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ABSTRACT
Background/Aims: Incidence of colorectal cancer is rapidly increasing worldwide. Extracellular superoxide dismutase (EcSOD; SOD3) is 
an antioxidant enzyme. However, SOD3 roles in colorectal cancer progression remain uncertain.
Materials and Methods: Superoxide dismutase 3 expression was evaluated, and we analyzed clinical relevance of SOD3 expression in 
colorectal cancer. Subsequently, SOD3 roles in colorectal cancer progression were detected by gain of function experiments. Changes 
in subcutaneous tumor and liver nodule size after SOD3 overexpression were examined in nude mice. The expression of proliferation 
marker Ki67 was assessed by immunohistochemical staining.
Results: Supperoxide dismutase 3 was downregulated in colorectal cancer (P < .01). Downregulation of SOD3 was correlated with unfa-
vorable outcomes (P < .05). Superoxide dismutase 3 upregulation limited the proliferative (P < .05), migrative (P < .01) and invasive 
actions of colorectal cancer cells (P < .01) by suppressing epithelial–mesenchymal transition. Moreover, SOD3 overexpression reduced 
Ki67 expression (P < .01) and blocked tumor growth (P < .01) and liver metastasis (P < .001) in mouse tumor model.
Conclusion: Superoxide dismutase 3 upregulation attenuates tumor growth and liver metastasis in colorectal cancer, suggesting that 
SOD3 has potential diagnostic and prognostic values regarding colorectal cancer treatment.
Keywords: Colorectal cancer, extracellular superoxide dismutase, metastasis, epithelial–mesenchymal transition, prognosis

INTRODUCTION
Colorectal cancer (CRC) is increasing in the incidence. In 
2020, approximately 1.93 million people were newly diag-
nosed with CRC, and there were approximately 930 000 
deaths worldwide.1 Colorectal cancer development is 
attributed to age, genetic and environmental factors.2-4 
Currently, CRC is commonly treated with colectomy, che-
motherapy, and immunotherapy. However, approximately 
35%-55% of patients with CRC. still develop liver metas-
tasis, which seriously affects prognosis in patients with 
CRC.5,6 Colorectal cancer is easily misdiagnosed due to its 
asymptomatic nature in the early stages, which leads to 
diagnosis at advanced disease stages, increasing the risk 
of tumor metastasis.7 The predominant contributor to 
CRC-related death for 90% of patients is tumor metas-
tasis, which is strongly with epithelial–mesenchymal tran-
sition (EMT).8 Thus, the investigation of novel targets that 

can modulate EMT is beneficial for improving CRC treat-
ment and prognosis.

Heparanase can cleave heparan sulfate side chains to 
modify the extracellular matrix integrity, enhancing tumor 
cell invasion. Cleavage of heparan sulfate by heparanase 
also induces the secretion of bioactive cytokines, pro-
moting tumor growth.9 In addition to heparanase, reactive 
oxygen species (ROS) are found to exert effects on hepa-
ran sulfate degradation. Superoxide dismutase (SOD), a 
cellular antioxidant, can convert superoxide radicals into 
hydrogen peroxide, providing the primary defense against 
ROS.10 Scavenging ROS with SOD contributes to improv-
ing heparan integrity and blocking heparanase-mediated 
tumor development.11 Extracellular SOD (EcSOD; SOD3) 
has been found to bind to heparan sulfate in the extracel-
lular environment and can protect heparan sulfate from 
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fragmentation induced by oxidative species.12 Emerging 
evidence implicates SOD3 downregulation in many can-
cers, including pancreatic ductal adenocarcinoma,13 lung 
cancer14 and prostate cancer.15 Simultaneously, overex-
pression of SOD3 can inhibit tumor growth and metas-
tasis.16 As reported, SOD3 expression is significantly 
decreased in CRC tumor samples.17 Nevertheless, the 
potential function of SOD3 in CRC progression is still 
unknown. Therefore, we investigated the association 
between SOD3 expression and CRC progression. We 
hypothesized that SOD3 might inhibit CRC development, 
and it might be a potential target for CRC treatment.

