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Abstract

Background Cancer cachexia is a multifactorial syndrome characterized by involuntary and pathological weight loss,
mainly due to skeletal muscle wasting, resulting in a decrease in patients’ quality of life, response to cancer treatments,
and survival. Our objective was to investigate skeletal muscle alterations in cachectic cancer patients.

Methods This is a prospective study of patients managed for pancreatic or colorectal cancer with an indication for sys-
temic chemotherapy (METERMUCADIG - NCT02573974). One lumbar CT image was used to determine body compo-
sition. Patients were divided into three groups [8 noncachectic (NC), 18 with mild cachexia (MC), and 19 with severe
cachexia (SC)] based on the severity of weight loss and muscle mass. For each patient, a pectoralis major muscle biopsy
was collected at the time of implantable chamber placement. We used high-resolution oxygraphy to measure mitochon-
drial muscle oxygen consumption on permeabilized muscle fibres. We also performed optical and electron microscopy
analyses, as well as gene and protein expression analyses.

Results Forty-five patients were included. Patients were 67% male, aged 67 years (interquartile range, 59-77).
Twenty-three (51%) and 22 (49%) patients were managed for pancreatic and colorectal cancer, respectively. Our
results show a positive correlation between median myofibres area and skeletal muscle index (P = 0.0007). Cancer ca-
chexia was associated with a decrease in MAFbx protein expression (P < 0.01), a marker of proteolysis through the
ubiquitin-proteasome pathway. Mitochondrial oxygen consumption related to energy wasting was significantly in-
creased (SC vs. NC, P = 0.028) and mitochondrial area tended to increase (SC vs. MC, P = 0.056) in SC patients.
On the contrary, mitochondria content and networks remain unaltered in cachectic cancer patients. Finally, our results
show no dysfunction in lipid storage and endoplasmic reticulum homeostasis.

Conclusions This clinical protocol brings unique data that provide new insight to mechanisms underlying muscle
wasting in cancer cachexia. We report for the first time an increase in mitochondrial energy wasting in the skeletal
muscle of severe cachectic cancer patients. Additional clinical studies are essential to further the exploring and under-
standing of these alterations.
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Introduction

Cancer cachexia is a multifactorial syndrome characterized
by involuntary and pathological weight loss (WL), mainly
due to skeletal muscle wasting,® resulting in a decrease in
patients’ quality of life, response to cancer treatments,? and
survival.> 5 Due to the pathophysiological complexity of this
clinical syndrome, there is currently no effective treatment for
cancer cachexia.

A large majority of research has focused on mechanisms
behind skeletal muscle wasting (refer to reviews** >2). There
are currently many postulated mechanisms that may partici-
pate in cancer cachexia induced-muscle loss, the most de-
scribed being the unbalance between proteolysis and protein
synthesis.* Two muscle-specific E3 ubiquitin ligases, muscle
ring finger 1 (MuRF1) and muscle atrophy F-box (MAFbx)/
atrogin-1, are considered as the main contributors for the
increased proteolysis.®> On the other side of the protein bal-
ance, reduction in synthesis is controversial, and mechanisms
are not clearly identified.’

Among the recently uncovered but poorly studied mecha-
nisms underlying skeletal muscle wasting, several clinical and
preclinical studies demonstrated alterations in skeletal mus-
cle mitochondrial structure, bioenergetics, and dynamicss_&
357 (refer to review®). Disruption in mitochondrial function
can reduce fatty acids oxidation leading to excessive lipid
storage in muscle cells (myosteatosis). Intermuscular and in-
tramuscular accumulation of lipids was reported in cachectic
condition.'®*% 58 Myosteatosis generates toxic lipid interme-
diates and oxidative stress'® exacerbating mitochondrial
dysfunction and lipid accumulation, initiating a vicious circle.
Direct dysfunction of mitochondrial respiratory chain can de-
crease ATP production and increase reactive oxygen species
and then induce oxidative stress, feeding the vicious circle.
More recently, some studies reported, in cachectic patients**
and preclinical models,*> endoplasmic reticulum stress (ER
stress) and disruptions in the unfolding protein response in
skeletal muscle.’® ER stress can be induced by intramuscular
lipid storage, via ceramides and other toxic lipids intermedi-
ates production, increasing proteolysis processes. Further-
more, ER stress can affect mitochondria-associated ER
membranes leading to disruption in mitochondrial and lipid
metabolism and increased proteolysis.

