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Abstract

Dual oxidase 2 (DUOX?2) is an important regulatory protein in the organic process of thyroid hormone iodine. Mounting
evidence suggests that DUOX2 plays a crucial role in the occurrence and development of cancers. However, the function and
mechanism of DUOX2 in colorectal cancer (CRC) have not been fully clarified. In the present study, the relationship between
the expression of DUOX2 and the clinicopathological features and prognosis of CRC patients was analyzed. Furthermore,
the effects of DUOX2 on proliferation and invasion in vitro and in vivo were examined. DUOX2-associated proteins were
identified by immunoprecipitation (IP). Next-generation sequencing detection was performed to illustrate the mechanism
of DUOX2 in CRC cells. It was found that the expression levels of DUOX2 in metastatic sites were significantly higher than
those in primary tumor tissues, and this was demonstrated to be associated with poor prognosis. The knockdown of DUOX2
inhibited the invasion and migration of CRC cells. Furthermore, DUOX2 regulated the stability of ribosomal protein uL3
(RPL3) by affecting the ubiquitination status of RPL3, and the invasion and migration ability of DUOX2 can be reversed by
the overexpression of RPL3. The downregulation of DUOX2 can affect the expression level of a large number of genes, and

a number of these are enriched in the PI3K-AKT pathway. Some of the changes caused by DUOX2 can be reversed by RPL3.
In summary, DUOX2 exhibits a significantly higher expression in CRC tumor samples, and facilitates the invasion and

metastasis ability of CRC cells by interacting with RPL3.

Introduction

Colorectal cancer (CRC) is one of the most common malignan-
cies worldwide, and the second leading cause of tumor death
(1). With the aging of the population and the change in lifestyle,
the incidence of CRC is gradually increasing worldwide, which
seriously endangers human health. Among the malignant tu-
mors in China, the incidence and mortality rate of CRC ranks
the top five, and approximately 60% of these patients are diag-
nosed in the middle and late stage (2). The 5-year survival rate
of early stage patients can reach approximately 90%, while that

of advanced patients is merely less than 10% (3). Once recur-
rence and metastasis occur, the survival of CRC patients would
be greatly threatened. Therefore, there is an urgent need to iden-
tify novel metastasis-related biomarkers for CRC.

DUOX2 belongs to the NADPH oxidase (NOX) family. In
this family, there are other six members: DUOX1, NOX1, NOX2,
NOX3, NOX4 and NOX5. DUOX1 and DUOX2 genes are located on
human chromosome 15, which are two closely related isoforms,
and were originally discovered in the thyroid gland (4). These are
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associated with thyroid dyshormonogenesis and genetic tran-
sient congenital hypothyroidism (5-7). The NOX family plays
a different role in the carcinogenesis process. Recent studies
have revealed that DUOX2 is upregulated in liver cancer (8),
pancreatic cancer (9-11) and prostate cancer (12), while this
is downregulated in lung cancer (13). In addition, DUOX2 may
affect the therapeutic effect of gastrointestinal cancer (14,15).
However, the role of DUOX2 in CRC remains unclear. The present
study aims to clarify the role of DUOX2 in the invasion and me-
tastasis of CRC, and its possible mechanism.

In the previous study conducted by the investigators, 11 pairs
of cancer tissues and normal tissues were compared, and it was
demonstrated that 1606 mRNAs are highly expressed in cancer
tissues, when compared with para-cancer tissues (GSE104836)
(16). In a further study, three CRC patients with lymphatic me-
tastasis and six CRC patients without lymphatic metastasis were
compared. It was found that DUOX2 is more highly expressed in
CRC tissues, when compared with para-cancer tissues, and is
also more highly expressed in cancer tissues with lymph node
metastasis, when compared with cancer tissues without lymph
node metastasis. In the present study, the effect of DUOX2 on
the phenotype of CRC cells in vitro and in vivo was evaluated.
Finally, the potential mechanism of dual oxidase 2 (DUOX2) in
interacting with ribosomal protein uL3 (RPL3) to promote the de-
velopment of CRC was revealed.

Materials and methods

Human CRC tissue samples

Fresh tissue specimens were collected from 89 CRC patients from Hebei
Medical University Fourth Affiliated Hospital (Hebei, China), between
2018 and 2019, for the real-time quantitative reverse-transcription poly-
merase chain reaction (QRT-PCR) test. All 89 paired CRC tissue samples
included para-cancer tissue specimens (at least 5 cm away from the
edge of the tumor mass) and cancer tissue specimens (confirmed by
pathological diagnosis). In addition, the paraffin specimens of 50 meta-
static CRC (mCRC) patients between 2010 and 2014 were collected for the
immunohistochemical (IHC) test. All mCRC patients had lymph nodes
and liver metastases, and underwent resection of the primary lesion and
metastatic liver. Then, the clinicopathological features were simultan-
eously summarized. The present study was approved by the Ethics Review
Board of Hebei Provincial Tumor Hospital, and a signed informed consent
was provided by all subjects.

