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Abstract: In the tumor microenvironment (TME), ROS production affects survival, progression,
and therapy resistance in colorectal cancer (CRC). HyO,-mediated oxidative stress can modulate
Wnt/ 3-catenin signaling and metabolic reprogramming of the TME. Currently, it is unclear how
mild/moderate oxidative stress (eustress) modulates Wnt/3-catenin/APC and JNK signaling re-
lationships in primary and metastatic CRC cells. In this study, we determined the effects of the
H,0, concentration inducing eustress on isogenic SW480 and SW620 cells, also in combination
with JNK inhibition. We assessed cell viability, mitochondrial respiration, glycolysis, and Wnt/3-
catenin/APC/JNK gene and protein expression. Primary CRC cells were more sensitive to H,O,
eustress combined with JNK inhibition, showing a reduction in viability compared to metastatic
cells. JNK inhibition under eustress reduced both glycolytic and respiratory capacity in SW620 cells,
indicating a greater capacity to adapt to TME. In primary CRC cells, H,O, alone significantly in-
creased APC, LEF1, LRP6, cMYC and IL8 gene expression, whereas in metastatic CRC cells, this effect
occurred after JNK inhibition. In metastatic but not in primary tumor cells, eustress and inhibition of
JNK reduced APC, p-catenin, and pJNK protein. The results showed differential cross-regulation of
Wnt/JNK in primary and metastatic tumor cells under environmental eustress conditions. Further
studies would be useful to validate these findings and explore their therapeutic potential.

Keywords: Wnt/ 3-catenin; adenomatous polyposis coli; JNK; colorectal cancer progression; HyO,;
oxidative stress; tumor microenvironment; tumor metabolism; metastasis

1. Introduction

Colorectal cancer (CRC) is one of the most common tumors worldwide [1]. How-
ever, CRC incidence and mortality rates show some geographical variability related to
environmental and lifestyle risk factors [1,2]. Approximately 90% of CRC mortality can
be attributed to metastatic disease [3,4]. The genesis of sporadic CRC is a slow process
driven by complex interactions between immune surveillance of the gut microbiota and
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epithelial renewal capacity [2,3,5]. In most cases, CRC arises from an adenoma by accumu-
lating somatic mutations and epigenetic alterations through interactions with the functions
of the tissue microenvironment [2,6,7]. CRC usually takes years to develop; during this
process, complex interactions between genetic and environmental factors allow the tumor
to acquire new hallmark functions and tissue-specific growth solutions with metabolic
remodeling [8,9]. CRC progression has long been attributed to the dysregulation of Wing-
less /It (Wnt)/ 3-catenin signaling [10] and its altered crosstalk with other cellular pathways
necessary for the physiological renewal of the intestinal epithelium [11,12]. Furthermore,
the pathogenesis and progression of CRC have been linked to the deregulation of signaling
pathways induced by Wnt ligands [2,3,13,14]. The progression of metastatic CRC can be
affected by factors such as the primary tumor’s traits, the tumor microenvironment, and the
host immune system. In addition, treatment modalities such as surgical resection combined
with chemotherapy, radiotherapy, and immunomodulatory therapy can also influence the
complexity of the metastatic process [3,15-17].

Reactive oxygen species (ROS) are cellular products that are physiologically required
to modulate the ability of cells to adapt to metabolic and defense demands (eustress); they
can act as second messengers or signaling molecules [18]. ROS are very versatile due to
their different reactivity modulating intracellular or paracellular activities [19,20]. In the
gut, ROS act as multifaceted regulators of the intestinal barrier in homeostasis, infectious
diseases, and intestinal inflammatory responses [21-24]. Induction of aerobic glycolysis in
cancer cells can be modulated by activation of the Jun N-terminal kinases (JNK) pathway
via mitochondrial ROS [25]. Furthermore, the inflammatory tumor microenvironment
(TME) can intervene in this process through molecular crosstalk signals, such as stress-
activated protein kinases (SAPK)/JNK and Wnt/3-catenin [26-29]. These two signals,
which have been shown to be interconnected, may favor the ability of both primary and
metastatic CRC cells to adapt to the variability of the tissue micro-environment in order
to escape immune suppression and establish themselves in a new hospitable niche [3]. It
has been reported that altered levels of ROS produced in the microenvironment of cancer
cells have been linked to recurrence or relapse [30]. These changes may contribute to the
transition between dormancy and metastatic spread [3,31].

Hydrogen peroxide (H;O;) is important in this context because of its ability to perme-
ate biological membranes. It is generated in various cellular compartments as a result of
mitochondrial redox processes [32]. It can be produced by membrane nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases in intestinal epithelial cells and by commensal
microbial species in the gut [21,23]. In CRC cells, H;O,-mediated oxidative stress may
modulate the canonical and noncanonical Wnt/ 3-catenin signaling pathways linked to the
JNK pathway and the metabolic program of TME [25,33].

Currently, it is unclear how oxidative stress may differentially modulate Wnt/ 3-
catenin and JNK signaling relationships in primary versus metastatic CRC, with mutant
Adenomatous polyposis coli (APC). Considering the role of H,O; in carcinogenesis, it is
important to know how this molecule could remodulate the Wnt signaling in CRC progres-
sion and to evaluate the molecular relationship between oxidative stress and JNK/Wnt/ (3-
catenin in primary SW480 and metastatic SW620 CRC cell models derived from the same
patient. In this study, we initially determined the changes in cell viability and metabolism
following H,O,-induced eustress, alone and/or in combination with JNK inhibition. We
then assessed the effects of oxidative eustress on Wnt/ 3-catenin/JNK signaling molecules
via gene and protein expression.

2. Materials and Methods
2.1. Cell Cultures and Treatments

The isogenic CRC progression cell models SW480 and SW620 derived from the same
patient [34] were purchased from the American Type Culture Collection (ATCC, Manassas,
VA, USA). SW480 cells were propagated in RPMI-1620 medium (EuroClone, Pero, MI,
Italy), while the SW620 cell line was cultured in Dulbecco’s Modified Eagle Medium
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(DMEM) (EuroClone) in a humidified atmosphere with 5% CO; at 37 °C. Both media were
supplemented with 10% fetal bovine serum, 100 U/mL penicillin/streptomycin and 2 mM
L-glutamine (EuroClone). For the experiments, proliferative cells at subconfluence (70%)
were exposed for 3 h with differing low concentrations of H,O, (Sigma-Aldrich, Milan,
Italy) at 0.005, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1 mM, alone or pretreated for 60 min with the
ATP competitive inhibitor of c-Jun N-terminal kinase (JNK) anthra[1,9-cd]pyrazol-6(2H)-
one (SP600125) (Sigma-Aldrich, Milan, Italy) at [10 pM]. The H,O; concentration range
was chosen based on the physiological amounts of H,O, reported as being produced by
proliferating epithelial cells [19].

2.2. Cell Viability and Metabolic Assay by MTS

We performed the colorimetric 2-[2-methoxy-4-nitrophenyl]-3-[4-nitrophenyl]-5-[2,4-
disulphophenyl]-2H-tetrazolium, monosodium salt (MTS) assay (Promega, Milan, Italy) to
test cell viability and metabolic activity of SW480 and SW620 cells as primary and metastatic
CRC models, respectively, through evaluation of the mitochondrial function. SW480 and
SW620 cell lines were seeded in a 96-well plate at a density of 1.0 x 10* cells/well; then
70% of subconfluent cells were exposed for 3 h to H,O, at 0.005, 0.01, 0.025, 0.05, 0.1, 0.25,
0.5, 1 mM, alone or after 1 h of SP600125 pretreatment at [10 uM]. An MTS assay (Promega,
Milan, Italy) was performed as previously described [33]. The absorbance was measured at
490 nm with a microplate reader by GloMax-Multi Detection System (Promega). For each
experimental condition, five replicates were performed in three independent experiments.