However, even if the connection of the mechanisms makes
sense, there is a large weakness in the fact that most of the
data have been reported in preclinical models of cancer ca-
chexia and in vitro experiments. Only few data were obtained
from studies in patients.

We recently reviewed 31 clinical studies analysing skeletal
muscle biopsies from cachectic cancer patients to explore
the mechanisms underlying the skeletal muscle wasting.*’
Most of these studies recruited patients with gastrointestinal
cancers, including cancer of the oesophagus, stomach, liver,

pancreas, colon, and anus. However, there are discrepancies
in the results of these clinical studies, which may create con-
fusion in the field. Finally, most of these studies have focused
on a single piece of the puzzle of muscle wasting mechanisms.
It is therefore essential to carry out further clinical studies to
confirm the involvement of the mechanisms mentioned
above (proteolysis and protein synthesis, myosteatosis, mito-
chondrial energy metabolism, and ER stress).

We aimed to investigate both skeletal muscle structural
and metabolic alterations in cachectic patients with colorec-
tal or pancreatic cancer.

Patients and methods
Study design and patients

The present study is a French monocentric and non-interven-
tional study (METERMUCADIG - NCT02573974) conducted in
the University Hospital of Tours. The study protocol was ap-
proved by the local ethics committee (IJRCB 2015-A00683-
462015-R25; CPP 2015-R25; ANSM 150963B-12). The study
was compliant with the Declaration of Helsinki. Patients were
recruited after signature of the fully informed consent form.
The study started on 19/01/2016 and samples were collected
until 04/12/2018. The inclusion criteria were as follows: pa-
tient between 18 and 80 years old; colorectal or pancreatic
cancer with an indication for systemic chemotherapy, and
the placement of an implantable chamber (Port-a-Cath,
PAC) in a subclavian setting; life expectancy > 3 months; gen-
eral status according to the World Health Organization
classification < 2. Exclusion criteria included the following:
pregnant or lactating women, unbalanced diabetes, systemic
corticosteroid therapy, and any severe uncontrolled medical
condition.

On the day of PAC insertion, prior to the start of chemo-
therapy treatment, a single biopsy from the pectoralis major
and blood samples were collected for each patient. Not all
patients with colorectal or pancreatic cancer, especially
advanced cancer, are eligible for pelvic surgery due to poor
nutritional status. PAC was therefore a surgical opportunity
to access sufficient skeletal muscle biopsy for all patients, re-
gardless of their nutritional status. The muscle biopsy was
collected under local anaesthesia (Xylocaine® solution) with
a cold scalpel. Details on the transport buffer, dissection,
and fixation can be found in the supporting information. An
anonymized computerized tomography (CT) scanner for
cancer diagnosis, including at least the abdominal part, was
collected prospectively. At inclusion, declarative WL and
waist size were compiled. Declarative WL is based on the
body weight at inclusion (between the CT scan and the
muscle biopsy), and the usual body weight of the patient,
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the patient’s stabilized body weight months before the inclu-
sion. Brachial circumference and muscle strength were also
measured, as detailed in the supporting information.

We used two criteria to establish the cachectic status of
patients: severity of WL and muscle mass. Muscle mass was
defined with skeletal muscle index (SMI) cut-offs.*® Men with
body mass index (BMI) < 25 kg/m? and SMI < 43 cm?/m? or
BMI > 25 kg/m? and SMI < 53 cm?/m? and women with
SMI < 41 cm?/m? were considered as patients with low mus-
cle mass (SMI < cut-off), as opposed to patients with normal
muscle mass (SMI > cut-off). The severity of WL was defined
based on a five-level scoring system (grades 0-4).'° Patients
with grade 3 or 4 WL (BMI < 20 kg/m? and WL < 6%; or
BMI < 28 kg/m? and 6% < WL < 11%; or WL > 11%) were
considered weight-losing, as opposed to weight-stable pa-
tients with grade 0 to 2 WL (BMI > 20 kg/m? and
WL < 6%; or BMI > 28 kg/m? and 6% < WL < 11%). To study
the structure and metabolic functions of skeletal muscle in
cachectic cancer patients, men and women were separated
into three groups: noncachectic (NC) patients [weight-stable
patients (grades O to 2 WL) with normal muscle mass
(SMI > cut-off)], patients with mild cachexia (MC) [weight-
stable patients (grades 0 to 2 WL) with low muscle mass
(SMI < cut-off) or weight-losing patients (grade 3 or 4 WL)
with normal muscle mass (SMI > cut-off)], and patients with
severe cachexia (SC) [weight-losing patients (grade 3 or 4 WL)
with low muscle mass (SMI < cut-off)].

