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plays vital biological roles in tumor development (14). The 
overexpression of FUT7 has been shown to promote A549 cell 
proliferation by activating the EGFR/AKT/mTOR signaling 
pathway (15). The high expression of FUT4 has been found 
to be associated with programmed death‑1, immune response 
and poor overall survival in operable lung adenocarcinoma 
(LUAD) (16). Another study demonstrated that fucosylation 
induced by FUT8 was increased in aggressive prostate cancer 
cells (17). FUT2 catalyzes fucose in the α‑1,2‑linkage at the 
terminal of glycan; it is also overexpressed in several cancer 
types and has been associated with tumor progression. FUT2 
is overexpressed in LUAD and promotes LUAD metastasis 
through the epithelial‑mesenchymal transition initiated by 
TGF‑β/Smad signaling (18). FUT1 and FUT2 play crucial 
roles in the regulation of the tumorigenesis, metastasis and 
cancer stem cell properties of breast cancer (19). However, the 
biological role and molecular mechanisms of action of FUT2 
in CRC remain unknown.

The Wnt signaling pathway plays crucial roles in cell 
proliferation, migration and has also been shown to be 
tightly associated with cancer. The Wnt/β‑catenin pathway, 
also known as canonical Wnt signaling, is crucial for 
intestinal development and stem cell renewal, and aberrant 
Wnt/β‑catenin signaling is an early event in CRC development, 
which has most prominently been described in CRC (20,21). 
In recent years, novel insight into the Wnt/β‑catenin pathway 
was obtained, further clarifying the regulatory mechanisms of 
the pathway (21).

In the present study, the effects of FUT2 on CRC cell 
proliferation and metastasis were investigated. FUT2 was 
overexpressed in CRC tissues and cell lines. The knockdown of 
FUT2 induced G0/G1 cell cycle arrest and inhibited prolifera‑
tion, migration and invasion, while promoting the apoptosis of 
CRC cells. Furthermore, FUT2 regulated the proliferation and 
metastasis of CRC cells via the Wnt/β‑catenin pathway. The 
findings of the present study revealed the effects of FUT2 in 
CRC progression, and may thus provide a potential treatment 
strategy for CRC.

Materials and methods

Bioinformatics analysis. Gene Expression Profiling Interactive 
Analysis (GEPIA), an online software (http://gepia.cancer‑pku.
cn) for cancer and normal gene expression profiling and inter‑
active analysis (22), was used to analyze the gene expression 
levels of FUT2 in colon adenocarcinoma (COAD) and rectal 
adenocarcinoma (READ). CRC‑related data were extracted 
from The Cancer Genome Atlas (TCGA) database. In total, 
275 CAOD tumor samples and 349 normal samples, and 92 
READ tumor samples and 318 normal samples were selected 
and analyzed. 

CRC specimens. The CRC tissues and their paired adjacent 
non‑cancerous tissues (28 pairs of tissues; median age of 
patients, 66.4 years; range, 48‑89 years) used in the experi‑
ments were collected from the First Affiliated Hospital of 
Wenzhou Medical University between April, 2018 to 
September, 2018. All cases were from patients diagnosed with 
CRC and had not received any treatment prior to surgery. 
The present study was approved by the Ethics Committee of 

the First Affiliated Hospital of Wenzhou Medical University 
(Issuing  no.  2019‑086). CRC tissue microarrays were 
obtained from Alenabio; Taibsbio (http://www.taibsbio.com/), 
containing 36 pairs of CRC tissues and adjacent non‑tumor 
tissues, 9 pairs of colorectal cancer lymph node metastatic 
tissues and normal lymph node tissues, and 8 normal colon 
tissues and 2 normal rectal tissues (DCO1002c). Clinical 
staging was based on the International Union for cancer 
control/American Joint Committee on Cancer (UICC/AJCC) 
TNM classification (7th edition) (23). Written informed consent 
was obtained from all participants prior to the commencement 
of the study.

Cell lines and cell culture.  The human colorectal cancer 
cell lines, SW‑480 (TCHu172), DLD‑1 (TCHu134), HCT‑116 
(TCHu 99) and HCT‑8 (TCHu 18), and the human normal 
colorectal epithelial cell (FHC; CRL‑1831) were obtained from 
the Cell Bank of the Chinese Academy of Sciences (Shanghai, 
China). The cells were maintained in DMEM (Gibco; Thermo 
Fisher Scientific, Inc.) with 10% FBS (fetal bovine serum) 
(Gibco; Thermo Fisher Scientific, Inc.). All cells were cultured 
in 37˚C in a 5% CO2 incubator. 

