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Abstract

BACKGROUND

Metabolic reprogramming plays a key role in cancer progression and clinical
outcomes; however, the patterns and primary regulators of metabolic repro-
gramming in colorectal cancer (CRC) are not well understood.

AIM
To explore the role of nicotinamide adenine dinucleotide phosphate oxidase 4
(NOX4) in promoting progression of CRC.

METHODS

We evaluated the expression and function of dysregulated and survival-related
metabolic genes using Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes. Consensus clustering was used to cluster CRC based on dysregulated
metabolic genes. A prediction model was constructed based on survival-related
metabolic genes. Sphere formation, migration, invasion, proliferation, apoptosis
and clone formation was used to evaluate the biological function of NOX4 in
CRC. mRNA sequencing was utilized to explore the alterations of gene expression
NOX4 over-expression tumor cells. In vivo subcutaneous and lung metastasis
mouse tumor model was used to explore the effect of NOX4 on tumor growth.

RESULTS

We comprehensively analyzed 3341 metabolic genes in CRC and identified three
clusters based on dysregulated metabolic genes. Among these genes, NOX4 was
highly expressed in tumor tissues and correlated with worse survival. In vitro,
NOX4 overexpression induced clone formation, migration, invasion, and
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stemness in CRC cells. Furthermore, RN A-sequencing analysis revealed that NOX4 overexpression activated the
mitogen-activated protein kinase-MEK1/2-ERK1/2 signaling pathway. Trametinib, a MEK1/2 inhibitor, abolished
the NOX4-mediated tumor progression. In vivo, NOX4 overexpression promoted subcutaneous tumor growth and
lung metastasis, whereas trametinib treatment can reversed the metastasis.

CONCLUSION

Our study comprehensively analyzed metabolic gene expression and highlighted the importance of NOX4 in
promoting CRC metastasis, suggesting that trametinib could be a potential therapeutic drugs of CRC clinical
therapy targeting NOX4.

Key Words: Colorectal cancer; Metabolic reprogramming; Metastasis; Nicotinamide adenine dinucleotide phosphate oxidase 4;
Mitogen-activated protein kinase signaling

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We first identified three clusters with different survival status based on dysregulated metabolic genes in colorectal
cancer (CRC). In addition, based on differentially expressed survival-related metabolic genes, we constructed and validated a
prediction model using different cohorts. Among these genes, nicotinamide adenine dinucleotide phosphate oxidase 4
(NOX4) overexpression activated the mitogen-activated protein kinase-MEK1/2-ERK1/2 signaling pathway to promote
cancer metastasis, whereas trametinib (a MEK1/2 inhibitor) treatment reversed this effect. Our study analyzed metabolic
gene expression and highlighted the importance of NOX4 in promoting CRC metastasis, suggesting that NOX4 could be a
new therapeutic target and modulating the response to clinical therapy.
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INTRODUCTION

Colorectal cancer (CRC) is the third most common cause of cancer-related death, accounting for approximately 10% of all
cancers diagnosed worldwide[1]. For early CRC, treatment options include endoscopic and surgical approaches, while for
patients with advanced stage CRC, such as fluoropyrimidine-based chemotherapy, radiotherapy, have been used to
improve the survival rate[2-5]. In addition, targeted therapies and immunotherapies have been used to treat advanced
and metastatic CRC[6,7]. However, the majority of patients do not respond to these therapies[8]. This outcome is partially
due to the tumor metabolic reprogramming.

Metabolic reprogramming is a hallmark of cancer and is responsible for the ability of tumor cells to evade drug therapy
[9,10]. The first recognized concept of metabolic reprogramming was called Warburg effect[11]. Warburg effect is the
enhanced conversion of glucose to pyruvate even in the presence of abundant oxygen[12]. Additionally, in KRAS-mutant
CRC, solute carrier family 7, member 5 maintains intracellular amino acid levels required for tumor growth[13]. V-9302,
an antagonist of SLC1A5, was reported to reduce tumor growth in the mouse models of breast and liver cancers[14,15].
To date, numerous metabolic genes have been identified as potential drug candidates; however, off-target side effects and
metabolic plasticity add to the challenges of drug development. Thus, a comprehensive understanding of the metabolic
patterns and identification of key molecules in CRC are essential for targeting cancer metabolism.

Nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) is an aberrantly-expressed metabolic gene that
correlated with tumor progression. NOX4 belongs to the NOX family, and is the major oxidase involved in the
production of reactive oxygen species (ROS)[16]. NOX4 is widely expressed and is involved in the regulation of
numerous cell functions[17,18]. Furthermore, it has been proposed that an equilibrium between the production and
elimination of ROS is required for the initiation and progression of cancer[16], suggesting that the expression of NOX4 is
linked to tumor progression.

Here, we performed a comprehensive analysis of aberrant expression of metabolic gene and signaling pathways
involved in CRC, and further classified the patients into three clusters based on different metabolic gene patterns. A
prediction model was constructed to predict survival of patients with CRC based on survival-related genes. We found
that NOX4 overexpression promoted CRC progression and metastasis via mitogen-activated protein kinase (MAPK)-
MEK1/2-ERK1/2 signaling.
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MATERIALS AND METHODS

Data collection and analysis

The RNA sequencing data and corresponding clinical information of CRC samples from The Cancer Genome Atlas
(TCGA) Program were downloaded from the online database UCSC Xena (xena.ucsc.edu) with log2(RSEM + 1) format.
Metabolic genes were selected by integrating two previously published datasets[19,20]. The colon cancer microarray
expression data and corresponding clinical information were downloaded from the Gene Expression Omnibus (GEO)
database (https://www.ncbinlm.nih.gov/geo/) with accession number GSE17536.

Identification of differentially expressed genes and gene function enrichment analysis

The R package “limma” was used to identify the metabolic differentially expressed genes (DEGs) between CRC and
normal tissues, and the genes with an adjusted P-value < 0.05 and log2-fold change |log2 FC)| > 1 were visualized using
a volcano map. The top ten dysregulated metabolic genes (ranked by adjusted P-value) were analyzed using the R
package “ggplot2”. The R packages “clusterProfiler”, “org.Hs.eg.db”, and “enrichplot” were used to perform Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) of DEGs, and significantly enrichment GO and

KEGG categories (P-value < 0.05 and g-value < 0.05) were selected.

Consensus clustering and characterization of CRC based on metabolic DEGs

The R package “ConsensusClusterPlus” was used to cluster CRC based on metabolic DEGs. Clusters were visualized
using “pheatmap”. Pie and bar plots were used to display patient clinical parameters and the R package “survival” was
used to analyze differences of overall survival (OS) and progression free interval (PFI) across the three clusters.

Construction and validation of prediction model

Tumor samples from TCGA were randomly divided into training and test groups in a 1:1 ratio based on survival status.
Univariate survival analysis was performed for each gene to select candidate metabolic genes related to OS in the training
datasets. The least absolute shrinkage and selection operator (Lasso) algorithm was used to optimize the gene signatures,
and multivariate Cox regression analysis was used to calculate the formula for the prediction model. The R packages
“survival”, “survminer”, and “survival ROC” were used to analyze the differences of survival and receiver operating
characteristic (ROC) curve between high- and low-risk groups. Only gene signatures from prediction model were used
for validating in our clinical samples and GEO datasets.

Clinical specimens

Pairs of freshly frozen samples of primary CRC and adjacent tumor tissues (n = 82) were obtained from patients who
underwent surgical resection at the First Affiliated Hospital of Zhengzhou University. None of the patients received
preoperative chemotherapy, radiotherapy, or other tumor-specific treatments. Total of 82 patients were followed up
through an interview at the clinic or by telephone. The clinicopathological parameters of patients with CRC are
summarized in Table 1.

Cell culture and lentiviral transfection

CRC cell line RKO was cultured in the DMEM (Dulbecco’s Modified Eagle’s Medium-high glucose) (Sigma, United
States) supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 pg/mL streptomycin in a 5% CO,
atmosphere at 37 °C. To overexpress NOX4 in RKO cells, the target gene fragment was amplified using the primers listed
in Supplementary Table 1. The fragment was cloned into the lentiviral vector Ubi-MCS-3FLAG-CBh-gcGFP-IRES-
puromycin (GeneChem Co., Ltd., Shanghai, China). Next, lentiviruses containing the target fragment or negative control
were transfected into RKO cells. After 72 h, NOX4-overexpressing RKO cells were selected with puromycin (2 ug/mL;
Santa Cruz).

RNA extraction and real-time quantitative polymerase chain reaction

Total RNA was extracted using the Trizol reagent, and 1 pg of total RNA was reverse-transcribed using the PrimeScript
RT-PCR kit (Takara, Japan). Real-time quantitative polymerase chain reaction (RT-qPCR, Applied Biosystems, Grand
Island, NY, United States) was performed using the SYBR Green method (Takara, Japan). The 24*“ method was used to
quantify the relative NOX4 expression levels. The primers used for RT-PCR were listed in Supplementary Table 2.