Computerized tomography scan analyses

Diagnostic CT images were used to determine body
composition.?*?¥ *° One axial image of the third lumbar ver-
tebra (L3) was selected for analysis of total skeletal muscle
and fat cross-sectional areas. CT image parameters included:
without contrast, 1 to 5 mm slice thickness, 70 to 120 kVp,
and ~100 to 600 mA. Tissues were identified anatomically
and quantified within prespecified Hounsfield unit (HU)
ranges: skeletal muscle (—29 to +150 HU), subcutaneous ad-
ipose tissue (—190 to —30 HU), intermuscular adipose tissue
(—190 to —30 HU), and visceral adipose tissue (—150 to —50
HU). Total fat cross-sectional area was computed. All images
were analysed by a single trained observer with Slice-O—-
Matic software (v.5.0; Tomovision, Magog, Canada).

High-resolution oxygraphy

The measurement of mitochondrial muscle oxygen
consumption was performed on permeabilized fibres using
OROBOROS Oxygraph-2k® (Oroboros Instrument). The de-
tailed procedure and respirometry protocol can be found in
the supporting information. The results were analysed using
DatLab 6® software (Oroboros Instrument). Once the mea-

surements completed, the biopsies were dried for 30 min at
37°C and then weighed. The oxygen consumption values were
normalized to the dry weight of the muscle fibres.

Optical and electron microscopy

Detailed procedures can be found in the supporting informa-
tion. Light microscopy images were prepared and myofibres
area was manually analysed with Nikon Eclipse 80i micro-
scope connected with Nikon DS-Vil camera driven by
NIS-ELEMENTS D 4.4 (Nikon) software. For each patient, the
median myofibres area was calculated on approximately
200 myofibres. Electron micrographs were recorded with a
digital camera driven by Digital Micrograph software (GMS
3, Gatan, Pleasanton, CA, USA). For each patient, four
cross-sections and four longitudinal sections, each on a differ-
ent myofibre, were used. Photographs were taken at random.
Myofibrils area, mitochondrial area, and lipid droplets area
were manually analysed with Fiji software (ImageJ 1.53f51,
Wayne Rasband and contributors, NIH, USA), using polygon
selections. For each patient, median myofibrils area was cal-
culated on at least 30 myofibrils per section, median mito-
chondrial area was calculated on at least 30 mitochondria
per section, and median lipid droplets area was calculated
from all measurable lipid droplets.

Gene and protein expression

A portion of the biopsy was stored at 4°C in RNAlater” Stabi-
lization Solution (ThermoFisher Scientific Scientific). All biop-
sies were crushed using a cryo-grinder, including a Cryolys
cooling system (Bertin Instruments) and a Precellys 24 homog-
enizer (Bertin Instruments). Extractions of RNA, DNA, and pro-
teins from the same sample were performed using the
NucleoSpin® TriPrep (Macherey-Nagel) kit. The muscle fibres
were ground in the RP1 buffer provided with the kit, at
1 mL/10 mg fibre (with a maximum of ~25 mg biopsy), then
lysed by adding B-mercaptoethanol. DNA, RNA, and proteins
were purified following the protocol provided by the manu-
facturer and stored at —80°C. Quantification of mitochondrial
DNA and mRNA analyses were performed by qPCR and RT-
gPCR, respectively. The detailed procedure can be found in
the supporting information. The primer sequences are listed
in Tables S1 and S2. Protein expression levels were deter-
mined by western blot. Experimental procedure and the list
of primary antibodies used can be found in the supporting
information.