Cell transfection. The knockdown of FUT2 was achieved 
with short hairpin RNA (shRNA)‑mediated gene silencing 
using constructed plasmids containing hairpin FUT2 
shRNA sequence (sh‑FUT2#1: 5'‑GGT​CAG​TTA​ATT​TAG​
CGG​CTC‑3', sh‑FUT2#2: 5'‑GGT​AGG​AAT​TGT​CAC​ATA​
CCC‑3', sh‑NC: 5'‑GCT​TCG​CGC​CGT​AGT​CTT​A‑3'). For 
transfection, the 2.5 µg vectors (pGPU6/GFP/Neo‑FUT2 or 
pGPU6/GFP/Neo‑shNC) (GeneCopoeia, Inc.) were trans‑
fected into the SW‑480 and DLD‑1 cells using Lipofectamine 
3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.), 
with incubation for 15 min at room temperature, according 
to the manufacturer's instructions. The cells were cultured 
in DMEM containing 10% FBS and 350 ng/ml puromycin 
(Beijing Solarbio Science & Technology Co., Ltd.) under 5% 
CO2 at 37˚C for 2 weeks. The positive clones were verified by 
using reverse transcription‑quantitative PCR (RT‑qPCR) and 
western blot analysis, and used in subsequent experiments. 

siRNA transfection. For the knockdown of β‑catenin, the 
SW‑480 cells [the cells transfected with shFUT2#1 and the 
respective control (NC); 5x105] were cultured in six‑well plates 
to 60% confluency in DMEM at 37˚C and transfected with 
100 pmol/µl siRNA mixed with Lipofectamine 3000 reagent, 
and incubated for 15 min at room temperature, according to 
the manufacturer's instructions (Shanghai GenePharma Co., 
Ltd.). The siRNA sequences were as follows: siRNA for 
β‑catenin (si‑β‑catenin), 5'‑GAA​TGC​CGT​TCG​CCT​TCA​
TTA‑3'; siRNA for negative control (siNC), 5'‑UUC​UCC​GAA​
CGU​GUC​ACG​UTT‑3', (Shanghai GenePharma Co., Ltd.). The 
cells were incubated at 37˚C for 48 h.

RT‑qPCR. Total RNA was extracted from the SW‑480 or 
DLD‑1 cells using the RNA prep Pure Cell kit (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufac‑
turer's protocol. cDNA was obtained by reverse transcription 
using the Prime Script RT reagent kit (RR047A; Takara Bio, 
Inc.) The reaction conditions were as follows: 37˚C for 15 min 
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and 85˚C for 5 sec. The obtained cDNA was quantified using 
the SYBR® Premix Ex Taq™ (Perfect Real Time) qPCR kit 
(Takara Bio, Inc.), and detected using an ABI real‑time fluo‑
rescent quantitative PCR system (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The PCR was performed as follows: 
95˚C for 3 min, followed by 40 cycles of denaturation at 95˚C 
for 10 sec and annealing at 60˚C for 30 sec. The primers used 
for RT‑qPCR are listed in Table I. The 2‑ΔΔCq method was used 
to calculate the difference in gene expression, and GAPDH 
was used as the internal reference gene (24). 

Cell proliferation assay. The Cell Counting Kit‑8 (CCK‑8) was 
used to measure cell viability. In brief, the cells were incubated 
in 96‑well plates at a density of 5,000 cells/well at 37˚C with 
5% CO2. Following cell culture for 24, 48, or 72 h, the cells 
were washed with PBS, and 10 µl CCK‑8 reagent (Dojindo 
Laboratories, Inc.) was added to each well. The samples were 
measured using an automatic ELISA plate reader (Varioskan 
Flash; Thermo Fisher Scientific, Inc.) at a wavelength of 450 nm. 

Colony formation assay. For colony formation assay, the 
SW‑480 and DLD‑1 cells were digested, resuspended in 
complete DMEM and seeded in six‑well plates (500 cells/well) 
containing 2 ml DMEM. Following incubation at 37˚C for 
2  weeks, the cells were fixed with 4% paraformaldehyde 
for 20 min, then stained with 0.1% crystal violet (Beyotime 
Institute of Biotechnology) at room temperature for 30 min. 
Images were obtained under a microscope (TS100; Nikon 
Corporation), and colonies were counted and analyzed using 
Image J software (v1.8.0; National Institutes of Health). 

Wound healing assay. SW‑480 and DLD‑1 cells were seeded 
in six‑well plates with a density of 1x106 cells/well. Following 
cell culture up to 80‑90% confluency in 10% serum, the 
cells were scratched to form two parallel straining lines, 
and non‑adherent cells were washed off with PBS. Images 
of the wounds were photographed under a microscope 
(TS100; Nikon Corporation) at 0 and 48 h, respectively, and 
the wound widths were calculated using Image J software 
(v1.8.0; National Institutes of Health). Values were calculated 
by applying the following formula: Percentage of wound 
closure=1‑(widtht/width0). 