The qRT-PCR

Total RNA was extracted using TRIzol Reagent (Thermo, Waltham, MA),
and reverse-transcribed into complementary DNA (cDNA) with the same
RNA concentration for each sample using the Reverse Transcription
System (Promega, Fitchburg, WI), according to the manufacturer’s instruc-
tions. Then, the prepared cDNA was subjected to quantitative PCR (qPCR)
analysis using the 7500 RT-PCR System (AB Applied Biosystems) with the
qPCR Mix (Promega, Madison, WI). Real-time PCR assays were performed to
quantify the mRNA levels of DUOX2, DUOXA2,CCDC113,PODXL2, PDZK1IP1,
SYNE4, SHH, MAGEA3, RPL3, MYC, AKT1, EGFR and GAPDH. The comparative
Ct method (AACt) was used to analyze relative expression of genes. The
fold change was evaluated as 2-**“, Three technical replicates per sample
were presented. The primers for CCDC113, PODXL2, PDZK1IP1, SYNE4, SHH
and MAGEA3 were purchased from GeneCopoeia (Rockville, MD), and
the product IDs were HQP063033, HQP012148, HQP000201, HQP071160,

HQP017098 and HQP010978, respectively. The other primer sequences are
presented in Supplementary Table 1, available at Carcinogenesis Online.

IHC staining

IHC staining was performed to analyze the expression of DUOX2 in the
50 collected mCRC samples. In order to further explore the relationship
between DUOX2 and RPL3, tissue microarrays were used, which consisted
of 35 pairs of CRC tissues and adjacent tissues. Antibodies against DUOX2
(Bioss, Beijing, China) or RPL3 (Proteintech, Wuhan, China) were applied at
a dilution of 1:200. The IHC results were independently assessed by at least
two pathologists. Each section was scored according to the intensity of
the staining and the percentage of positive cells, respectively. The staining
intensity was scored, as follows: 0 (negative), 1 (weak staining), 2 (mod-
erate intense staining) or 3 (strong staining). The extent of the staining
was scored based on the percentage of positive cells: 0 (<5%), 1 (6-25%),
2 (26-50%), 3 (50-75%) and 4 (>75%). The final IHC score was obtained by
multiplying the intensity and percentage scores.

Hematoxylin and eosin (H&E) staining

The paraffin sections were dewaxed in water, and stained with hema-
toxylin dye solution (Servicebio, Wuhan, China) for 3-5 min. Then, these
were washed by tap water, differentiated by differentiation solution
(Servicebio, Wuhan, China), washed again by tap water, colored blue by
the blue solution (Servicebio, Wuhan, China), and washed by water again.
Afterwards, the sections were successively dehydrated with 85 and
95% gradient alcohol for 5 min, respectively, and stained with eosin dye
(Servicebio, Wuhan, China) for 5 min. Finally, the tablet was dehydrated
and sealed.

Western blot (WB) analysis

WB analysis was performed according to a previously described pro-
cedure (17). The antibody for DUOX2 was purchased from ORIGENE
Technologies (Rockville). The antibody for RPL3 was purchased from
BETHYL Laboratories (Montgomery). The antibodies for ubiquitin, GAPDH,
E-cadherin and N-cadherin were purchased from Proteintech (Wuhan,
China). The antibodies for AKT, c-MYC, EGFR, MMP-2 and MMP-9 were pur-
chased from Cell Signaling Technology (Danfoss, Boston, MA). The anti-
body for p-AKT was purchased from Affinity (OH).

Cell culture

The SW480, SW620, HT29, HCT116 and DLD-1 CRC cell lines were pur-
chased from the Type Culture Collection of the Chinese Academy of
Science (Shanghai, China). NCM460, which is a normal human colon mu-
cosa cell line, was obtained from INCELL (San Antonio, TX). All cell lines
were authenticated using short tandem repeat profiling at the time of pur-
chase. Next, SW480, SW620 and HT29 were cultured in Dulbecco’s modi-
fied Eagle’s medium (Thermo, MA, Waltham, MA). Then, NCM460, HCT116
and DLD-1 were cultured in RPMI-1640 medium (Thermo, Waltham, MA).
Both kinds of medium contained 10% fetal bovine serum and 1% anti-
biotic. All experiments were performed with mycoplasma-free cells.

Transient transfection and stable transfection

DUOX2 was silenced in HCT116 and SW480 cells using siRNAs (Invitrogen,
Carlsbad), according to the manufacturer’s instructions. The target
sequences were as follows: sil-DUOX2, 5-GGAGGACAACAUAGUGGUUTT
AACCACUAUGUUGUCCUCCTT-3; si2-DUOX2, 5-CCAUGAUGCGAUCCUUC
AUTTAUGAAGGAUCGCAUCAUGGTT-3’; si3-DUOX2, 5-GCCAAAUGCUGUG
UAAGAATTUUCUUACACAGCAUUUGGCTT-3". The corresponding negative
control RNA target sequence was 5-UUCUCCGAACGUGUCACGUTTACGU
GACACGUUCGGAGAATT-3". In order to stably knockdown DUOX2 in cells,
the siRNA targeting the sil-DUOX2 coding sequence was designed and
inserted into the lentiviral vector (Genechem Co., Ltd., Shanghai, China).
A scramble siRNA was used as the negative control. The knockdown effi-
ciencies were evaluated by gRT-PCR and WB analysis.