Statistical analysis

The statistical analyses were performed using GraphPad
Prism® for Windows (v.6.01, La Jolla, California, USA).
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D’Agostino and Pearson omnibus normality tests were per-
formed to verify the Gaussian normal distribution of continu-
ous variables. We used Kruskal-Wallis test with Dunn’s post
hoc tests, Spearman correlation coefficients to compare
non-normal continuous variables, and Pearson correlation co-
efficients for normal distribution variables. Data are pre-
sented with interquartile range (IQR) box and min-to-max
whiskers. Outliers were excluded using Grubbs’ test
o =0.05. We considered P < 0.05 to be statistically significant.

Despite the importance of men/women distinction, the
analyses on the skeletal muscle biopsies could not be per-
formed by separating the patients by gender due to a too
small number of patients and the resulting lack of statistical
power. However, men and women were distinguished by dif-
ferent symbols in each graph.

Results

Forty-five patients were included in the METERMUCADIG
(NCT02573974) clinical protocol. A CT scanner was recovered
for all 45 patients, while a skeletal muscle biopsy was col-
lected for 39 of them. Of the six patients without skeletal
muscle biopsy, four died before their PAC insertion, during
which the biopsy is collected; and for the other two, the bi-
opsy was unusable, of poor quality and with too much fatty
and fibrous connective tissue.

Patients characteristics at inclusion

Of the 45 patients included, there were 30 (67%) men and 15
(33%) women, with a median age at inclusion of 67 years
(IQR, 59-77) (Table 1). Eighteen (40%) patients were
managed for metastatic pancreatic cancer and 12 (27%) for

Table 1 Patients characteristics

Characteristic No. (%) Median IQR
Age (years) 67.0 59.0-76.5
Sex
Women 15 (33)
Men 30 (67)
Cancer
Colorectal 22 (49)
Pancreas 23 (51)
Metastatic cancer 30 (67)
WHO performance status (n = 44)
0 20 (45)
1 17 (39)
2 5(11)
3 2 (5)
BMI (kg/mz) 22.4 19.8-26.3

BMI category (kg/m?)
Underweight (<18.5)
Normal weight (18.5 to 24.9)
Overweight (25 to 29.9) 20)
Obese (>30) 4(9)

BMI, body mass index; WHO, World Health Organization.

5(11)
27 (60)
9 (

metastatic colorectal cancer. At the same time, 5 (11%) pa-
tients with locally advanced pancreatic cancer and 10 (22%)
patients with localized colon cancer that had undergone sur-
gery were included. Nearly half of the patients had a World
Health Organization performance status of 0. Eleven (24%)
patients had type Il diabetes, 10 (22%) had dyslipidaemia, 6
(13%) had heart failure, 3 (7%) had chronic inflammatory
disease, and 2 (4%) had hypothyroidism. All these patients
were under treatment, except for three patients with
dyslipidaemia, who did not have corrective treatment for
their condition. The median BMI and SMI were 22.7 kg/m2
(IQR, 21.1 to 26.3) and 44.5 cm?*/m? (IQR, 40.3 to 49.1) in
men; and 20.8 kg/m? (IQR, 19.5 to 25.3; & vs. @ P = 0.296)
and 36.2 cm?/m? (IQR, 33.9 to 41.9; & vs. Q P = 0.0002) in
women, respectively.

There were 8 (18%) NC patients, and 18 (40%) and 19
(42%) patients with mild (MC) and severe (SC) cachexia, re-
spectively. But a pectoralis major biopsy has been collected
only for 6 NC, 17 MC, and 16 SC. There was no significant dif-
ference in age (NC, 73 years old, IQR 61.5-78.5; MC, 65 years
old, IQR 55.8-74.5; SC, 68 years old, IQR 58.0-78.0;
P = 0.506), distribution of colorectal and pancreatic (NC,
62.5%/37.5%; MC, 50%/50%; SC, 42%/58%; P = 0.628), meta-
static or locally advanced cancers (NC, 62.5%/37.5%; MC,
61%/39%; 74%/26%; P = 0.699) between groups. For both
men and women, we also observed no difference in BMI,
fat mass, muscle strength, and C-reactive protein (CRP) con-
centration between cachexia groups (Table 2). The brachial
circumference of men with SC was significantly smaller com-
pared with that of NC men (NC, 30.8 cm, IQR 27.8-36.5 vs.
SC, 27.5 cm, IQR 24.1-29.6, P = 0.049). No such difference
was found for women (Table 2). Women with SC appeared
to have a smaller waist size, compared with women with
MC (MC, 88.0 cm, IQR 85.0-109.5 vs. SC, 80.5 cm, IQR
79.0-85.0, P = 0.027). No such difference was found for
men (Table 2). The analysis of several clinical haematological
parameters, such as albumin, cholesterol, triglycerides, and
adiponectin, revealed no difference upon comparing NC pa-
tients, patients with MC or SC (Table S3). Only serum creati-
nine was significantly decreased in patients with MC or SC
compared with NC patients (NC, 76.5 pmol/L, IQR
68.5-104.0; MC, 60.0 pmol/L, IQR 53.5-71.5; SC,
59.0 umol/L, IQR 50.0-72.0; NC vs. MC, P = 0.022 and NC
vs. SC, P = 0.011). It correlated positively with SMI (Spearman
P =0.005; r = 0.419).

