cleaved caspase 3) related to red area (MF20) for each condition (right histogram). All data are expressed as a mean ± SEM
(n ≥ 5). P values were calculated using one-way analysis of variance test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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cantly reduced the percentage of EBD fluorescence within
myofibers, raising control levels (Figure 6D).

Glycoprotein-130 fused chimaera protein rescues
the deregulated expression pattern of microRNAs
associated with myogenesis and apoptosis induced
by C26-derived medium in the ex vivo muscle
engineered tissue construct

Muscle-specific miRNAs (myomiRs), regulating myogenesis
and contributing to muscle homeostasis, have been involved
in metabolic alterations associated with cancer cachexia.
Thus, we evaluated the expression pattern of muscle-specific
microRNAs in the 3D culture system, under the different ex-
perimental conditions. We observed a significant reduction
of relevant myomiRs, namely, miR-1, miR-133a and miR-
206, in the X-MET cultured with the C26-derived medium
compared with control medium (Figure 7A). On the other
hand, we observed that gp130Fc supplement to C26 medium
induced an up-regulation of myomiRs in the X-MET construct
when compared with C26-conditioned medium (Figure 5A).
Of note, in the X-MET C26_CM treated with gp130Fc, the ex-
pression of muscle-specific microRNAs, except for miR-206,
was raised to control levels (Figure 7A).

Regarding non-muscle-specific microRNAs involved in the
homeostatic maintenance of skeletal muscle tissue, we
analysed the expression of positive and negative regulators
of myogenesis such as miR-24 and miR-21, as well as the ex-
pression of apoptotic miRNAs, miR-31 and miR-34c. The X-
MET showed a significant down-modulation of miR-24 upon
conditioning with C26-derived medium compared with con-
trol medium. On the other hand, miR-24 expression in the
X-MET C26_CM supplemented with gp130Fc protein was
comparable with basal levels (Figure 7A).

We observed a significant up-regulation of miR-21 in the
X-MET cultured with C26-conditioned medium compared
with control medium, while the treatment with gp130Fc
brought the expression of miR-21 back to control levels in
the X-MET C26_CM (Figure 7B). These data suggest that
tumour-derived factors, with reference to IL-6 signalling com-
ponents, can affect the homeostatic maintenance of muscle
tissue by disturbing the expression pattern of myogenic
microRNAs.

We further reported a similar expression pattern for other
non-muscle-specific microRNAs, namely, miR-31 and miR-34c,
associated with the promotion of apoptotic processes and
which are known to be induced in damaged myofibers.32–34

In particular, miR-31 and miR-34c were significantly induced
in the X-MET cultured with C26-conditioned medium com-
pared with control, while the expression of both miRNAs
was comparable with basal levels in presence of gp130Fc pro-
tein (Figure 7C).

To better investigate whether the inhibition of IL-6
transignalling in the X-MET C26_CM could counter the induc-
tion of apoptotic pathways, we analysed the mRNA levels of
Bcl2, BCL2-associated X protein (BAX), Ccnk and Cdkn2a. We
observed that the C26-conditioned medium significantly in-
duces the expression of the pro-apoptotic genes Bax, Ccnk
and Cdkn2a in the X-MET, while the anti-apoptotic gene
Bcl2 was dramatically reduced in the X-MET C26_CM com-
pared with control constructs. The X-MET C26_CM treated
with gp130Fc showed expression levels of Bax, Bcl2, Ccnk
and Cdkn2a comparable with the control construct, indicating
a protective role of IL-6 transignalling inhibition against the
induction of pro-apoptotic pathways (Figure 7D). In accor-
dance, analysis of transversal sections of the whole X-MET
by confocal microscopy revealed a widespread expression
of caspase 3, a key apoptotic protease, in X-MET C26_CM
but not in the construct supplemented with gp130Fc or cul-
tured with control medium (Figure 7E).