Transwell migration and invasion assays. Transwell chambers 
(24‑well; Corning, Inc.) were used to assess the migratory and 
invasive ability of the CRC cells (SW‑480 and DLD‑1). For the 
migration assay, cells (6x104 cells/well) were re‑suspended in 
serum‑free DMEM and seeded into the upper chamber with an 
8 µm pore size, and into the lower chamber, DMEM with 10% 

FBS was added. Following cell culture for 24 h at 37˚C, the 
chambers were washed with PBS. Subsequently, the cells that 
had migrated to the lower chamber were fixed with 4% parafor‑
maldehyde at room temperature for 30 min, then stained with 
crystal violet (Beyotime Institute of Biotechnology) at room 
temperature for 30 min. Finally, images were captured under 
a microscope (TS100; Nikon Corporation) and the numbers of 
cells were counted. 

For the invasion assays, the experimental procedure applied 
was similar to that described above for migration, with the differ‑
ence that the upper chamber was pre‑coated with BD Matrigel 
(BD Biosciences) at 37˚C for 8 h according to the manufacture's 
protocol for the invasion assay, and cells were cultured for 48 h.

Flow cytometry. Flow cytometry was used to assess the cell 
cycle and apoptosis. For the cell cycle assay, SW‑480 and 
DLD‑1 cells (1x106 cells/well) were seeded in six‑well plates 
in DMEM with 10% FBS and cultured for 48 h. Following 
trypsinization and washing with PBS, cells were fixed in 
70% ethanol at 4˚C for 2 h. Subsequently, the samples were 
resuspended in the staining buffer with propidium iodide (PI; 
Nanjing KeyGen Biotech Co., Ltd.) and RNase A (the ratio of 
PI to RNase A was 9:1), and incubated in the dark for 30 min at 
room temperature. Finally, the samples were analyzed using a 
flow cytometer (FACS Arial, BD Biosciences). The proportion 
of cells in the S + G2 phase was calculated using FlowJo 
v10.8.1 software (BD Biosciences).

For the apoptosis assay, the cells were harvested and incu‑
bated with Annexin V‑APC and PI using an Annexin V‑APC/PI 
Apoptosis Detection kit (Bio‑Rad Laboratories, Inc.), according 
to the manufacturer's instructions, and analyzed using a flow 
cytometer (as described above). 

Western blot analysis. The processed cells (SW‑480, DLD‑1, 
HCT‑116, HCT‑8 and FHC) and tissues were lysed in RIPA 
buffer (Beyotime Institute of Biotechnology) supplemented 
with 0.1% protease inhibitors (MilliporeSigma), and proteins 
were obtained according to the manufacturer's protocol. The 
supernatant was collected by centrifugation (20,900  x  g, 
30 min, 4˚C). The protein concentration was measured using a 
BCA Protein Assay kit (Beyotime Institute of Biotechnology). 
For western blot analysis, the extracted protein (20 µg) was 
separated by 10% sodium dodecyl sulfate‑polyacrylamide 
gel electrophoresis (SDS‑PAGE), and electro‑transferred onto 
polyvinylidene fluoride (PVDF) membranes (MilliporeSigma). 
The membranes were blocked with 5% non‑fat milk in Tris 
buffer saline with 0.1% Tween‑20 (TBST) at room tempera‑
ture for 2 h, and subsequently incubated with specific primary 
antibodies at 4˚C overnight. After washing with TBST, the 

Table I. Primer sequences used for gene expression analysis.

Gene	 Forward (5'‑3')	 Reverse (5'‑3')

FUT2	 GTGGTGTTTGCTGGCGATGG	 AAAGATTTTGAGGAAAGGGGAGTCG
GAPDH	 GAACATCATCCCTGCCTCTACT	 CCTGCTTCACCACCTTCTTG

FUT2, fucosyltransferase 2.
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membranes were incubated with the corresponding secondary 
antibodies at room temperature for 1 h, and visualized using 
an enhanced chemiluminescence (ECL) reagent (NCM USA). 
The results were analyzed using Image J software (v1.8.0; 
National Institutes of Health). The primary antibodies used 
were as follows: FUT2 (cat. no. sc‑100742) was obtained from 
Santa Cruz Biotechnology, Inc. Antibodies against C‑myc 
(ab32072), cyclin D1 (ab134175) and phosphorylated (p‑)
β‑catenin (cat. no. ab47335) were purchased from Abcam. 
Primary antibody against glycogen synthase kinase‑3β 
(GSK3β; cat. no. 12456) was acquired from Cell Signaling 
Technology, Inc. Primary antibodies against β‑catenin 
(51067‑2‑AP), and Wnt2 (66656‑1‑Ig) were obtained from 
Proteintech Group, Inc. Antibodies against tubulin (db3285), 
GAPDH (db1209) and β‑actin (db10001) were purchased 
from Diagbio (http://www.daigebio.com), and used as the 
loading controls. HRP‑conjugated Affinipure goat anti‑rat IgG 
(A0206) and HRP‑conjugated Affinipure goat anti‑rabbit IgG 
(A0208) were used as the secondary antibodies and purchased 
from Beyotime Institute of Biotechnology.