2.3. Seahorse Assays

Seahorse assays were performed to determine real-time changes in the energy require-
ments of SW480 and SW620 living cells in response to 3-h exposure at a concentration
of HyO, inducing eustress, alone or after 1 h of SP600125 pretreatment at [10 ptM]. We
used the Seahorse XF Glycolytic Rate Assay kit and the Seahorse XF24 Analyzer (Agilent
Technologies, Santa Clara, CA, USA) [35], a sensor cartridge system to assay oxygen con-
sumption rate (OCR) and extracellular acidification rate (ECAR), which allow a real-time
evaluation of aerobic mitochondrial respiration and anaerobic glycolysis, respectively. The
protocol was set up as suggested by the manufacturer. The cells were seeded at a density of
4.0 x 10* cells/well in XF24 culture plates and maintained for 24 h. Before the analysis, the
culture medium was replaced, and the cells were left to equilibrate in a CO,-free incubator.
OCR and ECAR were measured under basal conditions with SP600125 pretreatment and
the successive addition of H,O5.

2.4. Gene Expression by Real-Time Quantitative PCR Analysis (gRT-PCR)

For gene expression assays, the cells were seeded on a 10 cm plate at a density of
3.2 x 10%; at subconfluence (70%), they were stressed with 0.05 mM H,O, for 3 h alone or
after JNK inhibition with SP600125. Total RNA was isolated from treated and untreated
cells using EuroGold TriFast™ (EuroClone, Pero, M1, Italy), according to the manufacturer’s
instructions. RNA samples were evaluated for purity and quantified by Nanodrop 1000
Spectrophotometer (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA).
The synthesis of complementary DNA (cDNA) was obtained using the GoTaq® 2 Step RT-
qPCR Kit (Promega) according to the manufacturer’s instructions. The mRNA levels were
measured by SYBR Green quantitative real-time PCR (qRT-PCR) analysis using StepOne™
2.0 Real-Time PCR System (Applied Biosystems). Data were analyzed by the comparative
Ct method and were indicated as 2722Ct 4+ SD. In line with the method, the target gene’s
mRNA levels were normalized by the ratio of the median value of the endogenous reference
B-glucuronidase (GUSB) gene in treated cells vs. untreated cells. Target and reference genes
were amplified in triplicate in a reaction mix of 10 uL containing 1 pL of cDNA template,
0.2 uL of primers mixture and 5 uL of GoTaq® 2-Step RT-qPCR System (Promega), follow-
ing the manufacturer’s instructions [36]. The sequences of paired oligonucleotides were: fw
5'-GCTTGATAGCTACAAATGAGGACC-3" and rv 5'-CCACAAAGTTCCACATGC-3' for
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APC; fw 5'-CCCATGCACCTGGTTCTACT-3' and rv 5-CCAAGCCACAGGGATACAGT-3’
for LRP6; fw 5'-GAC GAG ATG ATC CCC TTC AA -3’ and rv 5'-AGG GCT CCT GAG AGG
TTT GT-3 for LEF1; fw 5'-TCGACATGGAGTCCCAGGA-3' and rv 5'-GGCGATTCTCTCCA
GCTTCC-3’ for JUN/APT; fw 5'-ATGACTTCCAAGCTGGCCGT-3' and rv 5'-TCCTTGGCAA
AACTGCACCT-3' for CXCL8 (IL8); fw 5'-CCTAGTGCTGCATGAGGAGA-3' and rv TCTTC-
CTCATCTTCTTGCTICT for cMYC; fw 5'-AGCCAGTTCCTCATCAATGG-3" and rv 5'-
GGTAGTGGCTGGTACGGAAA-3' for GUSB.

2.5. Protein Extraction and Western Blotting

Total proteins were isolated from two biological replicates of subconfluent cells in
10-cm plates (3.2 x 10%) after 0.05 mM H,O, stress for 3 h with and without inhibition of
JNK by SP600125 for 1 h. Cell samples were lysed in cold RIPA buffer supplemented with
proteases and phosphatase inhibitors cocktails (Merck Group, Darmstadt, Germany). Equal
amounts of total proteins were loaded on 4-20% Criterion™ TGX Stain-Free™ Protein Gel
that allows rapid fluorescent detection of proteins with a stain-free imaging system (Gel
Doc™ EZ System, Bio-Rad, Hercules, CA, USA). Proteins were transferred to the PVDF
membrane (Merck Group, Darmstadt, Germany), blocked with 5% nonfat dry milk in
phosphate-buffered saline (PBS) with 0,1% Tween 20 (Merck Group, Darmstadt, Germany),
and incubated using the following primary antibodies: APC at 1:1000 dilution (PA5-30580,
Thermo-Fisher Scientific, Waltham, MA, USA); 3-catenin at 1:2000 dilution (Clone 14, BD
Transduction Laboratories™, Becton, Dickinson and Company, Franklin Lakes, NJ, USA),
E-cadherin at 1:2000 dilution (Clone NCH-38, Agilent, Santa Clara, CA, USA), Phospho-
SAPK/JNK (Thr183/Tyr185) at 1:1000 dilution (Cell Signaling Technologies, Danvers,
MA, USA. Detection was performed using ECL chemiluminescent substrate (Thermo-
Fisher Scientific, Waltham, MA, USA) after hybridization with the specific HRP-conjugated
secondary antibody (Cell Signaling Technology, Danvers, MA, USA). High-resolution
digital images were acquired with a chemiluminescence and epifluorescence imaging
system (Uvitec mod Alliance 9.7, Cambridge, UK). Western blot signals were quantified
by Image]J (Fiji software, 1.52 version, https:/ /fiji.sc/), and stain-free total protein signal
analysis was performed as the loading control [37].

2.6. Preparing Cell Blocks from SW480 and SW620 Cell Lines and Performing the
Immunocytochemical Staining

For immunocytochemical (ICC) experiments, SW480 and SW620 cells were seeded
at a density of 2.1 x 10° per T75 flask. At sub-confluence (70%), the cells were stressed
with 0.05 mM H,0O; for 3 h alone or after JNK inhibition. At least 8 x 10° cells were used
for each tumor cell line, as previously described in Catalano et al. 2022 [33]. Cell blocks
were prepared by centrifuging cells for 10 min at 750 rpm. The resulting pellets were then
placed into vials and transported to the histology lab in a 10% neutral buffered formalin
solution for 1 h and processed for routine histologic sections. ICC stains were performed on
5-micrometer cell block sections. Antigen retrieval was carried out by microwave treatment
at 750 W for 10 min using a citrate buffer (pH 6.0) before the ICC staining was performed
with the following primary antibodies: anti-APC at 1:100 dilution (PA530580; Thermo-
Fisher Scientific, Waltham, MA, USA), 3-catenin at 1:3000 dilution (610154; BD Transduction
Laboratories™, Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and E-cadherin
at 1:50 dilution (610181-82; BD Transduction Laboratories™). 3,3'-diaminobenzidine (DAB)
was used as chromogen. Slides were then counterstained with hematoxylin, cleared, and
mounted. In negative control sections, the specific primary antibodies were replaced with
nonimmune serum or isotype-matched immunoglobulins. The expression of molecular
markers was assessed based on the presence of distinct specific staining in tumor cells,
expressed as a percentage of stained cells, and the intensity of staining.
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2.7. Statistical Analysis

This research was primarily conducted in vitro using two validated models of colon
cancer progression derived from the same patient, SW480 from primary CRC and SW620
from lymph node metastasis [34]. All measurements were made after at least three inde-
pendent experiments, and for each set of data, a representative value of all experiments
plus standard deviation is shown. The results were subjected to a ¢-test or one-way analysis
of variance (ANOVA) as appropriate. All p-values are two-tailed, and a p-value of less than
0.05 was considered significant. All analyses were performed using SPSS software version
20 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Cell Viability after Oxidative Eustress Induced by H,O, with and without [NK Inhibition

