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Abstract

Background Colorectal cancer (CRC) can be classified into four molecular subtypes (CMS) among which CMST1

is associated with the best prognosis, while CMS4, the mesenchymal subtype, has the worst outcome. Although
mitochondria are considered to be hubs of numerous signaling pathways, the study of mitochondrial metabolism

has been neglected for many years. Mitochondrial Complex | (Cl) plays a dual role, both in energy and reactive oxygen
species (ROS) production. However, the possible contribution of Cl to tumorigenesis in cancer remains unclear. The
purpose of this study was to investigate the Cl under the prism of the CMS classification of CRC in ex vivo models.

Methods Biochemical dosages, bioenergetics analysis and western-blot were used to characterize Cl expression,
function and redox balance in LoVo and MDST8 cell lines, belonging to CMS1 and CMS4 subgroups, respectively.

Cell proliferation and migration were assessed by xCELLigence technology. Overproduction or scavenging of mito-
chondrial ROS (mtROS) were performed to analyze the effect of mtROS on proliferation, migration, and mesenchymal
markers. Focal adhesion kinase (FAK) and its activation were analyzed by immunofluorescence. We assessed the distri-
bution of two Cl scores in CRC cohorts according to CMS classification and their relevance for patient survival.

Results We found that Clis downregulated in CMS4 cells and is associated with elevated mtROS. We establish

for the first time that in these migrating cells, mtROS production is maintained at optimal levels not only through
changes in Cl activity but also by inactivation/acetylation of superoxide dismutase 2 (SOD2), a major mitochon-

drial antioxidant enzyme. We show that promoting or scavenging mtROS both mitigate CMS4 cells’migration. Our
results also point to a mtROS-mediated focal adhesion kinase (FAK) activation, which likely sustains their migratory
phenotype. Using cohorts of CRC patients, we document that the expression of Cl is downregulated in the CMS4
subgroup, and that low Cl expression is associated with poor prognosis. Patients' datasets reveal an inverse correlation
between Cl and the epithelial-mesenchymal transition (EMT) pathway.

Conclusion We showed that inhibition of CI contributes to heighten mtROS, which likely foster MDST8 migration
and might account for the specific EMT signature of CMS4 tumors. These data reveal a novel role of mitochondrial Cl
in CRC, with biological consequences that may be targeted with anti- or pro-oxidant drugs in clinical practice.
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Introduction

Colorectal cancer (CRC) is the third most common
type of cancer in humans and the second leading cause
of cancer death worldwide [1, 2]. In recent past years,
the explosion of knowledge regarding molecular and
biochemical alterations associated with the evolution
of CRC has revealed that CRC is a much more hetero-
geneous disease than initially thought. This has led a
consortium of expert groups to propose a consensus clas-
sification of CRC allowing to categorize most tumors into
one of four consensus molecular subtypes (CMS), CMS1,
CMS2, CMS3 and CMS4, based on transcriptional pro-
files, which are actually associated with distinct molec-
ular and clinical features [3]. Among those subtypes,
CMS]1, which is characterized by microsatellite instability
and high immune infiltration, has a much better progno-
sis than the CMS4 subtype, which has a particularly dis-
mal prognosis, likely due to specific hallmarks of CMS4
tumors such as a prominent epithelial-mesenchymal
transition (EMT) signature and the activation of trans-
forming growth factor (TGF)-f signaling. Although the
CMS classification represents a major advance in the
understanding of CRC heterogeneity, many fundamental
aspects remain to be explored. In particular, still little is
known on the metabolic pathways involved in the specifi-
cities of the various CMS subtypes. Indeed, ascribing a
specific metabolic signature to each CMS subgroup could
help refine CRC diagnosis, identify new therapeutic tar-
gets, and/or predict response to treatment.

Metabolic reprogramming was recognized as a hall-
mark of cancer in 2011 [4]. Most scientists in this field
have focused their attention on glycolysis, or on its meta-
bolic intermediates that provide building blocks for the
synthesis of amino acids, fatty acids and nucleotides dur-
ing oncogenesis and tumor progression [5]. Thus, for sev-
eral decades, the Warburg effect, i.e. the fact that cancer
cells preferentially metabolize glucose via aerobic gly-
colysis, has occulted the contribution of mitochondria to
many features of tumor cells to support their malignancy
beyond the obvious energy supply [6]. Moreover, the pre-
dominance of Warburg’s theory has led to the general
misconception that cancer cells are exclusively glycolytic,
and, that the “switch off” of mitochondrial functions is
one of the major cellular features accounting for cancer
initiation and progression [7].

In the mitochondria, complex I (CI) has a peculiar
and very important role in the respiratory chain (RC),
as the gatekeeper of RC and as the node point in NADH
metabolism, initiating the electron transfer from NADH
to the other respiratory complexes to generate ATP [8].
In recent years, an increasing number of studies have
investigated a possible role of CI in various aspects of
cancer biology and have revealed that CI dysfunction
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in different cancers can be associated to tumor pro-
gression and metastasis or, to the opposite, inhibition
of tumor growth, highlighting the oncojanus face of CI
[9, 10]. Nevertheless, in most of these reports, the bio-
chemical and functional consequences of these CI altera-
tions were not studied and thus remain to be elucidated.
Importantly, CI is, with Complex III, the main site of
ROS production in the mitochondria [8]. Although, it is
widely acknowledged that ROS generation participates to
many steps of metastasis [11], the contribution of mito-
chondrial ROS to these steps, in particular EMT, is still
understudied.

Here, we sought to investigate the mitochondrial CI
under the prism of the CMS classification of colorec-
tal cancer using two CRC cell lines: LoVo and MDSTS,
belonging to the CMS1 and CMS4 subgroups, respec-
tively. We find that CI activity is lower in MDST8 vs LoVo
cells and that this decrease, which generates mitochon-
drial ROS (mtROS), contributes to the migratory poten-
tial of MDST8 cells. We find that the down-regulation
of CI is associated to an acetylated/inactivated SOD2
protein in MDSTS8, which likely participates to heighten
mtROS. Furthermore, we provide evidence that specific
overproduction or scavenging of mtROS promotes dif-
ferent effects on proliferation and migration in the two
cell lines. We also highlight a putative activation of focal
adhesion kinase by mtROS that may foster MDST8 cell
migration. Finally, in silico analysis of patient datasets
indicates that the CI decrease has relevance with respect
to CRC heterogeneity and prognosis.

Methods

Cell culture

The human CRC LoVo and MDST8 cell lines were pur-
chased from the European Collection of Authenticated
Cell Cultures. Cell lines were cultured in DMEM with
10% fetal bovine serum and 0.2% primocin (InvivoGen),
at 37 °C, 5% CO,. For treatments, cells were incubated in
fresh media containing 0.1 pM Rotenone or 50 uM Mito-
Tempo or vehicle (0.01% DMSQO). Unless otherwise men-
tioned, the cells were treated for 48 h.

Cell proliferation

Cells (2x10°) were seeded in several 6-well plates and
incubated for 24 h, 48 h or 72 h. After incubation, total
cell numbers from three different wells were determined
using a CASY TT cell counter (Schérfe System GmbH,
Reutlingen, Germany).