Immunohistochemistry (IHC). The paraffin‑embedded 
tissue sections (5‑µm‑thick) were purchased from Alenabio; 
Taibsbio (http://www.taibsbio.com/). For IHC staining, the 
tissue sections were used as previously described (25). Briefly, 
the tissues were deparaffinized with xylene, rehydrated with 
ethanol, followed by antigen retrieval with sodium citrate 
solution and endogenous peroxidase blocking with 3% H2O2 
at room temperature for 30 min. Following blocking with 
5% bovine serum albumin (BSA; Beyotime Institute of 
Biotechnology), the samples were incubated with an antibody 
against FUT2 (ab177239; 1:150; Abcam) at 4˚C overnight, 
and were subsequently incubated with biotinylated secondary 
antibodies (enhancement of enzyme‑labeled goat anti‑rabbit 
IgG; A0279; Beyotime Institute of Biotechnology) for 1 h 
at room temperature, treated with 3,3'‑diaminobenzidine 
(D12384; Merck KGaA), and finally counterstained with 
hematoxylin (C0105S; Beyotime Institute of Biotechnology) 
at room temperature for 3 min. Images were obtained using a 
microscope (TS100; Nikon Corporation).

Immunofluorescence. The immunofluorescence assays were 
performed as previously described (26). Briefly, the processed 
cells were washed with PBS three times, and fixed with 4% para‑
formaldehyde at room temperature for 30 min. After washing 
with PBS, the cells were permeabilized with 0.5% Triton 
X‑100 for 15 min at room temperature, and then blocked with 
5% BSA for 2 h at room temperature. Subsequently, the cells 
were incubated with an anti‑β‑catenin antibody (51067‑2‑AP; 
Thermo Fisher Scientific, Inc.) at 4˚C overnight, then incu‑
bated with the secondary antibody Cy3‑conjugated anti‑rabbit 
antibody (A0516; Beyotime Institute of Biotechnology) in 
the dark for 1 h at room temperature, stained with 0.5 µg/ml 
DAPI (4',6‑diamidino‑2‑phenylindole) (MilliporeSigma) at 
room temperature for 10 min to dye the nucleus. The samples 
were analyzed using a confocal laser scanning microscope 
(Nikon Corporation). 

Co‑immunoprecipitation. The SW‑480 cells (5x106 cells) were 
lysed using RIPA buffer as mentioned above. The cell lysate 

was centrifuged at 20,900 x g for 20 min at 4˚C. The cell lysate 
was pre‑cleared using sepharose‑protein A/G beads (ab193262; 
Abcam) 4˚C for 2 h, and IgG was used as a control. The super‑
natant was collected and incubated with primary antibody 
(Wnt2, 66656‑1‑Ig, 1:1,000, Thermo Fisher Scientific, Inc.; 
FUT2, sc‑100742, 1:200, Santa Cruz Biotechnology) at 4˚C 
overnight, and sepharose‑protein A/G beads were then added 
and incubated at 4˚C for 2 h. The protein‑antibody complexes 
were collected and resuspended in the SDS buffer. Finally, the 
samples were boiled at 100˚C for 10 min, the magnetic beads 
were removed, and the binding proteins were obtained for 
western blot analysis as described above. 

Lectin pull‑down. The SW‑480 cells (5x106 cells) were lysed 
using RIPA buffer as mentioned above. Cell lysates ere 
incubated with Agarose‑bound (Ulex Europaeus Agglutin‑1 
(UEA‑1; AL‑1063; Vector Laboratories, Inc.) and rotated 
overnight at 4˚C. After washing, the precipitated proteins 
were further examined using western blot analysis with Wnt2 
antibody. The BCA Protein Assay kit was used to measure the 
protein concentration.

Xenograft nude mouse model. BALB/c nude mice (12 females, 
4 to 5 weeks old, weighing 20‑22 g) were purchased from 
the Beijing Vital River Laboratory Animal Technology Co., 
Ltd. The mice were housed at ~25˚C and 50% humidity with 
a 12/12‑h light/dark cycle, and ad libitum access to food and 
water. For the in vivo subcutaneous tumorigenesis assay, shNC 
or shFUT2 SW‑480 cells (50 µl, 2x107 cells/ml in DMEM) 
were mixed with 50 µl 50% BD Matrigel and injected into the 
subcutaneous right flanks of the BALB/C‑nu nude mice (six 
mice per group). Animal health and behavior was observed 
every 2 days throughout the study period, and the tumors were 
measured every week. No mice died during the experiment. 
Human endpoints were reached when the maximum tumor 
volume was >750 mm3. After 30 days, a total of 12 mice (six 
per group) were anesthetized using 2% pentobarbital sodium 
(60 mg/kg, intraperitoneal injection) followed by cervical 
dislocation. The death of all experimental animals was veri‑
fied though the cessation of respiration, heartbeat and nerve 
reflex. Subsequently, the tumors were collected, weighed 
and measured. Tumor volume (mm3) was calculated using 
the following formula: Volume=0.5 x length x width2. The 
animal experiment was approved by the Laboratory Animal 
Ethics Committee of Wenzhou Medical University and 
Laboratory Animal Centre of Wenzhou Medical University 
(reference no. WYDW2019‑0245).