In order to determine the changes in cell viability and metabolic activity by HyO,-
induced eustress, alone and/or combined with JNK inhibition, we performed an MTS assay,
as described in Methods. Primary SW480 cell line and its lymph node metastatic variant
SW620 were exposed for 3 h to low concentrations of H,O, (0.005, 0.01, 0.025, 0.05, 0.1, 0.25,
0.5, 1 mM), alone or after 1 h of SP600125 pretreatment (Figure 1). For each experiment,
five wells were analyzed as biological replicates for each treatment. Low concentrations of
H,O; alone caused different effects in isogenic SW480 and SW620 cell lines (Figure 1a,b).
Compared to untreated cells, we observed reduced viability and mitochondrial activity
in primary CRC cells, persisting at higher H,O, concentrations 0.1, 0.25, 0.5, and 1 mM,
in contrast to metastatic SW620 cells (Figure 1a,b). We then noted that the treatment
with H,O; [0.05 mM] induced no significant change in cell viability of either primary or
metastatic CRC cells (Figure 1a,b). The identification of this eustress concentration from
H,0, allowed us to evaluate its effects in combination with JNK inhibition. Primary CRC
cells (SW480) appeared more sensitive to the action of H;O, [0.05 mM] combined with
JNK inhibition, showing a reduction in cell viability, whereas in SW620 metastatic cells
this did not occur. Indeed, the pretreatment with the inhibitor SP600125 and subsequent
exposure to HyO, [0.05mM] for 3 h reduced the viability and mitochondrial activity in the
primary CRC model compared to control and H,O, exposure alone, while the SW620 cells
from metastasis showed no significant effect at the same conditions (Figure 1c,d). This
demonstrates a different mitochondrial adaptation to JNK inhibition and oxidative eustress
in primary CRC cells 480 compared to its matched lymph node metastatic variant.

3.2. Oxygen Consumption Rate and Extracellular Acidification Rate Measurements

We evaluated differences in key metabolic parameters of mitochondrial function in
response to HyO, eustress and JNK inhibition in primary (SW480) and metastatic (SW620)
CRC cells from the same patient. The measurements of oxygen concentration and proton
flux in the cell supernatant by Seahorse assay are converted into oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) values, allowing the direct quantification
of mitochondprial respiration and glycolysis in SW480 and SW620 cells (Figures 2 and 3). Tu-
mor cells in active replication must be able to reproduce their nucleic acids. The precursors
essential for this synthesis are obtained from intermediates of glycolysis via a metabolic
pathway known as the pentose shunt. OCR and ECAR measurements in living cells by
Seahorse XF24 show that primary cancer cells SW480 and metastatic cancer cell SW620 have
their own individual metabolic features depending on H,O, exposure and JNK inhibition.
Inhibition of JNK in primary CRC cells induced an increase in mitochondrial respiration
and glycolytic capacity that was reversed by the addition of H,O, [0.05 mM] (Figure 2a—d).
In metastatic SW620 cells, the treatment with H,O, alone or with SP600125 alone did not
induce any modulation compared to the untreated control. Instead, the combination of
the JNK inhibitor with HyO, [0.05 mM] reduced both glycolytic and respiratory capacity
(Figure 3a—d), thus denoting a greater capacity for adaptation of metastatic cells to the
microenvironment and nutrient bioavailability.
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Figure 1. Cell-line viability under H,O, low concentrations condition. Cell viability was assayed
using MTS Dye after 3 h of treatment with H,O, on proliferative cells: (a) SW480, (b) SW620 were
treated with H,O; at concentrations of 0.005, 0.01, 0.25, 0.05, 0.1, 0.25, 0.5, 1 mM and timing of 3 h. Cell
viability values were calculated as means & SD and compared to untreated proliferative cells (Ctrl).
After 3 h of treatment, the highest concentration of H,O, that did not induce significant changes in
the mitochondrial activity of either cell turned out to be 0.05 mM (a,b). Thus, JNK inhibition was
performed for one hour and subsequent exposure to HO, [0.05 mM] for 3 h (¢,d). A reduction in
mitochondprial viability and activity was observed in primary CRC cells SW480 compared to the
untreated control (c), but also compared to HyO, [0.05mM] exposure alone (a). This shows that the
different mitochondrial adaptations of primary tumor CRC cells compared to its metastatic variant

might depend on the JNK pathway. ** p < 0.01, *** p < 0.001 treated vs. untreated cells.
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Figure 2. Primary cancer cells SW480 show their own individual metabolic features depending on
JNK inhibition and H,O, [0.05 mM] exposure. (a) OCR was investigated to assess mitochondrial
respiration in SW480 cells by Seahorse analyzer. Compared to untreated cells (CTRL), pretreatment
with SP600125 for 1 h increased OCR whereas, in the presence of the glycolysis inhibitor 2-DG, OCR
decreased; (b) Energy map shows the changes in mitochondrial respiration and glycolysis of SW480
cells from basal conditions to SP600125 pretreatment for 1 h and H,O, [0.05 mM] treatment for 3 h;
(c) The glycolytic capacity in SW480 cells was measured by analyzing ECAR using the Seahorse
analyzer. Compared to CTRL, pretreatment with SP600125 for 1 h increased ECAR values, which
were instead significantly reduced in the presence of 2-DG; (d) Association of JNK inhibitor and
H,0O, increased the oxygen consumption compared to treatment of cells with hydrogen peroxide
alone. Oxygen consumption rate (OCR); extracellular acidification rate (ECAR); 2-deoxy-glucose
(2-DG); hydrogen peroxide (HO,); control (CTRL).
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Figure 3. Metastatic cancer cells SW620 show metabolic features based on exposure to JNK inhibition
and HyO, [0.05 mM]. (a) Mitochondrial respiration in SW620 cells, evaluated as OCR by Seahorse
analyzer assay, decreased significantly after pretreatment with SP600125 and subsequent addition
of HyO, [0.05 mM], compared to untreated cells (CTRL); (b) Energy map showed no modulation
of mitochondrial respiration and glycolysis in the presence of SP600125 alone and H,O; [0.05 mM]
alone; (c) Glycolytic capacity, measured as ECAR, revealed no significant increase after SP600125
pretreatment in SW620 cell line, whereas H,O, treatment alone or the association of SP600125
and H,O, induced ECAR decrease compared to what occurred in CTRL; (d) Combination of JNK
inhibitor and H,O, reduced the oxygen consumption in metastatic SW620 cells compared to the same
ones after incubation with SP600125 alone or hydrogen peroxide alone. Oxygen consumption rate
(OCR); extracellular acidification rate (ECAR); 2-deoxy-glucose (2-DG); hydrogen peroxide (H,O»);
control (CTRL).
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3.3. Gene Expression after Oxidative Stress Induced by H,O, and JNK Inhibition

To investigate whether JNK inhibition and H,O; eustress exposure induced differ-
ent gene expression levels in Wnt signaling, cMYC, and IL8 in both SW480 and SW620
CRC cell lines, we performed real time-qPCR (Figure 4a,b). Combined JNK inhibitor
SP600125 pre-incubation for 1 h and subsequent HyO, [0.05 mM] exposure for 3 h resulted
in overexpression of APC, LRP6, LEF1, JUN/AP1, cMYC, and IL8 in metastatic SW620
cells. Conversely, the primary SW480 cell line showed a higher expression of the same
genes, compared to the control, only after treatment with HyO, [0.05 mM] alone, excluding
JUN/AP1, whose expression increased in the primary CRC cells pretreated with SP600125

followed by H,O, [0.05 mM] exposure.
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Figure 4. Expression of canonical and noncanonical Wnt signaling genes after 3 h of oxidative stress
induced by H,O, [0.05 mM] and JNK inhibition in primary SW480 and metastatic SW620 cells. Gene
expression was analyzed by real-time-qPCR. The histograms represent data normalized with the
GUSB gene. The results showed the average £ SD of three independent experiments. * p < 0.05,
**p <0.01, ** p <0.001, *** p < 0.0001 treated vs. untreated cells. (a): APC, adenomatous polyposis
coli; LRP6, low-density lipoprotein receptor-related protein 6; TCF/LEF, T-cell factor/lymphoid
enhancer factor. (b): c-Jun/AP1, Jun proto-oncogene/AP-1 transcription factor subunit; cMYC, MYC
proto-oncogene; IL8, CXCLS, interleukin 8.
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3.4. Protein Expression after HyO, Eustress

