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Abstract

Cancer cachexia is the result of complex interorgan interactions initiated by cancer cells and changes in patient behavior such
as decreased physical activity and energy intake. Therefore, it is crucial to distinguish between the direct and indirect effects of
cancer cells on muscle mass regulation and bioenergetics to identify novel therapeutic targets. In this study, we investigated the
direct effects of Colon-26 cancer cells on the molecular regulating machinery of muscle mass and its bioenergetics using a co-
culture system with C2C12 myotubes. Our results demonstrated that coculture with Colon-26 cells induced myotube atrophy and
reduced skeletal muscle protein synthesis and its regulating mechanistic target of rapamycin complex 1 signal transduction.
However, we did not observe any activating effects on protein degradation pathways including ubiquitin-proteasome and
autophagy-lysosome systems. From a bioenergetic perspective, coculture with Colon-26 cells decreased the complex I-driven,
but not complex II-driven, mitochondrial ATP production capacity, while increasing glycolytic enzyme activity and glycolytic
metabolites, suggesting a shift in energy metabolism toward glycolysis dominance. Gene expression profiling by RNA sequenc-
ing showed that the increased activity of glycolytic enzymes was consistent with changes in gene expression. However, the
decreased ATP production capacity of mitochondria was not in line with the gene expression. The potential direct interaction
between cancer cells and skeletal muscle cells revealed in this study may contribute to a better fundamental understanding of
the complex pathophysiology of cancer cachexia.

NEW & NOTEWORTHY We explored the potential direct interplay between colon cancer cells (Colon-26) and skeletal muscle
cells (C2C12 myotubes) employing a noncontact coculture experimental model. Our findings reveal that coculturing with Colon-
26 cells substantially impairs the protein synthesis rate, concurrently instigating a metabolic shift toward glycolytic dominance in
C2C12 myotubes. This research unveils critical insights into the intricate cellular cross talk underpinning the complex pathophysi-
ology of cancer cachexia.
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INTRODUCTION

Cancer cachexia, a condition characterized by the atrophy
of skeletal muscle and adipose tissue in association with can-
cer, is not entirely reversible through conventional nutri-
tional support (1). Depending on the type and stage of
cancer, cachexia affects between 20% and 80% of cancer
patients (2). This cancer-induced skeletal muscle atrophy
not only compromises quality of life and independence, but
it also undermines the efficacy of chemotherapy and reduces
life expectancy (3–5). Given these critical clinical implica-
tions, extensive research has been conducted in recent years,
aiming to unravel the pathophysiology and pathogenesis of
skeletal muscle atrophy due to cancer at the cellular and

molecular levels, as well as general muscle atrophy resulting
from physical inactivity and aging.

Basic research on cancer cachexia often employs cancer-
xenografted mouse models, such as the Colon-26 tumor-bear-
ing mouse model, to investigate skeletal muscle mass and
functions. The pathogenesis of cancer cachexia is complex
because it occurs as a result of cross talk among various tis-
sues and cell types (6, 7). In addition to the complex interor-
gan cross talk, patient behavioral changes, such as decreased
physical activity and energy intake, are also modifiers of the
disease state (8). Therefore, understanding cancer cachexia
comprehensively as a single biological system, mainly in ani-
mal models, and resolving the complexmultifactorial interac-
tions stepwise are needed to elucidate its pathogenesis.
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In vitro approaches, such as adding Colon-26 cell-condi-
tioned medium to C2C12 myotube culture medium, have
been adopted to evaluate direct interactions between cancer
cells and skeletal muscle cells through humoral factors (9,
10). These methods have reproduced the major phenotypes
of in vivo cachexia models, such as myotube atrophy.
Furthermore, it has been recently shown that coculture of
Colon-26 cells and C2C12 myotubes induces greater myotube
atrophy than supplying conditioned medium (11). Therefore,
drug screening for cancer cachexia has been conducted
using cocultures of Colon-26 cells and C2C12 myotubes (12–
14). However, althoughmyotube atrophy occurs in coculture
with Colon-26 cells, there is insufficient understanding of
whether the molecular mechanism controlling skeletal mus-
cle size operates in the same manner as that in the in vivo
cachexiamodels.

Emerging evidence has suggested that changes in energy
metabolism of skeletal muscle are significant factors in
the pathogenesis of cachexia (15, 16). For example, cancer
cachexia impairs mitochondrion-centered oxidative metab-
olism (17–20). Interestingly, it is becoming clear that mito-
chondrial dysfunction associated with cancer cachexia is
a consequence as well as a cause or exacerbator of cancer
cachexia (21). However, it remains unclear whether the
changes in energy metabolism caused by cancer cachexia
are directly induced by cancer cells or whether they are the
result of contributions from other cell types or changes in
patient behavior.

To further understand the pathophysiology and pathoge-
nesis of cancer cachexia, we examined the potential direct
effects of coculture with Colon-26 cells on pathways involved
in protein metabolism and bioenergetics in C2C12 myotubes.
We also profiled gene expression and examined whether the
variations were consistent with signal transduction and
downstream phenotypes.

MATERIALS AND METHODS

C2C12 Cell Culture

C2C12 myoblasts were purchased from the European
Collection of Authenticated Cell Cultures (lot: 15E026). Cells
were seeded on a standard 6-well culture plate (3335,
Corning, NY) and grown in Dulbecco’s modified high-glu-
cose Eagle’s medium (DMEM; 048-29763, Fujifilm Wako
Pure Chemical Corporation, Osaka, Japan) without sodium
pyruvate and containing 10% heat-inactivated fetal bovine
serum (FBS; 12483-020, Thermo Fisher Scientific, Waltham,
MA) and 1% penicillin-streptomycin (P/S; 168-23191, Fujifilm
Wako Pure Chemical Corporation). At �90% confluence, the
medium was replaced with differentiation medium [high-
glucose DMEM without sodium pyruvate and containing 2%
heat-inactivated horse serum (16050122, Thermo Fisher
Scientific) and 1% P/S]. The differentiation profiles of C2C12
cells used in this study are shown in Supplemental Fig. S1
(all Supplemental figures are available at https://doi.org/
10.6084/m9.figshare.25426069.v3).

Colon-26 Cell Culture

Colon-26-Luc cells were purchased from the Japanese
Collection of Research Bioresources Cell Bank (JCRB1496,

lot: 11022012). Cells were seeded on a culture insert in a 6-
well plate (353102, Corning) and grown in proliferation me-
dium (high-glucose DMEM, 10% FBS, 1% P/S, without so-
dium pyruvate). As a preliminary experiment, the Colon-26
cells used in this study were confirmed to induce typical
cachexia symptoms, such as weight loss and skeletal muscle
atrophy, when transplanted into 8-wk-old male Balb/c mice
(1 � 106 Colon-26 cells, 2 wk). The results of the validation
are shown in Supplemental Fig. S2. Animal experiments
were approved by the Animal Experimental Committee of
Nippon Sport Science University (Approval No. 018-A03) and
complied with the policies and regulations of the Fundamental
Guidelines for Proper Conduct of Animal Experiments and
Related Activities in Academic Research Institutions published
by the Ministry of Education, Culture, Sports, Science and
Technology, Japan (No. 71, 2006).

Primary Colon Epithelial Cells Culture

Isolation and culture of colon epithelial cells were per-
formed as described previously (22). Six-week-old female
BALB/c mice were euthanized via cervical dislocation, and
their colons were harvested. The colons were longitudinally
opened and rinsed with phosphate-buffered saline (PBS) to
remove contents. Colon tissues were then cut into 2-mm2

pieces and incubated in PBS containing 3 mM EDTA and 0.5
mM DTT for 1 h at 4�C. After incubation, the tissue pieces
were washed with PBS and vigorously shaken for 30 s to dis-
lodge crypts. The freed crypts were collected by centrifuga-
tion (500 g, 5 min, 22�C) and resuspended in proliferation
medium [DMEM (high glucose), 1 μg/mL insulin, 20% FBS,
and 1% P/S]. Between 100 and 200 crypts were seeded into
each well of a 24-well plate coated with collagen I. After 48 h,
crypts that had adhered to the bottom and begun to migrate
were reseeded into 25-cm2

flasks. Fibroblasts were removed
by exploiting the differential trypsin sensitivity between epi-
thelial cells and fibroblasts (24). Five minutes after trypsini-
zation, the solution was removed, and the remaining cells
were cultured as epithelial cells. This selection process was
repeated at least three times during proliferation. For cocul-
turing with C2C12 myotubes, cells were seeded onto cell cul-
ture inserts previously coated with collagen I.