Skeletal muscle fibres area decreases with severity
of cachexia in gastrointestinal cancer patients

We observed a significantly smaller median area of skeletal
muscle fibres in patients with SC compared with NC patients
(NC, 3352 pum? IQR 2801-3843 vs. SC, 1771 pm?, IQR
1330-2823, P = 0.0052) (Figure 1A-B). The median area of
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Figure 1 Pectoralis major myofibres area decreases with progression of cachexia in gastrointestinal cancer patients. (A) Representative observation by
optical microscopy of pectoralis major myofibres stained with toluidine blue in noncachectic patients (NC), patients with mild cachexia (MC) or severe
cachexia (SC). Scale 100 um. (B) Median myofibres area. For each patient, the median myofibres area was calculated on approximately 200 myofibres.
Correlations between median myofibres area and (C) skeletal muscle index (SMI) (Spearman); (D) body weight loss percentage (Pearson). (E) Median
area of myofibrils observed by transmission electron microscopy. For each patient, four cross-sections, each on a different myofibre, were used. Me-
dian myofibrils area was calculated on at least 30 myofibrils per section. Data are presented with IQR box and min-to-max whiskers and were com-
pared using Kruskal-Wallis tests with Dunn’s post hoc tests. Outliers were excluded using Grubbs’ test & = 0.05. Men: black dots, women: white

triangles. ¥*P < 0.05, **P < 0.01.

the fibres correlated positively with SMI: the lower the SMI of
the patients, the smaller the median area of their muscle fi-
bres (Spearman P = 0.0007; r = 0.541) (Figure 1C). It also
tended to correlate negatively with body WL (Pearson
P = 0.054; r = —0.333) (Figure 1D). Median surface area of
the myofibrils was not different between groups (Figure 1E).

Cancer cachexia is associated with decrease in
MAFbx protein expression

We analysed the gene expression of two E3-ligases of the
ubiquitin-proteasome pathway, as markers of muscle proteol-
ysis. While mRNA and protein expression of MuRF1 remained
unchanged across the groups, MAFbx protein content was
lower in patients with SC or MC compared with NC patients
(P = 0.001 and P = 0.004, respectively) (Figures 2A and S1).
Moreover, MAFbx protein expression correlated positively
with SMI (Spearman P = 0.013; r = 0.42) (Figure 2B). Study
of the protein expression of Beclin, p62, and LC3BI, three
markers of autophagy, revealed no significant difference be-
tween the groups (Figure 2C).