Western blot analysis

Whole cell lysates were prepared using RIPA lysis buffer containing a protease inhibitor cocktail (Sigma-Aldrich) and
phosphatase inhibitor cocktail 2 (Sigma-Aldrich). Equal amounts of protein were loaded onto a 10% sodium-dodecyl
sulfate gel electrophoresis gel and then transferred to a polyvinylidene fluoride membrane (Bio-Rad, Hercules, CA,
United States). Membranes were blocked in 5% nonfat milk and incubated with primary antibodies overnight at 4 °C,
followed by treatment with secondary antibody for 2 h at 37 °C. The primary antibodies were NOX4 (1:1000, ab133303,
Abcam), phospho-p44/42 MAPK (Erk1/2) (1:2000, 4370T, Cell Signaling Technology), p44/42 MAPK (Erk1/2) (1:1000,
4695T, Cell Signaling Technology), MEK1/2 (1:1000, 8727T, Cell Signaling Technology), phospho-MEK1/2 (1:1000, 9154T,
Cell Signaling Technology), B-actin (1:5000, 4967S, Cell Signaling Technology). Blots were imaged using enhanced
chemiluminescence (Thermo Fisher, United States).
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Table 1 Basic information of patients and its relationship with nicotinamide adenine dinucleotide phosphate oxidase 4

Factor Category Total High NOX4 (N = 52) Low NOX4 (N = 30) Pvalue

Age (yr) 64.46+12.6 64.79 £12.38 63.9+13.18 0.765

Gender Female 49 (60) 31 (60) 18 (60) 1.000
Male 33 (40) 21 (40) 12 (40)

Tumor location Left colon or rectum 51 (62) 35 (67) 16 (53) 0.307
Right colon 31 (38) 17 (33) 14 (47)

Histopathology Well differentiated 31 (38) 17 (33) 14 (47) 0.373
Moderately differentiated 32 (39) 23 (44) 9 (30)
Poorly differentiated 19 (23) 12 (23) 7 (23)

pT T1 17 (21) 11 (21) 6 (20) 0.357
T2 26 (32) 13 (25) 13 (43)
118 24 (29) 17 (33) 7 (23)
T4 15 (18) 11 (21) 4(13)

pN NO 45 (55) 25 (48) 20 (67) 0.233
N1 26 (32) 18 (35) 8(27)
N2 11 (13) 9(17) 2(7)

rM MO 82 (100) 52 (100) 30 (100) 1.000
M1 0 0 0

pStage Stage I 19 (23) 5 (10) 14 (47) <0.001
Stage II 24 (29) 19 (37) 5(17)
Stage I1I 39 (48) 28 (54) 11 (37)

NOX4: Nicotinamide adenine dinucleotide phosphate oxidase 4.

Immunofluorescence staining

NOX4-overexpressing and negative control RKO cells were permeabilized with 0.3% Triton X-100 for 10 min and then
washed. The sections were incubated with primary antibodies anti-NOX4 (1:500, Abcam) and anti-p-ERK (1:200, Abcam)
overnight at 4 °C. Fluorescein isothiocyanate and Cy3-conjugated secondary antibodies (1:500, BioLegend) were used to
detect the primary antibodies. The stained cells were counterstained with 4¢6-diamidino-2-phenylindole (1:1000; Roche,
Basel, Switzerland) and analyzed using an IX71 inverted fluorescence microscope (model 1003; Olympus).

Immunohistochemical staining

CRC tissues and corresponding adjacent tissues were evaluated for NOX4 and p-Erk expression using immunohisto-
chemical (IHC) staining. Sections were treated with 3% hydrogen peroxide and 5% BSA, and then incubated with
primary antibodies (NOX4, 1:100, Abcam, Cambridge; p-Erk, 1:200, Abcam) overnight at 4 °C. Next, the sections were
incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at 37 °C, counterstained with hematoxylin,
and then visualized under a microscope (Olympus, Tokyo, Japan). NOX4 staining was semi-quantitatively evaluated
using a grading system based on staining intensity (scored as follows: 0, no staining; 1, weak staining; 2, moderate
staining; 3, strong staining) and the percentage of positive tumor cells (scored as follows: 0, none; 1, 1%-29%; 2, 30%-69%;
3, > 70%). The total IHC score for each tissue sample was calculated by multiplying the staining intensity score by the
positive tumor cell score. The final score, which ranged from 0 to 9 was defined as follows: 0, negative (-); 1-3 (+), weak; 4-
6 (++), moderate; and > 6, strong (+++).