Noncontact Coculture of C2C12 Myotubes and Colon-
26 Cells/Primary Epithelial Cells

Seventy-two hours after the start of differentiation into
C2C12 myotubes, culture inserts (1-lm pore size) with Colon-
26 or primary epithelial cells were placed in 6-well plates
containing C2C12 myotubes. Differentiation medium was
used for coculture. Seventy-two hours after the start of cocul-
ture, the cells were collected and subjected to various assays.
The medium volume was 0.263 mL/cm2 of culture surface
area [1 well (9.5 cm2) of a 6-well plate: 2.5 mL; 1 cell culture
insert (4.2 cm2): 1.1 mL]. The scheme of the coculture proce-
dure and images of the equipment used are shown in Fig. 1.

Protein Extraction andWestern Blotting

Protein extraction and Western blot analysis were per-
formed as described previously (23, 25). Briefly, cells were
homogenized in RIPA buffer (188-02453, Fujifilm Wako Pure
Chemical Corporation) containing a protease and phosphate
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inhibitor cocktail (169-26063/167-24381, Fujifilm Wako Pure
Chemical Corporation). The protein concentration was
measured using a BCA assay (295-78401, Fujifilm Wako Pure
Chemical Corporation). Equal amounts of protein (10 lg)
were separated by SDS-PAGE [10% and 12% (wt/vol) TGX
polyacrylamide gels (161-0173/161-0175, Bio-Rad, Hercules,
CA)] and transferred to a polyvinylidene difluoride mem-
brane (IPVH00010, Merck Millipore, Burlington, MA).
Protein transfer was confirmed by staining with Ponceau S
(33427.01, SERVA Electrophoresis, Heidelberg, Germany).
The membrane was blocked with a blocking reagent
(NYPBR01, Toyobo Co., Osaka, Japan) for 1 h and incu-
bated with a primary antibody diluted in Can Get Signal
reagent 1 (NKB-101, Toyobo Co.) for 1 h. The antibodies
used in this study are listed in Supplemental Table S1
(all Supplemental tables are available at https://doi.org/
10.6084/m9.figshare.23574276.v1). After incubation, the
membrane was washed with Tris-buffered saline contain-
ing 0.01% Tween 20 (T9142, Takara Bio Inc., Shiga, Japan).
Then membrane was then incubated with a secondary
antibody (7074/7076, Cell Signaling Technology, Danvers,
MA) diluted in Can Get Signal reagent 2 (NKB-101, Toyobo
Co.) for 1 h at room temperature and washed again with Tris-
buffered saline containing 0.01% Tween 20. Chemilumine-
scent reagents (SuperSignal West Pico Chemiluminescent
Substrate; Thermo Fisher Scientific) were used for develop-
ment. Blots were scanned and quantified using a ChemiDoc
XRS (170-8071, Bio-Rad) and Quantity One software (170-
9600, version 4.5.2, Windows, Bio-Rad). The Ponceau S signal
intensity (37–75 kDa) was used as the loading control.

Protein Synthesis Rate Assay

Protein synthesis rate was measured with SUnSETmethod
(26). Puromycin (160-23151, Fujifilm Wako Pure Chemical
Corporation) at a final concentration of 1 lM was added to

culture medium at 30 min before cells were harvested.
Proteins were extracted as described above, and samples
were prepared for Western blotting. An antibody against pu-
romycin was used to measure the amount of proteins incor-
porating puromycin. The signal intensity between 25 and
150 kDa was quantified.

Autophagic Flux Assay

Autophagic flux was measured as previously described
with minor modifications (27). Bafilomycin A1 (19-148, Merk
Millipore) at a final concentration of 100 nM was added to
culture medium at 3 h before collecting cells. Proteins were
extracted as described above, and samples were prepared for
Western blotting. Protein levels were determined using an
anti-LC3-II antibody.

DNA Extraction

C2C12 myotubes were washed with PBS, and DNA was
extracted using a commercial DNA extraction kit (Dneasy
Blood & Tissue Kit, 69504, Qiagen).

RNA Extraction

RNA samples were prepared as described previously (28,
29). C2C12 myotubes were homogenized in TRIzol reagent
(Thermo Fisher Scientific) on ice and separated into organic
and aqueous phases using chloroform. RNAwas isolated from
the aqueous phase following precipitation with ethanol with a
commercial kit (FG-80050, Nippon Genetics, Tokyo, Japan).
The RNA concentration and purity weremeasured by spectro-
photometry (Nanodrop One, Thermo Fisher Scientific).

Real-Time Quantitative PCR

Expression of genes of interest was quantified using a
quantitative PCR reagent (QPS-201, Toyobo Co.) and a
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Figure 1. Experimental procedure and equipment used in this study are shown. A: schematic illustration of the step-by-step experimental procedure uti-
lized in this study. B and C: noncontact coculture methodology employed using cell culture inserts, highlighting the technical setup and arrangement of
the cell culture system.
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thermal cycler with an optical reaction module (CFX96
Touch, Bio-Rad). Samples were analyzed in duplicate simul-
taneously with a negative control without cDNA. Tbp
(TATA-binding protein) was used as a housekeeping gene,
the expression of which was not statistically different
between groups (P¼ 0.89). Mitochondrial DNA copy number
assays were performed as described (30). The primer sequen-
ces used are shown in Supplemental Table S2 (https://doi.
org/10.6084/m9.figshare.23574276.v1). Primer specificity was
confirmed by a dissociation curve in each PCR and electro-
phoresis after PCR. Quantification was performed using the
calibration curve method (31).

Library Preparation, RNA-Seq, and Bioinformatics
Analyses

Sequencing libraries for gene expression profiling (30

mRNA-seq) were prepared using a commercial kit (QuantSeq
30 mRNA-seq Library Prep Kit FWD for Illumina, Lexogen,
Inc., Vienna, Austria). First-strand DNA was synthesized
from 2 lg RNA template with oligodT primers containing the
Illumina-specific Read2 linker sequence. After removal of
the RNA template, the second strand was synthesized
using random primers containing the Illumina-specific
Read1 linker sequence. Double-stranded cDNA libraries
were washed and purified with magnetic beads. After puri-
fication, the libraries were amplified by PCR with primers
containing an adaptor and the i7 index sequence. Libraries
were purified with magnetic beads, quantified using a fluo-
rometer (Qubit 4, Thermo Fisher Scientific), and pooled by
adjusting to an equimolar concentration.

Sequencing was performed using a MiniSeq High Output
Reagent Kit (75 cycles) on a MiniSeq system (Illumina, San
Diego, CA). After sequencing, the sequencing quality was
examined using FastQC. Adaptor sequences and the polyA
sequence were trimmed using cutadapt and mapped to the
reference sequence using Salmon, and the read number was
counted. Data of raw read counts from each sample were
normalized by the rlog algorithm (gene median; minimal
counts per million: 0.5). Further bioinformatics were con-
ducted by integrated differential expression and pathway
analysis (10). Differential gene expression analyses were con-
ducted using DEseq2 (false discovery rate cutoff: 0.10; mini-
mal fold change: 2.0). Pathway enrichment analyses were
performed using three independent gene sets, namely Gene
Ontology (Go; biological processes), Kyoto Encyclopedia of
Genes and Genomes (KEGG), and Reactome. For pathway
analysis, genes that passed through the filter were used as
background.

Live Cell Imaging

Live cell imaging was performed as described previously
(32). Myotubes were washed in PBS twice and loaded with
fluorescent dyes [nuclear: Hoechst 33342 [exciation (Ex): 342
nm/emission (Em): 461 nm, 346-07951, Dojindo Molecular
Technology Inc., Kumamoto, Japan]; whole cell: calcein AM
solution (Ex: 490 nm/Em: 515 nm, C396, Dojindo Molecular
Technology Inc.), MitoBright Red solution (Ex: 547 nm/Em:
563 nm, MT007, Dojindo Molecular Technology Inc.), JC-1
mitochondrial membrane potential detection solution (Ex1:
490 nm/Em1: 515 nm, Ex2: 547 nm/Em2: 563 nm, MT007,

Dojindo Molecular Technology Inc.), and MitoSOX Red
Mitochondrial superoxide indicator (Ex: 396 nm/Em: 610
nm, M36005, Thermo Fisher Scientific)] following the
manufacturers’ instructions. Cells were washed in PBS
twice and imaged under a confocal laser scanning micro-
scope (FV3000, Olympus, Tokyo, Japan). Fluorescent
intensities were quantified using ImageJ (Ver. 2.3.0, Mac).

Myotube Diameter Measurement

One hundred myotubes stained with Calcein AM were
randomly selected, and their diameters were measured by
ImageJ.