Cancer cachexia leads to increased mitochondrial
energy wasting

Median oxygen consumption in nonphosphorylating state
(state 4) after addition of glutamate/malate/succinate was
significantly increased in patients with SC compared with
NC patients (NC, 11.1 pmol-s”*mg™%, IQR 7.78-21.7 vs. SC,
24.1 pmol-s *:mg %, IQR 21.4-36.3, P = 0.028). The median
value for patients with MC was intermediate but without sig-
nificant difference compared with the other two groups (MC,
20.1 pmol-s *mg %, IQR 14.4-31.5) (Figure 3A). Neither oxy-
gen consumption in phosphorylating state (state 3), or
uncoupled state, nor complex 4 activity-related oxygen con-
sumption were different between the three groups
(Figure 3A). State 3/state 4 ratio was significantly decreased
in cancer patients with SC compared with NC patients
(Figure S2). Differences in mitochondrial surface area in
transmission electron microscopy were visible between pa-
tients (Figure 3B), and this parameter tended to increase in
patients with SC compared with patients with MC only (MC,
0.062 pm? IQR 0.048-0.069 vs. SC, 0.070 um? IQR
0.054-0.092, P = 0.056) (Figure 3C). There was no difference
in the amount of mitochondrial DNA (Figure 3D). Lastly, the
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Figure 2 Cancer cachexia is associated with decrease in MAFbx protein expression in pectoralis major muscle. (A) Protein expression levels of two
markers of the proteasome-mediated degradation pathway: MuRF1 and MAFbx, measured in pectoralis major biopsies from noncachectic patients
(NC), patients with mild cachexia (MC), or severe cachexia (SC). (B) Spearman correlation between the protein expression level of MAFbx and the skel-
etal muscle index (SMI). (C) Protein expression levels of three markers of autophagic proteolysis: Beclin, p62, and LC3BI. Protein expression levels were
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**p < 0.01.

expression of several markers of mitochondrial biogenesis
(NRF2, PGCla, and MTFA—Figures 4A,B and S1), fusion
(OPA1, Mfn1, and Mfn2—Figures 4C,D and S1), and fission
(Drp1, Mff, and Fisl—Figures 4E,F and S1) remained un-
changed upon comparing NC patients, patients with MC or
SC.

Cancer cachexia does not affect intramyocellular
lipid droplets

The median lipid droplets area did not differ between groups
(Figure 5A). However, a precise quantification of the number
of lipid droplets could not be performed because of the very
large intrapatient heterogeneity in the distribution of lipid
droplets within each fibre and between fibres. Therefore,
we quantified mRNA expression of four perilipins and the
protein expression of two of them as markers of lipid drop-
lets. We found no association between the gene or protein

expression of these four perilipins and the cachectic status
of patients (Figures 5B,C and S1).

Cancer cachexia does not induce endoplasmic
reticulum stress

We analysed the mRNA and protein expression of several
markers of ER stress: EDEM, ATF4, ATF6, GRP78, and CHOP
(Figures 5D,E and S1) and observed no difference upon com-
paring NC patients, patients with MC or SC.

Discussion

The objective of the present study was to establish skeletal
muscle structural and metabolic alterations in pectoralis ma-
jor biopsies from cachectic patients with colorectal or pancre-
atic cancer.
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The most original datum in our study is that mitochondrial
oxygen consumption related to energy wasting was twice as
high in pectoralis major muscle from cancer patients with SC
compared with NC patients. To date, no clinical study has ex-
plored mitochondrial functionality in skeletal muscle of can-
cer patients with cachexia. Only preclinical studies had shown
a decrease in the activity of some respiratory chain
complexes® ¥ or  oxidative  phosphorylation

uncoupling.??72* This doubling in energy wasting, by reduction
in ATP production efficiency, could significantly contribute to
cancer cachexia by increasing energy expenditure since skele-
tal muscle accounts for 15-30% of the basal energy
expenditure®!® (refer to review?®). Moreover, increase in mi-
tochondrial energy wasting associated to reduction to ATP
production efficiency can participate to muscle fatigue. State
3/state 4 ratio was significantly decreased in cancer patients
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Figure 4 Cancer cachexia does not affect mitochondrial biogenesis, fusion, and fission in pectoralis major muscle. (A) mRNA and (B) protein expression
of three markers of mitochondrial biogenesis: NRF2, PGCla, and MTFA, measured in pectoralis major biopsies from noncachectic patients (NC), pa-
tients with mild cachexia (MC) or severe cachexia (SC). (C) mRNA and (D) protein expression of three markers of mitochondrial fusion: OPA1,
Mfn1, and Mfn2. (E) mRNA and (F) protein expression of three markers of mitochondrial fission: Drp1, Mff, and Fis1. mRNA expression levels were
determined by absolute RT-gPCR, while protein expression levels were determined by Western Blot and normalized to Tubulin. Data are presented
with IQR box and min-to-max whiskers and were compared using Kruskal-Wallis tests with Dunn’s post hoc tests. Outliers were excluded using Grubbs’

test o = 0.05. Men: black dots, women: white triangles.