MATERIALS AND METHODS
Patients
This study included 80 CRC patients who had undergone 
radical resection at Xiangyang Central Hospital, Affiliated 
Hospital of Hubei University of Arts and Science from 
January 2018 to July 2021. Patients with newly diagnosed 
CRC who didn’t receive chemotherapy or radiotherapy 
were included. However, patients with other clinical dys-
function, recurrent CRC, or those who died of unrelated 
reasons were excluded from the study. We performed 
a 5-year follow-up study on the survival conditions of 
these patients. All participants signed informed consent. 
The protocol of this study was approved by the Ethics 
Committee of Xiang Yang Central Hospital (approval 
number: KY-20220114-003, date: January 14, 2022). 
The tumor and adjacent non-tumor tissues (within 2 cm 
around tumors) were collected.

Cell Culture
Human CRC cell lines (SW620, SW480, DLD-1, and 
HCT116) and normal intestinal epithelial cell line 
(NCM460) acquired from Sunncell (Wuhan, China) were 
cultured in RPMI-1640 medium containing 10% fetal 
bovine serum (FBS) and 1% penic​illin​–stre​ptomy​cin 

(Sigma-Aldrich, Shanghai, China) at 37°C with 5% CO2 
under humidified conditions.

Gene Transfer into Colorectal Cancer Cells
The adenovirus infection method was used to overexpress 
SOD3 as previously described.18 DLD-1, HCT116, SW480, 
and SW620 cells were seeded on 6-well plates (1.5 × 105 
cells/well), incubated for 2 hours, and infected with the 
Ad-SOD3-EGFP (overexpression vector) or Ad-EGFP 
(empty vector) for 48 hours. The experimental group was 
as follows: Ad-EGFP group (vector) and Ad-SOD3-EGFP 
group (SOD3).

Real Time-Quantitative Polymerase Chain Reaction
Total RNA was isolated via a TRIzol reagent (Sigma-
Aldrich), and its concentration was examined using a 
NanoDrop 1000 spectrophotometer (ThermoFisher 
Scientific, Shanghai, China). Then, RNA (1 mg) was 
reverse-transcribed into cDNA using a PrimeScript RT 
reagent kit (Jinpan Biotech, Shanghai, China). Real time 
quantitative polymerase chain reaction (RT-qPCR) was 
performed on an ABI 7500 instrument. Glyce​ralde​hyde-​
3-pho​sphat​e dehydrogenase (GAPDH) served as an 
internal reference for mRNA detection. Quantification 
was conducted using the 2−△△Ct method.19 The primer 
sequences were listed in Table 1. The correlation between 
SOD3 expression and clinicopathological characteristics 
of CRC was listed in Table 2.

Western Blotting
Total protein was extracted by RIPA lysis buffer 
(MedChemExpress, Shanghai, China) containing protease 
inhibitor cocktails and phosphatase inhibitor cocktails 
and centrifuged at 12 000 g for 10 minutes at 4°C. Then, 
quantification of protein concentration was performed 
via a BCA Protein Assay Kit (Beyotime). Next, protein 
samples (20 μg/group) were separated by SDS-PAGE 
and transferred onto PVDF membranes. After blocking 

Main Points
•	 Superoxide dismutase 3 (SOD3) levels are downregulated 

and their downregulation exhibits unfavorable outcomes in 
colorectal cancer.

•	 Overexpression of SOD3 prevents colorectal cancer cell 
proliferation.

•	 Overexpression of SOD3 prevents the malignant pheno-
types of colorectal cancer cells through inhibition of epi-
thelial–mesenchymal transition.

•	 Elevation of SOD3 limits tumor growth and reduces 
Ki67 expression in vivo.

•	 Overexpression of SOD3 suppresses liver metastasis in 
animal models.