Statistical analysis. Comparisons between two groups were 
performed using an unpaired Student's t‑test or one‑way 
ANOVA analysis followed by Tukey's test. Statistical analyses 
were performed using SPSS software version 17.0 (SPSS, Inc.). 
Data are expressed as the mean ± SD of at least three repeated 
experiments. P<0.05 was considered to indicate a statistically 
significant difference. 

Results

FUT2 expression is upregulated in CRC. GEPIA was used in 
order to analyze the expression levels of FUT2 in CRC. As 
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demonstrated in Fig. 1A, the expression of FUT2 was upregu‑
lated both in COAD (n=275) and READ (n=92), as compared 
with normal colorectal tissue (n=349, n=318, respectively). To 
further determine the expression of FUT2 in CRC, the FUT2 
protein levels were detected using western blot analysis in 
CRC tissues and matched tumor‑adjacent tissues (n=28). The 
expression of FUT2 was found to be significantly increased 
in CRC tissues, compared with the adjacent non‑cancerous 
tissue (Fig. 1B). The observed double bands for FUT2 may 
be the outcome of FUT2 modification or degradation. FUT2 
was also evaluated using IHC in 36 pairs of CRC tissues and 
adjacent non‑cancerous tissues, and nine pairs of CRC lymph 
node metastatic tissues and the normal lymph node tissues 
(Fig. 1C). As shown in Fig. 1D, the expression of FUT2 in 
CRC tissues was significantly increased, compared with the 
adjacent non‑cancerous tissues. The expression of FUT2 
in colorectal cancer lymph node metastatic tissues was also 
increased, compared with the normal lymph node tissues. 

In order to further evaluate the clinical significance of 
FUT2, FUT2 expression in the different stages of CRC was 
analyzed. Compared to normal colon and rectal tissues, the 
expression of FUT2 was increased in stage I, II and III CRC 
tissues. However, there was no significant difference among 
the stage I, II and III (P>0.05, ANOVA with Tukey's post 
hoc test) samples (Fig. 1D), indicating that the FUT2 level 
was not associated with the TNM stage. Furthermore, FUT2 
expression was detected in SW‑480, DLD‑1, HCT‑116, HCT‑8 
and FHC cells. As demonstrated in Fig. 1E, FUT2 protein 
expression in CRC cells (SW‑480, DLD‑1 and HCT‑116) was 
higher than that in FHC cells. Overall, these results suggested 
that the upregulation of FUT2 may be associated with CRC 
development and progression.

Knockdown of FUT2 suppresses the migration and invasion 
of CRC cells. To detect the effects of FUT2 on CRC progres‑
sion in vitro, the SW‑480 and DLD‑1 cell lines were selected 

Figure 1. FUT2 is overexpressed in colorectal cancer tissues and cell lines. (A) Boxplot illustrating the relative expression of FUT2 in normal, COAD 
and READ samples. (B) Evaluation of FUT2 expression in fresh human colorectal cancer tissues and adjacent normal tissues using western blot analysis. 
C, colorectal cancer tissues; N, normal tissues. (C) Representative images of the expression of FUT2 proteins assessed using immunohistochemistry. C1, 
colorectal cancer tissues; N1, adjacent tissues; CLNM, colorectal cancer lymph node metastatic tissue; NLN, normal lymph node tissue. Magnification: Upper 
panels, x100; lower panels, x400. (D) Quantitative analysis of the average MOD of FUT2 staining in normal tissues, colorectal cancer tissues and lymph node 
metastatic tissues. N, normal control; CI, cancer stage I; CII, cancer stage II; CIII, cancer stage III. (E) The expression of FUT2 in colorectal cancer cell lines 
and FHC was examined using western blot analysis. β‑actin was used as the loading control. Data are expressed as the mean ± SD. *P<0.05, **P<0.01 and 
***P<0.001. FUT2, fucosyltransferase 2; COAD, colon adenocarcinoma; READ, rectal adenocarcinoma; MOD, mean optical density. 
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for further experiments. FUT2‑knockdown cells (shFUT2; 
shFUT2#1 and shFUT2#2) were generated by transfecting the 
plasmid DNA vector encoding an shRNA that targets FUT2 for 
the inhibition of FUT2 expression in CRC cell lines (SW‑480 
and DLD‑1), and their corresponding scrambled vector (NC) 
was used as a control. The mRNA expression levels of FUT2 
were markedly decreased in SW‑480 cells in which FUT2 was 
knocked down (shFUT2#1, shFUT2#2), compared with the 
NC cells, and a similar effect was observed in the DLD‑1 cells 
(Fig. 2A). The results of western blot analysis revealed that the 
protein levels of FUT2 were also significantly decreased in the 
shFUT2#1 and shFUT2#2 groups, as compared with the NC 
group (Fig. 2B).