Mitochondrial Respiration Assay

Mitochondrial respiration was measured as described pre-
viously (32). C2C12 myotubes were harvested using trypsin-
EDTA (209-16941, Fujifilm Wako Pure Chemical Corporation)
and gently resuspended in reaction buffer (0.5 lg/mL digito-
nin, 105 mM potassium-MES, 10 mM Tris, 30 mM KCl, 10 mM
KH2PO4, 5 mM MgCl2, 1 mM EGTA, and 2.5 g/L BSA, pH 7.2).
Mitochondrial oxygen consumption was measured using
a multimode plate reader (Spark 20 M, Tecan) with oxygen
monitoring on a 96-well microplate (OP96C, PreScan
Precision Sensing, Regensburg, Germany) (Ex: 540 nm/
Em: 650 nm). The substrates used to measure the mitochon-
drial oxygen consumption rate were 10 mM pyruvate (29805-
22, Nacalai Tesque, Kyoto, Japan) þ 5 mM malate (138-07512,
Fujifilm Wako Pure Chemical Corporation), 10 mM glutamate
(072-00501, Fujifilm Wako Pure Chemical Corporation) þ
5 mM malate, 200 lM octanoylcarnitine (50892, Sigma-
Aldrich) þ 5 mM malate, and 10 mM succinate (199-03305,
FujifilmWako Pure Chemical Corporation) þ 0.5 lM rotenone
(599-10811, Fujifilm Wako Pure Chemical Corporation). To
induce ATP production-coupled respiration (state 3), 2.5 mM
ADP (01652-24, Nacalai Tesque) were added. After the sample
and assay solutions were mixed, the mineral oil was used to
cover the top to prevent oxygen from the air from dissolving
into the solution. The relative change in fluorescence per mi-
nute wasmeasured and converted to the oxygen consumption
rate in accordance with the manufacturer’s instructions.
Relative fluorescence changes were measured per minute and
normalized to the protein content.

Enzymatic Activity Assays

Cells were homogenized in buffer (250 mM sucrose, 50
mM Tris, and 5 mM MgCl2, pH 7.4). Protein concentrations
were determined by the BCA assay and adjusted to 1 mg/mL.

A creatine kinase activity assay was performed as
described previously with minor modifications (33). Ten
micrograms of protein were mixed with reaction buffer
[50 mM Tris·HCl, 2.5 mM ADP, 10 mM MgCl2, 30 mM phos-
phocreatine (032-04583, Fujifilm Wako Pure Chemical
Corporation), 30 mM glucose (132-001751, Fujifilm Wako
Pure Chemical Corporation), 1 mM NADPþ (308-50463,
Fujifilm Wako Pure Chemical Corporation), 20 mM NAC (015-
05132, FujifilmWako Pure Chemical Corporation), 2 mMEDTA
(345-01865, Fujifilm Wako Pure Chemical Corporation), 1 mM
AMP (303-50491, Fujifilm Wako Pure Chemical Corporation), 1
U/lL glucose-6-phosphate dehydrogenase (074-04101, Fujifilm
Wako Pure Chemical Corporation), and 3 U/lL hexokinase
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(302-51681, FujifilmWako Pure Chemical Corporation), pH 8.0]
in a 96-well plate. Absorbance changes at 340 nm/min were
calculated.

An adenylate kinase activity assay was performed as
described previously with minor modifications (33). Ten
micrograms of protein were mixed with reaction buffer (50
mM Tris·HCl, 2.5 mM ADP, 10 mM MgCl2, 30 mM glucose, 1
mM NADPþ , 1 U/lL glucose-6-phosphate dehydrogenase,
and 3 U/lL hexokinase, pH 8.0) in a 96-well plate.
Absorbance changes at 340 nm/minwere calculated.

A hexokinase activity assay was performed as described
previously with minor modifications (34). Ten micrograms
of protein were mixed with reaction buffer (50 mM
Tris·HCl, 1 mM ATP, 10 mM MgCl2, 30 mM glucose, 1 mM
NADPþ , and 1 U/lL glucose-6-phosphate dehydrogenase,
pH 8.0) in a 96-well plate. Absorbance changes at 340 nm/
min were calculated.

A glycogen phosphorylase activity assay was performed as
described previously (35). Ten micrograms of protein were
mixed with reaction buffer [20 mM PIPES (348-08251,
Fujifilm Wako Pure Chemical Corporation), 0.8% glycogen
(074-05561, Fujifilm Wako Pure Chemical Corporation), 50
mM sodium phosphate, 200 lM NADPþ , 500 lM glucose-
1,6-bisphosphate (G6893, Sigma-Aldrich), 1 U/lL glucose-
6-phosphate dehydrogenase, and 3 U/lL phosphogluco-
mutase (P3397, Sigma-Aldrich), pH 8.0] in a 96-well plate.
Absorbance changes at 340 nm/min were calculated.

A phosphofructokinase activity assay was performed as
described previously with minor modifications (34). Ten
micrograms of protein were mixed with reaction buffer [10
mM Tris·HCl, 1 mM ATP, 7 mM phosphoenolpyruvate (160-
14763, Fujifilm Wako Pure Chemical Corporation), 200 lM
NADH (305-50451, FujifilmWako Pure Chemical Corporation),
10 mM fructose-6-phosphate (066-05341, Fujifilm Wako Pure
Chemical Corporation), 5 lM KCl, 2 mM MgSO4, 1 U/lL py-
ruvate kinase (305-50711, Fujifilm Wako Pure Chemical
Corporation), and 1 U/lL lactate dehydrogenase (300-
52721, Fujifilm Wako Pure Chemical Corporation), pH 8.0]
in a 96-well plate. Absorbance changes at 340 nm/min
were calculated.

A pyruvate kinase activity assay was performed as
described previously with minor modifications (36). Ten
micrograms of protein were mixed with reaction buffer (50
mM HEPES, 100 mM MgCl2, 5 lM KCl, 7 mM phosphoenol-
pyruvate, 200 lM NADH, 2.5 mM ADP, and 1 U/lL lactate
dehydrogenase, pH 8.0) in a 96-well plate. Absorbance
changes at 340 nm/min were calculated.

A lactate dehydrogenase (pyruvate to lactate) activity
assay was performed as described previously (32). Tenmicro-
grams of protein were mixed with reaction buffer [50 mM
Tris·HCl, 10 mM sodium pyruvate (195-05965, Fujifilm Wako
Pure Chemical Corporation), and 200 lMNADH, pH 8.0] in a
96-well plate. Absorbance changes at 340 nm/min were
calculated.

To measure pyruvate dehydrogenase activity, 10 lg of
protein were mixed with reaction buffer [100 mM Tris·HCl,
200 lM thiamine pyrophosphate (T10183, Tokyo Chemical
Industry, Tokyo, Japan), 2.5 mM NADþ , 100 lM CoA-SH
(302-50483, Fujifilm Wako Pure Chemical Corporation), 10
mM sodium pyruvate, 10 mM MgCl2, 0.01% Triton X-100,
50 lM 1-methoxy-5-methylphenazinium methylsulfate

(341-04003, Fujifilm Wako Pure Chemical Corporation),
and 100 lM WST-3 (345-08881, FujifilmWako Pure Chemical
Corporation), pH 8.0] in a 96-well plate. Absorbance changes
at 433 nm/minwere calculated.

A citrate synthase activity assay was performed as
described previously (37). Ten micrograms of protein were
mixed with reaction buffer [50 mM Tris·HCl, 100 lM DTNB
(346-08551, Dojindo Molecular Technologies, Inc.), 300 lM
acetyl-CoA (00546-54, Nacalai Tesque), 50 lM oxaloacetate
(25804-81, Nacalai Tesque), and 0.01% Triton X-100, pH 7.4]
in a 96-well plate. Absorbance changes at 412 nm/min were
calculated.

An isocitrate dehydrogenase activity assay was performed
as described previously with minor modifications (38). Ten
micrograms of protein were mixed with reaction buffer [100
mM Tris·HCl, 5 mM isocitrate (19608-51, Nacalai Tesque), 1
mM NADþ , and 10 mM MgCl2 pH 8.0] in a 96-well plate.
Absorbance changes at 340 nm/min were calculated.

An a-ketoglutarate dehydrogenase activity assay was per-
formed as described previously with minor modifications
(39). Ten micrograms of protein were mixed with reaction
buffer [100 mM Tris·HCl, 200 lM thiamine pyrophosphate,
2.5 mM NADþ , 100 lM CoA-SH, 10 mM a-ketoglutarate
(19817-82, Nacalai Tesque), 10 mM MgCl2, 0.01% Triton X-
100, 50 lM 1-methoxy-5-methylphenazinium methylsulfate,
and 100 lM WST-3, pH 8.0] in a 96-well plate. Absorbance
changes at 433 nm/min were calculated.