Discussion

Cancer cachexia has been defined as ‘a complex metabolic
syndrome associated with underlying illness and
characterised by loss of muscle with or without loss of fat
mass’.35 The occurrence of this syndrome is known to
dramatically affect cancer patient quality of life and has been
associated with a reduced response to chemotherapy and
overall survival. To date, no therapies are available to reverse
the progressive and massive loss of skeletal muscle, which is
considered the main feature of cancer cachexia. A wealth of
studies has been performed in experimental models to iden-
tify and target potential triggers of the cancer cachexia,
greatly improving the knowledge about mechanisms underly-
ing this syndrome. Unfortunately, a comprehensive under-
standing of pathogenic mechanisms is still lacking and the
consensus on the use of experimental models.36 Both
in vivo and in vitro approaches presented intrinsic and extrin-
sic limitations as they are simplified models of a complex
syndrome, associated with different types of tumours and oc-
curring in a multifaceted spectrum of patients with different
degrees of illness severity and comorbidities. However, exper-
imental models are necessary to clarify mechanisms driving
pathogenic events and, with reference to in vitro models,
are useful for direct drug screening, reducing the use of
animal models and saving costs and time. Based on this ratio-
nale, we proposed a 3D engineered skeletal muscle, the X-
MET, as a novel model that recapitulates muscle diseases
and tested the efficacy of therapeutic compounds.6 This
model, previously characterized and standardized,6,7 appears
as a reliable tool presenting important advantages other than
the main features of classical cell-based models: (i) It pre-
sents morpho-functional properties closely resembling
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in vivo skeletal muscle tissue; (ii) the heterogeneous cell pop-
ulation composing the construct allows the formation of an
organized architecture of muscle, endothelial and connective
tissue, increasing the level of complexity of classical 2D
in vitro models; and (iii) it is possible to accurately measure
spontaneous contraction, force and mechanical power,9,10

assessing the efficacy of therapeutic treatments in terms of
functional parameters.

Taking advantage of X-MET characteristics, we investigated
the impact of cancer-associated induction of IL-6 signalling on
muscle tissue with a dual aim: (i) to assess the direct action of
IL-6 and its signalling molecules in inducing cachexia-like ef-
fects and (ii) to assure that the X-MET would respond to
cancer-derived factors displaying the main features of
cachexia.

C26 adenocarcinoma tumour cells have been used as a
source of soluble factors contributing to the establishment
of cancer cachexia. In particular, C26 cancer cells are known
to release elevated levels of IL-6 cytokine, which has been
functionally associated with cachexia in murine models.37–39

We observed that the X-MET exposed to medium condi-
tioned by mouse C26 colon adenocarcinoma cells showed a
significant decline in morpho-functional properties along with
the alteration of molecular mechanisms of protein degrada-
tion. In particular, the significant reduction of mass in the
X-MET cultured with C26-conditioned medium was accompa-
nied by the dramatic decline of myosin and actin expression
compared with control construct. The sensible decline of
structural components in the X-MET upon conditioning with
tumour-derived factors reflected the enhancement of protein
degradation pathways that are known to contribute to mus-
cle wasting in cachexia. Evidence deriving from in vivo and
in vitro studies has reported the alteration of sarcomeric
mRNA and protein levels under cachectic conditions,26–28

and it is well known that myosin and actin are the major sar-
comere contractile proteins, responsible for force generation
during contraction.40 Of note, reduced content of sarcomeric
proteins was associated with the impairment of contractile
properties of the X-MET. This aspect is of particular relevance
because monitoring muscle mass and functionality is consid-
ered as an essential point to strengthen preclinical studies in
cancer cachexia.36 Thus, these data validated the X-MET as a
reliable experimental model recapitulating in vitro the main
features of cancer-induced muscle wasting.

Once validating the establishment of pathogenic changes
in the X-MET construct cultured with cancer medium, we
tested our model as a tool for drug screening.

In order to investigate mechanisms triggering cancer-asso-
ciated muscle wasting and to select a targetable pathway, we
focused on IL-6 signal transduction. A wealth of studies re-
ported the pivotal role of cancer-derived IL-6, and its signal
transduction, in contributing to cachexia syndrome. Indeed,
IL-6 has been recognized as sufficient to induce cachexia in
mice, and in a recent article, Rupert and colleagues15 defined

an IL-6 transignalling loop between tumour, muscle and fat ex-
acerbating muscle wasting in pancreatic ductal adenocarci-
noma (PDAC) cachexia.14,37,38 In accordance, we reported high
levels of both IL-6 and IL-6R in medium derived from C26 cells
activating IL-6 signal transduction in the X-MET construct and
possibly inducing a feed-forward loop of IL-6 and IL6R expres-
sion. Indeed, the X-MET cultured in presence of high-level IL-6
and IL6R not only showed a significant induction of STAT3 ac-
tivity but also increased levels of both Il-6 and Il6r gene expres-
sion in the muscle construct. Within this context, it is worth
reporting that the activation of STAT3 has been defined as nec-
essary and sufficient for muscle wasting in cancer cachexia.37