Transwell migration and invasion assays

The migration and invasion of NOX4-overexpressing and negative control RKO cells were evaluated using transwell
assays. Briefly, 2 x 10° cells/well were cultured in foetal bovine serum-free DMEM in the upper chambers of a 8.0 pm
pore transwell insert (Corning, United States) and treated with either MEK inhibitor (MEKi, trametinib, 100 nM) or
vehicle control. For the invasion assay, the upper chambers of transwell plates were pre-coated with 40 pL Matrigel (1:8
dilution, BD Biosciences) at 37 °C for 30 min for gelling. Cells were cultured for 36 h, fixed with 4% paraformaldehyde
(Sigma-Aldrich; Merck KGaA) at 37 °C for 20 min, and then stained with 0.5% crystal violet (Sigma-Aldrich; Merck
KGaA) at 37 °C for 15 min. The number of invaded cells was counted under an optical microscope at 100 X magnification
(five random fields per sample).
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Cell proliferation, cell-cycle, and apoptosis assays

Cell viability of NOX4-overexpressing and negative-control RKO cells was evaluated using the cell counting kit-8 (CCKS,
Dojindo Molecular Technologies, Japan). Briefly, the RKO cells were seeded into 96-well plates at a density of 5 x 10°
cells/well. CCKS8 solution was added to each well at 24, 48, and 72 h, and cells were incubated for 30 min at 37 °C.
Absorbance at 450 nm was measured using a microplate reader (spectraMax iD3, PerkinElmer, United States). The cell
cycle was examined using propidium iodide (PI) (BD Biosciences) staining. Cells were washed with cold phosphate
buffered saline (PBS), fixed in 75% ethanol at -20 °C overnight, incubated with PI for 15 min, and then analyzed using
flow cytometry.

Wound healing analysis

NOX4-overexpressing and negative control RKO cells were seeded into 6-well plates at a density of 1 x 10° cells/well.
Next, three evenly-spaced vertical lines were made in each well using a 200 pL enzyme-free yellow pipette tip. The
culture medium was then removed, wells were washed three times with PBS, and 2 mL of serum-free DMEM was slowly
added. Images at 0, 24, and 48 h time points were obtained using an optical microscope at 100 x magnification.

Cell coloning experiment

NOX4-overexpressing and negative control RKO cells were seeded into the 6-well plates at a density of 1 x 10° cells/mL
and incubated in a 5% CO, atmosphere at 37 °C. When the cell clones in the wells were visible by eye, the cells were fixed
with 4% paraformaldehyde (Sigma-Aldrich; Merck KGaA) at 37 °C for 20 min, stained with 0.5% crystal violet (Sigma-
Aldrich; Merck KGaA) at 37 °C for 15 min, and the number of invaded cells was counted under an optical microscope.

Sphere formation analysis

NOX4-overexpressing and negative-control-RKO cells were seeded into low adhesion 6-well plates at a density of 2 x 10°
cells/mL and then cultured in tumor sphere formation medium [DMEM/F12 + basic fibroblast growth factor (20 ng/mL)
+ epidermal growth factor (20 ng/mL) + B27 (1:50) + Heparin (4 mg/mL)] in a 5% CO, atmosphere at 37 °C for 5-7 d. The
number of tumor spheres was counted using an optical microscope.

RNA-sequencing analysis

RNA-sequencing analysis were conducted by SeqHealth Technology Co., LTD (Wuhan, China). Principal component
analysis was performed using the R packages “FactoMineR” and “ggplot2”. “Limma” was used to identify DEGs and the
results were visualized using volcano and pheatmap plots. “ClusterProfiler” was used to perform GO and KEGG
analyses of the DEGs.

In vivo tumor experiments and treatments

Female BALB/c nude mice (5-6 wk-old) were purchased from Vital River Laboratory Animal Technology Co. Ltd.
(Beijing, China). The mice were housed under pathogen-free conditions. To generate a xenograft mouse model mice were
randomly divided into two groups (n = 6/ group). NOX4-overexpressing and negative control RKO cells (5 x 10 were
injected subcutaneously and intravenously. Tumor volume was evaluated every 3 d using digital calipers. Next, the mice
were intravenously treated with: (1) trametinib (1 mg/kg, daily; n = 3); or (2) Vehicle control (n = 3) at day 14. At day 28,
mice were sacrificed, and the tumors and lungs were harvested for further analysis. All animal experiments were
approved by the Institutional Animal Care and Use Committee of the First Affiliated Hospital of Zhengzhou University,
China.