Plasmid transfection

In order to overexpress DUOX2 and RPL3 in cells, an expression construct
was generated by subcloning the PCR-amplified full-length human DUOX2
or RPL3 cDNA into an EX-E1601-M02 or EX-F0331-M02 vector (GeneCopoeia,
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Rockville, MD). An empty vector was used as the negative control. The
overexpression efficiencies were evaluated by WB analysis.

Cell proliferation and viability assays

The colony-formation assay was carried out to evaluate the cell prolif-
eration. Treated cells were seeded into a 6-well plate at 3000 cells/well,
and cultured for 10 days. Then, the colonies were fixed with methanol
and stained with crystal violet for 5-10 min, and the macroscopic colonies
were counted. Cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt
(MTS) assay. Cells were cultured in 96-well plates at a density of 3000 cells/
well, and this was performed using a MTS assay kit (Promega, Fitchburg,
WI) for 3 days, according to the manufacturer’s instructions.

Cell migration and Matrigel invasion assays

Cell migration and invasion assays were performed using the Transwell
plate (Corning, NY) and wound scratch assay, respectively. For the inva-
sion assays, the chamber inserts were coated with 60 pl of Matrigel (BD,
NJ), and dried for 12-16 h under sterile conditions in advance. Each upper
chamber was plated with 1.5 x 10° cells, and each assay was repeated for
three times. A microscope was used to quantify the number of migratory
or invasive cells. The degree of invasion and migration was described as
the number of treated cells. For the wound scratch assay, wound healing
percentage was defined, as follows: (initial scratch area - certain time
scratch area)/initial scratch area.

Immunoprecipitation (IP) and liquid
chromatography-tandem mass spectrometry
(LC-MS/MS)

The cell lysate of SW480 cells was obtained, and the total protein concen-
tration was measured. Then, 1 mg of protein lysate supernatants and 30 pl
of precleared protein A/G beads (Roche, Switzerland) were mixed with 3 pg
of primary antibody (rabbit IgG and DUOX2, respectively), and incubated
together at 4°C overnight. Then, the proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Afterwards, silver
staining was performed. A significant band between 40 and 55 Kka was
found on the gel, when compared with the control group. The LC-MS/MS
analysis was carried out to identify the proteins from the samples. The
Proteome discoverer software (version 1.4; Thermo Scientific) was used
to the perform database search against the Oryctolagus cuniculus data-
base (46 601 proteins) using the Sequest algorithm. The criteria were as
follows: precursor mass tolerance of 15 ppm and fragment mass tolerance
of 20 mmu. Then, the results were filtered using the following settings:
merely high confident peptides with a global false discovery rate of <1%
based on a target-decoy approach was included in the results. The proced-
ures for the LC-MS/MS analysis were carried out by Capitalbio Technology
Corporation (Beijing, China).

Coimmunoprecipitation

The total cell lysates of HCT116 and SW480 were, respectively, incubated
with the appropriate antibodies and protein A/G beads at 4°C overnight.
Then, the beads were washed six times using tissue/cell lysates, mixed
with adequate amounts of protein loading buffer and boiled for 5-10 min.
The coprecipitates were analyzed by WB analysis.

Animal experiments

The animal studies were conducted in accordance with the inter-
national standards-3R principle of animal welfare, and approved by the
Experimental Animal Ethics Committee of Hebei Medical University
Fourth Affiliated Hospital. Previously, two cell lines, which were stably
knocked down of DUOX2 (i.e. HCT116 and HT29), were constructed. Five-
week-old female BALB/c nude mice were randomly divided into different
groups. For implantation, an equal number of HCT116 cells with DUOX2
knockdown or the corresponding negative control cells were resuspended
in 150 pl of PBS, and subcutaneously injected into the front flank (n = 6/
group) or caudal veins (n = 5/group) of nude mice. In addition, an equal
number of HT29 cells with DUOX2 knockdown, or the corresponding nega-
tive control cells were injected into the caudal veins (n = 6/group). Finally,
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the xenograft tumor, lung tissues and liver tissues were removed, photo-
graphed and weighed.

Statistical analysis

Almost each experiment was repeated for at least three times. The re-
sults were presented as mean =+ standard deviation. The differences be-
tween the groups were evaluated using two-tailed Student’s t-test. The
correlation analysis and survival data were analyzed using chi-square
test, the Kaplan-Meier method (log-rank test) and Fisher’s exact test.
Kendall’s tau-b analysis was used to analyze the correlation between
DUOX2 and RPL3. The statistical analyses were performed using the
GraphPad Prism 5.0 software (La Jolla, CA) and SPSS 21.0 software (SPSS).
P < 0.05 was considered as statistically significant (*P < 0.05, *P < 0.01
and **P < 0.001).

Data availability

The datasets generated and analyzed in the present study are available in
the GEO repository (GSE104836; https://www.ncbi.nlm.nih.gov/geo/query/
acc) and (GSE139918; https://www.ncbi.nlm.nih.gov/geo/query/acc). The
other data generated or analyzed in the present study are available from
the corresponding author upon reasonable request.