Table 1.  Sequences of Primers Used for Reverse Transcription 
Quantitative Polymerase Chain Reaction

Gene (Human) Sequence (5’⟶3’)

SOD3 forward CATGCAATCTGCAGGGTACAA

SOD3 reverse AGAACCAAGCCGGTGATCTG

GAPDH forward ATATTGTTGCCATCAATGACC

GAPDH reverse ATATTGTTGCCATCAATGACC
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SOD3, superoxide dis-
mutase 3.
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using 5% skimmed milk, the membranes were incubated 
overnight with anti-N-cadherin (ab76011, 1:5000), anti-
SOD3 (ab80946, 1:1000), anti-GAPDH (ab8245, 1:2000), 
anti-E-cadherin (ab40772, 1:2000), and anti-vimen-
tin (ab92547, 1:3000) primary antibodies at 4°C and 
then incubated with secondary antibodies for 2 hours. 
Antibodies were acquired from Abcam (Shanghai, China). 
The immunoblots were visualized using an enhanced 
chemiluminescence reagent (Yeasen) and analyzed by 
ImageJ software.

Wound Healing Assays
Cell migration was assessed as previously described.20 
Cells were incubated in 6-well plates (2 × 105 cells/well) 
for 12 hours. When growing to 100% confluence, the cell 
monolayer was scratched via a 10 μL pipette tip. Then, 
the cells were incubated in serum-free medium at 37°C, 
and imaged at 0 and 24 hours by an inverted microscope 
(Olympus, Tokyo, Japan).

Cell counting kit-8 (CCK-8)
The DLD-1, HCT116, SW480, and SW620 cells seeded in 
96-well plates (2 × 104 cells/well) were incubated at 37°C 
with 5% CO2 for 24, 48, 72, and 96 hours prior to the 

addition of 10 μL CCK-8 solution (Yeasen) to each well. 
After 2 hours, a spectrophotometer (Molecular Devices, 
Shanghai, China) was used to read the absorbance at 
450 nm.

Cell Proliferation Assays
Cell proliferation was assessed as previously described.21 
Briefly, 2 × 103 cells were added to RPMI-1640 medium 
containing 0.35% low-melting agarose and 20% FBS, and 
then the mixture was layered on top of the base layer of 
0.7% low-melting agarose. The cells were then inoculated 
into 6-well plates. After 2 weeks, colonies were subjected 
to 0.4% crystal violet staining and imaged via a digital 
camera (Nikon, Tokyo, Japan).

Transwell Assay
Cell motion was assessed through Transwell cham-
bers.20 The cells (5 × 104) suspended in 200 μL serum-
free medium were incubated in the upper chambers 
for 24 hours for migration assays. The upper chambers 
were precoated with Matrigel (Sigma-Aldrich), and 600 
μL medium containing 10% FBS was added to the lower 
chamber and incubated for 48 hours for invasion assays. 
After removal of non-migrating or non-invasive cells, the 
migrated or invaded cells were fixed with 4% paraformal-
dehyde for 20 minutes, stained with crystal violet for 15 
minutes, and counted by a light microscope.

Tumor Xenograft Model
Tumor xenograft model was established using a pre-
viously described method.22 BALB/c nude mice (male, 
4 weeks; Cyagen, Suzhou, China) were raised under 
pathogen-free conditions with free food and water 
and randomly divided as follows: vector (DLD-1) group, 
SOD3 (DLD-1) group, vector (HCT116) group, and SOD3 
(HCT116) group. DLD-1 and HCT116 cells carrying 
SOD3 overexpression or empty vector were suspended 
in PBS (5 × 106 cells in 0.1 mL PBS) and subcutaneously 
injected into the right dorsal flanks of mice. Each group 
had 4 mice. On day 21 post operation, mice were sac-
rificed by cervical dislocation, and tumor tissues were 
harvested and weighed. All animal experiments were 
approved by the Laboratory Animal Ethics Committee 
of Hubei University of Arts and Science (approval num-
ber: HDRM20230201-1, date: February 1, 2023).