Statistical analysis

Statistical analysis was performed using the R software (version 4.0.1) and GraphPad Prism (version 9). Two-tailed
unpaired or paired f-tests were used to compare the differences between two groups in vitro experiments, the Wilcoxon
test was used to compare the differences between two groups in the bioinformatic analysis, and analysis of variance
(ANOVA) was used to compare the differences between more than two groups, data were showed by mean + SEM. P <
0.05 was considered statistically significant.

RESULTS

Identification of dysregulated metabolic genes in CRC tissues

To evaluate the expression of metabolic genes in CRC, we integrated two published metabolic datasets and performed a
multistep analysis (Figure 1A). Total of 3341 metabolic genes were selected, of which 942 DEGs were identified dysreg-
ulated in tumor and adjacent normal tissues (726 genes were upregulated in tumor tissues and 216 genes were downreg-
ulated) (Figure 1B). The top ten DEGs, as shown in a boxplot, were all upregulated in tumor tissues (Figure 1C). The top
five KEGG signaling pathways for the upregulated DEGs enrichment were: Biosynthesis of amino acids; GABAergic
synapse; alanine, aspartate, and glutamate metabolism; steroid biosynthesis and bile secretion. The downregulated DEGs
were enriched in chemical carcinogenesis, drug metabolism-cytochrome P450, bile secretion, xenobiotic metabolism by
cytochrome P450, morphine addiction, and retinol metabolism (Figure 1D). The GO annotation results revealed that the
upregulated DEGs were primarily enriched in the transmembrane transporter activity of anions and metabolites, whereas
the downregulated genes were involved in the channel activity of ions, as well as transmembrane transporter activity
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Figure 1 Identification of dysregulated metabolic genes in tumor tissues. A: Multi-step analysis of metabolic genes in this study; B: Volcano plot
showing metabolic differentially expressed genes (DEGs) between tumor and adjacent tissues; C: Box plots showing the top ten metabolic DEGs based on the
adjusted P-value; D: Bar plot showing top ten upregulated and downregulated Kyoto Encyclopedia of Genes and Genomes items; E: Pheatmap showing the
consensus matrix (k = 3); F and G: Kaplan-Meier curves showing overall survival and progression free interval across three clusters. °P < 0.01. GO: Gene Ontology;
KEGG: Kyoto Encyclopedia of Genes and Genomes; NOX4: Nicotinamide adenine dinucleotide phosphate oxidase 4; FC: Fold change; OS: Overall survival; PFI:
Progression free interval.

(Supplementary Figure 1A). Consensus clustering of CRC samples using these dysregulated DEGs identified three
clusters (Figure 1E), and each cluster had a unique gene expression pattern of dysregulated DEGs (Supplementary Figure
1B). Cluster 3 (C3) had a higher proportion of patients with a smaller tumor size (T1 + T2), lower stage (stage I + stage II),
less metastasis (M0 and NO), and higher microsatellite instability (MSI) than C1 and C2 (Supplementary Figure 1C-G). In
line with these results, C3 had longer OS and PFI (Figure 1F and G).

Construction and validation of prediction model using survival-related genes

We next performed a unicox test and found that 536 metabolic genes correlated with OS. LASSO regression analysis
identified six gene signatures that could predict OS (Supplementary Figure 2A and B). Using multivariate Cox regression
analysis, we constructed the risk score model formula as follows: -0.38 x CPT2 expression - 0.64 x PGM2 expression - 0.06
x CLCAL1 expression + 0.20 x RYR2 expression - 0.54 x ARSK expression + 0.16 x SLC6A1 expression (Supplementary
Figure 2C). Next, we calculated the risk score of each patient using this formula and found that patients with high-risk
scores had worse survival times in the training, test, and GEO datasets (Figure 2A and B, Supplementary Figure 2D).
ROC analysis revealed that this prediction model had a high predictive efficacy across three datasets (Figure 2D and E,
Supplementary Figure 2E). Next, our clinical cohort was used to validate the prediction model and clinical information
was summarized in Table 1. In line with our findings, patients with high risk showed shorter survival time (Figure 2C).
The prediction model showed high ROC values (Figure 2F). Univariate and multivariate analyses of the risk scores
combined with several other clinical parameters revealed that risk score, age, M-stage, and N-stage were correlated with
OS and could serve as independent survival risk factors in CRC (Figure 3A and B). In addition, the ROC analysis showed
that the risk score had the highest sensitivity and specificity (Figure 3C). Finally, we constructed a nomogram using these
independent risk scores to predict the survival of patients with CRC (Figure 3D).