Results

Gene screening and validation

A total of 3221 mRNAs were differentially expressed in CRC tis-
sues, when compared with para-cancer tissues. These included
1606 upregulated mRNAs and 1615 downregulated mRNAs, ac-
cording to the sequencing data shown in the previous study
conducted by the investigators, which have been deposited
in the GEO (GSE104836) (16). Compared with the cancer tis-
sues of the six CRC patients without lymph node metastasis,
368 mRNAs were differentially expressed in the cancer tissues
of three CRC patients with lymph node metastasis, which in-
cluded 238 upregulated mRNAs and 130 downregulated mRNAs.
Furthermore, nine overlap mRNAs were screened out, which
were not only upregulated in CRC tissues, when compared
with para-cancer tissues, but also upregulated in cancer tissues
with lymph node metastasis, when compared with cancer tis-
sues without lymph node metastasis. These mRNAs are listed
as follows: CCDC113, PODXL2, PDZK1IP1, SYNE4, SHH, MAGEA3,
DUOX2, DUOXA2 and NPFFR1 (Figure 1A). These were further
verified by gRT-PCR in 24 pairs of CRC tissues and para-cancer
tissues. NPFFR1 was not successfully amplified, which may be
due to the low expression of NPFFR1 in CRC tissues. The results
revealed that the expression of CCDC113, PODXL2, SYNE4, DUOX2
and DUOXA2 was significantly higher in CRC tissues than in
para-cancer tissues, which is consistent with the results of the
sequencing data. Among these, DUOX2 was the most highly
expressed, and this was selected for further study (Figure 1B).
Then, the sample number was expanded to 89 pairs, and it
was further confirmed that DUOX2 mRNA was more highly ex-
pressed in CRC tissues, when compared with para-cancer tis-
sues (Figure 1C). Among the 89 patients, 52 patients had no
lymph node metastasis, while 37 patients had lymph node me-
tastasis. Furthermore, the DUOX2 mRNA expression was higher
in CRC cancer tissues of patients with lymph node metastasis,
when compared with that of patients without lymph node me-
tastasis (Figure 1D). As summarized in Table 1, the relationship
between the expression of DUOX2 and the clinicopathological
features of the 89 CRC patients was analyzed. These results re-
vealed that the elevated expression of DUOX2 was significantly
associated with gender, tumor invasion, local lymph node me-
tastasis and TNM stage, indicating that DUOX2 may be correl-
ated to CRC progression.
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Figure 1. The expression of DUOX2 in CRC tissues and metastatic tumor tissues and its relationship with survival. (A) There were 1606 upregulated mRNAs in CRC
tissues and 238 upregulated mRNAs in CRC tissues with lymph node metastasis. Make overlap and get nine mRNAs: CCDC113, PODXL2, PDZK1IP1, SYNE4, SHH,
MAGEA3, DUOX2, DUOXA2, and NPFFR1. (B) Candidate genes were validated by qRT-PCR. (C) DUOX2 expression was analyzed by qRT-PCR in 89 paired samples including
para-carcinoma tissues and CRC tissues. Statistical analysis was performed using the paired-samples T-test. (D) It was also analyzed in CRC tissues without lymph
node metastasis (n = 52) and CRC tissues with lymph node metastasis (n = 37). Independent-sample T-test was performed. (E) Representative immunohistochemistry
staining of DUOX2 in normal colonic mucosa, CRC tissues, metastatic lymph node tissues and metastatic liver tissues (200x). (F) Comparison of the IHC scores of DUOX2
protein in different tissues (n = 50). (G) Overall survival analysis of DUOX2 expression in primary cancer tissues, (H) metastatic lymph node tissues and (I) metastatic
liver tissues. *P < 0.05), **P < 0.001.
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Table 1. Correlation between DUOX2 expression and the clinicopathologic features in 89 CRC patients

DUOX2

Clinicopathologic features n Low High %2 P-value

All 89 44 45

Age
<60 34 15 19 0.623 0.43
>60 55 29 26

Gender
Male 57 23 34 5.237 0.022*
Female 32 21 11

Tumor site
Left 60 30 30 0.023 0.879
Right 29 14 15

Pathological type
Adenocarcinoma 76 39 37 0.734 0.392
Non-adenocarcinoma 13 5 8

Tumor size
<5cm 43 21 22 0.012 0.913
>5cm 46 23 23

Tumor invasion
T1+T2 4 4 0 4.283 0.038*
T3 +T4 85 40 45

N stage
NO 52 31 21 5.183 0.023*
N1+2 37 13 24

M stage
MO 87 43 44 0.000 0.987
M1 2 1 1

TNM stage
I+1I 51 30 21 4.209 0.040*
I+ Iv 38 14 24

Tumor embolus
Negative 69 32 37 1.151 0.283
Positive 20 12 8

Nerve invasion
Negative 80 40 40 0.100 0.752
Positive 9 4 5

Pathological differentiation
Well moderate 83 40 43 0.764 0.382
Poor 6 4 2

The median expression level was used as the cutoff. Chi-square tests were used to analyze the correlation between the clinicopathologic features and the expression

level of DUOX2.
*P < 0.05 indicates the statistical significance.