The effect induced by H,O, eustress in proliferative SW480 and SW620 cells was
also assessed on APC, 3-catenin, and E-cadherin protein expression. Western blotting
analyses revealed an increase of the full-length APC protein (310 kDa band) in the primary
SW480 cell line after H,O, treatment. In comparison, in metastatic SW620 cells, the full-
length APC protein (310 kDa band) was decreased by H,O, and JNK inhibition alone
and combined when compared to the analogous untreated cells. Both cells carry an APC
mutation that produces a truncated APC protein of 147 KDa. This isoform is present in
the CRC proliferating cells and showed a slight reduction after treatments. In contrast, the
APC low molecular weight (LMW) band (approximately 70 kDa) was reduced by the JNK
inhibitor alone and its combination with HyO,. This effect appeared more pronounced
in SW620 cells from metastasis than in SW480 from the primary tumor (Figure 5). H,O,
eustress and JNK inhibition did not induce relevant changes in the (3-catenin expression in
SW480 cells, whereas it decreased in SW620 cells (Figure 5).
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Figure 5. Protein expression of APC, 3-catenin, E-cadherin, and phospho-SAPK/JN, in SW480 vs.
SW620 cells. The cells were treated with H,O, [0.05 mM] and JNK inhibitor SP600125. (a) Protein
expression detected by Western blotting analysis of representative experiment from two biological

replicates. The average expression levels of panel (b) were determined by densitometric analysis

and calculated in relation to the stain-free loading control. kDa: Kilodalton as protein molecular

weight unit.
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3.5. Expression of Wnt Pathway Components in SW480 and SW620 Cell Block Sections

Changes in the protein expression of APC, 3-catenin, and E-cadherin induced by
oxidative stress and JNK inhibitor SP600125 were detected by ICC. In the SW480 cell line,
H,0; [0.05 mM] increased cytoplasmic APC expression from 5% to 80% of tumor cells.
The inhibitor SP600125, alone or combined with HyO,, resulted in APC protein expression
at 5% and 10%, respectively. Instead, the levels of 3-catenin and E-cadherin expression
remained unchanged after treatments compared to untreated cells with levels of expression
that remained at 5-10% and below 5%, respectively (Figure 6). In the SW620 metastatic cell
line, HyO, [0.05 mM] reduced the cytoplasmic APC expression from 40% to 10% compared
to the control. Treatment with the JNK inhibitor SP600125, alone or combined with H,O,,
decreased APC expression to less than 5% of tumor cells. Additionally, treatments with
H,0O; alone and H,O, combined with SP600125 caused [3-catenin membrane expression
in 20% of cancer cells, compared to 90% and 70% in untreated and SP600125-treated
metastatic cell lines, respectively. The levels of E-cadherin expression remained unchanged
after treatments, compared to untreated cells, with expression levels consistently below 5%

(Figure 7).
SW480
H202 SP600125 H202 + SP600125

Ty

Figure 6. Changes in protein expression of APC, 3-catenin, and E-cadherin induced by oxidative
stress and JNK inhibition were detected by ICC in the SW480 cell line. Scale bars = 40 pm.
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Figure 7. Changes in protein expression of APC, 3-catenin, and E-cadherin induced by oxidative
stress and JNK inhibition were detected using ICC in the SW620 cell line. Scale bars = 40 um.

4. Discussion

In this study, we determined the effects of the HyO, concentration inducing eustress
by assessing cell viability and mitochondrial activity in isogenic SW480 and SW620 cells.
We then evaluated the H,O, effects in combination with JNK inhibition. Our results
showed that the primary CRC cells were more sensitive to the effects of H,O, [0.05 mM]
eustress in combination with JNK inhibition, showing a reduction in their viability. This
effect was not seen in metastatic cells SW620. In addition, JNK inhibition combined with
oxidative eustress reduced both glycolytic and respiratory capacity in the SW620 CRC cell
line, indicating a greater ability of metastatic cells to adapt to the microenvironment and
nutrient bioavailability. These data confirmed the involvement of JNK pathways in the
control of the Warburg effect in cancer progression [25]. Mitochondrial ROS, particularly
H,0O,, are key participants in several signaling pathways underlying the control of cell
proliferation and differentiation. Cancer cells show elevated ROS levels during all stages
of malignancy [38]. Cells can adapt to oxidative stress by genetic reprogramming in the
longer term and metabolic reprogramming in the short term [39]. Normal metabolism
and steady-state functions require low levels of oxidants, termed “oxidative eustress”. A
supraphysiological challenge with oxidants or their inadequate detoxification/inactivation
is termed “oxidative distress” [40]. In the gut, HyO, production is required to regulate
the immune functions of the intestinal barrier and the homeostasis of cell renewal [21-24].
Indeed, some observational/mechanistic studies have demonstrated the production of
H;0; in the colon epithelium by microbial products, innate immune defenses, and exposure
to environmental organic pollutants [21,41-43].

Generated by cellular demands in response to physiological stimuli of metabolic adap-
tation and environmental stress, H,O,-mediated eustress is involved in the inflammatory
response and aerobic glycolysis responsible for lactate production by promoting mitochon-
drial oxidative metabolism, driving tumor cell growth and chemo-resistance [30,44,45].
Considering the role played by H,O; in carcinogenesis, it is important to know how Hy,O,
might remodulate the Wnt signal in CRC cells since not all tumors respond effectively to
therapy and cells can adapt to drug-induced oxidative stress. Balanced levels of ROS medi-
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ate chemotherapy resistance and allow tumor cells to survive during treatment, developing
stemness and cancer-initiating capacity [38]. Moreover, dormant tumor cells resist oxida-
tive stress as a result of their inability to consume glucose as an energy source. Dormant
CRC cells persist after anticancer treatments or are responsible for drug resistance and
tumor recurrence [3,39]. Therefore, H,O, modulation within the TME may be an attractive
therapeutic approach, as cancer cells have an altered redox balance compared to their
normal counterparts [46-51]. Some therapies increase ROS production and redox stress as
side effects or, together with the effects of chemotherapy, may induce the activation of the
immune response and apoptosis in tumor cells [33,49-54]. Conversely, high levels of ROS
in the TME inhibit T-cell cytotoxicity, allowing tumor invasion and treatment resistance
during cancer progression. Therefore, reducing ROS levels within the TME may reduce the
immunosuppressive activity of regulatory T-cells (Tregs). Lower levels of ROS in the tumor
environment increase the efficacy of programmed cell death protein 1 (PD-1) blockade
immunotherapy [55].