Immunohistochemical Staining
Immunohistochemical staining was performed using 
a previously documented method.23 Briefly, paraffin-
embedded tissues were sectioned into 4 μm slices, 

Table 2.  Correlation Between Superoxide Dismutase 3 Expression 
and Clinicopathological Characteristics of Colorectal Cancer

Characteristics Cases
SOD3

Low (39)
SOD3

High (41) P

Gender Male 51 24 27 .869

Female 29 15 14

Age <60 37 17 20 .642

≥60 43 22 21

Tumor location Colon 53 26 27 .939

Rectum 27 13 14

T stage T1-2 48 16 32 .001

T3-4 32 23 9

N stage N0 43 15 28 .007

N1-2 37 24 13

M stage M0 45 20 25 .382

M1 35 19 16

Differentiation Low 16 5 11 .038

Medium 48 22 26

High 16 12 4

Size <4.5 cm 41 20 21 .996

≥4.5 cm 39 19 20
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dewaxed and rehydrated. After incubation in 3% H2O2 
at room temperature for 15 minutes and boiling in 0.01 
M citrate buffer (pH 6.0), the slices were incubated with 
the primary antibody against the proliferation marker 
Ki67 (ab15580, 1:100; Abcam) overnight at 4°C and 
then incubated with biotin-labeled secondary antibody 
at room temperature for 1 hour. Positive signal of target 
protein was amplified by streptavidin and biotin-labeled 
horseradish peroxidase in SABC-HRP kit (Beyotime) and 
observed using an optical microscope (Olympus).

Liver Metastasis Assay
BALB/c mice (5 mice in each group) were subjected to 
intrasplenic injection of DLD-1 or HCT116 cells (2 × 106) 
that suspended in PBS and sacrificed after 5 weeks.24 
Their liver specimens were harvested, fixed in 10% para-
formaldehyde, paraffin-embedded, and cut into 5 μm 
slices. After dewaxing and rehydrating, the liver slices 

were stained with hematoxylin and eosin (Sigma-Aldrich) 
and imaged via a light microscope (Olympus).

Statistical Analysis
All data was averaged from 3 independent experiments. 
Two observers who were blinded to the experimental 
design participated in statistical analysis. All results were 
analyzed by GraphPad Prism and reported as the mean ± 
SD. One-way analysis of variance followed by Tukey’s post 
hoc analysis and Student’s t-test were used for statistical 
analysis. P < .05 was considered statistically significant.

RESULTS
Superoxide Dismutase Is Downregulated in Colorectal 
Tissues and Cells and Its Downregulation Predicts a 
Poor Prognosis in Patients with Colorectal Cancer
Colorectal cancer tumor tissues exhibited a higher SOD3 
mRNA level than adjacent normal tissues (Figure 1A). 

Figure 1.  SOD3 is downregulated in CRC tissues and cells and its downregulation predicts a poor prognosis. (A) RT-qPCR to measure the 
mRNA level of SOD3 in 80 paired CRC and adjacent normal tissues. (B) Western blotting to measure the protein level of SOD3 in 8 randomly 
selected paired tissues. (C and D) Overall survival and disease-free survival analysis according to the expression of SOD3. (E-G) RT-qPCR and 
western blotting to evaluate the mRNA and protein levels of SOD3 in the NCM460 cell line and CRC cell lines (SW620, SW480, DLD-1, and 
HCT116). Data are shown as mean ± SD. **P < .01, ***P < .001. SOD3, superoxide dismutase 3; RT-qPCR, real-time quantitative polymerase 
chain reaction.
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Then, the SOD3 protein level in 8 pairs of randomly cho-
sen CRC tumor and adjacent normal tissues was mea-
sured through western blotting. The SOD3 protein level 
was statistically downregulated in CRC tumor samples 
(Figure 1B). In CRC patients, SOD3-low expression was 
significantly related to T and N stages and tumor dif-
ferentiation (Table 2). In parallel, SOD3-low expression 
was correlated with an unfavorable prognostic outcomes 
(Figure 1C and 1D). Next, the expression of SOD3 in 
SW620, SW480, DLD-1, HCT116, and NCM460 was eval-
uated via RT-qPCR and western blotting. We found sta-
tistically downregulated SOD3 mRNA and protein levels 
in CRC cells (Figure 1E-G). Collectively, SOD3 is down-
regulated in CRC, and its downregulation predicts a poor 
prognostic outcomes.