Electricimpedance measurement

Cells’ proliferation/adhesion and migration were exam-
ined using the xCELLigence Real-Time Cellular Analysis
(RTCA) system (ACEA Biosciences, Inc), that measures
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in real-time electrical impedance, which reflects the
number of cells, but also cell size and morphology, and
cell attachment quality. The impedance is reported using
a parameter termed cell index. Cells were grown with
or without treatment 48 h prior seeding. For studies of
proliferation/adhesion, cells were trypsinized and seeded
at 10,000 cells per well in a volume of 0.2 ml on 16-well
plates (E-plates) with microelectrodes on the bottom of
each well. For migration studies, CIM plates (16 wells)
were used. In these plates, the cells were seeded (30,000
cells per well in a volume of 0.1 ml) on the upper com-
partment of the system in a serum-free medium and
allowed to migrate to the lower compartment containing
a medium with 10% FBS used as a chemoattractant. The
impedance was monitored every 10 or 15 min for 48 or
96 h at 37 °C, 5% CO, and expressed as cell index (CI). In
each experiment, triplicates or quadruples of each condi-
tion were run. The data were analyzed using the RTCA
software and were normalized to the impedance value of
each well at the beginning of the experiments.

Complex | enzyme activity

Mitochondria were isolated from cell lines using a mito-
chondria isolation kit for cultured cells (Abcam) accord-
ing to the manufacturer’s instructions. The method used
for the measurement of respiratory chain CI activity was
adapted from the method developed by Janssen et al.
[12]. CI enzyme activity was assayed spectrophotometri-
cally in 96-well plates based on the kinetics of decrease
of dichloroindophenol (DCIP) absorption at 614 nm. The
reaction medium (250 pl/well, 37 °C) contained 25 mM
KH2PO4/K2HPO4 pH 7.8, 3.5 mg/ml BSA, 70 uM DCIP,
and 100 uM decylubiquinone. After addition of mito-
chondria (5 pl/well) and reading of basal absorbance for
1 min, the reaction was initiated by addition of 200 uM
NADH. After monitoring the decrease in DCIP absorb-
ance for 2 min, 1 pM rotenone was then added in each
well and the readings were continued for 2 min. The CI
enzyme activity was defined as the rotenone sensitive
fraction i.e. was calculated from the difference in absorp-
tion slopes before and after addition or rotenone. CI
activity was expressed as nanomoles of DCIP oxidized
per minute per mg of protein.

Oxygen consumption rate (OCR)

The experiments were performed by the platform for
metabolic studies at SFR Necker. Briefly, cells were plated
in cell culture XF96 microplates (Agilent technologies) at
2x 10* cells/well and the cellular OCR was determined by
a Seahorse Bioscience XF96e extracellular flux analyzer
(Agilent technologies) according to the manufacturer’s
instructions. Briefly, cells were balanced for 1 h in XF
assay media (Agilent Technologies) supplemented with
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2 mM Glutamine, 10 mM Glucose and 1 mM Sodium
Pyruvate. Compounds were injected during the assay at
the following final concentrations: Oligomycin (ATP syn-
thase inhibitor, 1 uM), FCCP (uncoupling agent measur-
ing the maximal respiration capacity; 1 uM), Rotenone
and Antimycin A (ETC inhibitors; 1 pM). For each cell
line 6-12 technical replicates were evaluated. All OCR
measurements were normalized to the protein concen-
tration dosed at the end of every experiment.

Western blot analysis

Cells were harvested in RIPA buffer containing: 50 mM
Tris—HCI pH 8, 150 mM NaCl, 0,5% Nonidet P40, 0,25%
sodium deoxycholate, 0,1% sodium dodecyl sulfate
(SDS), 1 mM phenylmethylsulfonyl fluoride, 1 X protease
inhibitor cocktail, (Complete mini, Roche), 1XPhos-
phatase inhibitor cocktail (PhosSTOP, Roche), 10 mM
Nicotinamide, to prepare total protein extracts. Protein
concentration was determined by the Lowry method.
Protein extracts (15-20 pg) were run in BoltTM 10%
Bis—Tris Plus gels (Invitrogen) and transferred to PVDF
membranes (Biorad). Membranes were blocked with 5%
milk or 5% BSA in 1xXTBS-T for 1 h before incubation
with primary antibodies overnight at 4 °C. Immunoreac-
tive bands were analyzed with a LAS-4000 luminescent
image analyzer. The results were expressed as arbitrary
units normalized to the amount of a-tubulin. The fol-
lowing antibodies were used: NDUFV1 (Proteintech, ref:
11238-1-AP), NDUFS1 (Abcam, ref: ab169540), NDUFS3
(Abcam, ref: ab110246), SOD2 (Abcam, ref: ab68155),
acetylK68-SOD2 (Abcam, ref: ab137037) N-cadherin (BD
Biosciences, ref: 610920), ZEB1 (Abcam ref: 203829),
tubulin (Sigma-Aldrich, ref: T9026), p-FAI(-Y397 (Abcam,
ref:ab81298), FAK (Cell Signaling, ref: 3285).

Total RNA isolation and RT-PCR analysis

RNAs were isolated using the RNeasy extraction kit (Qia-
gen, Limburg, Netherlands), as recommended by the
manufacturer’s instructions. cDNAs were generated from
1 pg of total RNA using the High-capacity cDNA Reverse
Transcription (Applied Biosystems) and quantified in
triplicates on the 7900HT Fast Real-Time PCR system
(Applied Biosystems) using Absolute qPCR SYBR Green
ROX Mix (Thermo Scientific). The primer sequences are
shown below: ZEB1-F: AAGAATTCACAGTGGAGA
GAAGCCA; ZEB1-R: CGTTTCTTGCAGTTTGGG
CATT; CDH2-F: ACAGTGGCCACCTACAAAGG;
CDH2-R: ACAGTGGCCACCTACAAAGG; RPL13A-
F: CCTGGAGGAGAAGAGGAAAGAGA; RPLI3A-R:
GAGGACCTCTGTGTATTTGTCAA. The results are
expressed as the relative quantification of a target gene
transcript normalized to RPL13A housekeeping gene,
using the AACt method.



Bastin et al. Journal of Translational Medicine (2023) 21:522

Gene expression

The following datasets were retrieved from public sources
GSE39582 (“CIT cohort’, n=566), GSE14333, GSE17536,
GSE17537, GSE33113, altogether forming the “validation
cohort” (n=431); subtype classification systems assign-
ments were performed using original published predictor
methods as described in [3].

Gene set enrichment analysis (GSEA)

GSEA [13] was performed on the following data sets:
GSE39582 [14] for patients and GSE59857 [15] for cell
lines. The GSEA was performed using the Broad Institute
platform (http://www.broadinstitute.org/gsea/index.jsp;
Version 2.0.14).

Mitochondrial ROS

Mitochondrial ROS were measured using Mitosox probe
(Invitrogen). Experiments were performed in 24-wells in
which cells were incubated with 1 uM Mitosox in PBS
for 10 min at 37 °C. Cells were subsequently washed
with PBS, lysed in 250 pl of 1 M NaOH and transferred
to a 96-well black plate for measurement of fluorescence
intensity with a plate reader (infinite®M200, Tecan). The
results were normalized to the amount of protein in each
well.