with SC compared with NC patients, confirming the hypothe-
sis of coupling inefficiency associated with cachexia. Mito-
chondrial area was higher in cancer patients with SC, com-
pared with patients with MC, close to being significant
(P = 0.056). There was no significant difference in mRNA and
protein expression of markers of mitochondrial biogenesis, fu-
sion, and fission, and no difference in the amount of mito-
chondrial DNA between groups. Our findings are in agreement
with de Castro et al. who reported an increase in mitochon-
drial intermyofibrillar area in MET and no change in mitochon-

drial DNA copy number in cachectic patients with gastric or
colorectal cancer compared with NC patients.” It seems un-
likely that the mitochondrial swelling observed in the present
study was due to an increased quantity of mitochondria or to
alteration of mitochondrial networks. However, further analy-
ses of Drpl protein expression (phosphorylation and dimer-
ization) are required to verify this hypothesis. Dubinin et al.
described a calcium-dependent swelling of skeletal muscle
mitochondria and its association with the opening of mito-
chondrial permeability transition pore in the context of
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Duchenne muscular dystrophy.?® Indeed, calcium is thought
to play an important role in regulating mitochondrial function.
Recent work showed an inhibiting effect of calcium load on
mitochondrial oxidative phosphorylation.?” Further research
is needed to confirm a disturbance of calcium homeostasis
in skeletal muscle mitochondria of cachectic cancer patients
to explain the morphological and metabolic abnormalities.
MuRF1 and MAFbx are considered as the main contributors
for the increased proteolysis.® Surprisingly, myofibres atrophy
was associated with a decrease in MAFbx protein expression,
while MuRF1 protein expression remain unchanged between
the three groups [whatever the cachexia classification (Figure
S3)]. We also observed a significant positive correlation be-
tween MAFbx protein expression and SMI of patients. This ob-
servation goes in contradiction with the results of preclinical
studies, which showed abundant evidence for increased pro-
teolysis through the UPS pathway (refer to review?®). Regard-
ing clinical studies, results were much more controversial: one
study reported an increased expression of UPS markers
(MuRF1 and polyubiquitinylated proteins) in gastric cancer pa-
tients with cachexia and/or muscle loss,?® whereas numerous
others have found no impairment in the regulation of proteol-
ysis associated with cancer cachexia.3%3% 511513 16 our knowl-

edge, this is the first clinical study to show decrease in MAFbx
protein expression in the skeletal muscle from cancer patients
with cachexia. Bodine and Baehr listed several skeletal muscle
atrophy models in which MAFbx, but not MuRF1, was acti-
vated, showing that an activation or downregulation of both
E3 ubiquitin ligases is not essential for the process of
ubiquitination.®* Downregulation of MAFbx in the pectoralis
major of cancer patients with SC could be explained by an on-
going regenerative process in the skeletal muscle, trying to
counteract muscle wasting during cancer cachexia, as men-
tioned in two recent reviews.>>** Indeed, Okada et al. re-
ported decreased expression of MAFbx in regenerating skele-
tal muscle after eccentric exercise.3® It would be interesting to
further investigate the proteasome-mediated degradation
pathway through other relevant ubiquitin ligases, as it seems
likely that many others, with different substrate-specificity,
are involved in cancer cachexia. Fbx12236 and Musal,?” for ex-
ample, would be valuable targets as they have been recently
identified in the context of muscle atrophy. Analysis of
myostatin-related and IGF-related signalling pathways would
also be interesting to further improve our understanding on
the interplay of molecular mechanisms underlying skeletal
muscle wasting during cancer cachexia (refer to review??).
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Intramyocellular lipid droplets in pectoralis major muscle
are not affected by cancer cachexia. Lipid droplets area, and
ARNm and protein expression of perilipins, the most abun-
dant proteins that cover the lipid droplets, remained un-
changed between the three groups. Our data are in contra-
diction with those reported by Stephens et al.,**> where the
rectus abdominis was sampled. Skeletal muscle in the abdo-
men being more exposed to adipose tissue than the pectoral
muscle may be an explanation.