Superoxide Dismutase 3 Overexpression Inhibits 
Colorectal Cancer Cell Viability and Proliferation
Due to the downregulation of SOD3 in CRC cells, we 
effectively overexpressed SOD3 expression in the DLD-
1, HCT116, SW480, and SW620 cell lines (Figure 2A). 

Superoxide dismutase 3 upregulation limited CRC cell 
proliferation (Figure 2B-F). Subsequently, we used DLD-1 
and HCT116 cells due to the more effective viability and 
proliferation. inhibitory effects of SOD3 upregulation on 
DLD-1 and HCT116 cells than the other 2 cell lines.

Superoxide Dismutase 3 Overexpression Limits 
Malignant Phenotypes of Colorectal Cancer Cells by 
Regulating Epithelial–Mesenchymal Transition
To verify if SOD3 overexpression attenuated the meta-
static capability of CRC cells, Transwell assays were con-
ducted. Superoxide dismutase 3 upregulation markedly 
inhibited cancer cell migration and invasion (Figure 3A and 
3B). Then, wound healing assays confirmed the migratory 
suppressive effect of SOD3 upregulation (Figure 3C and 
3D). Moreover, as western blotting revealed, SOD3 over-
expression notably increased E-cadherin protein level 
while downregulating N-cadherin and Vimentin protein 
levels in CRC cells (Figure 3E and3F). The above findings 
suggest that SOD3 upregulation suppresses CRC cell 
metastasis by inhibiting EMT.

Figure 2.  Supeoxide dismutase 3 elevation blocks CRC cell proliferation. (A) RT-qPCR was performed to detect the overexpression efficiency 
of the SOD3 overexpression vector in DLD-1, HCT116, SW480, and SW620 cells. (B) CCK-8 assays were conducted to assess cell viability. 
(C-F) Colony formation assays were used to evaluate cell proliferation. Data are shown as mean ± SD. *P < .05, **P < .01, ***P < .001.
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Superoxide Dismutase 3 Overexpression Inhibits 
Colorectal Cancer Tumor Growth
Next, we established a classical xenograft mouse model 
to further assess the potential antitumorigenic effect 
of SOD3 overexpression. Tumor tissues in different 
groups were presented in Figure 4A. Tumor weight and 
size were remarkably decreased in SOD3 overexpress-
ing groups (Figure 4B and 4C). Ki67 serves as a marker 
of cell proliferation, and its expression was measured by 
immunohistochemistry staining. Figure 4D presents the 

representative images of Ki67 staining. The Ki67 quanti-
fication suggested that SOD3 elevation inhibited tumor 
cell proliferation (Figure 4E). These results indicate that 
SOD3 overexpression effectively inhibits tumor growth 
and CRC proliferation in mice.

Superoxide Dismutase 3 Overexpression Suppresses 
Colorectal Liver Metastasis
Male BALB/c nude mice were subjected to intras-
plenic injections of cancer cells and sacrificed after 5 

Figure  3.  Superoxide dismutase 3 overexpression limits CRC cell malignancies by regulating epithelial–mesenchymal transition. (A-D) 
Transwell assays and wound healing assays to assess cell migration and invasion. (E and F) Western blotting of SOD3, E-cadherin, N-cadherin, 
and Vimentin protein levels. Data are shown as mean ± SD. **P < .01, ***P < .001. CRC, colorectal cancer; SOD3, superoxide dismutase 3.
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weeks. Hematoxylin and eosin-stained livers of SOD3-
overexpressed mice displayed reduced metastatic nod-
ules (Figure 5A and 5B). These results support that the in 
vitro metastasis suppressing effect of SOD3 overexpres-
sion is also present in vivo.