A succinate dehydrogenase (complex II) activity assay was
performed as described previously (40). Ten micrograms of
protein were mixed with reaction buffer [20 mM succinate,
0.015% (wt/vol) 2,6-dichlorophenolindophenol (591-03541,
Fujifilm Wako Pure Chemical Corporation), 12.5 lM decylu-
biquinone (195-041, 599-10811, Fujifilm Wako Pure Chemical
Corporation), 300 lM KCN, and 1 mg/mL BSA] in a 96-well
plate. Absorbance changes at 600 nm/min were calculated.

To measure malate dehydrogenase, 10 lg of protein were
mixed with reaction buffer [100 mM Tris·HCl, 5 mM malate,
1 mM NADþ , and 10 mM MgCl2 pH 8.0] in a 96-well plate.
Absorbance changes at 340 nm/min were calculated.

A complex I activity assay was performed as described pre-
viously (40). Tenmicrograms of the protein suspension were
mixed with reaction buffer [100 lM NADH, 60 lM ubiqui-
none (C7956, Sigma-Aldrich, St. Louis, MO), 300 lM KCN,
and 3 mg/mL BSA] in a 96-well plate. Absorbance changes at
340 nm were calculated every minute. Rotenone-sensitive
enzyme activity (i.e., rotenone absence - rotenone presence)
was regarded as complex I activity.

A complex I þ III activity assay was performed as
described previously (40). Ten micrograms of protein were
mixed with reaction buffer [200 lM NADH, 50 lM cyto-
chrome c (C2506, Sigma-Aldrich), 300 lM KCN, and 1 mg/
mL BSA] in a 96-well plate. Absorbance changes at 550 nm/
min were calculated.

A complex II þ III activity assay was performed as
described previously (40). Ten micrograms of protein were
mixed with reaction buffer (10 mM succinate, 50 lM cyto-
chrome c, and 300 lM KCN) in a 96-well plate. Absorbance
changes at 550 nm/min were calculated.

A complex IV activity assay was performed as described
previously withminor modifications (41). Tenmicrograms of
protein were mixed with reaction buffer (50 lM cytochrome
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c reduced with dithiothreitol) in a 96-well plate. Absorbance
changes at 550 nm/min were calculated.

Mitochondrial Supercomplex Assembly

Mitochondrial supercomplex assembly was evaluated as
described previously (40). Two-dimensional-PAGE [blue
native (BN)-PAGE followed by SDS-PAGE] was conducted to
evaluatemitochondrial supercomplex assembly. Isolatedmi-
tochondrial fractions (50 lg) were mixed with 5% digitonin
(digitonin/protein ratio: 8 g/g; BN2006, Thermo Fisher
Scientific) and 4� sample buffer (BN20032, Thermo Fisher
Scientific) and incubated for 30min on ice. After incubation,
the suspensions were centrifuged at 20,000 g for 15 min
at 4�C. Supernatants were collected, and a 5% Coomassie G-
250 sample additive was applied (BN2004, Thermo Fisher
Scientific). Proteins were loaded on 4%–20% gradient gels
(4561096, Bio-Rad), and BN-PAGE was performed using buf-
fers for native PAGE (BN2001, Thermo Fisher Scientific). BN-
PAGE was followed by SDS-PAGE, and then proteins were
transferred to a polyvinylidene difluoride membrane.
Standard Western blot analysis was performed as described
above using an anti-OXPHOS antibody [primary: ab110413
(1:1,000), Abcam, Cambridge, MA; secondary: 7076, Cell
Signaling Technology].

Glycogen Concentration Assay

A glycogen concentration assay was performed as described
previously with minor modifications (32). Myotubes were col-
lected in PBS and centrifuged at 600 g for 5 min. Supernatants
were discarded, and the cell pellet was weighed. Cell pellets
were resuspended in KOH saturated with NaSO4 and incu-
bated at 95�C. Ethanol was added to the resuspension, the
resuspension was centrifuged, and the supernatant was dis-
carded. Pellets were incubated at 37�C for 1 h to evaporate the
supernatant. Pellets were resuspended in HCl and incubated
at 95�C for 2 h to convert glycogen into glucose. The glu-
cose concentration in the suspension was measured using
a commercial kit (298-65701, Fujifilm Wako Pure Chemical
Corporation).

Sample Preparation for Intracellular Metabolite
Measurements

C2C12 myotubes were disrupted by sonication (Biorupter,
high, 30 s on and 30 s off, 15 cycles) in 0.6 N HClO4

buffer. Centrifugation was performed at 12,000 g for 15
min at 4�C, and the supernatant was collected. The su-
pernatant was neutralized using 1 M NaOH. Samples
were analyzed to measure ATP, glucose-6-phosphate, py-
ruvate, and lactate.

ATP Concentration Assay

The ATP concentration in cells was measured using a lu-
minescence-based commercial kit (CellTiter-Glo 2.0 Cell
Viability Assay, Promega).

Glucose Concentration Assay

The glucose concentration in the culture medium was
measured using a glucose oxidase-based commercial kit
(298-65701, FujifilmWako Pure Chemical Corporation).

Glucose-6-Phosphate Concentration Assay

A glucose-6-phosphate concentration assay of cells was
performed as described previously with minor modifications
(42). Briefly, 10 lL of standard glucose-6-phosphate solution
or sample were incubated with 90 lL of reaction buffer (50
mM Tris·HCl, 20 lM MgCl2, 25 lM NADPþ , 0.5 mM WST-3,
10 lM 1-methoxy-5-methylphenazinium methylsulfate,
and 1 U/lL glucose-6-phosphate dehydrogenase, pH 8.0).
Absorbance at 433 nm was measured after incubation for
30 min at room temperature in the dark.

Pyruvate Concentration Assay

A pyruvate concentration assay of cells was performed as
described previously with minor modifications (43). Briefly,
10 lL of standard sodium pyruvate solution or sample were
incubated with 90 lL of reaction buffer (100 mM potassium
phosphate with 1.0 mM EDTA, pH 6.7, 1.0 mM MgCl2, 10 lM
FAD, 0.2 mM thiamine pyrophosphate, 200 U/lL pyruvate
oxidase, 50 lMAmplex red, and 200 U/lL horseradish perox-
idase). After incubation for 30 min at room temperature in
the dark, fluorescence at 590 nm was measured at an excita-
tion of 535 nm using amicroplate reader (Spark).

Lactate Concentration Assay

A lactate concentration assay of culture medium and cell
lysates was performed as described previously (32). Briefly,
10 lL of the standard sodium lactate solution or cell culture
medium were incubated with 90 lL of the reaction buffer [2
U/mL lactate dehydrogenase (LDH), 0.4 M hydrazine, and
2.5 mM NADþ , pH 9.0]. After completion of the NADþ

reducing reaction, which was confirmed by kinetic analysis,
the final absorbance at 340 nm was measured using the
microplate reader.

Lactate Dehydrogenase Isozyme Assay

A lactate dehydrogenase isozyme assay was performed as
described previously (32). Cells were homogenized in buffer
(250 mM sucrose, 50 mM Tris, and 5 mM MgCl2, pH 7.4).
Protein concentrations were determined using the BCA
assay and adjusted to 2 mg/mL. Protein suspensions were
mixed with glycerol (final concentration: 10%) and bromo-
phenol blue (final concentration: 0.05 mg/mL). Equal
amounts of protein (30 lg) were separated by native PAGE
[7.5% (wt/vol) TGX polyacrylamide gels] at 12 mV for 100
min. After electrophoresis, gels were incubated in reaction
buffer (1 M sodium lactate, 10 mM NADþ , 2 mg/mL phena-
zine-methosulphate, and 20 mg/mL tetrazolium blue) at
37�C until band development. Heart and quadricep muscles
obtained from C57BL/6Jmice were used as positive controls.