Many studies have reported that JNK is involved in CRC progression [26,56]. JNK is a
member of the MAPK family of proteins that is predominantly activated by stress stimuli.
Selective inhibition of JNK has recently been proposed as a target in the context of cancer
therapies [57,58]. JNK regulates multiple transcriptional activities and contributes to tumor-
promoting processes, ranging from cell proliferation to apoptosis, inflammation, metastasis,
and angiogenesis in TME [59]. The prosurvival role of JNK is mainly mediated by crosstalk
with other pathways, including the Wnt signaling [33,59]. We have previously observed
that, after cellular starvation, acute oxidative distress induces a sharp increase in the
expression of the truncated isoform of APC, plausibly linked to its apoptotic activities [33].
Moreover, the gene expression of APC correlated with that of the JUN/AP1 transcription
factor [33]. APC is involved in several physiological processes that regulate the homeostasis
of colon epithelium renewal, including cell cycle progression, migration, differentiation
and apoptosis. APC mutations were initially identified in a predisposition hereditary
syndrome to CRC, known as familial adenomatous polyposis (FAP) of the colon [60],
although somatic inactivation of this gene is found in approximately 85% of all colorectal
adenomas and carcinomas as an early event in colon cancer progression [61,62]. Recent
evidence has shown that APC can regulate the response of tumor cells to chemotherapy
by modulating epithelial and TME signals [63]. The results of our study demonstrate
that HyO, oxidative eustress and JNK inhibition can differentially regulate Wnt/ 3-catenin
signaling and APC expression in primary and metastatic CRC cells, suggesting a role in
the molecular relationship between JNK and Wnt/ 3-catenin functions in response to the
oxidation state of TME (Figures 4, 5 and 7). The APC protein is an active caretaker of
the Wnt/ 3-catenin signal, which ensures the homeostasis of intestinal mucosal renewal.
Furthermore, the activity of Wnt pathway is supported by the metabolic gradient from
glycolysis to mitochondrial oxidative phosphorylation along the crypt-villus axis. In this
context, APC-dependent physiological apoptosis requires the production of ROS by the
mitochondrial respiratory chain [64].

Cancer cells display the Warburg-like metabolic phenotype, characterized by high
glucose uptake and conversion to lactic acid under aerobic conditions to enhance the
availability of substrates. The MAPK/JNK pathways can be considered as key regulators
of the Warburg effect during tumor progression [25]. Mitochondrial and cellular H,O,
may induce dual functions by activating JNK isoform phosphorylation through negative or
positive regulation of aerobic glycolysis. Reprogramming of glucose metabolism by tumor
cells results from mutations in oncogenes and tumor suppressor genes [25,65]. Using MTS
and extracellular flux analysis, we demonstrated that CRC cells readapted mitochondrial
respiration and glycolysis under H,O, eustress stimulation and JNK inhibition. The
mitochondrial oxidative phosphorylation system produces a large amount of ATD, giving
tumor cells a greater ability to proliferate [66]. It has been reported that phosphorylation
of the ERK1/2 signaling pathway is reduced in the early stages of colon tumorigenesis,
whereas it increases in advanced metastatic CRC. This regulation of the kinase activity in
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CRC appears to be related to HyO;. It has also been suggested that ERK2 may have a cell
pro-growth role, whereas ERK1 plays a regulatory role in colon tumorigenesis [67]. Under
physiological conditions, intracellular HyO, can be efficiently converted into a hydroxyl
radical, leading to an overall increase in 8-oxoguanine (8-oxoG). This molecule is involved
in cellular metabolic responses and can induce DNA lesions in proliferating cells. Oxidative
DNA damage is rapidly repaired by the Base Excision Repair system, restoring the redox
balance. Furthermore, the elevated levels of 8-0xoG per se may not increase cell death [68].

A deeper insight into the mechanisms of oxidative stress-induced metabolic repro-
gramming in TME may help to understand the pathophysiological association between
metastatic tumor cells and recipient tissues. Our results showed that, in primary and
metastatic CRC cells, the oxidative eustress environment differentially modulates APC
and f-catenin and mitochondrial oxygen consumption and that JUN signaling may in-
terfere with this response, thereby increasing the Warburg effect. We have shown that
metabolic reprogramming in CRC is not only related to the Wnt/ 3-catenin and APC mu-
tation status of cancer cells but is also closely associated with TME eustress. We suggest
that HyO,.mediated oxidative eustress may also modulate the canonical and noncanonical
Wnt/ 3-catenin signaling pathways in CRC cells, which are linked to the JNK pathway and
the metabolic reprogramming of the TME. Further in vivo studies and clinical investiga-
tions would be beneficial to validate these findings and explore their therapeutic potential.

5. Conclusions

This study suggests that HyO,-mediated oxidative eustress in TME differentially
modulates the crosstalk between Wnt/ 3-catenin and JNK signaling in primary CRC ver-
sus metastatic CRC. Understanding how primary and metastatic CRC cells adapt to an
H,O,-producing intestinal micro-environment might provide new insights for therapeutic
interventions [59]. The direct clinical relevance of our findings to disease outcomes and
treatment strategies for CRC may need to be further explored and validated in clinical trials
or patient studies. Indeed, the pathophysiology of CRC progression is very complex, and
future studies will have to take into account not only the tissue micro-environment but also
the patient’s systemic macro-environment. Translational studies and integrated expertise
will, therefore, be needed to use the patient’s biological data for a personalized therapeutic
approach to CRC and patient lifestyle care.

Author Contributions: Conceptualization, G.M.A., R.L. and T.C.; methodology, GM.A.,S.P, ED.D.P,
C.S. and M.A; validation, G.M.A. and ED.D.P; formal analysis, R.L. and G.M.A.; investigation, T.C.
and R.L.; resources, R.C. and G.M.A.; data curation, GM.A., R.L. and T.C.; writing—original draft
preparation, G.M.A. and T.C.; writing—review and editing, GM.A., R.L. and T.C.; visualization, ES.,
R.C, R.V. and M. A ; supervision, G.M.A.; project administration, G.M.A.; funding acquisition, R.C.,
M.A. and T.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the “G. d’Annunzio” University of Chieti-Pescara (Fondi di
Ateneo per la Ricerca—F.A.R.) grant to R.C. and by the University of Messina (Fondo di Finanziamenti
per le attivita base di ricerca-FFABR Unime) grant to M.A. and T.C.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Bray, F; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jemal, A. Global cancer statistics 2022: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2024, 74, 229-263. [CrossRef]
[PubMed]

2. Aceto, G.M.; Catalano, T.; Curia, M.C. Molecular Aspects of Colorectal Adenomas: The Interplay among Microenvironment,
Oxidative Stress, and Predisposition. Biomed. Res. Int. 2020, 2020, 1726309. [CrossRef] [PubMed]


https://doi.org/10.3322/caac.21834
https://www.ncbi.nlm.nih.gov/pubmed/38572751
https://doi.org/10.1155/2020/1726309
https://www.ncbi.nlm.nih.gov/pubmed/32258104

Biomedicines 2024, 12, 1816 19 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

Selvaggi, F.; Catalano, T.; Lattanzio, R.; Cotellese, R.; Aceto, G.M. Wingless/It/3-catenin signaling in liver metastasis from
colorectal cancer: A focus on biological mechanisms and therapeutic opportunities. World J. Gastroenterol. 2023, 29, 2764-2783.
[CrossRef] [PubMed]

Fares, ].; Fares, M.Y.; Khachfe, H.H.; Salhab, H.A.; Fares, Y. Molecular principles of metastasis: A hallmark of cancer revisited.
Signal Transduct. Target. Ther. 2020, 5, 28. [CrossRef] [PubMed]

Galluzzi, L.; Spranger, S.; Fuchs, E.; Lopez-Soto, A. WNT Signaling in Cancer Immunosureillance. Trends Cell Biol. 2019, 29, 44-65.
[CrossRef] [PubMed]

Catalano, T.; Curia, M.C.; Aceto, G.; Verginelli, F.; Cascinu, S.; Cama, A.; Mariani-Costantini, R.; Teti, D.; Battista, P. Mutations in
the p53 and Ki-ras genes, microsatellite instability and site of tumor origin in colorectal cancer. Oncol. Rep. 2005, 14, 625-631.
[CrossRef]

Yuan, Y.; Wu, D.; Hou, Y.; Zhang, Y.; Tan, C.; Nie, X.; Zhao, Z.; Hou, ]. Wnt signaling: Modulating tumor-associated macrophages
and related immunotherapeutic insights. Biochem. Pharmacol. 2024, 223, 116154. [CrossRef] [PubMed]

Toma, M.; Belusica, L.; Stavarachi, M.; Apostol, P.; Spandole, S.; Radu, I.; Cimponeriu, D. Rating the environmental and genetic
risk factors for colorectal cancer. J. Med. Life 2012, 5, 152-159.