Superoxide dismutase 2 enzyme activity

Determination of superoxide dismutase (SOD) enzyme
activity in CRC cell lines was performed according to the
spectrophotometric method of Paoletti et al., with minor
modifications [16].

Immunofluorescence

Briefly, cells grown on glass coverslips were washed and
fixed with 4% formaldehyde in PBS. After permeabiliza-
tion, cells were incubated with primary antibody diluted
(1/250) in PBS enriched with 1% BSA and 0.1% Tween for
1 h at room temperature. The following antibodies were
used: FAK (Abcam), p-FAK-Y?>”” (Abcam). F-actin fibers
were stained with TRITC-Phalloidin (Sigma-Aldrich).
Cells were then incubated with Alexa Fluor 488 second-
ary antibodies (1/1000) (Molecular Probes, Eugene, OR,
USA) and DAPI, used as nuclear marker. Immunolabel-
ling was observed and images recorded using a Zeiss
Axio Observer Z1 at X40 magnification.

Statistical analysis

The results are reported as the means+ SEM. All statis-
tical analyses were performed using GraphPad Prism
software (version 9.4.1). Data distribution was first
checked for normality using the Shapiro—Wilk test, and
parametric or non-parametric tests were then applied
accordingly. Differences between groups were analyzed
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by Mann—Whitney test or paired or unpaired two-tailed
Student’s t test for the comparison of two groups, or by
Two-way ANOVA and the Tuckey test for comparison
of four groups. Results from RNA analysis in cohorts are
expressed as median and interquartile range. Statistical
analysis was performed in R studio (version 2022.07.2)
using one-way ANOVA followed by Wilcoxon rank-sum
tests with Holm’s correction for multiple comparisons.
Survival curves were obtained using Kaplan—Meier esti-
mates using the Survival R package (version 3.5-0) and
differences between groups of patients were assessed
using the log-rank test for univariate analyses or Cox
models for multivariate analyses. A p<0.05 was consid-
ered significant.

Results

Mitochondrial Complex | is downregulated in the MDST8
cell line, a prototypical model of the CMS4 subtype

We focused on CMS1 and CMS4 CRC, which both arise
from serrated precursor lesions (Reviewed in [17], yet are
associated with opposite outcomes. We selected the LoVo
and MDSTS8 cell lines as prototypical CMS1 (“good prog-
nosis”) and CMS4 (“poor prognosis”) models, respec-
tively [18, 19], and verified that the two cell lines exhibit
distinct cellular behaviors. We first documented through
cell counting that MDST8 cells proliferate around twice
faster than LoVo cells (Additional file 1: Figure Sla). We
also employed the xCELLigence real-time analysis sys-
tem to monitor proliferation/adhesion (E-plates) as well
as migration (CIM-plates). When cells were seeded on
E-plates and allowed to proliferate for 48 h, the cell index
for MDST8 increased much more rapidly than that of
LoVo cells (Additional file 1: Figure S1b and c). Seeding
on CIM-plates further revealed that MDST8 cells have
the capacity to migrate while LoVo cells do not (Addi-
tional file 1: Figure S1d and e). Accordingly, western-blot
analysis showed abundant expression of several EMT
markers (N-cadherin, vimentin and ZEB1) in MDST8
cells, which were not detected in LoVo cells (Additional
file 1: Figure S1f). Altogether, the specific cellular and
molecular features of each cell line confirm that LoVo
and MDST8 cells represent adequate models for CMS1
and CMS4 subtypes.

Having validated the two models, we measured CI
enzyme activity in mitochondria-enriched homogen-
ates of LoVo and MDSTS8 cells and found reduced (-31%)
enzyme activity in MDST8 cells compared to LoVo cells
(15.5+1.6 and 22.5+1.0 nmol DCIP/min/mg protein,
respectively, p=0.0043) (Fig. 1a). Complex I, the larg-
est complex of respiratory chain, consists of 45 different
subunits, 38 of which are encoded by nuclear genes that
assemble to form three functional modules (N Module,
Q Module and P Module) ensuring different functions.
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Seven of the nuclear-encoded subunits, NDUFVI,
NDUFV2, NDUFS1, NDUFS2, NDUFS3, NDUEFS7,
NDUESS8 form the “catalytic core” since it binds and oxi-
dizes NADH and is responsible for the electron trans-
fer to the final acceptor ubiquinone [8]. We assessed
the relative expression of three of the seven subunits
constituting the CI catalytic core and showed that the
amounts of NDUFV1, NDUFS1 and NDUFS3 proteins
were significantly reduced in MDSTS8 cells, compared to
LoVo cells (Fig. 1b). Since CI proteins and enzyme activ-
ity are reduced in MDSTS8 cells, we asked whether these
changes translate into a decrease in mitochondrial res-
piration, as it can be surmised. Thus, using the Seahorse
extracellular flux analyzer, we analyzed the oxygen con-
sumption rate (OCR) in the presence of major cell energy
substrates (glucose, pyruvate, glutamine), which provides
a measure of mitochondrial respiration. Using mitochon-
drial inhibitors, the system allows the measurements of
baseline OCR and calculation of corresponding mito-
chondrial ATP production and determination of maxi-
mal uncoupled respiration. As shown in Fig. 1c and d,
Lovo and MDSTS8 cells exhibited similar basal OCR and
ATP production values. OCR values in the presence of
FCCP were higher in MDST8 compared to LoVo, reflect-
ing higher respiratory chain capacities in MDST8 when
mitochondrial oxygen consumption was uncoupled from
ATP production.

MDSTS cells exhibit a higher level of mitochondrial ROS
than LoVo cells

Since the moderate but significant decrease of CI in
MDSTS8 cells does not affect ATP production, we sought
to determine whether this dysfunction could have
other non-energetic biochemical consequences such
as increased ROS production. Indeed, we and other
have demonstrated that in fibroblasts from patients
with inherited CI deficiency, superoxide production is
increased [20, 21]. Here, we observed that mitochon-
drial ROS (mtROS) levels were significantly increased
(+40%, p<0.001) in MDSTS8 cells as compared to LoVo
cells (Fig. le). Importantly, ROS levels are the result of
a fine balance between ROS production and ROS scav-
enging. In mitochondria, the manganese superoxide
dismutase (SOD2) is a first-line antioxidant defense
enzyme, which protects cells from oxidative stress gen-
erated in these organelles. As shown in Fig. 1f, SOD2
protein level is twice higher in MDST8 cells compared
to LoVo cells, while, surprisingly, the enzyme activity of
SOD2 is significantly lower (Fig. 1g). It is well acknowl-
edged that SOD2 is submitted to important post-trans-
lational modifications that finely regulate its activity [22].
Of crucial importance here, we previously showed that,
in CI-deficient-cell, activation of SOD2 is directly linked
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of its deacetylation by Sirtuin-3 (SIRT3), a major mito-
chondrial NAD" dependent protein deacetylase [20].
We found that SOD2 is highly acetylated in MDSTS8 cells
(Fig. 1f) in coherence with the decreased SOD2 enzyme
activity. Therefore, we may surmise that the higher level
of mtROS measured in MDST8 cells is due both to a
decrease in CI activity and to a decrease in SOD2 activ-
ity. These data point to different mtROS production and
elimination in MDST8 versus LoVo cells.

