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Abstract

Background: Colorectal cancer (CRC) ranks as the third most common cancer globally and is characterized
by a poor prognosis. Abnormal glycosylation, a hallmark of cancer development, influences multiple signaling
pathways and contributes to CRC progression. ldentifying key glycosyltransferase genes associated with CRC
prognosis could provide novel therapeutic targets and improve patient outcomes.

Methods: We utilized datasets from The Cancer Genome Atlas (TCGA) to analyze the expression of
glycosyltransferase genes in CRC tissues. Lasso regression and COX regression models were employed to
identify key glycosyltransferase genes associated with patient prognosis. Angiogenesis assays were performed
utilizing tumor-conditioned medium to assess the influence of GDP-fucose protein O-fucosyltransferase 2
(POFUT?2) in cancer cells on human umbilical vein endothelial cells (HUVECs).Flag-Immunoprecipitation
combining mass spectrometry detection was employed to identify potential interacting proteins with
POFUT2.Western blot, immunoprecipitation, and immunohistochemistry were used to assess the interaction
between POFUT2 and Junction Plakoglobin (JUP), as well as the correlation between the expression of
Vascular endothelial growth factor A (VEGFA) and Platelet Endothelial Cell Adhesion Molecule-1 (CD31).

Results: Our analysis revealed that POFUT?2 is significantly upregulated in CRC tissues and correlates with
poor prognosis. Elevated POFUT?2 expression in CRC cells enhances proliferation, invasion, and angiogenic
capabilities of HUVECs. Among POFUT2 potential interacting proteins, three proteins were found to be
involved in angiogenesis: JUP, HSBP1 (Heat Shock Factor Binding Protein 1), and AGO2 (Argonaute RISC
Catalytic Component 2). Specifically, HSBP1 negatively regulates angiogenesis, whereas JUP and AGO2
positively regulate angiogenesis. Our results demonstrated that POFUT2 promotes the protein expression of
JUP but does not affect the expression of AGO?2. Further investigations revealed that POFUT?2 interacts with
JUP, upregulates its expression through fucosylation, and subsequently regulates VEGFA levels, thereby
enhancing angiogenesis. A significant positive correlation was observed between POFUT2 and the expression
levels of JUP, VEGFA, and CD31 in CRC tissues.

Conclusions: POFUT2 is identified as a critical glycosyltransferase gene in CRC, closely associated with
angiogenic phenotypes and poor prognosis. High POFUT2 expression in CRC regulates JUP fucosylation,
increasing JUP and VEGFA levels, which promotes angiogenesis. These findings suggest POFUT2 could serve as
a prognostic marker for colorectal cancer, and targeting it may inhibit angiogenesis and aid in treatment.
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Introduction

Colorectal cancer ranks as the third most  witha 5-year survival rate that can reach 90%, but this
frequently diagnosed cancer globally and is the drops significantly for patients with advanced
second leading cause of cancer-related mortality!. The = metastatic disease, with a 5-year survival rate of only
prognosis for localized CRC is relatively favorable,  14%2. Unfortunately, many patients are diagnosed
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with CRC at a stage where distant metastases have
already occurred, precluding the possibility of
curative surgery®. The challenges posed by metastasis
and disease recurrence are significant in the clinical
management of CRC* Consequently, uncovering
novel molecular mechanisms that influence the
progression and prognosis of CRC, as well as
discovering new therapeutic targets, remain a priority
in oncological research >.