Mitochondrial ATP Assay

A fluorescent ATP biosensor Malion Red plasmid was
obtained from Addgene (no. 113908) (44). Mitochondrial ATP
levels were measured by modifying the ATP biosensor [addi-
tion of a mitochondrial localization signal (MSVLTPLLL-
RGLTGSARRLPVPRAKIHSL) to the NH2-terminus of Malion
Red, removing the COOH-terminal stop codon, and adding a
T2A linker]. Downstream of the T2A linker, enhanced green
fluorescent protein (EGFP) with a mitochondrial localization
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signal added to the NH2 terminus was joined and subcloned
into an adeno-associated virus (AAV) plasmid with a CMV
promoter, polyA signal, and WPRE sequence. The full
sequence of this plasmid is provided in Supplemental
Document S1 (https://doi.org/10.6084/m9.figshare.23574279.
v1). After sequence confirmation by Sanger sequencing, com-
petent cells (C3040, Stable, New England Biolabs, Ipswich,
MA) were transformed with the plasmid and incubated in liq-
uid medium (08246-44, Nacalai Tesque) at 30�C for 16 h with
vigorous shaking. The plasmids were then extracted and puri-
fied, and intact ITR sequences for AAV packaging were con-
firmed by incubation with restriction enzyme SmaI (R0141S,
New England Biolabs) and agarose electrophoresis.

For AAV packaging, HEK293T cells were cultured to 80%
confluence. The AAV expression plasmid, AAV Rep/Cap plas-
mid (serotype 9), and AAV helper plasmid were cotransfected
into HEK293T cells using PEI (23966-100, Polyscience,
Warrington, PA). One day later, the medium was replaced
with AAV production medium (10 mM HEPES, 0.075% so-
dium bicarbonate, and 1� Glutamax in low-glucose DMEM),
and the cells were cultured for 5 days. AAV was isolated and
purified in accordance with published methods (45, 46). AAV
was quantified using a commercially available kit. AAV purity
was determined by SDS-PAGE and CBB staining to confirm
the presence of VP1, VP2, and VP3 bands and the absence of
impurities.

For gene transfer by the AAV, 5 � 1010 vg AAV particles
were added to each well of a six-well plate at the time of co-
culture. Seventy-two hours later, confocal laser scanning mi-
croscopy was used to obtain the mitochondrial location
(Mito:EGFP) and mitochondrial ATP information (Mito:
Malion Red), and the red fluorescence intensity was divided
by the green fluorescence intensity to obtain the ATP con-
centration per mitochondrion. To ensure the validity of the
mitochondrial ATP measurement, we confirmed that ADP
stimulation increased mitochondrial ATP levels by an
increase in fluorescence intensity. The validation is shown
in Supplemental Fig. S3.

Statistical Analysis

Data are expressed asmeans ± SD. Unless noted otherwise,
each condition was analyzed in four to six experiments. The
Mann-WhitneyU test was used for nonparametric two-group
comparisons. The Kruskal-Wallis test followed by Dunn’s
tests was performed for nonparametric three-group compari-
sons. Two-way ANOVA was performed for autophagic flux
analysis (coculture� bafilomycin A1). Statistical significance
was defined as P < 0.05. All statistical analyses were per-
formed using Prism (Ver. 8.4.3, Mac, GraphPad).

RESULTS

Coculture of Colon-26 Cells and C2C12 Myotubes
Decreases Protein Synthesis Signaling and the Myotube
Diameter

Noncontact coculture with Colon-26 cells for 72 h shifted
the histogram of myotube diameters to the left (Fig. 2, A and
B). Coculture with Colon-26 also reduced the mean diameter
of myotubes by 40.8% (Fig. 2C). These results indicated that

myotubes were indeed atrophied by humoral factors from
Colon-26 cells.

Skeletal muscle size is determined by the net balance
between protein synthesis and degradation rates. Hence, to
understand the molecular basis of myotube atrophy caused
by coculture with Colon-26 cells, we evaluated the Akt/
mechanistic target of rapamycin complex 1 (mTORC1) cas-
cade, which is a central pathway involved in protein synthe-
sis. In our observations, the phosphorylation status of Akt,
p70S6K, and rpS6 was reduced when cocultured with Colon-
26 cells (Fig. 3A). These results indicated that intracellular
signaling pathways involved in protein synthesis were atte-
nuated by coculture with Colon-26 cells. Furthermore, con-
sistent with these results, coculture with Colon-26 cells
reduced the protein synthesis rate as assessed by the puro-
mycin incorporation assay (Fig. 3B).

We next evaluated proteolytic systems such as autophagy-
lysosome system and ubiquitin-proteasome systems. We
first analyzed autophagic flux using bafilomycin A1 (an in-
hibitor of autophagosome-lysosome fusion). The results
showed that LC3-II protein was reduced by coculture with
Colon-26 cells in the presence or absence of bafilomycin A1
(Fig. 3C). These observations were interpreted as a decrease
in autophagic activity upon coculture with Colon-26 cells.
We subsequently evaluated proteins that regulate the initial
process of autophagy induction (ULK1) and contribute to
autophagosome nucleation (ATG13, Beclin1, and ATG14L)
and autophagosome elongation (ATG5). While the ratio of
ULK1 in its inactive form (phosphorylated at Ser757) to the
total ULK1 protein remained consistent, the active form of
ULK1 (phosphorylated at Ser555) showed an increased ratio
to the total ULK1 protein under coculture conditions (Fig.
3D). Conversely, protein levels of Beclin1, ATG14L, and ATG5
decreased in the coculture setting, while the protein level
of ATG13 remained unchanged (Fig. 3D). Given these obser-
vations, we suggest that the coculture-induced decline in
autophagy activity might be indicative of diminished effi-
ciency in the processes governing the nucleation or elonga-
tion of autophagosomes. On the other hand, mRNA
expression levels of E3 ubiquitin ligases Trim63 (MuRF1)
and Fbxo32 (Atrogin1) were not changed by coculture with
Colon-26 cells (Fig. 3E). Additionally, no obvious changes
in ubiquitin-conjugated proteins were observed (Fig. 3E).

Thus far, we examined the effects of coculture with
Colon-26 cells on the diameter of C2C12 myotubes and its
regulators. The results indicated that coculture with
Colon-26 cells caused myotube atrophy, which was con-
sistent with the decreased activity of signal transduction
for protein synthesis, but not with adaptations of the pro-
teolysis system. Therefore, atrophy of myotubes caused by
coculture with Colon-26 cells may be primarily due to a
decrease in the protein synthesis capacity.

Coculture with Colon-26 Cells Increases Glycolytic
Metabolites in C2C12 Myotubes

We next examined whether coculture with Colon-26 cells
changed bioenergetics in C2C12 myotubes. We first meas-
ured the ATP concentration in whole cells. As a result, no sig-
nificant changes were observed in the ATP concentration of
C2C12 myotubes after coculture with Colon-26 cells (Fig. 4A).
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However, coculture with Colon-26 cells decreased the mito-
chondrial ATP level (Fig. 4B). Next, we measured the con-
centration of metabolites related to glycolysis, such as
glycogen, glucose-6-phosphate, pyruvate, and lactate, in
C2C12 myotubes. Coculture did not cause any changes in the
glycogen concentration, but the concentrations of glucose-6-
phosphate, pyruvate, and lactate were increased in C2C12
myotubes (Fig. 4C).

After 72 h of monoculture or coculture, culturemediumwas
collected and metabolites were measured. We observed the
characteristic change in the culturemediumwhere phenol red
became yellow in coculture (Fig. 4D), despite adjusting theme-
dium volume in accordance with the culture surface area.
Additionally, we observed a decrease in the pH of themedium
(Fig. 4E). Glucose utilization and the lactate concentration af-
ter 72 h of culture, which were adjusted to the culture surface
area, were higher in cocultures of C2C12 myotubes and Colon-
26 cells than in monocultures of C2C12 myotubes or Colon-26
cells (Fig. 4, F and G). However, we did not observe any sig-
nificant changes in the concentrations of metabolites of
glycolysis, including glucose-6-phosphate, pyruvate, and
lactate, in Colon-26 cells, regardless of monoculture or

coculture (Supplemental Fig. S4A). Furthermore, we did not
observe an increase in the glycolytic enzyme activity or a
decrease inmitochondrial oxidative capacity of Colon-26 cells
between solo-culture and coculture with C2C12 myotubes
(Supplemental Fig. S4, B–F). These results suggested that
changes in metabolites in the culture medium after coculture
strongly reflected the metabolic changes in C2C12 myotubes,
and remodeling of bioenergetic machinery (e.g., activation of
the glycolytic system and/or failure of mitochondrial oxida-
tive phosphorylation) may have occurred to maintain a con-
stant intracellular ATP concentration.