Katoh, M.; Katoh, M. WNT signaling and cancer stemness. Essays Biochem. 2022, 66, 319-331. [CrossRef]

Pandurangan, A.K,; Divya, T.; Kumar, K.; Dineshbabu, V.; Velavan, B.; Sudhandiran, G. Colorectal carcinogenesis: In-sights into
the cell death and signal transduction pathways: A review. World J. Gastrointest. Oncol. 2018, 10, 244-259. [CrossRef]

Vallée, A.; Lecarpentier, Y. Crosstalk Between Peroxisome Proliferator-Activated Receptor Gamma and the Canonical WNT/3-
Catenin Pathway in Chronic Inflammation and Oxidative Stress During Carcinogenesis. Front. Immunol. 2018, 9, 745. [CrossRef]
[PubMed]

Clevers, H.; Loh, K. M.; Nusse, R. Stem cell signaling. An integral program for tissue renewal and regeneration: Wnt signaling
and stem cell control. Science 2014, 346, 1248012. [CrossRef] [PubMed]

Novellasdemunt, L.; Antas, P.; Li, V.S. Targeting Wnt signaling in colorectal cancer. A Review in the Theme: Cell Signaling:
Proteins, Pathways and Mechanisms. Am. J. Physiol. Cell Physiol. 2015, 309, C511-C521. [CrossRef] [PubMed]

Fodde, R.; Brabletz, T. Wnt/beta-catenin signaling in cancer stemness and malignant behavior. Curr. Opin. Cell Biol. 2007, 19,
150-158. [CrossRef]

Moreno-Londofo, A.P.; Robles-Flores, M. Functional Roles of CD133: More than Stemness Associated Factor Regulated by the
Microenvironment. Stem Cell Rev. Rep. 2024, 20, 25-51. [CrossRef]

Ghandadi, M.; Valadan, R.; Mohammadi, H.; Akhtari, J.; Khodashenas, S.; Ashari, S. Wnt-3-catenin Signaling Pathway, the
Achilles” Heels of Cancer Multidrug Resistance. Curr. Pharm. Des. 2019, 25, 4192-4207. [CrossRef] [PubMed]

Sacchetti, A.; Teeuwssen, M.; Verhagen, M.; Joosten, R.; Xu, T.; Stabile, R.; van der Steen, B.; Watson, M.M.; Gusinac, A.; Kim,
W.K.; et al. Phenotypic plasticity underlies local invasion and distant metastasis in colon cancer. eLife 2021, 10, e61461. [CrossRef]
Egea, ].; Fabregat, I.; Frapart, YM.; Ghezzi, P.; Gorlach, A.; Kietzmann, T.; Kubaichuk, K.; Knaus, U.G.; Lopez, M.G;
Olaso-Gonzalez, G.; et al. European contribution to the study of ROS: A summary of the findings and prospects for the
future from the COST action BM1203 (EU-ROS). Redox Biol. 2017, 13, 94-162, Erratum in: Redox Biol. 2018, 14, 694-696.
https://doi.org/10.1016/j.redox.2017.10.001. [CrossRef]

Sies, H. Chapter 1. Oxidative eustress and oxidative distress: Introductory remarks. In Oxidative Stress; Academic Press: New
York, NY, USA, 2020; pp. 3-12. [CrossRef]

Shu, P; Liang, H.; Zhang, J.; Lin, Y.; Chen, W.; Zhang, D. Reactive oxygen species formation and its effect on CD4+ T cell-mediated
inflammation. Front. Immunol. 2023, 14, 1199233. [CrossRef]

Aviello, G.; Knaus, U.G. NADPH oxidases and ROS signaling in the gastrointestinal tract. Mucosal Immunol. 2018, 11, 1011-1023.
[CrossRef]

Circu, M.L.; Aw, T.Y. Intestinal redox biology and oxidative stress. Semin. Cell Dev. Biol. 2012, 23, 729-737. [CrossRef] [PubMed]
Patel, PH.; Maldera, J.A.; Edgar, B.A. Stimulating cROSstalk between commensal bacteria and intestinal stem cells. EMBO J. 2013,
32,3009-3010. [CrossRef] [PubMed]

Moradi-Marjaneh, R.; Hassanian, S.M.; Mehramiz, M.; Rezayi, M.; Ferns, G.; Khazaei, M.; Avan, A. Reactive oxygen species in
colorectal cancer: The therapeutic impact and its potential roles in tumor progression via perturbation of cellular and physiological
dysregulated pathways. J. Cell Physiol. 2019, 234, 10072-10079. [CrossRef] [PubMed]

Papa, S.; Choy, P.M.; Bubici, C. The ERK and JNK pathways in the regulation of metabolic reprogramming. Oncogene 2019, 38,
2223-2240. [CrossRef] [PubMed]

Saadeddin, A.; Babaei-Jadidi, R.; Spencer-Dene, B.; Nateri, A.S. The links between transcription, beta-catenin/JNK signaling, and
carcinogenesis. Mol. Cancer Res. 2009, 7, 1189-1196. [CrossRef] [PubMed]

Sancho, R.; Nateri, A.S.; de Vinuesa, A.G.; Aguilera, C.; Nye, E.; Spencer-Dene, B.; Behrens, A. JNK signalling modulates intestinal
homeostasis and tumourigenesis in mice. EMBO ]. 2009, 28, 1843-1854. [CrossRef]

Chen, Y.; Chen, Z; Tang, Y.; Xiao, Q. The involvement of noncanonical Wnt signaling in cancers. Biomed. Pharmacother. 2021, 133,
110946. [CrossRef]

Xue, C.; Yao, Q.; Gu, X,; Shi, Q.; Yuan, X.; Chu, Q.; Bao, Z; Lu, J.; Li, L. Evolving cognition of the JAK-STAT signaling pathway:
Autoimmune disorders and cancer. Signal Transduct. Target. Ther. 2023, 8, 204. [CrossRef] [PubMed]


https://doi.org/10.3748/wjg.v29.i18.2764
https://www.ncbi.nlm.nih.gov/pubmed/37274070
https://doi.org/10.1038/s41392-020-0134-x
https://www.ncbi.nlm.nih.gov/pubmed/32296047
https://doi.org/10.1016/j.tcb.2018.08.005
https://www.ncbi.nlm.nih.gov/pubmed/30220580
https://doi.org/10.3892/or.14.3.625
https://doi.org/10.1016/j.bcp.2024.116154
https://www.ncbi.nlm.nih.gov/pubmed/38513742
https://doi.org/10.1042/EBC20220016
https://doi.org/10.4251/wjgo.v10.i9.244
https://doi.org/10.3389/fimmu.2018.00745
https://www.ncbi.nlm.nih.gov/pubmed/29706964
https://doi.org/10.1126/science.1248012
https://www.ncbi.nlm.nih.gov/pubmed/25278615
https://doi.org/10.1152/ajpcell.00117.2015
https://www.ncbi.nlm.nih.gov/pubmed/26289750
https://doi.org/10.1016/j.ceb.2007.02.007
https://doi.org/10.1007/s12015-023-10647-6
https://doi.org/10.2174/1381612825666191112142943
https://www.ncbi.nlm.nih.gov/pubmed/31721699
https://doi.org/10.7554/eLife.61461
https://doi.org/10.1016/j.redox.2017.05.007
https://doi.org/10.1016/B978-0-12-818606-0.00001-8
https://doi.org/10.3389/fimmu.2023.1199233
https://doi.org/10.1038/s41385-018-0021-8
https://doi.org/10.1016/j.semcdb.2012.03.014
https://www.ncbi.nlm.nih.gov/pubmed/22484611
https://doi.org/10.1038/emboj.2013.244
https://www.ncbi.nlm.nih.gov/pubmed/24193404
https://doi.org/10.1002/jcp.27881
https://www.ncbi.nlm.nih.gov/pubmed/30515827
https://doi.org/10.1038/s41388-018-0582-8
https://www.ncbi.nlm.nih.gov/pubmed/30487597
https://doi.org/10.1158/1541-7786.MCR-09-0027
https://www.ncbi.nlm.nih.gov/pubmed/19671687
https://doi.org/10.1038/emboj.2009.153
https://doi.org/10.1016/j.biopha.2020.110946
https://doi.org/10.1038/s41392-023-01468-7
https://www.ncbi.nlm.nih.gov/pubmed/37208335

Biomedicines 2024, 12, 1816 20 of 21

30.