Wound healing and Transwell assay were then performed 
to evaluate the effects of FUT2 on cell migration and invasion. 
As depicted in Fig. 2C, the knockdown of FUT2 significantly 
inhibited the wound closure, compared with the control cells 
(NC), suggesting that FUT2 knockdown inhibited the migration 

of SW‑480 and DLD‑1 cells. Furthermore, Transwell assay 
revealed that the number of SW‑480 and DLD‑1 cells that 
migrated through the membrane was significantly decreased 
in the shFUT2 groups (shFUT#1, shFUT2#2), as compared 
with their corresponding NC group (Fig. 2D). Consistent with 
results of the wound healing assay, FUT2 knockdown inhibited 
CRC cell migration. As depicted in Fig. 2E, Matrigel invasion 
assay revealed that the invasive capacity of the SW‑480 and 
DLD‑1 cells was also markedly suppressed in the shFUT2 
groups (shFUT#1 and shFUT2#2). These findings suggested 
that FUT2 promoted the migration and invasion of CRC cells.

Knockdown of FUT2 inhibits CRC growth in vitro and in vivo. 
CCK‑8 and plate clone formation assays were then performed 
in order to determine the role of FUT2 in the growth of CRC 
cells. The knockdown of FUT2 (shFUT2#1 and shFUT2#2) 
significantly inhibited the growth of CRC cells (SW‑480 and 
DLD‑1), as shown by CCK‑8 assay (Fig. 3A). Similarly, the 

Figure 2. Effects of FUT2 on the migration and invasion of colorectal cancer cells. (A) The mRNA and (B) protein expression of FUT2 was examined 
using reverse transcription‑quantitative PCR and western blot analysis, respectively. (C) The effect of FUT2 on cell migration was measured using a wound 
healing assay. The migration rates of SW‑480 and DLD‑1 cells were calculated using the formula described in the ‘Materials and methods’ section. Scale bar, 
1 mm. (D) The effect of FUT2 on cell migration was measured using Transwell assay, and the numbers of migrated cells were calculated. Scale bar, 1 mm. 
(E) Matrigel invasion assay was performed to assess the invasion of SW‑480 and DLD‑1 cells, and the numbers of invasive cells were calculated. Scale bar, 
1 mm. Data are expressed as the mean ± SD. *P<0.05, **P<0.01 and ***P<0.001. FUT2, fucosyltransferase 2. 
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Figure 3. Effects of FUT2 on the proliferation and apoptosis of colorectal cancer cells. (A) The proliferation of SW‑480 and DLD‑1 cells was measured using 
CCK‑8 assay. (B) The colony‑forming ability was determined in the SW‑480 and DLD‑1 cells. The numbers of colonies were calculated. (C) The cell cycle 
status of SW‑480 and DLD‑1 cells was analyzed using flow cytometry. The population cells in the S + G2 phase was calculated. (D) Flow cytometry was 
performed to analyze the apoptosis of SW‑480 and DLD‑1 cells. The apoptotic rate of each group was analyzed. Data are expressed as the mean ± SD. *P<0.05 
and **P<0.01. FUT2, fucosyltransferase 2.
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number of cell colonies was markedly decreased in the shFUT2 
groups, compared with the NC groups (Fig. 3B). It was thus 
demonstrated that the knockdown of FUT2 suppressed the 
proliferation of CRC cells. 

To further explore the role of FUT2 in CRC, flow cyto‑
metric analysis was used to examine cell cycle progression 
and apoptosis. The knockdown of FUT2 led to an increase in 
the cell ratio at the G0/G1 phase, with a marked decrease in 
the number of cells in the S phase (Fig. 3C), indicating that 
the CRC cells subjected to FUT2 knockdown were arrested at 
the G0/G1 phase. Furthermore, the results of flow cytometry 
demonstrated that the apoptotic indexes were significantly 
higher in the shFUT2 groups than the NC groups (Fig. 3D), 
indicating that FUT2 knockdown promoted the apoptosis 
of CRC cells. On the whole, these results indicated that 
the knockdown of FUT2 suppressed CRC progression by 
inhibiting cell proliferation and promoting apoptosis. 

To further assess the effects of FUT2 on CRC in vivo, a 
mouse CRC xenograft model was established. As demonstrated 
in Fig. 4B, the harvested tumors in the shFUT2 group were 
smaller than the tumors in the NC group. The average lengths 
of the total number of tumors in the NC and shFUT2 groups 
were 12.48±3.39 mm and 9.87±2.53 mm, respectively. The 
average widths of the total number of tumors in the NC and 
shFUT2 groups were 7.05±1.30 mm and 5.65±0.95 mm, respec‑
tively. The average tumor volume of the shFUT2 group was 
710.1 mm3, and the average tumor volume of the NC group was 
131.4 mm3 (Fig. 4C). The average tumor weight of the NC and 
shFUT2 groups was 0.239 and 0.050 g, respectively (Fig. 4D). 
FUT2 knockdown significantly inhibited tumor growth in vivo. 