NOX4 promotes tumor progression in CRC

To identify potential metabolic targets, the upregulated DEGs (logFC > 2.5, adjusted P value < 0.05) in tumor tissues were
overlapped with unfavorable survival-related genes (P < 0.01) (Figure 4A). Three genes were identified: NOX4, Biglycan,
and phosphatidic acid phosphatase type 2 domain containing 1A. Between these three genes, NOX4 had the highest
expression levels in tumor tissues (Table 2, Supplementary Figure 3A and B), indicating its potent role in promoting
tumor progression. In line with these results, our clinical data demonstrated that NOX4 was highly expressed in tumor
tissues at both mRNA and protein levels (Figure 4B-D). Furthermore, high NOX4 expression levels predicted a shorter OS
and a higher stage of CRC (Figure 4E, Table 2). We next overexpressed NOX4 in the CRC cell line RKO (Supplementary
Figure 3C-E). and found that the overexpression of NOX4 induced clone and tumorsphere formation, as well as cell
migration and invasion of tumor cells (Figure 4F-]), while it had no effect on cell proliferation, cell cycle, and apoptosis
(Supplementary Figure 3F-H).

NOX4 activates MAPK/MEK1/2/ERK1/2 signaling

To elucidate the NOX4-mediated signaling pathway, we performed RNA-sequencing analysis of wild-type (RKO-Ctrl)
and NOX4-overexpressing RKO (RKO-OE) cells. Our results showed distinct transcriptional expression patterns in RKO-
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Table 2 Three genes obtained from the intersection of differential genes and prognostic genes in colorectal cancer

Gene symbol Log FC HR Function

NOX4 2.868242 1.197865 Constitutive NADPH oxidase which generates superoxide intracellularly

BGN 2.368592 1.259598 May be involved in collagen fiber assembly

PPAPDCIA 2.345055 1.126713 Magnesium-independent phospholipid phosphatase with broad substrate specificity

NOX4: Nicotinamide adenine dinucleotide phosphate oxidase 4, NADPH: Nicotinamide adenine dinucleotide phosphate; FC: Fold change; HR: Hazard
ratio.
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Figure 2 Construction and validation of the prediction model. A-C: Kaplan-Meier curves showing the survival differences between high and low-risk
groups in training, test datasets and our clinical cohort; D-F: Receiver operating characteristic curves showing the area under curve in training, test datasets and our
clinical cohort. AUC: Area under curve.
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Figure 3 Validation of the risk score and survival prediction model. A and B: Forest plots showing the univariate and multivariate analysis of risk scores
and other clinical parameters; C: Receiver operating characteristic analysis showing the area under curve of each factor for predicting colorectal cancer overall
survival; D: Construction of nomogram using the independent risk score. 2P < 0.05, °P < 0.01. AUC: Area under curve.

Ctrl and -OE cells (Figure 5A). Of the DEGs between two groups, NOX4 was the most DEG among the upregulated
genes, validating our transfection efficiency (Figure 5B, Supplementary Figure 4A). GO analysis of the upregulated DEGs
revealed that these genes were involved in RNA polymerase II transcription factor activity, DNA and ion binding.
Furthermore, GO analysis of the downregulated genes demonstrated that DEGs were enriched in “protein binding’
(Supplementary Figure 4B). KEGG analysis showed that the upregulated DEGs were mostly enriched in the MAPK signal
transduction pathway (Figure 5C), indicating that NOX4 could be involved in MAPK signaling. The RAS-RAF-MEK1/2-
ERK1/2 axis is one of MAPK classic activation pathways[21] and our results showed that the overexpression of NOX4
increased the levels of phosphorylated MEK and its downstream target phosphorylated ERK; however, these effects were
reversed by the MEK inhibitor, trametinib (Figure 5D and E). In addition, the inhibition of MAPK signaling by trametinib
decreased clone formation, migration, invasion, and sphere formation in CRC cells (Figure 5F-]).