Glycosylation, a prevalent post-translational
modification of proteins, is intricately linked to the
pathogenesis and progression of cancer ©¢%.
Throughout tumorigenesis, glycosylation influences a
multitude of biological processes, including cell
signaling, tumor invasion, proliferation, angiogenesis,
metastasis, protein maturation, and turnover®!l.
Glycosylation protein markers, such as CA19-9,
CA125, CEA, PSA, and AFP, have been instrumental
in clinical early diagnosis and recurrence
prediction’>16. Glycosyltransferases are pivotal in
cancer development due to their role in inducing

abnormal  glycosylation of  tumor-associated
glycoproteins, thereby impacting tumor
progression’17-20, In breast cancer, the
fucosyltransferase FUT8 catalyzes B7H3 core

N-glycosylation, maintaining its high expression
levels. The combination of 2F-Fuc, an inhibitor of core
fucosylation, with anti-PDL1 enhances therapeutic
efficacy in B7H3-positive TNBC tumors?’. The
microphthalmia-associated  transcription  factor
(MITF) is activated through O-GlcNAcylation by the
O-GlIcNAc transferase (OGT), which facilitates its
translocation to the nucleus, thereby inhibiting
senescence in palbociclib-induced breast cancer
drug-resistant cells2. In CRC, the depletion of OGT
markedly amplifies TCA cycle activity. By facilitating
O-GlcNAcylation at c-Myc's serine 415, OGT bolsters
c-Myc stability, which in turn transcriptionally
elevates PDK2 levels. This enhancement curbs
reactive oxygen species production and fosters the
proliferation of xenografted tumors?.In metastatic
colorectal cancer, the FDWO028 has demonstrated
significant anti-tumor activity by targeting FUTS.
Specifically, FDW028 catalyzes the defucosylation of
B7-H3, thereby triggering its degradation via the
HSC70/LAMP2A pathway?*. In addition, novel FUT8
inhibitor compound 15 has a significant antitumor
effect in a colorectal cancer cell xenograft model,
suggesting its great potential in the treatment of
colorectal cancer?.

To investigate the correlation between the
expression of 200 glycosyltransferase-related genes
(GTs) and the diagnostic and prognostic implications
of CRC, we analyzed the CRC transcriptome data
from The Cancer Genome Atlas (TCGA). Lasso

regression and multivariate COX regression analyses,
we constructed a prediction model including seven
GTs: POFUT2, ALG1L2, HAS1, PYGL, COLGALT?2,
B3GNT4, and GALNT?. Notably, CRC patients with
high expression of POFUT2 had a poorer prognosis
and POFUT?2 exhibited a high AUC of 0.8. Consistent
with previous studies that report a significant increase
in POFUT2 expression levels in patients with
colorectal tumours, their findings suggest that
POFUT2 may serve as a potential biomarker and
therapeutic target for CRC?»*. We focused POFUT2
function and potential mechanisms in CRC in this
study.

POFUT2 is a member of the fucosyltransferase
(FUT) family and acts as an O-fucosyltransferase,
which is responsible for the direct addition of fucose
to serine or threonine residues on glycoproteins?.
FUTs enzymes catalyze the transfer of fucose residues
from GDP-fucose donor substrates to acceptor
substrates on oligosaccharides, glycoproteins, and
glycolipids?. O-fucosylation has been implicated in
the secretion of various proteins 2. Mice with a
knockout of the POFUT2 gene exhibit embryonic
lethality due to defects in protozoal embryo
formation, highlighting the essential role of POFUT2
in early development®.. Previous study reported that
the expression levels of POFUT2 are significantly
elevated in patients with colorectal tumors2
Nevertheless, our comprehension of the function and
mechanism of action of POFUT2 in CRC remains
limited.

Angiogenesis plays a key role in tumor
metastasis. It not only provides the necessary
nutrients and oxygen for tumor growth, but also
creates conditions for tumor cell invasion and distant
metastasis®*?*. We utilized the CancerSEA database
analysis and found that POFUT2 was highly
positively correlated with the angiogenic phenotype.
We found that the increased expression of POFUT2 in
colorectal cancer cells significantly promoted the
angiogenic ability of HUVECS. Furthermore, we
identified an interaction between POFUT2 and JUP
proteins, with POFUT2 modifying JUP through fucose
glycosylation, thereby enhancing JUP's protein
expression. Subsequent investigations revealed that
POFUT?2 increases VEGFA expression by modulating
JUP, which in turn drives angiogenesis in CRC.
Collectively, our findings suggest that POFUT2 serves
as a potential molecular diagnostic marker and a
candidate therapeutic target for anti-angiogenic
strategies in CRC patients.
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Materials and Methods

Patients and samples

The study involved 20 pairs of tissue samples
and corresponding patient data, which were procured
from Central South University. Ethical approval for
this research was granted by the Ethical Review
Committee of the Third Xiangya Hospital, affiliated
with Central South University. Prior to their
participation, all patients provided their written
informed consent, ensuring compliance with ethical
standards and patient autonomy.