Boosting or scavenging mtROS levels both inhibit MDST8
cell migration

Having shown that LoVo and MDST8 cells exhibit dif-
ferences in CI activity, ROS levels and cellular behavior
(Additional file 1: Figure S1), we sought to assess a poten-
tial link between CI dysfunction and ROS production
on the one hand and cellular features on the other hand.
To this aim, we submitted cells to a mild inhibition of CI
using rotenone, a usual inhibitor, at a concentration of
0.1 uM, which induces a partial but not total inhibition
of CI activity [23]. As shown in Fig. 2a, rotenone signifi-
cantly enhanced mitochondrial ROS production in both
LoVo and MDSTS cells. We then assessed the functional
consequences of this exposure to additional ROS. Both
cell lines were treated with 0.1 pM rotenone 48 h prior
plating in specific xCELLIgence plates, and allowed to
proliferate or migrate. Rotenone significantly reduced
proliferation/adhesion of both LoVo and MDSTS8 cells, as
illustrated by Fig. 2b and Additional file 1: Figure S2. Of
note, rotenone also significantly reduced the migratory
phenotype of MDST8 cells, as shown by both cell index
curves and cell index quantifications (Fig. 2c). We further
monitored a down-regulation of ZEB1 and N-Cadherin
markers in MDSTS8 cells after 48 h of rotenone treatment
both at the mRNA and protein levels (Fig. 2d and e),
which may account for the decreased migratory potential
of these cells.

Next, in an opposite approach, we used MitoTempo, a
specific scavenger of mitochondrial superoxide to probe
the effects of mitochondrial ROS reduction. MitoTempo
significantly lowered mitochondrial superoxide in LoVo
and MDST8 by 27% and 40%, respectively (Fig. 3a).
Analysis of xCELLigence profiles and cell index quanti-
fications indicated that scavenging of mtROS decreased
proliferation/adhesion in LoVo cell line (p=0.007),
while having no significant effect in MDST8 (Fig. 3b).
Surprisingly, MDST8 cells pretreated 48 h with Mito-
Tempo exhibited reduced migration (Fig. 3c) similar to
the effects observed with rotenone. However, the effects
of MitoTempo on EMT markers were less obvious than
those of rotenone, with only slight decreases (Fig. 3d
and e). Altogether, our results indicate that promoting
mtROS production or scavenging mtROS both mitigate
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xCELLigence methodology and quantification of cell index at 40 h. Cells were treated 48 h prior seeding (n=4). ¢ Representative kinetics of cell
migration using xCELLigence and quantification of cell index at 12 h (n=4). d gRT-PCR analysis of ZEBT and CDH2 in MDST8 cells (n=3). e
Representative immunoblot and quantification of ZEB1 and N-cadherin protein levels by western-blot analysis (n=5). The results are means + SEM
of nindependent experiments. In certain experiments, samples were run in duplicates or quadruplates. The p values are indicated in the figure
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MDSTS cell migration but have no effect on LoVo cell
migration.

FAK activation contributes to MDST8 cells migration

Next, we went on to investigate a possible involvement
of the focal adhesion kinase (FAK) in the effects of Mito-
Tempo on MDST8 migration based on two main find-
ings. First, FAK is a well-characterized tyrosine kinase
known to play a central role in integrin-mediated signal-
ing cascade at structures called focal adhesions (FAs), the
formation and turnover of which are regulated dynami-
cally during cell migration [24]. Second, ROS have been
shown to influence cytoskeleton dynamics controlling
cell motility and adhesion [25], and to modify the distri-
bution of FAK within the cell [26]. The first step of FAK
activation requires its autophosphorylation at Tyr397
(p-FAK-Y?), which subsequently leads to phosphoryla-
tion of other sites [27]. We thus performed immunofluo-
rescence analysis of p-FAK-Y**” and total FAK in MSDTS$
cells. As shown in Fig. 4a and b, strong p-FAK-Y*” and
FAK staining were observed in MDSTS8 cells, which were
markedly decreased in MitoTempo-treated cells. The
results were corroborated by western-blots analysis of
p-FAK-Y*”” and FAK protein levels (Fig. 4c). Interestingly,
the immunofluorescence images also revealed an intense
nuclear staining of p-FAK-Y?>”” in MDSTS$ cells that was
lowered by MitoTempo (Fig. 4a), and FAK has been
reported to translocate into the nucleus upon stress sig-
nals or cells’ detachment from the matrix [26, 28]. Finally,
we observed a strong impact of MitoTempo treatment on
the actin network of MDSTS cells (Fig. 4a and b). As a
whole, these results indicate a ROS-dependent FAK acti-
vation in MDSTS8 cells, which likely sustains their migra-
tory phenotype.

Cl expression is reduced in mesenchymal colorectal tumors
and low Cl levels are associated with poor prognosis

In a last step, we sought to assess the translational
relevance of our findings through in silico analyses of
patient datasets. We first leveraged the CIT cohort
composed of n=566 patients with stage I to IV CRC.
The heatmap displayed in Fig. 5a represents the distri-
bution of the 38 nuclear-encoded genes constituting
the CI according to the CMS classification, and reveals
a global under-expression of CI transcripts in CMS4
tumors versus other subgroups. Then, for a better
understanding and quantification of these results, we
decided to use two types of scores to assess the CMS-
dependent distribution of CI transcripts: the “Complex
I score” corresponding to the mean of the expression of
the 38 nuclear-encoded genes, and the “Cat Core score”
corresponding to the mean of the expression of the 7
subunits constituting the catalytic core of CI. When
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assessing the distribution of “Complex I score” accord-
ing to the CMS classification, we found that the CI
score was significantly decreased in CMS4 as compared
to the other subtypes (Fig. 5b). It was also decreased
as compared with non-tumor (NT) samples, which
was also true for CMS2 (but not CMS1 nor CMS3)
tumors. Next, when examining the catalytic core score,
we found that it was significantly decreased in all CMS
subgroups as compared with NT samples and had the
lowest level in CMS4 among tumors. The expression
of the seven catalytic core subunits was also assessed
individually according to the CMS classification and
the results confirmed their global decreased expres-
sion in CMS4 samples (Additional file 1: Figure S3).
The downregulations of “Complex I score” and “Cata-
lytic Core score” in CMS4 tumors compared with other
CMS subtypes were confirmed in the validation cohort
(n=431) (Additional file 1: Figure S4). In addition, the
analysis of the distribution of both scores in the CIT
cohort according to the stages I to IV of CRC showed
that the lowest levels were found in stage IV (Fig. 5c¢).
In line with the above results, we found that the com-
plex I score was highly prognostic for overall survival
(OS) and relapse-free survival (RES) in the CIT cohort,
since patients with a low complex I score were asso-
ciated with a worse outcome in terms of OS and RFS
(Fig. 5d). Finally, gene set enrichment analyses (GSEA)
were used to get insight into pathways most corre-
lated to the expression of CI genes in the CIT cohort
(Fig. 6). We selected the same three subunits repre-
sentative of the CI catalytic core that we had studied at
the protein level in our cell-based experiments, namely
NDUFV1, NDUFS1 and NDUFS3, and found that the
corresponding transcripts were inversely correlated
to EMT pathway, which align well with the EMT sig-
nature of CMS4 tumors. We extended the analyses to
an ex vivo transcriptomic dataset on a panel of CRC
cell lines [15], according to the CMS classification that
has been ascribed in the study by Sveen et al. [19]. The
results showed in Additional file 1: Figure S5 corrobo-
rated the above observation that the CI score and Cata-
lytic core score were downregulated in CMS4 cell lines
(Additional file 1: Figure S5a) and that the expression
of the catalytic core subunits NDUFV1, NDUFS1 and
NDUES3 were negatively correlated to EMT pathway
(Additional file 1: Figure S5b).