31.

32.

33.

34.

35.

36.

37.
38.
39.
40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kim, S.J.; Kim, H.S.; Seo, Y.R. Understanding of ROS-Inducing Strategy in Anticancer Therapy. Oxid. Med. Cell Longev. 2019, 18,
5381692. [CrossRef]

Albrengues, J.; Shields, M.A.; Ng, D.; Park, C.G.; Ambrico, A.; Poindexter, M.E.; Upadhyay, P.; Uyeminami, D.L.; Pommier, A.;
Kiittner, V.; et al. Neutrophil extracellular traps produced during inflammation awaken dormant cancer cells in mice. Science
2018, 361, eaa04227. [CrossRef]

Di Marzo, N.; Chisci, E.; Giovannoni, R. The Role of Hydrogen Peroxide in Redox-Dependent Signaling: Homeostatic and
Pathological Responses in Mammalian Cells. Cells 2018, 7, 156. [CrossRef]

Catalano, T.; D’Amico, E.; Moscatello, C.; Di Marcantonio, M.C.; Ferrone, A.; Bologna, G.; Selvaggi, F.; Lanuti, P.; Cotellese, R.;
Curia, M.C,; et al. Oxidative Distress Induces Wnt/ 3-Catenin Pathway Modulation in Colorectal Cancer Cells: Perspectives on
APC Retained Functions. Cancers 2021, 13, 6045. [CrossRef]

Hewitt, R.E.; McMarlin, A.; Kleiner, D.; Wersto, R.; Martin, P.; Tsokos, M.; Stamp, G.W.; Stetler-Stevenson, W.G. Validation of a
model of colon cancer progression. J. Pathol. 2000, 192, 446-454. [CrossRef]

Giallongo, C.; Dulcamare, I.; Tibullo, D.; Del Fabro, V.; Vicario, N.; Parrinello, N.; Romano, A.; Scandura, G.; Lazzarino, G;
Conticello, C.; et al. CXCL12/CXCR4 axis supports mitochondrial trafficking in tumor myeloma microenvironment. Oncogenesis
2022, 11, 6. [CrossRef]

Moscatello, C.; Di Marcantonio, M.C.; Savino, L.; D’Amico, E.; Spacco, G.; Simeone, P,; Lanuti, P.; Muraro, R.; Mincione, G;
Cotellese, R.; et al. Emerging Role of Oxidative Stress on EGFR and OGG1-BER Cross-Regulation: Implications in Thyroid
Physiopathology. Cells 2022, 11, 822. [CrossRef]

Rivero-Gutiérrez, B.; Anzola, A.; Martinez-Augustin, O.; de Medina, ES. Stain-free detection as loading control alternative to
Ponceau and housekeeping protein immunodetection in Western blotting. Anal. Biochem. 2014, 467, 1-3. [CrossRef]

Liou, G.Y,; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479-496. [CrossRef]

Hayes, ].D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell. 2020, 38, 167-197. [CrossRef]

Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020, 21,
363-383. [CrossRef]

Singh, A K.; Hertzberger, R.Y.; Knaus, U.G. Hydrogen peroxide production by lactobacilli promotes epithelial restitution during
colitis. Redox Biol. 2018, 16, 11-20. [CrossRef]

Burgueno, J.F; Fritsch, J.; Santander, A.M.; Brito, N.; Fernandez, I.; Pignac-Kobinger, J.; Conner, G.E.; Abreu, M.T. Intestinal
Epithelial Cells Respond to Chronic Inflammation and Dysbiosis by Synthesizing HyO,. Front. Physiol. 2019, 10, 1484. [CrossRef]
[PubMed]

Song, L.; Liu, J.; Jin, X,; Li, Z.; Zhao, M.; Liu, W. p, p’-Dichlorodiphenyldichloroethylene induces colorectal adenocarcinoma cell
proliferation through oxidative stress. PLoS ONE 2014, 9, e112700. [CrossRef] [PubMed]

Lisanti, M.P.; Martinez-Outschoorn, U.E.; Lin, Z.; Pavlides, S.; Whitaker-Menezes, D.; Pestell, R.G.; Howell, A.; Sotgia, F. Hydrogen
peroxide fuels aging, inflammation, cancer metabolism and metastasis: The seed and soil also needs “fertilizer”. Cell Cycle 2011,
10, 2440-2449. [CrossRef]

Li, Y;; Zhang, X.; Wang, Z.; Li, B.; Zhu, H. Modulation of redox homeostasis: A strategy to overcome cancer drug resistance. Front.
Pharmacol. 2023, 14, 1156538. [CrossRef]

Savino, L.; Di Marcantonio, M.C.; Moscatello, C.; Cotellese, R.; Centurione, L.; Muraro, R.; Aceto, G.M.; Mincione, G. Effects
of H,O, Treatment Combined with PI3K Inhibitor and MEK Inhibitor in AGS Cells: Oxidative Stress Outcomes in a Model of
Gastric Cancer. Front. Oncol. 2022, 12, 860760. [CrossRef] [PubMed]

Aggarwal, V,; Tuli, H.S.; Varol, A.; Thakral, F; Yerer, M.B.; Sak, K.; Varol, M.; Jain, A.; Khan, M.A.; Sethi, G. Role of Reactive
Oxygen Species in Cancer Progression: Molecular Mechanisms and Recent Advancements. Biomolecules 2019, 9, 735. [CrossRef]
Khan, A.Q.; Rashid, K.; AlAmodi, A.A.; Agha, M.V.; Akhtar, S.; Hakeem, I.; Raza, S.S.; Uddin, S. Reactive oxygen species (ROS) in
cancer pathogenesis and therapy: An update on the role of ROS in anticancer action of benzophenanthridine alkaloids. Biomed
Pharmacother. 2021, 143, 112142. [CrossRef]

Arfin, S.; Jha, N.K;; Jha, S.K.; Kesari, K.K.; Ruokolainen, J.; Roychoudhury, S.; Rathi, B.; Kumar, D. Oxidative Stress in Cancer Cell
Metabolism. Antioxidants 2021, 10, 642. [CrossRef]

Yoshikawa, T.; Fukuda, A.; Omatsu, M.; Namikawa, M.; Sono, M.; Fukunaga, Y.; Masuda, T.; Araki, O.; Nagao, M.; Ogawa, S.;
et al. JNK pathway plays a critical role for expansion of human colorectal cancer in the context of BRG1 suppression. Cancer Sci.
2022, 113, 3417-3427. [CrossRef]

Zeke, A.; Misheva, M.; Remenyi, A.; Bogoyevitch, M.A. JNK signaling: Regulation and functions based on complex protein-protein
partnerships. Microbiol. Mol. Biol. Rev. 2016, 80, 793-835. [CrossRef]

Semba, T.; Sammons, R.; Wang, X.; Xie, X.; Dalby, K.N.; Ueno, N.T. JNK Signaling in Stem Cell Self-Renewal and Differentiation.
Int. ]. Mol. Sci. 2020, 21, 2613. [CrossRef]

Lin, S.; Li, Y.; Zamyatnin, A.A., Jr.; Werner, J.; Bazhin, A.V. Reactive oxygen species and colorectal cancer. J. Cell Physiol. 2018, 233,
5119-5132. [CrossRef] [PubMed]