Pectoralis major muscle seems to be an interesting way to
explore skeletal muscle alterations in cachectic cancer pa-
tients, regardless of their nutritional status. Most clinical stud-
ies that have investigated skeletal muscle have used biopsies
from the rectus abdominis, which are frequently sampled dur-
ing abdominal surgery. However, not all patients with colorec-
tal or pancreatic cancer, especially advanced cancer, are eligi-
ble for pelvic surgery due to poor nutritional status. PAC was
therefore a surgical opportunity to access sufficient biopsy
from the pectoralis major for all patients, regardless of their
nutritional status. To our knowledge, this is the first clinical
study to use pectoralis major biopsies from cachectic cancer
patients. We observed a significant skeletal muscle atrophy
in cancer patients with SC compared with NC cancer patients.
Only the myofibres area was affected, not the myofibrils. Me-
dian myofibres area correlated positively with SMI and tended
to correlate negatively with body WL. This observation is con-
sistent with two clinical studies including gastrointestinal can-
cer patients,?>3° which showed a significant decrease in the
cross-sectional area of rectus abdominis myofibres associated
with cachexia and muscle loss. This warrants further investiga-
tion in clinical and preclinical studies, on the hypothesis that
cancer cachexia affects anatomically distinct muscle groups.

Cachexia classification is a central element for clinical stud-
ies. There are currently no established guidelines for cachexia
classification for clinical studies. Most studies that have ex-
plored structural and metabolic parameters in skeletal muscle
biopsies, have used the 2011 consensus,* or a single criterion
of WL > 5% or 10% to constitute their groups of cachectic and
NC cancer patients. However, a specified percentage of WL
does not take into consideration the patient’s BMI. Using only
a specified percentage of WL has the disadvantage of group-
ing patients with different mortality risks and certainly differ-
ent degrees of malnutrition. Therefore, by studying a total
population of 8160 Europeans and Canadians with different
types of cancer, a consortium of experts developed a robust
five-level scoring system (grades 0-4) incorporating the risk
of decreased survival based on the patient’s BMI and
%WL.*° For our clinical protocol, cachexia classification was
adapted from the scoring system described above.*® We used
two criteria: severity of WL and muscle mass, based on SMI
cut-offs.*® Patients were divided into three groups according
to the severity of cancer cachexia: (i) NC: weight-stable pa-
tients (grades 0 to 2 WL) with normal muscle mass
(SMI > cut-off); (ii) MC: weight-stable patients (grades 0 to

2 WL) with low muscle mass (SMI < cut-off) and weight-losing
patients (grade 3 or 4 WL) with normal muscle mass
(SMI > cut-off); and (iii) SC: weight-losing patients (grade 3
or 4 WL) with low muscle mass (SMI < cut-off).

The blood concentration of CRP, a well-used marker of sys-
temic inflammation, was similar between the three groups.
Our results are consistent with previous studies that showed
no significant difference in CRP serum concentration be-
tween cachectic and NC cancer patients.3% 34518 |t was re-
cently suggested that low levels of serum creatinine could
be a prognostic biomarker of skeletal muscle atrophy in can-
cer patients.*® Our data corroborate these findings.

Despite having included more patients than most clinical
studies on cancer cachexia focusing on skeletal muscle alter-
ations, the small number of patients in each group remains a
limitation of the present study. The different parameters on
biopsies could not be analysed for all patients due to lack
of material. Larger studies in humans are essential to repli-
cate these findings. Because results of clinical studies diverge,
the mechanisms underlying skeletal muscle wasting charac-
teristic of cancer cachexia are still far from being understood
in patients. Additional clinical studies are essential to further
the exploring and understanding of these mechanisms. It is
also crucial to improve and standardize the diagnostic criteria
for cancer cachexia to ameliorate the robustness of the data
obtained in patients.

In conclusion, for the first time, we demonstrated an in-
crease in mitochondrial energy wasting in pectoralis major
of cachectic cancer patients. Similarly, a positive correlation
between median myofibres area and SMI supports that the
muscle wasting characteristic of cancer cachexia could be
partially explained by a decrease in myofibres area. In addi-
tion, cancer cachexia is associated with a decrease in MAFbx
protein expression, which could be a compensation mecha-
nism in the pectoralis major to counteract muscle wasting.
Pectoralis major muscle biopsy can be used to explore mech-
anisms underlying muscle wasting in cancer cachexia regard-
less of the nutritional status of patients.
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