Discussion

In this paper we sought to characterize mitochondrial CI
in colon cancer given the dual importance of this com-
plex in mitochondrial energy metabolism and ROS gen-
eration, and by taking into account the heterogeneity of
CRC.
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As a starting point, we have exemplified that cellu-
lar models that recapitulate the features of CMS1 CRC
— LoVo cells — or CMS4 CRC — MDST8 cells — exhibit
significant differences in CI activity, which warrants tak-
ing into account the CMS classification in investigations
of CRC mitochondrial metabolism. We further observed

\(397

and FAK protein levels by western-blot (n=5). The results are

that the reduced CI activity monitored in MDST8 cells is
accompanied and may likely be accounted for by reduced
protein levels of several key subunits of the CI catalytic
core. Despite lower CI activity in MDSTS cells, the “sea-
horse” data revealed similar mitochondrial ATP pro-
duction capacities as compared with LoVo cells. These
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results led us to consider the possibility that the reduced
CI activity in MDSTS8 cells may have a different purpose
than reducing cellular ATP production and may endow
cells with a non-energetic advantage. Because superoxide

production has been shown to be inversely correlated to
CI enzyme activity in inherited CI deficiency [20, 21, 29],
we suspected an increased ROS production in MDST8
and, indeed, our results support this hypothesis, since we
measured a heightened mitochondrial ROS production
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in MDSTS8 in coherence with the decreased CI enzyme
activity.

It is now widely admitted that cancer cells exhibit ele-
vated levels of cellular ROS compared to normal cells
and that the ability of cancer cells to adapt to oxidative
stress is key to different aspects of cancer development:
initiation, promotion, progression, and metastasis [11].
While these observations have prompted the develop-
ment of antioxidant strategies to suppress cancer devel-
opment [30], clinical trials have failed to demonstrate a
beneficial impact of dietary antioxidant supplementa-
tion [31]. In pre-clinical models, conflicting results have
been reported as to whether buffering excessive ROS
or instead further boosting ROS should be employed
to interfere with cell migration [11, 30]. Importantly, in
this field of research, the contribution of mtROS to the
various stages of tumorigenesis remains understudied,
and, how mtROS are generated and how they could drive
EMT are in their infancy.

Currently, the prevalent model is that the increased
levels of cellular ROS, due to excessive metabolic activity,
can be counteracted by an increase in their antioxidant
capacities to allow the pro-tumorigenic effects of ROS,
while avoiding their harmful effects. In this study, we
showed that instead, the increase of mtROS production
is accompanied by a decrease of SOD2 enzyme activity.
In most studies, this assumption of the elevation in anti-
oxidant defenses mainly relies on increases of mRNAs
of transcription factors controlling key proteins, or pro-
teins themselves, or increases in protein levels measured
by western-blots or immunohistochemistry in tumors.
For instance, in CRC, immunochemistry analysis has
revealed a higher expression of SOD2 protein in tumor
tissue than in the normal tissue adjacent [32]. Here, we

show that although the SOD2 protein level is higher in
MDST8 cells compared to LoVo, the SOD2 enzyme
activity is lower due to its acetylated state. This result
highlights the importance of i) assessing the biologi-
cal function of any alterations found in cancer cells and
ii) considering post-translational modifications of pro-
teins as key points of regulation. This could contribute,
at least in part, to explain the contradictory results found
concerning the dichotomous role of SOD2 in cancer, to
which a tumor suppression or a tumor promotion func-
tion has been attributed [22]. SOD2 is a protein finely
regulated, at transcriptional, post-transcriptional and
post-translational levels [22]. Thus, one post-translational
modification of SOD2 is particularly relevant in the con-
text of our study, namely the activation of SOD2 via dea-
cetylation by SIRT3, a mitochondrial NAD*-dependent
deacetylase, which belongs to the Sirtuins family [33, 34].
Indeed, the following cascade of events could explain
why SOD2 enzyme activity is downregulated despite an
increased level of SOD2 protein: the dysfunction of CI
highlighted in this study likely limits the NAD™ avail-
ability in the cells, which in turn hampers the activity of
SIRT3 leading to the acetylation/inactivation of SOD2.
Of note, our group has already studied in depth and vali-
dated this scenario in primary fibroblasts of patients with
recessively inherited isolated CI deficiency [20]. Moreo-
ver, decreased SIRT3 activity and acetylation of SOD2
have been reported in various cancers such as breast can-
cer and hepatocellular carcinoma [22]. Interestingly, the
dichotomous role of SIRT3 in cancer, which has emerged
recently [35], might be explained by its dependency to
mitochondrial NAD* pool and thus to mitochondrial
NAD™ “supplier” like the mitochondrial CI. As already
mentioned, the prevailing theory concerning redox
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homeostasis in cancer cells is that the cells respond to an
elevated ROS production by increasing their antioxidant
capacity. The results obtained in this study allow to pro-
pose an alternative and provocative model of a strategy
developed by CRC cells (Fig. 7). Since mitochondria are
the primary source of ROS, cancer cells slightly downreg-
ulate the CI activity to generate a graduate and moder-
ate mtROS production that likely sustains the malignant
phenotype. The CI dysfunction has also for consequence
to limit the mitochondrial pool of NAD*, restraining the
activity of pivotal NAD"-dependent proteins like SIRT3,
which leads to SOD2 inactivation. Therefore, MDST8
cells, by downregulating their mitochondrial CI develop
a “smart” cellular strategy, which allows an increase
in mtROS while preventing SOD2 from functioning
properly.

Thus, if one hypothesizes that MDST8 finely tune
their CI activity to produce an optimal level of mtROS
to sustain their migration, then it can be anticipated that
manipulating ROS levels could shift cells in a less “favora-
ble” state. Our results align well with this paradigm since
we found that both rotenone, which boosts ROS levels
above the cellular tolerability threshold, and MitoTempo,
which buffers mitochondrial ROS, exerted a comparable
negative impact on cell migration. These experiments
indeed support the notion that MDSTS8 reside on a ridge
line to ensure maximal migratory potential. Our hypoth-
esis that MDST8 cells exquisitely adjust a favorable

LoVo (CMS1)

inactive

No migration
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mtROS production to ensure maximal migratory poten-
tial is consistent with the results of Porporato et al.
obtained in SiHa cells [36]. Indeed, these authors showed
that a partial CI inhibition led to increase mtROS pro-
duction that promoted SiHa tumor cell migration, and
that, conversely MitoTempo, which lowered mtROS lev-
els, decreased SiHa cell migration. Concerning the spe-
cific scavenging of mtROS with MitoTempo, our results
are in line with those of Porporato et al. since we showed
that MitoTempo slowed MDST8 cell migration. However,
our results slightly differ since in their study, the moder-
ate CI inhibition in SiHa cells was obtained using Rote-
none while in our, the CI inhibition is already present in
MDSTS.