DUOX2 expression in mCRC tissues and metastatic
tumor tissues and its relationship with survival

The DUOX2 protein expression was investigated in normal
colonic mucosa, CRC tissues, metastatic lymph node tis-
sues and metastatic liver tissues obtained from 50 cases
(Figure 1E). The expression scores of DUOX2 in these collected
tissues are presented in Supplementary Table 2, available at
Carcinogenesis Online. This indicated that the order of the sig-
nificant upregulation extent of the DUOX2 expression in meta-
static lymph nodes and metastatic liver tissues was greater than
primary cancer tissues (P < 0.001, Figure 1F) and greater than
the normal colonic mucosa (P < 0.000). The Kaplan-Meier ana-
lysis revealed that higher DUOX2 expression in CRC tissues and
metastatic lymph node tissues predicted the worse prognosis,
when compared with lower DUOX2 expression, for mCRC pa-
tients (Figure 1G and H). However, the expression of DUOX2 in
metastatic liver tissues was not correlated with overall survival
(Figure 1I), which was probably due to the limited number of
samples. Taken together, those results suggest that DUOX2 may

act as a metastasis promoting factor that contributes to the pro-
gression of CRC.

Effects of DUOX2 on invasion, metastasis and
proliferation in vitro

In order to investigate the function of DUOX2, DUOX2 protein
was detected in normal intestinal epithelium cell line NCM460
and five CRC cell lines, which included SW480, SW620, HCT116,
HT-29 and DLD-1 (Figure 2A). Then, si1l-DUOX2, si2-DUOX2, si3-
DUOX2 and the negative control (si-NC) were transfected into
HCT116 and SW480 cells. This revealed that sil-DUOX2 and
si2-DUOX2 effectively downregulated the DUOX2 expression in
HCT116 and SW480 cells (Figure 2B and C). Subsequently, the
HCT116 and SW480 cell lines, which were transfected by sil-
DUOX2 and si2-DUOX2, were used to perform MTS and colony
formation, in order to investigate the effect of DUOX2 on pro-
liferation. These results revealed that there was no significant
difference in growth rate among the sil-DUOX2, si2-DUOX2
and si-NC groups, both in the HCT116 and SW480 cell lines
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Figure 2. Knockdown of DUOX2 decreases the migration and invasion of CRC cells in vitro. (A) DUOX2 protein expression levels in one normal intestinal epithelium
cell line and five CRC cell lines. (B and C) Western blotting and qRT-PCR were performed to detect the DUOX2 expression levels in DUOX2 knockdown (sil-DUOX2, si2-
DUOX2 and si3-DUOX2) and negative control (si-NC). *P < 0.05, **P < 0.01, ¥$P > 0.05. (D) MTS assay. DUOX2 knockdown did not attenuate the cell viability of HCT116 and
SW480 cells. Each point indicates the mean of spectrometric absorbance OD492 + SD of three independent experiments. (E) Colony assays. DUOX2 knockdown did not
attenuate colony formation in HCT116 and SW480 cells. (F) Transwell migration assays. (G) Transwell invasion assays. The error bars represent the standard deviation.
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(Figure 2D). This was also consistent with the results of the by Matrigel invasion assay. These results demonstrate that the
colony-formation test (Figure 2E). In addition, the capacity of amount of migrating cells and invading cells significantly de-
cell migration was determined by Transwell assay and wound creased in both the sil-DUOX2 and si2-DUOX2 groups, when

healing assay. The invasion abilities of those cells were assessed compared with the si-NC group, in both the HCT116 and SW480



cell lines (Figure 2F and G). The wound healing percentages also
more significantly decreased in HCT116 and SW480 cells treated
with si1-DUOX2 and si2-DUOX2, when compared with the si-NC
group (Figure 2H and I, Supplementary Figure A, available at
Carcinogenesis Online). Overall, those results indicate that the
inhibition of DUOX2 can reduce the ability of CRC cells to invade
and metastasize, but has no effect on proliferation.

The relationship between DUOX2 and RPL3

In order to further explore the underlying molecular mechan-
isms of DUOX2 in CRC cells, DUOX2-associated proteins were
identified by IP. The differential band was observed to be specific
to DUOX2, when compared with the IgG control, in the silver
stained sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis (Figure 3A). Next, the differential protein band was subjected
to MS analysis (Report Number: JD-YX-2019-0184-JSFW-01).
Among the candidate proteins shown in Supplementary Table
3, available at Carcinogenesis Online, RPL3 was chosen for further
analysis due to its high score, and because its subcellular local-
ization was consistent with the DUOX2 protein. Furthermore, it
could stably interacte with DUOX2, as validated by the WB ana-
lysis in HCT116 and SW480 cells (Figure 3B). In order to evaluate
the relationship of DUOX2 with RPL3, the effect of DUOX2 on
the expression level of RPL3 was initially investigated. The re-
sults revealed that the RPL3 protein expression was signifi-
cantly upregulated after the downregulation of DUOX2, in both
the HCT116 and SW480 cell lines (Figure 3C), while RPL3 did
not significantly change in the gene level (Figure 3D). The qRT-
PCR analysis of 23 CRC tissues revealed that there was no cor-
relation between DUOX2 and RPL3 in the gene level (Figure 3E).
However, the IHC results revealed that there was a negative
correlation between DUOX2 and RPL3 protein in CRC tissues,
metastatic lymph nodes and metastatic livers (Figure 3F and
Supplementary Figure H, available at Carcinogenesis Online), sug-
gesting that DUOX2 can regulate RPL3 at the protein level.