NOX4 promotes tumorigenesis and metastasis through MAPK signaling in vivo

We next constructed a subcutaneous CRC xenograft model in nude mice using RKO-Ctrl and RKO-OE cells. The results
showed that NOX4 overexpression promoted subcutaneous tumor growth (Figure 6A and B). In addition, IHC analysis
indicated that RKO-OE cells induced NOX4 overexpression and ERK phosphorylation in tumor tissues (Figure 6C).
Meanwhile, we established a lung metastasis tumor model using a tail vein injection to evaluate the role of NOX4 in
metastasis in vivo. Our results demonstrated that a higher number of pulmonary nodules was observed in mice injected
with RKO-OE cells compared to RKO-Ctrl injected mice, whereas trametinib treatment reduced the number of NOX4-
mediated metastasis (Figure 6D-F).

DISCUSSION

Metabolic reprogramming is a feature of cancer, numerous studies have shown that dysregulated metabolic process
promotes CRC progression[22,23]. Herein, we identified all dysregulated metabolic genes in CRC and comprehensively
analyzed their function.

CRC is heterogeneous and can be divided into several subgroups which correlate with disease prognosis and treatment
efficiency. Chromosomal instability accounts for 85% of CRC and is characterized by the activation of proliferation
pathways[24]. MSI involves changes in the number of short repeated sequences called microsatellites that are spread
across the genome, and patients with MSI-high have longer survival rates and would benefit from immunotherapy[7].
The CpG island methylator phenotype is characterized by high levels of CpG island hypermethylation at the promoters
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Figure 4 Nicotinamide adenine dinucleotide phosphate oxidase 4 induces colorectal cancer progression. A: Venn diagram showing the overlap
of metabolic differentially expressed genes and genes correlated with poor prognosis; B: Quantitative real-time polymerase chain reaction analysis of nicotinamide
adenine dinucleotide phosphate oxidase 4 (NOX4) expression in tumor and adjacent normal tissues; C: Immunohistochemical representative images of NOX4
expression in colorectal cancer patient samples; D: Quantification of NOX4 expression in tumor and adjacent normal tissues in tumor samples; E: Kaplan-Meier
curves showing the overall survival between high and low-NOX4 expression groups in our dataset; F and G: Clone and sphere formation was evaluated in NOX4-
overexpressing RKO (RKO-OE) and wild-type (RKO-Ctrl) cells; H-J: Cell invasion and migration of RKO-OE and RKO-Ctrl cells were measured using the transwell
chamber assay and scratch assay. 2P < 0.05, °P < 0.01. DEG: Differentially expressed gene; NOX4: Nicotinamide adenine dinucleotide phosphate oxidase 4.
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Figure 5 Nicotinamide adenine dinucleotide phosphate oxidase 4 promotes activation of mitogen-activated protein kina-
se/MEK1/2/ERK1/2 signaling. A: Principal component analysis of the transcription patterns in nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4)-
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overexpressing RKO (RKO-OE) and wild-type (RKO-Ctrl) cells; B: Volcano map showing the differentially expressed genes between RKO-OE and RKO-Ctrl cells; C:
Bar plot showing top ten Kyoto Encyclopedia of Genes and Genomes; D: Pattern diagram showing the RAS-RAF-MEK1/2-ERK1/2 axis; E: Western blot analysis
showing the expression of NOX4, MEK, pMEK, ERK, pERK in RKO-OE and RKO-Ctrl cells, cultured with or without trametinib; F-J: Clone formation, invasion,
migration, sphere formation in RKO-OE and RKO-Ctrl cells, cultured with or without trametinib. 2P < 0.05, °P < 0.01. NOX4: Nicotinamide adenine dinucleotide
phosphate oxidase 4; FC: Fold change; MAPK: Mitogen-activated protein kinase.
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Figure 6 Nicotinamide adenine dinucleotide phosphate oxidase 4 promotes tumorigenesis and metastasis in vivo. A: Volume of nicotinamide
adenine dinucleotide phosphate oxidase 4 (NOX4)-overexpressing RKO and wild-type tumor and measured at indicated time points; B: The representative image of
subcutaneous tumors at the end of the experiment (day 28); C: Immunohistochemical staining analysis showing NOX4 and pERK expression in two groups; D: The
representative image of metastatic nodes in the mouse lung tissue; E: Hematoxylin-eosin staining of tumor metastasis in mouse lung tissues; F: Quantification of
tumor metastasis in lung tissues. 2P < 0.05, °P < 0.01. NOX4: Nicotinamide adenine dinucleotide phosphate oxidase 4.

of several tumor suppressor genes[25]. Guinney ef al[26] used a large gene expression dataset to identify four molecular
subtypes called consensus molecular subtypes. Herein, we observed remarkable differences in prognosis of patients with
CRC who were subgrouped by metabolic genes, indicating that metabolic classification is an important method for
defining heterogeneity. For example, Xiao et al[27] generated a large metabolomic atlas of triple-negative breast cancers
and classified these triple-negative breast cancers into three distinct metabolomic subgroups, while Liu et al[28] identified
two CRC immune phenotypes using consensus clustering of immune-related gene expression profiles. Song et al[29] used
survival-related N6-methyladenosine (m6A)-modified Long non-coding RNAs to classify CRC and to identify two
subtypes. These results, combined with our findings, revealed a different perspective on CRC heterogeneity.