Our data indicated that C26 tumour cells are able to secrete
high levels of both IL-6 and IL6R that can in turn activate IL-6
signal transduction inmuscle cells. Furthermore, the induction
of IL-6 and IL-6R expression in C26_CM stimulated construct
suggested the induction of a feed-forward loop of IL-6
signalling.

Based on these observations, we asked whether the
cachectic-like phenotype observed in the C26_CM-treated
X-MET would be mainly ascribed to the impact of IL-6
transignalling instead of classic signalling. To answer this ques-
tion, we generated the X-MET from an IL6RKO mouse model,
characterized by the constitutive lack of IL6R protein expres-
sion. Hence, the X-MET IL6RKO does not express the IL6R pro-
tein and thus presents a complete ablation of both IL-6 classic
and transignalling. By adding C26_CM to the IL6RKO X-MET,
we were able to evaluate the specific response of muscle tis-
sue to cancer-induced IL-6 transignalling, as in this model,
the only source of sIL6R mediating IL-6 transignalling comes
from the C26-conditioned medium. We observed a significant
decline of tissue mass in the X-MET IL6RKO after the admin-
istration of C26-conditioned medium, compared with un-
treated control X-MET IL6RKO. In accordance with the loss
of tissue mass, we observed, similarly to what we reported
for the wild-type X-MET, a significant up-regulation of atro-
phic markers and a decline of myosin genes expression in
the X-MET IL6RKO upon C26-conditioned medium adminis-
tration, confirming the prominent role of IL-6 transignalling
in inducing a cachectic-like phenotype. Furthermore, we ob-
served that the administration of C26-derived medium to the
X-MET IL6RKO induced pro-apoptotic changes in the X-MET
IL6RKO culture system. Altogether, these data corroborate
the hypothesis that IL-6 transignalling represents a dominant
mediator of muscle decline induced by cancer-derived
medium.

To investigate the direct impact of IL-6 transignalling in
muscle tissue, spared from the influence of other tissues that
would be targets of cancer factors, we used the X-MET model
and a molecular approach to neutralize soluble IL6R action.
We used the gp130Fc protein to selectively thwart IL-6/sIL6R
complex activity, without affecting the activity of IL-6 cyto-
kine through the classic signalling. Our results showed that
the interference with IL-6 transignalling in the C26-derived
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medium was sufficient to antagonize the pro-degenerative
action of cancer-conditioned medium on the whole X-MET
model and on isolated muscle stem cells. In particular,
gp130Fc supplementation to cancer-conditioned X-MET
prevented the loss of muscle tissue, normalizing proteolytic
pathways and thus preserving the robustness of the muscle
construct. The beneficial effect of IL-6 transignalling blockade
was further highlighted by the improved tissue functionality
and the reduced sensibility to mechanical stress in the
X-MET C26_CM treated with gp130Fc. Altogether, these data
confirm the ability of gp130Fc compound to modulate
proteasome-mediated proteolysis and auto-phagocytosis
process, closely linked to muscle wasting under cachectic
conditions. This protective action of IL-6 transignalling block-
ade against the pathologic loss of structural and contractile
proteins preserves muscle mass, sarcolemma integrity and
myofiber functionality.

Along with the modulation of classical pathways, well de-
scribed in cancer cachexia, we further reported a differential
modulation of non-coding RNAs in the X-MET treated with
gp130Fc. Interestingly, mounting evidence supports the role
of microRNAs in triggering or amplifying cancer-associated
muscle wasting.41 It has been reported that tumour-derived
factors, including pro-inflammatory cytokines, can affect
peripheral and central metabolic pathways contributing to
cancer cachexia. In this context, it has been highlighted that
microRNAs can influence metabolic regulation directly or by
affecting cytokines. Among them, myomiRs, regulating
myogenesis and contributing to muscle homeostasis, have
been involved in metabolic alterations associated with cancer
cachexia.