Cell lines and cell culture

We obtained the human immortalized colorectal
epithelial cell line NCM460, as well as human CRC
cell lines HCT8, LOVO, CACO2, HCT116, and
HUVECs from the Cell Center of Central South
University. All cell lines were cultured in Dulbecco's
Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum. The cells were maintained in
a controlled environment of a 37°C incubator with a
5% CO2 atmosphere to ensure optimal growth
conditions.

Cells transfection and tumor conditioned
medium (TCM) obtaining

Colorectal cancer cells were transfected with
either a pcDNA3.1-3xFlag-POFUT2 overexpression
plasmid or siRNA targeting POFUT2. For controls, we
used an empty plasmid in the overexpression group
and si-NC (non-targeting control siRNA) in the
knockdown group. HCT8 and Lovo cells were
transiently  transfected using the jetPRIME
transfection reagent (jetPRIME, polyplus, 101000001).
Twelve hours post-transfection, the culture medium
was replaced with serum-free medium. TCM were
collected 36 hours later. HUVECs were then cultured
in the presence of TCM and subjected to a series of
functional assays, including CCK-8 proliferation
assay, tube formation assay, and Transwell invasion
assay. The specific siRNA sequences used were as
follows: for POFUT2, (1: F5'-GGAUGAAGAUGAA
GGUCAAT-3; 2: F 5-GGAUGUACCCAGUCUGG
AAT-3'; 3: F 5-CGACCACUAUGGAGGGAAAT-3'),
for JUP, (1: F5'-GCTTCAGACTCAAGTACCCA-3; 2:
F5'- GATCATGCGTAACTACAGTTA-3").

CCK-8 proliferation assay

HUVECs were first digested and then seeded
into 96-well plates at a density of 1000 cells per well.
The culture medium was mixed with TCM in a 1:1
ratio, with a total volume of 100 pL per well.
Following this, 10 pL of the Cell Counting Kit-8
(CCK-8, NCM Biotech, C6005) was added to each

well. The plates were then returned to the incubator
for an additional 2 hours to allow for colorimetric
reaction. Subsequently, the absorbance at 450 nm was
determined using a microplate reader to assess cell
viability.

Tubule formation assay

We utilized pure Matrigel (Corning, 356234) to
coat a 24-well plate. The Matrigel was allowed to
polymerize for 3 hours at a constant temperature of
37°C in an incubator. Subsequently, HUVECs were
seeded onto the Matrigel-coated wells at a density of 8
x 10* cells per well. The culture medium was then
mixed with TCM in a 1:1 ratio, resulting in a final
volume of 400 pL per well. The 24-well plate was
incubated for an additional 6 hours in a thermostatic
incubator. Post-incubation, the cells were examined
under a microscope to evaluate their behavior and
morphology within the Matrigel matrix.

Transwell invasion experiment

The substrate gel was diluted with culture
medium at a ratio of 1:8. A volume of 20 pL of this
diluted gel was added to each well of a 24-well plate,
and the plate was then incubated at 37°C to allow the
gel to solidify for 3 hours. Following solidification,
digested HUVECs were seeded into the wells at a
density of 2.5 x 10* cells per well. The cells were
cultured in a medium containing 2% fetal bovine
serum (FBS) mixed with TCM in a 1:1 ratio, with a
total volume of 200 pL per well. To establish a
chemotactic gradient, 600 pL of culture medium
enriched with 20% FBS was added to the lower
chamber of the 24-well plate. The invasive potential of
the HUVECs was evaluated after a 48-hour incubation
in a controlled-temperature incubator.