Coculture with Colon-26 Does Not Affect Creatine or
Adenylate Kinases in C2C12 Myotubes

We next examined whether the energy system adapted to
coculture with Colon-26 cells. Specifically, we evaluated the
phosphagen system, glycolytic system, pyruvate and lactate
metabolisms, and mitochondrial oxidative phosphorylation.
We then evaluated the activity of creatine kinase and adenyl-
ate kinases in the phosphagen system. No changes were
observed in any of these metabolic enzymes after coculture
with Colon-26 cells (Fig. 5A).
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Figure 2. Coculture with Colon-26 cells
induces atrophy of C2C12 myotubes. The
effect of coculturing with Colon-26 cells on
the atrophy of C2C12 myotubes is illus-
trated. A: representative image of the myo-
tubes under investigation. B: histogram that
visualizes the distribution of myotube diam-
eters. C: mean myotube diameter, indicat-
ing significant atrophy with #P < 0.05 vs.
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means ± SD.

COCULTURE OF COLON-26 AND C2C12 MYOTUBES

AJP-Cell Physiol � doi:10.1152/ajpcell.00179.2023 � www.ajpcell.org C1527
Downloaded from journals.physiology.org/journal/ajpcell at Nihon Taiiku Daigaku Lib (150.099.199.138) on October 31, 2024.

http://www.ajpcell.org


Coculture with Colon-26 Cells Increases Glycolytic
Enzyme Activity in C2C12 Myotubes

Next, we evaluated the activities of enzymes involved in
glycolysis, such as hexokinase, glycogen phosphorylase, phos-

phofructokinase, and pyruvate kinase. These enzymes are ir-
reversible and rate-limiting enzymes in glycolysis. Coculture
with Colon-26 cells increased the activities of hexokinase,
phosphofructokinase, and pyruvate kinase, but no effect was
observed on glycogen phosphorylase activity (Fig. 5B).
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Coculture with Colon-26 Cells Increases the Lactate
Production Capacity in C2C12 Myotubes

We next evaluated adaptations related to pyruvate and
lactate metabolisms. Lactate dehydrogenase (LDH) forms a
tetramer composed of LDHA (a subunit with a high tendency
to convert pyruvate to lactate) and/or LDHB (a subunit with
a high tendency to convert lactate to pyruvate). Evaluation
of LDH isozymes revealed that the proportion of LDH5 (A4)
complexes, which have a high tendency to convert pyruvate
to lactate, were increased by coculture with Colon-26 cells
(Fig. 6A). Consistent with this result, lactate dehydrogenase
activity (conversion of pyruvate into lactate) was signifi-
cantly increased by coculture with Colon-26 cells (Fig. 6B).
In terms of protein expression levels, LDHB expression did
not change after coculture with Colon-26 cells, but LDHA
expression was increased (Fig. 6C). Evaluation of the protein
levels of MCT1 (high affinity/low transport capacity) and
MCT4 (low affinity/high transport capacity), which are
involved in lactate transport, revealed that the content of
MCT1, but not MCT4, was increased by coculture with
Colon-26 cells (Fig. 6C). These results suggested that cocul-
ture with Colon-26 cells induced adaptations to increase the
capacity to convert pyruvate into lactate. In addition to con-
version into lactate, pyruvate can also be oxidized as a sub-
strate in mitochondria. Therefore, we evaluated adaptations
of the initial steps involved in oxidation of pyruvate in mito-
chondria. Pyruvate produced in the cytosol is transported to
the mitochondrial matrix by mitochondrial pyruvate carriers
(MPCs) localized in the inner membrane of mitochondria,
and subsequently converted to acetyl-CoA by the pyruvate
dehydrogenase (PDH) complex. We therefore investigated
whether coculture with Colon-26 cells induced adaptations in
the expression levels of MPC1 and MPC2, the phosphorylation
status of the regulatory domain of PDH (phosphorylation of
PDHa1 at Ser293), and PDH complex activity. However, no

significant changes were observed in any of these factors after
coculture with Colon-26 cells (Fig. 6,D and E).

Coculture with Colon-26 Cells Decreases Complex I-
Driven Mitochondrial Respiration in C2C12 Myotubes

Next, we assayed the respiratory capacity of permeabil-
ized myotubes. Under conditions of respiration coupled to
ATP production (state 3) and basal respiration to maintain
proton conductance (state 2), the following four sets of re-
spiratory substrates were used: pyruvate þ malate, gluta-
mate þ malate, octanoylcarnitine þ malate, and succinate þ
rotenone (a complex I inhibitor to attenuate reverse electron
flow). We found no significant effect of coculture with Colon-
26 cells on state 2 respiration when any of the substrates
were used (Fig. 7, A–D). However, under state 3 respiration,
complex I-driven pyruvate þ malate, glutamate þ malate,
and octanoylcarnitine þ malate as substrates were signifi-
cantly reduced by coculture with Colon-26 cells (Fig. 7, A–C).
However, when complex II-driven succinate was used as the
substrate, no negative effect of coculture with Colon-26 cells
was observed (Fig. 7D).

To better understand the physiological basis underlying
such adaptations of the mitochondrial respiratory function,
we examined the effect of coculture with Colon-26 cells on
enzymatic activity of the TCA cycle and respiratory chain of
the electron transport chain. The enzymatic activities of
citrate synthase, isocitrate dehydrogenase, a-ketoglutarate
dehydrogenase, succinate dehydrogenase (which is also
complex II of the electron transport chain), andmalate dehy-
drogenase were selected to measure the activities of TCA
cycle enzymes. These enzymes are either irreversible or rate-
limiting enzymes and supply NADH/FADH2 to the electron
transport chain. The activities of citrate synthase, isocitrate
dehydrogenase, and a-ketoglutarate dehydrogenase were
decreased by Colon-26 cell coculture (Fig. 8A). However, no
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changes were observed in the activities of succinate or
malate dehydrogenases (Fig. 8A). Next, we evaluated the en-
zymatic activity of the electron transport chain. Enzyme ac-
tivity related to complex I (complex I and complex I þ III)
was decreased by coculture with Colon-26 cells (Fig. 8B).
However, enzyme activity related to complex II (succinate
dehydrogenase as shown above and complex II þ III) was
not affected by coculture with Colon-26 cells (Fig. 8, A and
B). Recent studies have shown both the enzymatic activity of
the respiratory chain alone and the status of the formation of
large complexes (supercomplexes) among respiratory chains
are important factors that affect the efficiency of the electron
transport chain (47). Therefore, we evaluated the physical
interactions among respiratory chains using two-dimen-
sional electrophoresis. However, the supercomplex formed
by respiratory chains I, III, and IV was not affected by cocul-
ture with Colon-26 cells (Fig. 8C).

We additionally evaluated whether the above-mentioned
bioenergetic remodeling of mitochondria was associated
with changes in mitochondrial integrity by assessing the
membrane potential and superoxide production of mito-
chondria. As a result, coculture with Colon-26 cells increased
the mitochondrial membrane potential (Fig. 9A) and mito-
chondrial superoxide levels (Fig. 9B). The decrease in themi-
tochondrial ATP production capacity can be attributed to
the inability to dissipate the proton gradient in the mito-
chondrial intermembrane space and promotion of electron
leakage from the electron transport chain. These adaptations
are consistent with bioenergetic changes.

These findings suggested that adaptations of the mito-
chondrial respiratory capacity in response to coculture
with Colon-26 cells were closely related to changes in en-
zymatic activity of the TCA cycle and electron transport
chain.
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Coculture with Colon-26 Cells Does Not Drive the
Adaptive Mitochondrial Quality Control Response in
C2C12 Myotubes

We subsequently investigated whether the functional and
qualitative changes in mitochondria were accompanied by
adaptations in mitochondrial quality control machinery.
Mitochondrial homeostasis is maintained by quality control
systems at molecular and organelle levels. At the molecular

level, molecular chaperones and proteases play a role,
which is referred to as the mitochondrial unfolded protein
response. In the context of mitochondrion-localized mo-
lecular chaperones, coculture with Colon-26 cells had no
apparent effect on mtHSP70 or TRAP1 proteins but decreased
expression of HSP60 (Fig. 10A). Coculture with Colon-26 cells
also reduced the levels of the mitochondrion-localized pro-
teases CLPP andOmi/HtrA2 (Fig. 10A). These results suggested
that coculture with Colon-26 cells reduced the expression of
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some mitochondrial chaperones and proteases and thus
reduced mitochondrial quality control capabilities at the mo-
lecular level. To further assess quality control at themitochon-
drial organelle level, we examined proteins that regulate
mitochondrial morphology and dynamics. We found that the
contents of fusion-regulating proteins MFN2 and OPA1 (active
form: L-OPA1; inactive form: S-OPA1; active status: L-OPA1/S-
OPA1) and the fission-regulating protein DRP1 were reduced
by coculture with Colon-26 cells (Fig. 10B). However, upon
qualitatively evaluating mitochondrial morphology in myo-
tubes, no significant effects were observed (Fig. 10C).