Zhu, C.; Hu, W.; Wu, H.; Hu, X. No evident dose-response relationship between cellular ROS level and its cytotoxicity—A
paradoxical issue in ROS-based cancer therapy. Sci. Rep. 2014, 4, 5029. [CrossRef]

Martinez-Reyes, I.; Chandel, N.S. Cancer metabolism: Looking forward. Nat. Rev. Cancer. 2021, 21, 669-680. [CrossRef]


https://doi.org/10.1155/2019/5381692
https://doi.org/10.1126/science.aao4227
https://doi.org/10.3390/cells7100156
https://doi.org/10.3390/cancers13236045
https://doi.org/10.1002/1096-9896(2000)9999:9999%3C::AID-PATH775%3E3.0.CO;2-K
https://doi.org/10.1038/s41389-022-00380-z
https://doi.org/10.3390/cells11050822
https://doi.org/10.1016/j.ab.2014.08.027
https://doi.org/10.3109/10715761003667554
https://doi.org/10.1016/j.ccell.2020.06.001
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1016/j.redox.2018.02.003
https://doi.org/10.3389/fphys.2019.01484
https://www.ncbi.nlm.nih.gov/pubmed/31871440
https://doi.org/10.1371/journal.pone.0112700
https://www.ncbi.nlm.nih.gov/pubmed/25386960
https://doi.org/10.4161/cc.10.15.16870
https://doi.org/10.3389/fphar.2023.1156538
https://doi.org/10.3389/fonc.2022.860760
https://www.ncbi.nlm.nih.gov/pubmed/35372019
https://doi.org/10.3390/biom9110735
https://doi.org/10.1016/j.biopha.2021.112142
https://doi.org/10.3390/antiox10050642
https://doi.org/10.1111/cas.15520
https://doi.org/10.1128/MMBR.00043-14
https://doi.org/10.3390/ijms21072613
https://doi.org/10.1002/jcp.26356
https://www.ncbi.nlm.nih.gov/pubmed/29215746
https://doi.org/10.1038/srep05029
https://doi.org/10.1038/s41568-021-00378-6

Biomedicines 2024, 12, 1816 21 of 21

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Bera, S.; Verma, A.; Bhatt, A.N.; Dwarakanath, B.S. Metabolic Oxidative Stress in Initiation, Progression, and Therapy of Cancer. In
Handbook of Oxidative Stress in Cancer: Mechanistic Aspects; Chakraborti, S., Ray, B.K., Roychoudhury, S., Eds.; Springer: Singapore,
2022; pp. 1969-2003.

Wu, Q.; Wu, W.; Jacevic, V.,; Franca, T.C.C.; Wang, X.; Kuca, K. Selective inhibitors for JNK signalling: A potential targeted therapy
in cancer. J. Enzyme Inhib. Med. Chem. 2020, 35, 574-583. [CrossRef] [PubMed]

Weinberg, F.; Ramnath, N.; Nagrath, D. Reactive Oxygen Species in the Tumor Microenvironment: An Overview. Cancers 2019, 11,
1191. [CrossRef] [PubMed]

Groden, J.; Thliveris, A.; Samowitz, W.; Carlson, M.; Gelbert, L.; Albertsen, H.; Joslyn, G.; Stevens, J.; Spirio, L.; Robertson, M.;
et al. Identification and characterization of the familial adenomatous polyposis coli gene. Cell 1991, 66, 589-600. [CrossRef]

Jen, J.; Powell, S.M.; Papadopoulos, N.; Smith, K.J.; Hamilton, S.R.; Vogelstein, B.; Kinzler, K.W. Molecular determinants of
dysplasia in colorectal lesions. Cancer Res. 1994, 54, 5523-5526.

Markowitz, S.D.; Bertagnolli, M.M. Molecular origins of cancer: Molecular basis of colorectal cancer. N. Engl. ]. Med. 2009, 361,
2449-2460. [CrossRef]

Stefanski, C.D.; Prosperi, ].R. Wnt-Independent and Wnt-Dependent Effects of APC Loss on the Chemotherapeutic Response. Int.
J. Mol. Sci. 2020, 21, 7844. [CrossRef]

Cristofaro, M.; Contursi, A.; D’Amore, S.; Martelli, N.; Spaziante, A.F; Moschetta, A.; Villani, G. Adenomatous polyposis coli
(APC)-induced apoptosis of HT29 colorectal cancer cells depends on mitochondrial oxidative metabolism. Biochim. Biophys. Acta.
2015, 1852, 1719-1728. [CrossRef] [PubMed]

Ghanbari Movahed, Z.; Rastegari-Pouyani, M.; Mohammadi, M.H.; Mansouri, K. Cancer cells change their glucose metabolism
to overcome increased ROS: One step from cancer cell to cancer stem cell? Biomed. Pharmacother. 2019, 112, 108690. [CrossRef]
[PubMed]

Wilde, L.; Roche, M.; Domingo-Vidal, M.; Tanson, K.; Philp, N.; Curry, J.; Martinez-Outschoorn, U. Metabolic coupling and the
Reverse Warburg Effect in cancer: Implications for novel biomarker and anticancer agent development. Semin. Oncol. 2017, 44,
198-203. [CrossRef] [PubMed]

Parascandolo, A.; Benincasa, G.; Corcione, F.; Laukkanen, M.O. ERK2 Is a Promoter of Cancer Cell Growth and Migration in
Colon Adenocarcinoma. Antioxidants 2024, 13, 119. [CrossRef]

Wang, R.; Li, C.; Qiao, P; Xue, Y.; Zheng, X.; Chen, H.; Zeng, X.; Liu, W.; Boldogh, I.; Ba, X. OGGl-initiated base excision repair
exacerbates oxidative stress-induced parthanatos. Cell Death Dis. 2018, 9, 628. [CrossRef]

Dang, PM.; Rolas, L.; El-Benna, J. The Dual Role of Reactive Oxygen Species-Generating Nicotinamide Adenine Dinucleotide
Phosphate Oxidases in Gastrointestinal Inflammation and Therapeutic Perspectives. Antioxid. Redox Signal. 2020, 33, 354-373.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/14756366.2020.1720013
https://www.ncbi.nlm.nih.gov/pubmed/31994958
https://doi.org/10.3390/cancers11081191
https://www.ncbi.nlm.nih.gov/pubmed/31426364
https://doi.org/10.1016/0092-8674(81)90021-0
https://doi.org/10.1056/NEJMra0804588
https://doi.org/10.3390/ijms21217844
https://doi.org/10.1016/j.bbadis.2015.05.009
https://www.ncbi.nlm.nih.gov/pubmed/26004395
https://doi.org/10.1016/j.biopha.2019.108690
https://www.ncbi.nlm.nih.gov/pubmed/30798124
https://doi.org/10.1053/j.seminoncol.2017.10.004
https://www.ncbi.nlm.nih.gov/pubmed/29248131
https://doi.org/10.3390/antiox13010119
https://doi.org/10.1038/s41419-018-0680-0
https://doi.org/10.1089/ars.2020.8018

	Introduction 
	Materials and Methods 
	Cell Cultures and Treatments 
	Cell Viability and Metabolic Assay by MTS 
	Seahorse Assays 
	Gene Expression by Real-Time Quantitative PCR Analysis (qRT-PCR) 
	Protein Extraction and Western Blotting 
	Preparing Cell Blocks from SW480 and SW620 Cell Lines and Performing the Immunocytochemical Staining 
	Statistical Analysis 

	Results 
	Cell Viability after Oxidative Eustress Induced by H2O2 with and without JNK Inhibition 
	Oxygen Consumption Rate and Extracellular Acidification Rate Measurements 
	Gene Expression after Oxidative Stress Induced by H2O2 and JNK Inhibition 
	Protein Expression after H2O2 Eustress 
	Expression of Wnt Pathway Components in SW480 and SW620 Cell Block Sections 

	Discussion 
	Conclusions 
	References