FUT2 promotes CRC progression via β‑catenin signaling. 
Wnt signaling is tightly associated with cancer and has 
most prominently been described for CRC  (21). In the 
present study, to elucidate the underlying molecular 
mechanisms of FUT2 in CRC development, the canonical 
Wnt/β‑catenin signaling was investigated. As depicted in 
Fig. 5A, the knockdown of FUT2 markedly decreased the 
expression of β‑catenin and increased the phosphorylation 
of β‑catenin (Fig. 5A), which is known to be regulated 
by GSK3β, and subsequent β‑catenin ubiquitination and 
degradation  (27). It was revealed that the expression 
of GSK3β was significantly increased in the shFUT2 
groups, compared with the NC group, which suggested 
that the knockdown of FUT2 promoted GSK3β expression 
(Fig. 5B). Moreover, the expression levels of cyclin D1 
and C‑myc were significantly decreased in the shFUT2 
groups (shFUT2#1 and shFUT2#2), as compared with 
the NC group (Fig. 5C). To further confirm the effects 
of FUT2 on β‑catenin signaling, the distr ibution of 
β‑catenin was examined using confocal laser microscopy. 
It was demonstrated that the level of nuclear β‑catenin 
was markedly reduced following FUT2 knockdown 
(Fig. 5D). Furthermore, the knockdown of β‑catenin or 
FUT2 inhibited the expression of C‑myc and cyclin D1, 
the target genes of β‑catenin. The simultaneous knock‑
down of β‑catenin and FUT2 significantly enhanced the 
suppressive effects of β‑catenin or FUT2 knockdown on 
the expression of C‑myc and cyclin D1 in the SW‑480 cells 
(Fig. 5E), suggesting that FUT2 promoted the expression 
of C‑myc and cyclin D1 via β‑catenin signaling. 

Figure 4. Effects of FUT2 on the growth of SW‑480‑derived xenograft tumors in nude mice. (A) Images of mice and (B) tumors are presented. (C) The tumor 
volume of each group was measured and calculated using the formula described in the ‘Materials and methods’ section. (D) The tumors were weighed. *P<0.05 
and **P<0.01. FUT2, fucosyltransferase 2.
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FUT2 regulates the fucosylation of Wnt2 in CRC cells. In the 
canonical Wnt pathway, the phosphorylation and degradation 

of β‑catenin are regulated by Wnt (21). In the present study, 
to further elucidate the role of FUT2 in the regulation of the 

Figure 5. Effects of FUT2 on the Wnt/β‑catenin signaling pathway in colorectal cancer cells. (A) The expression of β‑catenin and p‑β‑catenin in SW‑480 cells 
was measured using western blot analsyis. The intensity was evaluated using ImageJ software. The expression of (B) GSK3β, and (C) C‑myc and cyclin D1 in 
SW‑480 cells measured using western blot analysis. (D) The distribution of β‑catenin in SW‑480 cells was measured using immunofluorescent assay. Scale bar, 
50 µm. (E) The expression of β‑catenin, C‑myc and cyclin D1 in SW‑480 cells in which FUT2 or β‑catenin was knocked down was measured using western 
blot analysis. Data are expressed as the mean ± SD. *P<0.05, **P<0.01 and ***P<0.001. FUT2, fucosyltransferase 2; GSK3β, glycogen synthase kinase‑3β.

Figure 6. Effects of FUT2 on Wnt2 in colorectal cancer cells. (A) The expression of Wnt2 in SW‑480 cells was evaluated using western blot analysis. (B) The 
α‑1,2‑fucosylation of Wnt2 was detected by UEA‑1 lectin pull‑down assay in SW‑480 cells. (C) The interaction between FUT2 and Wnt2 was detected using 
co‑immunoprecipitation assay. FUT2, fucosyltransferase 2. 

https://www.spandidos-publications.com/10.3892/ijo.2023.5483
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Wnt/β‑catenin pathway, lectin pull‑down and immunopre‑
cipitation, and western blot analysis were performed. The 
results of western blot analysis revealed that the protein levels 
of Wnt2 were not affected by FUT2 knockdown (Fig. 6A). 
UEA‑1 pull‑down revealed that the knockdown of FUT2 
markedly decreased the fucosylation of Wnt2 (Fig.  6B). 
Immunoprecipitation and western blot analysis also demon‑
strated that FUT2 interacted with Wnt2 (Fig. 6C). These 
results suggested that the FUT2‑mediated fucosylation of 
Wnt2 may activate Wnt/β‑catenin signaling.