DISCUSSION
Colorectal cancer is a malignant neoplasm. Despite great 
advancements in early detection and management, the 
prognosis in CRC patients remains unfavorable. Thus, 
exploration of novel effective targets with diagnostic 
value for CRC is urgent. Accumulating evidence has sug-
gested that ROS is highly expressed in CRC cells.25,26 It 
has been demonstrated that ROS elevation can lead to 
genetic instability and cancer progression.27 SODs func-
tion as a defense mechanism against ROS. There are 3 
isoforms of SOD, including CuZn-SOD (SOD1), MnSOD 

(SOD2), and EcSOD (SOD3).10 Both SOD1 and SOD2 
have been extensively studied in CRC, but information 
regarding SOD3 role in CRC progression is still limited. 
Herein, we found SOD3 downregulation in tumor tis-
sues and its downregulation predicted poor outcomes in 
CRC. Concomitantly, CRC cells also exhibited lower SOD3 
expression than normal cells, and SOD3 upregulation 
suppressed CRC metastasis and tumor growth.

A previous study regarding the association between SOD3 
polymorphism and a high susceptibility to CRC suggests 
that there is no statistical association between SOD3 
polymorphism and susceptibility to CRC.28 However, the 
association between SOD3 and CRC progression has 
been previously reported. Superoxide dismutase 3 levels 
are downregulated in CRC tissues,17,29 and SOD3 positivity 
is associated with lower recurrent rates.30 However, the 

Figure 4.  SOD3 overexpression inhibits CRC tumor growth. (A) Macroscopic images of resected tumors. (B) Tumor weight. (C) Tumor volume. 
(D) Immunohistochemical analysis of Ki67 expression. (E) Quantitative analysis of Ki67 expression. Data are shown as mean ± SD. *P < .05, 
**P < .01, ***P < .001. SOD3, superoxide dismutase 3.
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specific functions of SOD3 in CRC development remain 
uncertain. This was the first research to investigate the 
specific functions of SOD3 in CRC.

Downregulated SOD3 levels have been found in breast, 
lung, and pancreas carcinoma.13,31,32 Loss of SOD3 expres-
sion can also contribute to tumor recurrence and poor 
patient outcome.33,34 Herein, SOD3 was downregulated in 
CRC, and its low expression was positively correlated with 
an unfavorable prognosis. Epithelial–mesenchymal tran-
sition is related to the invasion and metastasis of CRC.35-37 
Superoxide dismutase 3 deficiency can promote hepatic 
stellate cell activation and EMT to induce liver fibro-
genesis.38 Additionally, SOD3 upregulation prevents the 
expression of mesenchymal proteins.39 Herein, we found 
that elevated SOD3 levels elevated E-cadherin levels 
while decreasing N-cadherin and Vimentin levels in CRC 
cells, indicating that SOD3 upregulation prevents EMT 
in CRC. Moreover, SOD3 overexpression can inhibit cell 
growth and metastasis in prostate, pancreatic, thyroid, 
and lung cancers,15,32,40,41 and also inhibits tumor metasta-
sis in a metastasis mouse model.42 Herein, SOD3 overex-
pression limited the proliferative, migrative, and invasive 
capabilities of CRC cells and also prevented tumor growth 
and liver metastasis.

There are limitations to this study. First, loss-of-function 
experiments are required to confirm SOD3’s role in CRC. 
Second, the underlying mechanisms by which SOD3 
affects CRC should be further investigated. Third, more 
biological functions of SOD3 in CRC need to be detected. 
Despite these certain limitations, our findings represent 

a valuable contribution to the literature and may help 
develop novel treatments for CRC.

In conclusion, this study demonstrated that SOD3 upreg-
ulation inhibited CRC cell growth and metastasis and also 
limited tumor growth and liver metastasis in vivo.
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Figure 5.  SOD3 overexpression suppresses colorectal cancer liver metastasis. (A) Microscopic images of resected livers stained by H&E. 
(B) Quantification of the number of liver metastatic nodules. Data are shown as mean ± SD. ***P < .001. SOD3, superoxide dismutase 3.
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