NOX4 plays a central role in generating ROS to facilitate tumor progression in several types of cancers. NOX4 has been
identified as a modulator of two oncogenic signaling pathways, hypoxia inducible factor 1 signaling and AMP-activated
protein kinase signaling[30,31]. In this study, we found that NOX4 was overexpressed in tumor tissues. Similar findings
describing the role of NOX4 in CRC have been previously reported[32,33]. NOX4 overexpression in CRC cells
upregulated clone formation, stemness, migration, and invasion in vitro, but had no effects on cell proliferation and
apoptosis. The overexpression of NOX4 increased subcutaneous tumor volume and weight in vivo, which could have
been caused by the enhanced ability to form clones and augment stemness. We also observed that NOX4 overexpression
increased lung metastasis in vivo. Shen et al[34] reported that angiopoietin-like 4 induced the expression of NOX4 to
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promote CRC metastasis, while Cho et al[35] analyzed the expression of the NOX family and found that NOX4 expression
levels were related to the degree of tumor malignancy. Mechanistically, we found that NOX4 activates the MAPK/
MEK1/2/ERK1/2 signaling pathway. MAPKs are well-known oncogenic signaling molecules involved in tumor
progression[36]. Mutations and the overexpression of genes involved in MAPK signaling have been frequently observed
in CRC[37]. Previous studies have shown that NOX4 can activate MAPK signaling in pancreatic carcinoma and breast
cancer[38,39]. In our study, RNA-sequencing analysis results showed that the overexpression of NOX4 activated MAPK
signaling, and in vitro and in vivo analyses demonstrated that the inhibition of MAPK signaling (trametinib) abolished
NOX4-mediated tumor growth and metastasis. Our findings further demonstrated the correlation between NOX4
expression and MAPK signaling and highlighted trametinib targeting NOX4 to inhibit MAPK signaling in CRC.

In summary, our in vitro and in vivo studies have explored the tumorigenic functions of NOX4 and downstream MAPK
signaling. Our results suggest that NOX4 induces tumor progression and, therefore, could be used as a potential
metabolic target in CRC.

CONCLUSION

In this study, we identified metabolic DEGs and comprehensively explored their expression and function in CRC. The
CRC clusters based on dysregulated metabolic genes provided a novel insight into the heterogeneity of CRC. A
prediction model generated using metabolic gene signatures could be used to predict patient prognosis. In summary, our
in vitro and in vivo studies have explored the tumorigenic functions of NOX4 and downstream MAPK signaling. Our
results suggest that NOX4 induces tumor progression and, therefore, could be used as a potential metabolic target in
CRC.

ARTICLE HIGHLIGHTS

Research background

Colorectal cancer (CRC) is the leading cause of cancer-related death. Although conventional therapy has improved the
prognosis of CRC, majority of patient do not well respond to these therapies. Therefore, identification of new targets is
urgent for CRC.

Research motivation
Metabolic reprogramming is the major cause of therapy failure. In this study, we aim to explore the metabolic alteration
in CRC tumor tissue and identify the key metabolic genes mediated this process.

Research objectives

We aim to explore the differently expressed metabolic genes between tumor and normal tissue as well as correlated with
survival. In addition, we want to construct a prediction model based on this metabolic gene and identify key metabolic
genes.

Research methods

We used bioinformatics analysis to identify differently expressed genes and survival related genes. Cox regression model
was used to construct prediction model. Tumor biology experiments and in vivo mouse model were used to validate the
role of nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) in mediating CRC progression.

Research results

We found that most of metabolic genes were dys-regulated between tumor and normal tissue. The NOX4 was the key
metabolic gene that promoted proliferation, migration invasion and stemness of tumor cell through mitogen-activated
protein kinase signaling pathway. In vivo mouse models, over-expression of NOX4 increased tumor growth and
metastasis.

Research conclusions
NOX4 is a key metabolic gene that promote CRC progression.

Research perspectives
Combined therapies with targeting NOX4 may be a promising strategy for CRC treatment.
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