Accordingly, it was hypothesized that DUOX2 may regulate
the RPL3 generation or degradation. Thus, cycloheximide, an in-
hibitor of protein synthesis to treat HCT116 and SW480 cells,
was introduced, and this revealed that the RPL3 protein has a
short half-life of approximately 4 h. Furthermore, when DUOX2
was knocked down, the rate of RPL3 protein deration slowed
down (Figure 3G). It was further hypothesized that the degrad-
ation of the RPL3 protein may be mediated by the ubiquitin-pro-
teasome pathway. The sh-Control group and sh-DUOX2 group
were treated with a proteasome inhibitor MG132, and the RPL3
protein levels were measured. Obviously, for cells not treated
with MG132, the level of RPL3 protein significantly increased
after DUOX2 was downregulated, but this trend disappeared
after MG132 was added (Figure 3H). The protein levels of ubi-
quitin were detected by the WB test after the IP assay using
the RPL3 antibody. As expected, polyubiquitin chains were de-
tected in the RPL3 immune complex, and when DUOX2 protein
levels were downregulated, the total number of polyubiquitin
chains significantly decreased. The same volume of protein was
extracted from each group for the WB analysis, with the anti-
GAPDH antibody as the loading control (Figure 3I). These results
suggest that DUOX2 may affect the RPL3 protein expression by
affecting the ubiquitination status of RPL3.

RPL3 reverses the effects of DUOX2 in vitro

In order to further investigate the effects of DUOX2 and RPL3
on invasion and metastasis, a rescue test was designed, in
which DUOX2 and RPL3 were successfully overexpressed after
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transfecting plasmids into both HCT116 and SW480 cells
(Figure 4A). Meanwhile, a negative control group was designed
to avoid the interference. The Transwell results revealed that
the migration and invasion abilities of HCT116 and SW480
cells significantly increased after overexpressing DUOX2, while
the overexpression of RPL3 significantly reversed this trend
(Figure 4B). These data indicated that RPL3 can reverse the ef-
fects of DUOX2 in vitro. Furthermore, the wound scratch assay
was also carried out, and it was revealed that the migration
ability was significantly enhanced after overexpressing DUOX2,
while the trend disappeared after overexpressing DUOX2 and
RPL3 at the same time (Figure 4C).

The knockdown of DUOX2 has a significant effect on
the PI3K-AKT pathway

In order to illustrate the mechanism of DUOX2 in CRC cells, next-
generation sequencing detection was performed on HCT116
cells transfected with si1-DUOX2, si2-DUOX2 and si-NC. The
sequencing data were deposited in the GEO (GSE139918). It was
found that there were many differentially expressed genes in the
si1-DUOX2 group and si2-DUOX2 group, when compared with
the si-NC group (Figure 4D). In order to clarify the biological func-
tions of these genes in vivo and the involved signaling pathways,
the enrichment analysis of the differential genes was conducted
based on the KEGG database. In the present study, compared
with the si-NC group, 48 differentially expressed genes in the
si1-DUOX2 group and 25 differentially expressed genes in the
si2-DUOX2 group were enriched in the phosphatidylinositol 3
kinase/protein kinase B (PI3K-AKT) signaling pathway (Figure 4E).
Several metastasis-related genes in the PI3K-AKT pathway were
selected for further validation. The results revealed that after the
knockdown of DUOX2, the expression level of the EGFR gene sig-
nificantly decreased, while the expression level of the AKT1 and
MYC genes significantly increased (Figure 4F). Furthermore, it was
also verified that after the overexpression of DUOX2, the EGFR
protein levels increased, while the AKT, p-AKT and c-MYC pro-
tein levels significantly decreased. The increase in RPL3 protein
level could not reverse the increase in EGFR, but could reverse
the decrease in AKT, p-AKT and c-MYC. In addition, E-cadherin,
which is known to be associated with invasion and metastasis,
was selected for further investigation. These results revealed
that with the increase in DUOX2 expression, the expression of
E-cadherin significantly decreased. However, the overexpression
of RPL3 can reverse the change in E-cadherin (Figure 4G).