Our results also point to cell specific effects, since LoVo
cells failed to migrate whether in basal conditions or after
treatment, be it anti or pro-oxidant. Indeed, although
LoVo cells exposed to rotenone produce ROS levels to
a level comparable to that monitored in MDST8 cells at
basal levels, no migration was induced, demonstrating
that ROS elevation per se is not sufficient to promote
cell migration. Instead, it is likely that the expression of
EMT markers is a pre-requisite for ROS to exert a pro-
migratory effect, as rotenone did not induce the expres-
sion of ZEB1 or N-cadherin (mRNA and protein) in LoVo
cells (data not shown). However, and even though the
anti or pro-oxidant mtROS manipulations did not act
on LoVo migratory potential, it is noteworthy that both

MDSTS (CMS4)

IVE

Increased cell migration

Fig. 7 Hypothesis by which Cl downregulation might foster MDST8 cell migration. The decrease in Cl measured in MDST8 generates

mtROS and hampers the production of NAD*, which become limiting for NAD*-dependent SIRT3 activity. Since, SIRT3 activity is mandatory

for the induction of SOD2 activity by deacetylation, this results in decreased SOD2 enzyme activity in MDST8, contributing to maintain the levels
of mtROS. In turn, these mtROS likely induce FAK activation, which participates to MDST8 migratory potential
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treatments, impacted LoVo behavior, since Rotenone and
MitoTempo decreased cell’s proliferation.

Next, we wondered what mechanism could account
for the link between mtROS elevation and migration in
CRC cells. Several reasons prompted us to investigate
the possible involvement of FAK in the transduction of
promigratory effects of mtROS in MDST8 cells. Adhe-
sion of cells to extracellular matrix is mandatory for their
migration and is mediated by continuous formation and
turnover of specific cellular structures called focal adhe-
sions (FAs) [24]. FAK is known to be one of the main
proteins involved in disassembly of FAs. Moreover, FAK
is frequently overexpressed in different types of cancer
[37], in which it plays an important role in malignant
features such as EMT, and autophosphorylation of FAK
is elevated in highly mobile and invasive malignant cells
[24]. However, although during the last years, expres-
sion of total and activated FAK have been characterized
in various cancers, including CRC [37, 38], the possible
role of mtROS on their expression or on their subcellular
localization needs further investigations.

Here, we found a strong staining of FAK and p-FAK-
Y?”7 in MDSTS in coherence with their migratory phe-
notype. Indeed, since it has been shown that oxidative
stress can inhibit phosphatases [39], it can be surmised
that mtROS levels measured in MDST8 can (i) lead to
increase p-FAK-Y*?” level by inhibiting FAK dephospho-
rylation by phosphatase and (ii) prevent FAK degradation
since it has been shown that dephosphorylation of FAK
may be needed for its turnover [40]. In full agreement
with the above hypothesis, we found a decrease in both
p-FAK-Y>” and FAK steady state levels in MDSTS$ cells
exposed to MitoTempo, which causes a reduced migra-
tion. The link between mtROS and the MDST8 migra-
tory phenotype is further supported by the p-FAK-Y>”’
nuclear localization in MDSTS, since recent data have
shown that FAK could translocate into the nucleus in
cells submitted to oxidative stress, and that this was asso-
ciated with loss of cells’ attachment [26, 28]. Of note,
our results again are consistent with those of Porporato
et al,, who showed that manipulating mtROS levels with
rotenone or MitoTempo acts on tumor migration in SiHa
cells through actions on FAK [36]. Besides, the reorgani-
zation of the MDST8’s cytoskeleton in the presence of
optimal mtROS levels and its involvement in morpholog-
ical changes required for cells’ migration, is attested by
the formation of actin stress fibers [41]. Collectively, our
observations provide evidence for a more active FAK in
response to elevated mtROS, evidenced in MDST8 cells,
likely explaining their migratory potential (Fig. 7).

Finally, the in-silico analysis of CRC patients’ datasets
indicates that our ex vivo data have clinical relevance.
Indeed, the transcriptomic analysis of the CIT cohort
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shows a decrease in both CI and catalytic core scores in
all CMS groups compared to non-tumor samples, with
highest level in CMS1 and lowest in CMS4. These results
are reminiscent of the decrease of CI enzyme activity in
MDST8 cells compared to LoVo cells, which exhibit spe-
cific features of CMS1 and CMS4 groups, respectively.
Since, it is well acknowledged that colorectal tumors
exhibit increased levels of different markers of oxidative
stress compared to non-tumoral tissues [42], it can be
surmised that the level of mtROS might be significantly
increased in all CMS subtypes, compared to NT samples
and might be the highest in CMS4 among tumors, due to
an inversely correlated CI enzyme activity. These hypoth-
eses are also supported by the robust anti-correlation
between CI subunits and EMT pathway in CIT cohort.
It is then tempting to speculate that reduced CI and
increased mtROS account, at least partly, for the specific
EMT signature of CMS4 tumors.

The purpose of this study was to investigate the mito-
chondrial CI taking into account the CMS classification
of CRC in pre-clinical ex vivo models. Altogether, our
data suggests that (i) MDSTS8 cells finely adjust a favora-
ble mtROS level by regulating both mtROS production
(downregulation of CI activity) and mtROS scavenging
(decreased SOD2 activity) to ensure optimal migration
potential (ii) increasing mtROS levels (Rotenone) above
a certain threshold can have a similar effect on prolifera-
tion in LoVo (CMS1) and MDST8 (CMS4) but a different
effect on migration, demonstrating that ROS elevation
per se is not sufficient to promote migration (iii) scaveng-
ing mtROS (MitoTempo) has a different effect on prolif-
eration in LoVo and MDSTS, but also decreases MDST8
migration like rotenone (iv) Thus, in MDSTS8 cells, both
increasing or decreasing mtROS could slow migration
but likely through different mechanisms.

However, there are some limitations to our study. First,
we do not provide direct evidence that downregulation of
CI affects CRC cell migration in vivo, which would neces-
sitate xenograft experiments with MDSTS cells. Second,
we did not investigate the mechanism(s) by which CI is
decreased in CRC cells, which would rely on in-depth-
study of the possible molecular/cellular pathways leading
to transcriptional downregulation. Conversely, several
strengths of our work are worth mentioning. First, unlike
many studies, we have characterized the biological con-
sequences of alterations of proteins at a biochemical and
functional level, such as for SOD2 protein and activity.
Second, our data may contribute to reconcile apparently
discordant findings of the literature regarding (i) the pro-
and anti-migratory properties of ROS in cancer cells or
(ii) the tumor-promoting or tumor-suppressive effect of
SOD2. Last but not least, our findings highlight for the
first time the necessity to take into account the CMS
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classification when examining metabolic features of CRC,
and thereby extend the relevance of this classification
to cell metabolism, beyond the “metabolic” label of the
CMS3 subtype based on enrichment of metabolic path-
ways assessed through GSEA [3].