Coculture with Colon-26 Cells Decreases Expression of
Genes Involved in Muscle Development but Increases
Expression of a Series of Genes Involved in Glycolysis

We wanted to determine the extent to which the molecu-
lar physiological responses and adaptations to coculture

with Colon-26 cells were consistent with the changes in the
transcript levels. Therefore, we performed gene expression
profiling by RNA-seq and bioinformatics analysis. An over-
view of genes with altered expression is shown in a volcano
plot (Fig. 11A). There were 427 upregulated genes and 119
downregulated genes (false discovery rate cutoff: 0.10, mini-
mal fold change: 2) in coculture with Colon-26 cells. The top
15 upregulated and top 15 downregulated genes are shown in
Fig. 11, B and C. We conducted pathway analyses of genes
with significantly changed expression by referring to GO,
KEGG, and Reactome databases. Notable results showed that
pathways related to skeletal muscle structure development
were predicted to be inactivated by the GO database as a ref-
erence (Fig. 12, A and B). Furthermore, when KEGG (Fig. 12,
A and C) and Reactome (Fig. 12, A and D) databases were
used as references, pathways related to glycolysis were pre-
dicted to be activated. These results were highly consistent
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with atrophy of myotubes and enhancement of the glycoly-
sis pathway upon coculture with Colon-26 cells. However,
coculture with Colon-26 cells reduced mitochondrial oxida-
tive metabolism (complex I driven) but did not result in a
marked reduction in expression of mitochondrion-related
genes or enrichment of pathways involved in oxidative
energy metabolism in the inactivated pathways. Complete
data related to gene expression profiling and bioinformatics

are provided in Supplemental Data S1 (https://doi.org/10.
6084/m9.figshare.22723243.v1).

Effect of Coculture with Primary Epithelial Cells of Colon
Origin on C2C12 Myotubes

Possible concerns were raised about whether the adapta-
tions observed in C2C12 myotubes when cocultured with
Colon-26 cells stemmed solely from the interaction with a
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different cell type or were attributable to variations in cell
culture density. To address these possible concerns, a fol-
low-up experiment was conducted. Primary epithelial cells,
isolated from the mouse colon and exhibiting over 95% pu-
rity as evidenced by cytokeratin 18 positivity (Supplemental
Fig. S5A), were cocultured with C2C12 myotubes. This

approach aimed to assess the specificity of the adaptations
observed above. The selection of parameters for measure-
ment was informed by those changes noted in C2C12 myo-
tubes cocultured with Colon-26 cells (Supplemental Figs. S5–
S7). The findings demonstrated that most measured parame-
ters did not show significant adaptations in C2C12 myotubes
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when cocultured with primary epithelial cells. A notable
exceptionwas the observed decrease inmitochondrial super-
oxide levels in C2C12 myotubes cocultured with primary epi-
thelial cells (Supplemental Fig. S7B), contrasting with the
increase in superoxide levels noted when cocultured with
Colon-26 cells (Fig. 9B). This distinct response indicates a
specific adaptation to coculture conditions rather than a
general response to cell density or cell type variance. In sum-
mary, the adaptations induced in C2C12 myotubes by cocul-
ture with Colon-26 cells are 1) not merely the consequence of
coculturing with a different cell type, 2) not solely attribut-
able to variations in the number of cultured cells, and 3) spe-
cifically related to interactions with cancerous colon-derived
epithelial cells, distinguishing these effects from those
observed with primary colon-derived epithelial cells.

DISCUSSION

Protein Synthesis and Degradation Mechanisms

In an in vivo Colon-26-xenografted model, inactivation of
the mTORC1 pathway, a subsequent decrease in protein syn-
thesis, and activation of the proteolysis system are observed
(48, 49). However, in the coculture model of Colon-26 cells
and C2C12 myotubes in this study, inactivation of protein
synthesis pathways centered on mTORC1 was similarly
observed to the in vivo model, but activation of protein deg-
radation pathways (i.e., autophagy-lysosome and ubiquitin-
proteasome systems) was not observed. These results indi-
cate that atrophy of myotubes due to coculture with Colon-
26 cells can be mainly explained by a decrease in the
protein synthesis capacity. Therefore, the enhancement of
protein degradation in skeletal muscle observed in Colon-26
tumor-bearing mice may not be a direct result of the interac-
tion between cancer cells/tumors and skeletal muscles but
may be triggered by other cell types, organs, or behavioral
changes. For example, the Colon-26-xenografted mouse
model exhibits increases in various cytokines (e.g., TNF-a and
IL-6) in circulation (50). These cytokines provide sufficient
stimulation to cause muscle atrophy (51). Furthermore, analy-
ses using blocking antibodies or knockout animal models
have shown that the increase in concentrations of these cyto-
kines is necessary for cancer-induced skeletal muscle atrophy
(52, 53). Mechanistically, these cytokines activate the tran-
scription factor FoxO family and transcriptional control proc-
esses of the ubiquitin-proteasome and autophagy-lysosome
systems (54–56). Importantly, a previous study of conditioned
medium from Colon-26 cells has shown that Colon-26 cells
themselves do not secrete at least TNF-a or IL-6 (57).
Therefore, possible interpretations of the increase in these
cytokines in the in vivo model are increased secretion from
cells other than Colon-26 or Colon-26 becoming secretory as a
result of interactions with other cell types. Moreover, cancer
cachexia decreases food intake and physical activity, leading
tomuscle disuse (8). Decreases in food intake and physical ac-
tivity are well accepted as sufficient stimuli to activate
autophagy-lysosome and ubiquitin-proteasome system (58,
59). Furthermore, interestingly, our gene expression profiling
and pathway analysis (GO biological processes) by RNA-seq
suggested inactivation of multiple pathways related to skele-
tal muscle formation. Evaluation of the proteins of these

differentially expressed genes was not performed in this
study, but it is possible that skeletal muscle atrophy may also
have progressed because of a decrease or dysfunction of the
molecules responsible for skeletal muscle formation and
maintenance, in addition to the balance of protein synthesis
and degradation.

Glycolytic Energy Metabolism

Changes in energymetabolism due to cancer cachexia have
been considered simply to be a result of the condition.
However, in recent years, these changes in energy metabo-
lism have been suggested to be a possible cause or exacerbat-
ing factor of cancer cachexia and even a potential therapeutic
target (15, 16). In coculture with Colon-26 cells, the intracellu-
lar ATP concentration was unexpectedly maintained at a con-
stant level. However, the ATP level in mitochondria was
decreased, and compensatory activation of glycolytic metabo-
lism was demonstrated by increased glycolytic metabolites
and enzymatic activity. When mitochondrial ATP synthesis is
impaired, the intracellular ADP/ATP ratio is known to
increase (60). This elevation in cellular ADP/ATP activates
rate-limiting enzymes (such as PFK) involved in glycolysis,
thereby inducing a compensatory shift in ATP source (60).
This metabolic adjustment has been observed both in model
cells derived from patients with mitochondrial diseases
and experimentally in cells treated with Oligomycin, a rec-
ognized inhibitor of mitochondrial ATP synthase (60, 61).
The observed shift in energy metabolism when cocultured
with Colon-26 cells in this study may be indicative of a
similar adaptive mechanism. In a mouse model, adapta-
tion of glycolysis to cancer cachexia has not received as
much attention as mitochondrial oxidative energy produc-
tion. Visavadiya et al. (62) recently reported increases in
the lactate-to-pyruvate ratio, LDH activity, and MCT1 pro-
tein in a mouse-bearing Colon-26 tumor. Although enzy-
matic activity of glycolysis was not reported in the study,
it was suggested that glycolysis was activated during cancer
cachexia progression. If we assume that glycolysis was also
activated in our cocultures and mouse cachexia models, gly-
colysis activation in skeletal muscle by cancer cachexia indi-
cates that it can be at least partly explained by direct
interactions between cancer cells and skeletal muscle cells.
Gene expression profiling and pathway analyses (KEGG and
Reactome) of RNA-seq data in this study revealed the top
pathways expected to activate the glycolytic pathway. These
results indicate that glycolysis activation by coculture
matches well with the changes at the transcriptional level.
Therefore, evaluation at the transcriptional level may be use-
ful to understand the mechanisms by which glycolysis is acti-
vated by coculture or cachexia. For example, transcription
factors, such as HIF-1 and c-Myc, are promising candidates
for common transcriptional factors driving gene transcription
involved in glycolytic enzymes (63).