Effects of DUOX2 on invasion and metastasis in vivo

In order to further study the role of DUOX2 in vivo, xenografts
in nude mice were established using sh-DUOX2 and sh-Control
stably infected HCT116 and HT-29 cells. More than 90% of
these cells were successfully transfected with the lentivirus
(Supplementary Figure B, available at Carcinogenesis Online). The
results revealed that the expression of the DUOX2 gene and pro-
tein all significantly decreased after infection with sh-DUOX2
(Figure 5A and B). Furthermore, the lentivirus-infected HCT116
cells were transfected into the subcutaneous tissue of nude
mice. Then, these nude mice were killed after 4 weeks, and the
transplanted tumors were weighed. However, there was no sig-
nificant difference in the weight of the transplanted tumors be-
tween the two groups (Supplementary Figure C and D, available
at Carcinogenesis Online). In the sh-DUOX2 group, the expression
of the DUOX2 protein significantly decreased, while the RPL3
expression significantly increased, further verifying that RPL3
is the target of DUOX2 (Figure 5C). After injecting the treated
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Figure 3. DUOX2 and RPL3 proteins are negatively correlated, DUOX2 interacts with RPL3 through ubiquitination. (A) The cell lysates were subjected to IP with anti-IgG
antibody (IgG) or anti-DUOX2 antibody (IP). Differential bands between anti-DUOX2 and anti-IgG in the silver stained sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis were detected by MS. (B) The interaction between DUOX2 and RPL3 was proved by means of coimmunoprecipitation. (C) Total protein of HCT116 and SW480
cells, which were knockdown DUOX2 (sh-DUOX2) and the negative control (sh-Control), was extracted and subjected to western blotting using anti-DUOX2, anti-RPL3
and anti-GAPDH antibodies. (D) The expression of RPL3 gene levels after DUOX2 knockdown in HCT116 and SW480 cells. (E) Expression of DUOX2 and RPL3 genes in
CRC tissues (n = 23). Statistical analysis was performed using Pearson correlation coefficient. (F) The expressions of DUOX2 and RPL3 protein in different tissues of CRC
patients by immunohistochemistry. Kendall’s tau-b (Kendall) rank correlation coefficient was used to reflect the correlation between DUOX2 and RPL3 protein, *P < 0.05.
(G) HCT116 and SW480 cells, which were knockdown DUOX2 (sh-DUOX2) and the negative control (sh-Control), were treated with cycloheximide (100 pg/ml), collected
at the indicated time points and immunoblotted for RPL3 and GAPDH. (H) HCT116 and SW480 cells, which were knockdown DUOX2 (sh-DUOX?2) and the negative con-
trol (sh-Control), were treated with MG132 (10 pM) for 12 h, total protein was extracted and subjected to western blotting using anti-RPL3 and anti-GAPDH antibodies.
(1) Different groups of cells, sh-Control and sh-DUOX2, were lysed with IP lysis/wash buffer with protease inhibitor and phosphatase inhibitor. Anti-RPL3 antibody was
used for IP, and the immune-precipitates were probed with antiubiquitin. The same volume of protein was extracted from each group for western blotting analysis with
anti-GAPDH antibody as a loading control. *P < 0.05, **P < 0.01.
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HCT116 cells via the tail vein for 10 weeks, the nude mice were
dissected (n = 4/group), while those injected with HT29 cells
(n = 6/group) were dissected after 9 weeks. All lung and liver
tissues were extracted (Supplementary Figure E and G, available
at Carcinogenesis Online) and stained with H&E (Figure 5D). The
statistical results demonstrated that the number of lung metas-
tasis nodes and liver metastasis nodes significantly decreased
after the knockdown of DUOX2 (Figure 5E). Interestingly, the sub-
cutaneous metastatic tumor node was also discovered in HT-29
cell-treated nude mice via the tail vein (Supplementary Figure
F, available at Carcinogenesis Online). All metastatic tumors were
removed and weighed. The H&E staining was performed to de-
termine whether those metastatic tumors were metastatic
lymph nodes. The results revealed that the nodules were infil-
trated by cancer cells without lymph node structure (Figure 5G).
Although there was no significant difference in the number of
metastasis tumor nodes, the weight of the subcutaneous meta-
static tumors was significantly lower in the sh-DUOX2 group
than in the sh-Control group (P = 0.014; Figure 5F and H).

Discussion

The present study focused on the biological functions of DUOX2
in CRC, as well as the possible molecular mechanisms. The
screening of the DUOX2 gene was based on a previous next-
generation sequencing result (16). In the present study, in order
to better understand the role of DUOX2 in CRC, the expression of
DUOX2 was analyzed at both the gene and protein level, and the
expression was consistent with the results obtained during the
screening process. The verification of these results at the gene
level preliminarily confirmed that the expression of DUOX2 in
CRC tissues was significantly higher, when compared with that
in para-cancer tissues, and that the increase in expression of
DUOX2 was significantly correlated to gender, tumor invasion,
local lymph node metastasis and TNM stage. Due to the short
follow-up time, the survival of the 89 CRC patients was not
statistically analyzed. The IHC results for the mCRC patients
revealed that the expression of DUOX2 in the metastasis was
significantly higher than that in primary cancer. Furthermore,
the follow-up results revealed that the high protein expression
of DUOX2 indicates a short survival time. This conclusion is
consistent with a previous literature (18). Therefore, it was con-
sidered that DUOX2, as an oncogene, is involved in the develop-
ment of CRC.