Quantitative real-time RT-PCR

Total cellular RNA was extracted from the
samples using the NCM RNA Extraction Kit (NCM
Biotech, M5105) as per the manufacturer's guidelines.
Subsequently, the RNA was reverse transcribed into
complementary DNA (cDNA) using the HiScript II Q
RT SuperMix for qPCR (+gDNA Wiper) (Vazyme,
R223-01). Following cDNA synthesis, quantitative
real-time polymerase chain reaction (QRT-PCR) was
conducted with the HiScript II Q RT SuperMix
(Vazyme, R222-01) according to the manufacturer's
protocol. The specific primer sequences used were as
follows: for -actin, forward (F 5-ATTCCTATGTGG
GCGACGAG-3' and R 5-TAGCACAGCCTGGATA
GCAA-3"); for POFUT2, (F 5-GCAGACATCTCAAC
TCCACG-3' and R 5-TCCTTTCTGACGGCAT
CTG-3"); for JUP, (F 5'-ACCAGCATCCTGCACAACC
TCT-3' and R 5-GGTGATGGCATAGAACAGG
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ACC-3"); and for VEGFA, (F 5-CTGCTGTCTTGGG
GTGCATTG-3' and R 5-TCACCGCCTCGGGCTT
GTCACA-3).

Woestern blot

Cells were lysed using RIPA lysis buffer (NCM
Biotech, WB3100) on ice. Once complete lysis was
achieved, protein concentrations were determined
using the BCA protein assay. The protein samples
were then boiled to denature them and subjected to
SDS-PAGE for separation. Following electrophoresis,
the proteins were transferred onto a PVDF membrane.
The membrane was blocked in 5% skimmed milk for 1
hour at room temperature before incubation with the
respective primary antibodies at 4°C overnight. After
primary antibody incubation, the membrane was
incubated with the corresponding secondary
antibodies for 2 hours at room temperature. The
immunoreactive bands were visualized using an
ultrasensitive ECL chemiluminescence detection kit
(NCM, P10300). The antibodies used in this study
were as follows: POFUT2 (ABclonal, A12223), JUP
(ABclonal, A0963), VEGFA (ABclonal, A21647;
Proteintech, 19003-1-AP), GAPDH (Proteintech,
10494-1-AP), Flag (ABclonal, AE092), and AAL lectin
(Vector Labs, B-1395-1).

Immunohistochemistry (IHC)

Tissue sections were first deparaffinized by
baking in a thermostatic oven at 65°C for 2 hours.
Subsequently, the sections were deparaffinized by
sequential immersion in xylene and graded ethanol
solutions (100%, 95%, 85%, 75%, and 0%) for 3
minutes each. Once dewaxing was complete, antigen
retrieval was performed using a 10x Tris-EDTA
Antigen Retrieval Solution (Coolaber, SL1863). The
sections were then permeabilized in phosphate-
buffered saline (PBS) containing 0.1% Triton X-100 for
15 minutes and treated with an endogenous
peroxidase blocking buffer (Beyotime, P0100B) for 10
minutes. Following this, the sections were incubated
with an immunostaining blocking buffer (Beyotime,
P0260) for an additional 10 minutes to reduce
non-specific binding. The sections were then
incubated with the primary antibody overnight at
4°C, using the same primary antibodies as mentioned
earlier. After primary antibody incubation, the
sections were incubated with biotinylated goat
anti-rabbit IgG (Beyotime, A0279) for 2 hours. This
was followed by incubation with a DAB staining kit
(ZSGB-BIO, ZLI-9018) for 10 minutes to visualize the
immunoreactive sites. Finally, the sections were
dehydrated, mounted, and the staining intensity and
area were subsequently scored using Image] software
(developed in Maryland, USA). The stained area score

was: < 25% stained area was defined as 1 point, 25% <
Stained area < 50% was defined as 2 points, 50% <
Stained area < 75% was defined as 3 points, and
stained area > 75% was defined as 4 points. Staining
intensity was scored as: Negative was defined as 0,
Low DPositive as 1, and Positive as 2. IHC score =
Staining area score * staining intensity score.