Mitochondrial Oxidative Metabolism

A decrease in mitochondrial oxidative energy metabolism
has been recently reported in cancer cachexia by various
studies. In this study, ATP levels in mitochondria were
decreased by coculture with Colon-26 cells. To clarify the
physiological background of these findings, we revealed the
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metabolic mechanisms of mitochondria through an element
reduction approach. We observed that the respiratory
capacity coupled to ATP production inmitochondria was de-
pendent on the substrate. While the respiratory capacity
through pathways involving complex I was decreased, com-
plex II was unaffected by coculture. In an in vivo cachexia
model, changes in the mitochondrial respiratory capacity
using succinate as a substrate were mild compared with py-
ruvate and malate (18). Therefore, the changes in the mito-
chondrial respiratory capacity observed in the in vivo
cachexia model may be partially explained by the direct
interactions between cancer cells and skeletal muscle cells.

Functional evaluation of mitochondria yields various
interpretations depending on evaluation of isolated mito-
chondria or permeabilized cells. This study investigated the
mitochondrial oxidative capacity in permeabilized myo-
tubes, which reflects changes in mitochondrial content and
the oxidative capacity per unit mitochondrion and changes
in factors other than mitochondria that may affect mito-
chondrial respiration. As part of the evaluation of TCA
enzyme activity, we measured CS activity, which is a marker
ofmitochondrial content. However, other biomarkers for mi-
tochondrial content, such as the protein level of subunits
comprising the respiratory chain complex or the copy num-
ber of mitochondrial DNA, do not necessarily correlate with
changes in CS activity (Supplemental Fig. S8, A and B).
Moreover, the expression level of peroxisome proliferator-
activated receptor-c coactivator-1a (PGC-1a), a master regula-
tor of mitochondrial biogenesis, did not change in coculture
(Supplemental Fig. S8C). Integrating these results suggested
that the quantitative changes in mitochondria induced by
coculture were either minimal or nonexistent. Therefore, the
decrease in the mitochondrial oxygen consumption rate and
enzyme activities related to complex I in the TCA cycle and
the electron transport chain reflected a functional decline
per unit mitochondrion rather than a decrease in mitochon-
drial content. Conversely, previous studies in mice (17, 20,
64) have reported that transplantation of Colon-26 cells
decreases the protein contents of respiratory chain complex
subunits, suggesting that, both functional and quantitative
changes in mitochondria occur in the skeletal muscle of the
Colon-26 xenografted model. Notably, a recent study by
Delfinis and colleagues (17) found a reduction in the mito-
chondrial respiratory capacity in permeabilized skeletal mus-
cle, but the functional changes were retained even when
corrected for the expression level of electron transport chain
subunits. Therefore, both functional and quantitative changes
in mitochondria are evident in vivo, but in our coculture
model, functional changes were predominant. Thus the loss
of mitochondrial function due to cancer cachexia can be
explained, at least in part, by direct interactions between
Colon-26 cells and skeletal muscle cells, while quantitative
changes in mitochondrial content are induced by other fac-
tors such as other organs, other cell types, or behavioral
changes.

Mitochondrion-related genes were not significantly down-
regulated in the gene expression analysis by RNA-seq, and
they were not enriched in pathways that were predicted to be
inactivated. A possible explanation for adaptations such as
the decreased ATP production capacity ofmitochondria in co-
culture is that changes in posttranscriptional or translational

processes, rather than transcription-level changes, are the
main contributing factors. Our results indicated that cocul-
ture with Colon-26 caused a decline in global protein synthe-
sis, reduced autophagic activity, and decreasedmitochondrial
chaperones and proteases. These observations suggest a com-
promise in the mitochondrial capacity for protein turnover
and quality control. However, when referring to RNA-seq
data from skeletal muscle in an in vivo cancer cachexia
model, mitochondrial dysfunctions were supported by
changes in transcriptional levels (65). Therefore, in the
mouse model of cachexia, changes in behavior and/or hu-
moral factors from other organs and cell types to skeletal
muscle may also modulate both mitochondrial functions
and contents at the transcriptional level. This idea is sup-
ported by the finding that the in vivo content of PGC-1a, a
strong transcriptional driver of mitochondrion-related
genes, is reduced in skeletal muscle by Colon-26 cells (64),
whereas no change was observed in PGC-1a content in the
coculture model of this study (Supplemental Fig. S8C).

Bidirectional Communication between Colon-26 Cells
and C2C12 Myotubes

We performed noncontact coculture using cell culture
inserts with a pore size of 1 lm. Therefore, intercellular com-
munication between cells was mediated by soluble proteins,
miRNAs, metabolites, and nonsoluble factors with a size of 1
lm or less, such as extracellular vesicles. In a study using
conditioned medium from Colon-26 cells, it was reported
that leukemia inhibitory factor (LIF) derived from Colon-26
cells was the main factor inducing atrophy of myotubes
(57). To the best of our knowledge, no reports have exam-
ined whether LIF also remodels energy metabolism. We
cannot conclude whether myotube atrophy and metabolic
remodeling toward glycolysis dominance were induced by
a single factor such as LIF or other contributing factors. If a
factor inducing a shift glycolysis metabolism can be identi-
fied, the development of new therapies may be possible
using neutralizing antibodies or receptor inhibitors of such
a factor.

To clarify the metabolic adaptations of C2C12 myotubes,
we also examined some metabolic adaptations in Colon-26
cells cocultured with C2C12 myotubes. The results showed
that coculture with C2C12 myotubes enhanced the mito-
chondrial respiratory capacity when pyruvate þ malate and
succinate were used as substrates. These metabolic adapta-
tions may affect the proliferative capacity of Colon-26 cells
and the secretory kinetics of cachexic humoral factors.
Because this study focused specifically on skeletal muscle
adaptations, the adaptations of Colon-26 cells during cocul-
ture were not sufficiently examined. Skeletal muscle cells
secrete myokines and extracellular vesicles (66). In vivo can-
cer cachexia models have shown that exercise and skeletal
muscle contraction are effective in improving various symp-
toms of cachexia (67). Therefore, a future research direction
may be to evaluate the adaptation of Colon-26 cells when
experimentally manipulating C2C12 myotubes cocultured
with Colon-26 cells, such as electrical stimulation-induced
contraction. By conducting such studies, new evidence sup-
porting the effectiveness of exercise therapy for cancer
cachexia may be obtained.
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Advantages and Limitations of Coculture as an In Vitro
Cachexia Model

Even though it is crucial to consider the differences
between skeletal muscle fibers in vivo andmyotubes in vitro,
in vitro experimental models have established their value in
various domains. These include drug treatments, genetic
manipulation, imaging, and the elucidation of mechanisms.
Despite the inherent limitations, their utility remains signifi-
cant in the progression of research. Recently, there has been
a growing demand to replace in vivo experiments with in
vitro models as much as possible from an animal welfare
standpoint. This is particularly relevant to cancer cachexia,
and coculturing Colon-26 cells and C2C12 myotubes has
been used in several studies as an in vitro cachexia model.
However, the previous studies were based on limited knowl-
edge, such as a decrease in themyotube diameter (11). As dis-
cussed in this study, we organized the potential adaptations
that can and cannot be explained by direct cross talk
between cancer cells and skeletal muscle cells in the patho-
physiology of cancer cachexia in vivo. Our findings suggest
that it is important to consider whether the experimental pur-
pose and model characteristics are aligned when using cocul-
ture as an in vitro cachexia model. For example, it may be
useful to screen drugs that attenuate Colon-26 cell-induced
inhibition of the mTORC1 pathway and protein synthesis in
skeletal muscle cells due to cachexia. However, it may not be
suitable to search for potential drugs that suppress upregula-
tion of protein breakdown in skeletal muscles due to cachexia,
because the protein degradation mechanism, especially ubiq-
uitin-proteasome and autophagy-lysosomal systems, is not
activated in a coculturemodel with Colon-26 cells.

Conclusions

We investigated the adaptation of skeletal muscle cells
through potential direct cross talk with cancer cells by con-
ducting noncontact coculture of Colon-26 cells and C2C12
myotubes to further understand the complex pathological
condition of cancer cachexia. Protein synthesis machinery in
C2C12 myotubes was markedly inhibited and myotube atro-
phy occurred in coculture with Colon-26 cells. Furthermore,
energy metabolism in C2C12 myotubes was significantly
shifted toward glycolytic energy metabolism rather than oxi-
dative energy metabolism in coculture. The increased activity
of glycolytic enzymes was consistent with gene expression
levels, but the decreased ATP production capacity in mito-
chondria was not consistent with the changes in gene expres-
sion. The findings of direct interactions between cancer cells
and skeletal muscle cells obtained in this study may contrib-
ute to a more fundamental understanding of the complex
pathophysiology of cancer cachexia.
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