Concerning this last point, future studies should aim
at re-centering the mitochondria in the overall land-
scape of CRC metabolism, with a particular attention to
other mitochondrial respiratory chain complexes, and
at investigating many other functions of these organelles
beyond their role as energy provider. Future studies are
also needed to further investigate the role of the nuclear
localization of FAK in MDSTS cells.

In conclusion, we believe that our findings have mul-
tiple important basic and clinical implications and that
taking into account the CMS-associated metabolic heter-
ogeneity of CRC may provide new avenues for the devel-
opment of diagnostic tools and therapeutic strategies.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-023-04341-x.

Additional file 1: Figure S1. LoVo and MDST8 cell lines are prototypical
CMST and CMS4 models. (a) Total cell number at 48 h and 72 h. Cells were
counted using the CASYTT cell counter. (b and c) Representative kinetics
of LoVo and MDST8 proliferation/adhesion using xCELLigence methodol-
ogy and quantification of cell index at 24 h (n=8). (d and e) Representa-
tive kinetics of cell migration using xCELLigence and quantification of cell
index at 12 h (n=6). (f) Representative immunoblot and quantification of
N-cadherin, Vimentin and ZEB1 protein levels by western-blot (n=5). The
results are means + SEM of n independent experiments. In certain experi-
ment, samples were run in triplicates or quadruplates. The p values are
indicated in the figure. Figure S2. Rotenone diminishes proliferation of
LoVo and MDST8 cells. (a and b) Dose response of rotenone on cell num-
ber in LoVo and MDST8 after 72 h of treatment. (=2, in each experiment,
the determinations were performed in triplicates). Figure S3. The 7 subu-
nits of the Cl catalytic core are significantly decreased in CMS4. Relative
expression of NDUFV1, NDSUV2, NDUFS1, NDUFS2, NDUFS3, NDUFS7 and
NDUFS8 genes in patients from the CIT cohort (n=>566) according to the
CMS classification. NT: non-tumors controls. Figure S4. Complex | scores
are decreased in CMS4 subtype in the validation cohort. (a) Distribution of
the Complex | score (mean of the 38 nuclear-encoded genes’ expression)
and the Cat Core score (mean of the expression of the 7 subunits consti-
tuting the catalytic core of Cl) in the validation cohort (n=431) according
to CMS classification. (b) Relapse-free survival according to high and low
complex | score was determined in the validation cohort. Hazard ratios
were adjusted for TNM stage, MMR status and adjuvant chemotherapy.
Figure S5. Complex | scores are decreased in CMS4 subtype in CRC cell
lines. (a) Distribution of Complex | score and Catalytic core score in a panel
of CRC cell lines (n=148) to which a CMS classification has been ascribed.
(b) GSEA analysis showing that the expression of the catalytic core
subunits NDUFV1, NDUFS1 and NDUFS3 is negatively correlated to EMT
signature in the panel of CRC cell lines. NES: normalized enrichment score.

Acknowledgements
Marine Sroussi was supported by a fellowship from Fondation pour la
Recherche Médicale ( FRM grant FDM202006011237).

Author contributions
JB and FD: conception and design, collection and assembly of data, data
analysis and interpretation. IN: data collection in seahorse experiments. PLP: in

Page 150f 16

silico data interpretation and financial support. MS: in silico data analysis. SMR:
in silico data analysis and interpretation. FD: financial support and manuscript
writing.

Funding
This work was supported by INSERM and SIRIC CARPEM (Grant 2020 “Emer-
gence and Innovation”).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that no competing interest exist.

Author details

Centre de Recherche des Cordeliers, INSERM U1138, Sorbonne Université,
Université Paris-Cité, 15, Rue de I'Ecole de Médecine, 75006 Paris, France.
’Laboratoire de Biochimie, Ecole Supérieure de Physique et de Chimie Indus-
trielle de la Ville de Paris, 75005 Paris, France. >Plate Plateforme d'étude du
Métabolisme, SFR Necker, INSERM US24/CNRS UAR3633, 75015 Paris, France.
“#Institut du Cancer Paris CARPEM, Department of Biology Hopital Georges
Pompidou, 75015 Paris, France.

Received: 28 May 2023 Accepted: 10 July 2023
Published online: 03 August 2023

References

1. Keum N, Giovannucci E. Global burden of colorectal cancer: emerging
trends, risk factors and prevention strategies. Nat Rev Gastroenterol
Hepatol. 2019;16(12):713-32.

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 Countries. CA Cancer J Clin.
2021;71(3):209-49.

3. Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson C,
et al. The consensus molecular subtypes of colorectal cancer. Nat Med.
2015;21(11):1350-6.

4. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144(5):646-74.

5. Gentric G, Mieulet V, Mechta-Grigoriou F. Heterogeneity in cancer
metabolism: new concepts in an old field. Antioxid Redox Signal.
2017;26(9):462-85.

6. Grasso D, Zampieri LX, Capeloa T, Van de Velde JA, Sonveaux P. Mitochon-
dria in cancer. Cell Stress. 2020;4(6):114-46.

7. DeBerardinis RJ, Chandel NS. We need to talk about the Warburg effect.
Nat Metab. 2020;2(2):127-9.

8. Koopman WJ, Nijtmans LG, Dieteren CE, Roestenberg P, Valsecchi F,
Smeitink JA, et al. Mammalian mitochondrial complex I: biogenesis, regu-
lation, and reactive oxygen species generation. Antioxid Redox Signal.
2010;12(12):1431-70.

9. Leone G, Abla H, Gasparre G, Porcelli AM, lommarini L. The oncojanus
paradigm of respiratory complex |. Genes (Basel). 2018;9(5):243.

10. Urra FA, Munoz F, Lovy A, Cardenas C. The mitochondrial complex(l)ty of
cancer. Front Oncol. 2017;7:118.

11. Hayes JD, Dinkova-Kostova AT, Tew KD. Oxidative stress in cancer. Cancer
Cell. 2020;38(2):167-97.

12. Janssen AJ, Trijbels FJ, Sengers RC, Smeitink JA, van den Heuvel LP, Wintjes
LT, et al. Spectrophotometric assay for complex | of the respiratory chain
in tissue samples and cultured fibroblasts. Clin Chem. 2007;53(4):729-34.


https://doi.org/10.1186/s12967-023-04341-x
https://doi.org/10.1186/s12967-023-04341-x

Bastin et al. Journal of Translational Medicine (2023) 21:522

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci USA.
2005;102(43):15545-50.

Marisa L, de Reynies A, Duval A, Selves J, Gaub MP, Vescovo L, et al.

Gene expression classification of colon cancer into molecular sub-
types: characterization, validation, and prognostic value. PLoS Med.
2013;10(5):e1001453.

Medico E, Russo M, Picco G, Cancelliere C, Valtorta E, Corti G, et al. The
molecular landscape of colorectal cancer cell lines unveils clinically
actionable kinase targets. Nat Commun. 2015;6:7002.