Liquid chromatography-tandem mass
spectrometry

Protein samples, after processing, were subjected
to separation via SDS-PAGE electrophoresis. The
resolved gels were subsequently stained with Thomas
Brilliant Blue to visualize the protein bands. The
bands of interest were carefully excised from the gel
and subjected to in-depth proteomic analysis using
liquid chromatography-tandem mass spectrometry
(LC-MS/MS) at APTBIO.

Immunoprecipitation and lectin blotting
experiment

Cells were lysed using an IP lysis buffer (NCM
Biotech, P70100), and protein samples were collected
by centrifugation. To each tube, 20 ul of magnetic
beads were added for a 3-hour incubation to facilitate
protein cross-linking. Afterward, the excess beads
were then washed with the appropriate buffer and 5
ul of the corresponding primary antibody was added
to each tube. For the IgG control group, 5 pl of IgG
antibody (Santa Cruz Biotechnology, SC-66931) was
added. The samples were then incubated at 4 °C
overnight to allow for antibody binding. Following
the incubation, the IP lysis buffer was used to wash
the beads eight times, with each wash lasting for 5
minutes. The proteins that were bound to the beads
were subsequently eluted and denatured in
preparation for Western blot analysis. For the Western
blot procedure, the membrane was first blocked to
prevent non-specific binding. It was then incubated
with AAL lectin (Vector Labs, B-1395-1) at 4 °C
overnight. After primary antibody incubation, the
membrane was incubated with biotinylated goat
anti-rabbit IgG (Beyotime, A0279) for 2 hours. Finally,
the membrane was incubated with a DAB staining kit
(ZSGB-BIO, ZLI-9018) for 10 minutes to visualize the
staining results.

Statistical analyses

We retrieved RNA-sequencing data from 521
cases of TCGA CRC cohort from the TCGA database
(https:/ /portal.gdc.cancer.gov/). This dataset
encompassed sequencing data from both cancerous
and paired normal tissues across 521 patients, which
were utilized for subsequent bioinformatics analysis.
Employing R software, we conducted a series of
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analyses, including differential gene expression, Lasso
regression, univariate and multivariate Cox
proportional hazards regression, Kaplan-Meier
survival curves, and receiver operating characteristic
(ROC) curves. For statistical processing of
experimental data, we utilized GraphPad Prism
version 9.0.0. To ensure reproducibility, RT-PCR,
CCK-8 proliferation assays, tubule formation assays,
and Transwell invasion experiments were each
performed in triplicate. Data are presented as the
mean * standard deviation (SD). For statistical
analysis, independent samples t-tests and one-way
ANOVA were employed. P-values < 0.05 were
considered statistically significant differences (*p <
0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001).

Results

Identify key glycosyltransferases in colorectal
cancer

We obtained a comprehensive list of GTs from
the HGNC database (https:/ /www.genenames.org/).
After excluding pseudogenes, the gene expression
profiles and association with prognosis of 200 GTs
were analyzed using TCGA CRC database. LASSO
regression analysis was performed to determine the
optimized gene set, with the parameters illustrated in
Figure 1A and B. When the lambda (A) value was
minimized, a prognostic model with seven genes
having non-zero coefficients (POFUT2, ALG14,
B3GNT6, GALNT7, B4GLT6, UGT2B7, and
MFNGEGR3, CCND2, SOCS3, JunD, and SLC27A6)
was established. The entire CRC cohort was stratified
into high and low-risk groups based on the risk score,
revealing a significantly higher mortality rate in the
high-risk group compared to the low-risk group
(Figure 1C). We further explored the correlation
between the expression of these seven key genes and
clinicopathological characteristics within the TCGA
CRC dataset (Figure S1B). Through univariate and
multivariate Cox proportional hazards regression
analyses, we found that POFUT2 (P<0.001), ALG14
(P=0.005), and B4GALT6 (P=0.042) were independent
risk factors affecting CRC patient prognosis (Figure
S1A and Figure 1C). Notably, POFUT2 and B4GALT6
showed higher expression in CRC tissues compared
to paired normal tissues, while no difference observed
for ALG14 expression (Figure 1D,G). In CRC, the
upregulation of POFUT2 (P < 0.001) and the
downregulation of ALGl14 (P = 0.002) were
significantly associated with poor overall survival
(OS), as determined by Kaplan-Meier survival
analysis. In contrast, the expression of BAGALT6 did
not show a correlation with OS (Figure 1F,H-I). Based
on these findings, we prioritized POFUT?2 for further