About that, we showed that C26-conditioned medium in-
duced a significant impairment of myogenic microRNAs
(miR-1, miR-133a and miR-206) in the X-MET. In contrast,
the expression profile of miR-1 and miR-133a was restored
by treating the X-MET C26_CM with gp130Fc. As myomiRs
contribute to the robustness of the myogenic programme,42

the loss of these regulatory mediators might contribute to al-
ter the stability of the X-MET in presence of cancer-derived
factors. The ability of gp130Fc treatment to restore myogenic
miRNA expression in the X-MET could suggest the existence
of an inhibitory network, mediated by IL-6 transignalling, af-
fecting the generation and maintenance of a robust muscle
tissue. Other microRNAs, although not muscle specific, have
been recognized as key mediators involved in the homeo-
static maintenance of skeletal muscle tissue.32,43,44 Among
them, miR-24 has been associated with the maintenance of
the differentiated phenotype of myofibers, being highly
expressed in terminally differentiated muscle tissue.43

MiR-21 is known to be induced by pro-inflammatory and
pro-oxidant stimuli, and it has been reported as a negative
regulator of myogenesis contributing to muscle wasting by
reducing myoblast viability and myogenic potential.45 In addi-
tion, miR-21 is a well-characterized oncogenic microRNA that

is overexpressed in several malignancies, and it has been pro-
posed as a biomarker of prognosis and as a therapeutic tar-
get. Other non-muscle-specific microRNAs, miR-31 and miR-
34c, have been associated with the promotion of apoptotic
processes and are known to be induced in damaged
myofibers.33,34,37 If myogenic miRNA expression was im-
paired, a significant enhancement of microRNA involved in
pro-apoptotic and damage-associated pathways has been ob-
served in the X-MET C26_CM. In particular, microRNAs such
as miR-21, miR-31 and miR-34c have been found overex-
pressed in the X-MET conditioned with C26 medium. Other-
wise, miR-24 was significantly reduced by C26 conditioning,
suggesting an impaired maintenance of the differentiated
phenotype in myofibers subject to cachectic stimuli.

In line with the described role of these miRNAs in induc-
ing apoptotic pathways, the cancer-conditioned X-MET
showed high levels of apoptotic markers, suggesting that
cancer-derived factors can dramatically affect muscle tissue
leading to muscle cell death. Interestingly, also, in this case,
the selective neutralization of IL-6 transignalling normalized
the expression of miRNAs and of the overall the analysed
mediators, resulting in the strong reduction of cleaved cas-
pase 3.

Altogether, these data are in accordance with the classical
view of cancer-induced muscle wasting, in which
tumour-associated deregulation of pro-inflammatory media-
tors sensibly affects muscle cells leading to catabolic and ap-
optotic events. Furthermore, we highlighted how IL-6
transignalling stimulated by cancer cells could directly affect
muscle tissue. The detrimental action of IL-6 transignalling
was not associated only with the recognized catabolic role
of the cytokine but also to a profound alteration of muscle
stability leading to the loss of tissue robustness and to the in-
duction of apoptotic pathways.

Overall, our data suggest that the X-MET model could be
considered a reliable tool for preclinical studies and that the
selective inhibition of IL-6 transignalling is a promising strategy
to protect muscle tissue against the extensive wasting charac-
terizing cancer cachexia. It has been reported that IL-6 activity
can be completely blocked using the neutralizing monoclonal
antibody. Nevertheless, this potential therapeutic approach
blocks both classic and transignalling. In contrast, we provide
evidence that interfering with IL-6 transignalling can have
more translational clinical impact. Indeed, we were able to se-
lectively block the IL-6 transignalling, by the application of the
gp130Fc compound, a recombinant protein able to selectively
block IL-6 transignalling by neutralizing IL-6 cytokine in com-
plex with the soluble IL6R, without interfering with the classic
signalling. As a strategy, this offers a number of clear advan-
tages because administration of gp130Fc will not result in a
complete suppression of all IL-6 responses, which may have
more widespread clinical ramifications. Thus, interfering with
IL-6 transignalling will be a promising strategy for the treat-
ment of cachectic patients.
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