Paoletti F, Mocali A. Determination of superoxide dismutase activity by
purely chemical system based on NAD(P)H oxidation. Methods Enzymol.
1990;186:209-20.

Fessler E, Medema JP. Colorectal cancer subtypes: developmental origin
and microenvironmental regulation. Trends Cancer. 2016;2(9):505-18.
Linnekamp JF, Hooff SRV, Prasetyanti PR, Kandimalla R, Buikhuisen JY,
Fessler E, et al. Consensus molecular subtypes of colorectal cancer

are recapitulated in in vitro and in vivo models. Cell Death Differ.
2018;25(3):616-33.

Sveen A, Bruun J, Eide PW, Eilertsen 1A, Ramirez L, Murumagi A, et al.
Colorectal cancer consensus molecular subtypes translated to preclinical
models uncover potentially targetable cancer cell dependencies. Clin
Cancer Res. 2018;24(4):794-806.

Mathieu L, Costa AL, Le Bachelier C, Slama A, Lebre AS, Taylor RW, et al.
Resveratrol attenuates oxidative stress in mitochondrial Complex | defi-
ciency: involvement of SIRT3. Free Radical Biol Med. 2016;96:190-8.
Verkaart S, Koopman WJ, van Emst-de Vries SE, Nijtmans LG, van den
Heuvel LW, Smeitink JA, et al. Superoxide production is inversely related
to complex | activity in inherited complex | deficiency. Biochem Biophys
Acta. 2007;1772(3):373-81.

KimYS, Gupta Vallur P, Phaeton R, Mythreye K, Hempel N. Insights into
the dichotomous regulation of SOD2 in cancer. Antioxidants (Basel).
2017;6(4):86.

Koopman WJ, Verkaart S, Visch HJ, van der Westhuizen FH, Murphy MP,
van den Heuvel LW, et al. Inhibition of complex | of the electron transport
chain causes O2-. -mediated mitochondrial outgrowth. Am J Physiol Cell
Physiol. 2005;288(6):C1440-50.

Nagano M, Hoshino D, Koshikawa N, Akizawa T, Seiki M. Turnover of focal
adhesions and cancer cell migration. Int J Cell Biol. 2012;2012:310616.
Ong MS, Deng S, Halim CE, Cai W, Tan TZ, Huang RY, et al. Cytoskeletal
proteins in cancer and intracellular stress: a therapeutic perspective.
Cancers. 2020;12(1):238.

Luo SW, Zhang C, Zhang B, Kim CH, Qiu YZ, Du QS, et al. Regulation

of heterochromatin remodelling and myogenin expression dur-

ing muscle differentiation by FAK interaction with MBD2. EMBO J.
2009;28(17):2568-82.

Sulzmaier FJ, Jean C, Schlaepfer DD. FAK in cancer: mechanistic findings
and clinical applications. Nat Rev Cancer. 2014;14(9):598-610.

Pomella S, Cassandri M, Braghini MR, Marampon F, Alisi A, Rota R. New
insights on the nuclear functions and targeting of FAK in cancer. Int J Mol
Sci. 2022;23(4):1998.

Pitkanen S, Robinson BH. Mitochondrial complex | deficiency leads to
increased production of superoxide radicals and induction of superoxide
dismutase. J Clin Investig. 1996;98(2):345-51.

Gorrini C, Harris IS, Mak TW. Modulation of oxidative stress as an antican-
cer strategy. Nat Rev Drug Discovery. 2013;12(12):931-47.

Chandel NS, Tuveson DA. The promise and perils of antioxidants for
cancer patients. N Engl J Med. 2014;371(2):177-8.

Zhou C, Lyu LH, Miao HK, Bahr T, Zhang QY, Liang T, et al. Redox regula-
tion by SOD2 modulates colorectal cancer tumorigenesis through AMPK-
mediated energy metabolism. Mol Carcinog. 2020;59(5):545-56.

ChenY, Zhang J, Lin Y, Lei Q, Guan KL, Zhao S, et al. Tumour suppressor
SIRT3 deacetylates and activates manganese superoxide dismutase to
scavenge ROS. EMBO Rep. 2011;12(6):534-41.

Giralt A, Villarroya F. SIRT3, a pivotal actor in mitochondrial functions:
metabolism, cell death and aging. Biochem J. 2012;444(1):1-10.

Ouyang S, Zhang Q, Lou L, Zhu K, Li Z, Liu P, et al. The double-edged
sword of SIRT3 in cancer and its therapeutic applications. Front Pharma-
col. 2022;13:871560.

Page 16 of 16

36. Porporato PE, Payen VL, Perez-Escuredo J, De Saedeleer CJ, Danhier P,
CopettiT, et al. A mitochondrial switch promotes tumor metastasis. Cell
Rep. 2014;8(3):754-66.

37. Zeng XQ, Li N, Ma LL, Tseng YJ, Zhao NQ, Chen SY. Prognostic value of
focal adhesion kinase (FAK) in human solid carcinomas: a meta-analysis.
PLoS ONE. 2016;11(9):e0162666.

38. Albasri A, Fadhil W, Scholefield JH, Durrant LG, llyas M. Nuclear expression
of phosphorylated focal adhesion kinase is associated with poor progno-
sis in human colorectal cancer. Anticancer Res. 2014;34(8):3969-74.

39. Chiarugi P, Pani G, Giannoni E, Taddei L, Colavitti R, Raugei G, et al. Reac-
tive oxygen species as essential mediators of cell adhesion: the oxidative
inhibition of a FAK tyrosine phosphatase is required for cell adhesion. J
Cell Biol. 2003;161(5):933-44.

40. Naser R, Aldehaiman A, Diaz-Galicia E, Arold ST. Endogenous control
mechanisms of FAK and PYK2 and their relevance to cancer develop-
ment. Cancers. 2018;10(6):196.

41. Ben Mahdi MH, Andrieu V, Pasquier C. Focal adhesion kinase regulation
by oxidative stress in different cell types. IUBMB Life. 2000;50(4-5):291-9.

42. Perse M. Oxidative stress in the pathogenesis of colorectal cancer: cause
or consequence? Biomed Res Int. 2013;2013:725710.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Downregulation of mitochondrial complex I induces ROS production in colorectal cancer subtypes that differently controls migration
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Cell culture
	Cell proliferation
	Electric impedance measurement
	Complex I enzyme activity
	Oxygen consumption rate (OCR)
	Western blot analysis
	Total RNA isolation and RT-PCR analysis
	Gene expression
	Gene set enrichment analysis (GSEA)
	Mitochondrial ROS
	Superoxide dismutase 2 enzyme activity
	Immunofluorescence
	Statistical analysis

	Results
	Mitochondrial Complex I is downregulated in the MDST8 cell line, a prototypical model of the CMS4 subtype
	MDST8 cells exhibit a higher level of mitochondrial ROS than LoVo cells
	Boosting or scavenging mtROS levels both inhibit MDST8 cell migration
	FAK activation contributes to MDST8 cells migration
	CI expression is reduced in mesenchymal colorectal tumors and low CI levels are associated with poor prognosis

	Discussion
	Anchor 29
	Acknowledgements
	References