Discussion

CRC is a disease of the digestive system and is associated 
with a high morbidity and mortality, and a poor clinical 
outcome. Although the clinical treatment of CRC has 
improved, the prognosis of CRC remains poor. Therefore, 
it is crucial to elucidate the underlying mechanisms of 
CRC tumorigenesis and development, in order to improve 
diagnosis and the treatment effects. Cancer progression 
has been associated with a variation of protein expression 
and post‑translational modifications  (28). Over the past 
few decades, accumulating evidence has demonstrated that 
aberrant glycosylation plays a vital role in cancer (29). The 
alteration of glycosylation may be explained by the dysregu‑
lation of glycosyltransferases, which catalyze glycosylation 
in order to create glycan structures (30,31). Recently, it has 
been revealed that fucosyl transferases are overexpressed 
in cancer, including CRC, and mediate several specific 
biological functions (32,33). Herein, based on TCGA data 
analysis for FUT2 in CRC, FUT2 expression was analyzed 
using the GEPIA web‑portal. The expression of FUT2 was 
upregulated in CRC. Furthermore, IHC assay and western 
blot analysis revealed that the FUT2 protein levels in 
CRC tissues were increased in comparison with those in 
adjacent non‑cancerous tissues. However, no association 
with clinical stage was detected. Furthermore, FUT2 was 
expressed in CRC cells at significantly higher levels than in 
FHC cells. These results thus suggested that FUT2 may be a 
positive regulator of the progression of CRC. In the present 
study, SW‑480 and DLD‑1 cells were used to investigate 
the functional role and the molecular mechanisms of FUT2 
in CRC.

Functionally, the results of the present study demonstrated 
that the knockdown of FUT2 attenuated the viability and 
growth of CRC cells, and inhibited CRC growth in vivo. The 
dysregulation of the cell cycle, as one of the hallmarks of tumor 
cells, is associate with limitless tumor cell proliferation and 
growth, and the regulation of cell cycle can be used to prevent 
cancer development  (34). The present study demonstrated 
that FUT2 knockdown induced the G0/G1 phase arrest of the 
SW‑480 and DLD‑1 cells, which may eventually decelerate 
CRC growth. As a type of programmed cell death, apoptosis 
is the reverse of cell proliferation and plays a crucial role in 
maintaining cell and tissue homeostasis (35). In the present 
study, the knockdown of FUT2 significantly increased the 
apoptosis of CRC cells. Moreover, FUT2 knockdown inhib‑
ited the migratory and invasive capabilities of the SW‑480 and 
DLD‑1 cells. These findings suggested that FUT2 may be a 
positive regulator of CRC development.

The Wnt pathway, a highly conserved and versatile 
pathway, is critical for cell differentiation,  proliferation, 
tissue  homeostasis and regeneration, and is involved in 
almost all stages of tumor development  (36,37). The Wnt 
pathway is commonly divided into β‑catenin‑dependent and 
‑independent signaling. Known as ‘canonical Wnt signaling’, 
the β‑catenin‑dependent pathway (Wnt/β‑catenin pathway) 
is considered as the most crucial and well‑characterized 
pathway, and functions by regulating the stabilization and 
nuclear translocation of β‑catenin, thereby regulating cellular 
processes (38). The stabilization of β‑catenin is considered 
as one of the ‘gatekeepers’ of Wnt signaling in tumorigen‑
esis (39). Herein, the findings of western blot analysis and 
confocal laser microscopy revealed that the knockdown of 
FUT2 reduced the expression of β‑catenin, cyclin D1 and 
C‑myc in SW‑480 cells, indicating that FUT2 may induce 
Wnt/β‑catenin signaling in CRC cells. The stabilization 
of β‑catenin is determined by its phosphorylation status. 
When Wnt is inactivated, β‑catenin is recruited by APC and 
delivered to the ‘destruction complex’, subsequently being 
degraded following phosphorylation and ubiquitination (40). 
The results of the present study revealed that the knockdown 
of FUT2 increased the phosphorylation levels of β‑catenin 
and GSK3β expression, which mediated the phosphorylation 
of β‑catenin. Furthermore, the simultaneous downregulation 
of FUT2 and β‑catenin enhanced the suppressive effect of the 
sole downregulation of FUT2 on C‑myc and cyclin D1 expres‑
sion. These results indicated that FUT2 promoted CRC cell 
growth and metastasis via the Wnt/β‑catenin pathway. 

Among 19 Wnt ligands in mammals, Wnt2, one of the WNT 
gene family members, is overexpressed in human cancers, 
including ovarian cancer, lung cancer, pancreatic cancer 
and CRC (41,42). Wnt2, as a potential marker in CRC, plays 
tumorigenic roles through the induced activation of β‑catenin 
in CRC (43). In the present study, FUT2 knockdown did not 
affect the expression of Wnt2; however, the fucosylation of 
Wnt2 was significantly reduced by FUT2 knockdown, and 
the interaction between FUT2 and Wnt2 was verified using 
co‑immunoprecipitation/western blot analysis. These results 
suggested that the FUT2‑mediated fucosylation of Wnt2 
activated Wnt/β‑catenin signaling.

In conclusion, the present study demonstrates that FUT2 
is overexpressed in CRC, promoting the tumor growth and 
metastasis in CRC, and regulating CRC tumorigenesis via the 
Wnt/β‑catenin signaling pathway. These findings may indicate 
the role of FUT2 as a potential diagnostic or therapeutic target 
for CRC.
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