A study revealed that (15) the expression of DUOX2 is
upregulated in 5-FU-resistant SNUCS cells. Furthermore, the re-
active oxygen species (ROS) produced by DUOX2 can enhance
the migration and invasion abilities of CRC cells. It has been well
known that the microenvironment plays an important role in
tumor development (19). The microenvironment of tumor cells
is affected by a variety of factors. ROS, as the second messenger,
is an important participant in cell signaling and regulation,
which participates in the signal transduction process of gene
transcription and protein synthesis, and plays an important role
in the occurrence and development of tumors. An increase in
ROS is one of the characteristics of cancer cells (20). ROS, such
as H,0,, is part of the gut’s innate immune system in active en-
teritis, and plays an important role in maintaining mucosal bar-
riers and protecting the host from pathogens (21,22). However,
when intracellular ROS production exceeds the defense cap-
acity of the intracellular antioxidant system, oxidative stress is
caused. Long-term exposure of cells to oxidative stress can lead
to abnormal signal transduction, which can promote the devel-
opment of tumors (20). DUOX2 has been found to be expressed
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in epithelial cells in the gastrointestinal tract (23). The NOX
family’s function is to produce H,O, or superoxide (24). Among
these, NOX4, DUOX1 and DUOX2 exclusively produce H,0, (20).
DUOXA? is the activation protein of DUOX2, and forms a cova-
lent complex with DUOX2, which is a key factor in the forma-
tion of H,0, (25). It has been reported that DUOX2 mRNA and
protein are overexpressed in CRC tissues, when compared with
the normal colonic mucosa, and that the upregulation of DUOX2
is correlated with poor prognosis (26-28). Based on existing
studies, it has been speculated that DUOX2 promotes the occur-
rence and development of CRC cells by producing excessive ROS
and enhancing oxidative stress in the microenvironment.

RPL3 belongs to the L3P family of ribosomal proteins (RPs),
and is located in the cytoplasm. As key members of the body
for protein synthesis, RP family plays an important role in the
process of genetic information transfer, which not only partici-
pates in the composition of translation mechanisms, but also
implicates a variety of biological functions (29). For instance, RP
can affect the growth, senescence, apoptosis, invasion, radiation
and drug therapy resistance of cancer cells through various
mechanisms. Previous studies have revealed that both hemato-
poietic and non-hematopoietic cancer cell lines with increased
RPL3 expression exhibit enhanced sensitivity to drugs (30),
while the loss of RPL3 makes chemotherapy drugs ineffective
(31). RPL3 can upregulate p21 expression at the transcriptional
level (31), and participate in the cell response to chemotherapy,
acting as a critical regulator of the cell cycle, apoptosis and
DNA repair (31). It has been found that the expression of RPL3
in CRC tissues is downregulated, when compared with the ad-
jacent normal tissues (32). These results suggest that RPL3 is an
anticancer gene. Previous studies on RPL3 have mainly focused
on nucleolar stress, but the function of RPL3 in tumor invasion
or metastasis remains unclear. The TCGA database revealed that
there is no significant correlation between the gene expression
of DUOX2 and RPL3 in CRC (Supplementary Figure I, available
at Carcinogenesis Online). The present study revealed that there
is negative correlation between DUOX2 and RPL3 at the protein
level, while there is no significant correlation at the gene level,
which is consistent with the TCGA database. It was initially
demonstrated that RPL3 is one of interaction proteins of DUOX2,
which can jointly regulate the ability of invasion and metastasis
of CRC cells for the first time.

The PI3K/AKT signaling pathway promotes cell growth by
inhibiting apoptosis of various cancer cells (33), and has a variety
of functions, such as regulating cell growth and proliferation,
promoting the progression of the cell cycle, and participating in
vascular formation (34). In the present study, after the knockout
of DUOX2 with sil and si2, the changed genes were enriched in
different pathways, and PI3K/AKT was in the top four pathways.
Therefore, it was considered that DUOX2 affects the function of
the PI3K/AKT pathway. Further studies have shown that RPL3
can reverse the effects of DUOX2 on several proteins through
this pathway. Hence, it could be concluded that DUOX2 modu-
lates the PI3K/AKT pathway through RPL3, thereby affecting the
invasion ability of tumor cells.

Some previous works have reveal the potential role of DUOX2
in the epithelia-mesenchymal transition (EMT) of CRC cells lines
(15). EMT endures cells with the ability of metastasis and inva-
sion, and it is often expressed as the upregulation of N-cadherin
and downregulation of E-cadherin (35), which are regarded as
landmark events of EMT (36). EMT is the key process for the in-
vasion and metastasis of tumor cells in a variety of malignan-
cies, such as breast cancer (37), CRC (38), prostate cancer (39) and
lung cancer (40). In the present study, it was found that after the
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overexpression of DUOX2, E-cadherin significantly decreased.
The trend exhibited by E-cadherin was reversed after RPL3 was
simultaneously increased, suggesting that DUOX2 may play an
important role in the EMT process. In conclusion, DUOX2 affects
the invasion and metastasis abilities of CRC cells through mul-
tiple pathways.

In summary, the present study revealed that DUOX2 has a sig-
nificantly higher expression in CRC tumor samples, and facilitated
the invasion and metastasis abilities of CRC cells by interacting
with RPL3 and activating the AKT signaling pathway. The present
study provided a new perspective on DUOX2 in regulating the
occurrence and development of CRC. DUOX2 may be a prognostic
factor and a potential therapeutic target for CRC in the future.
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