investigation due to its high expression in CRC tissues
and profound influence on poor prognosis in CRC.

POFUT?2 is highly expressed in colorectal
cancer and is a pro-angiogenic gene

POFUT?2 expression was found to be elevated in
CRC tissues compared to paired normal tissues in
TCGA CRC cohort (Figure 2A). This increase in
expression was observed in conjunction with higher
tumor infiltration depths (T stage), more extensive
lymphatic metastasis (N stage), presence of distant
metastasis (M stage), and advanced clinicopatho-
logical staging (Figure 2B and Figure S1C-E).
Additionally, we conducted an analysis of the receiver
operating characteristic (ROC) curve for POFUT2 and
found it demonstrated a substantial diagnostic value,
evidenced by an area under the curve (AUC) of
0.8(Figure 2C). In comparison, the classic CRC
marker, carcinoembryonic antigen (CEA/
CEACAM)), exhibited a lower AUC of 0.504 (Figure
S52A-C). Immunohistochemical analysis of 20 pairs of
CRC surgical specimens and adjacent non-cancerous
tissues further corroborated that POFUT2 protein
expression was significantly elevated in cancerous
tissues (Figure 2D-E). Thus, POFUT2 is overexpressed
in CRC and influences patient prognosis which
maybe as a predictive and prognostic biomarker for
CRC outcomes.

To investigate the potential role of POFUT2 in
CRC, we first used the CancerSEA database
(http:/ /biocc.hrbmu.edu.cn/CancerSEA /) and found
a robust positive correlation between POFUT2
expression and the angiogenic phenotype in CRC
(Figure S2D). Based on the immunohistochemical
staining scores of POFUT2 in 20 colorectal cancer
tissues, we categorized the samples into two groups:
the high POFUT2 expression group (n=10) and the
low POFUT2 expression group (n=10).
Immunohistochemical staining of these specimens
with a CD31 antibody showed significantly higher
CD31 expression in the high POFUT2 level group
than in the low-level group, along with a strong
positive correlation between CD31 and POFUT2
protein expression (r=0.840, P<0.001) (Figure 2F-H).
Next, we evaluated POFUT2 expression in an
immortalized colorectal epithelial cell line (NCM460)
and several CRC cell lines. Our results indicated that
POFUT2 expression was higher in and LOVO, HCTS8
and CACO2 CRC cell lines compared to NCM460 cells
(Figure 2I-]). Based on these expression levels, we
selected the two cell lines with the highest POFUT2
expression, HCT8 and LOVO, for subsequent in vitro
experiments. Altogether, these findings suggest that
POFUT2 may play a promotional role in the
angiogenesis of CRC.
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different CRC cell lines. (J) Western blot analysis of POFUT?2 protein expression levels in various CRC cell lines. Data are statistically analyzed using a T-test or Mann-Whitney
U.*P < 0.05; **P < 0.01; **P < 0.001; ****p < 0.0001 indicate statistical significance.
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Figure 3. High expression of POFUT2 in CRC cells promotes the angiogenic capacity of HUVECs. (A, C) Quantitative RT-PCR (qRT-PCR) was used to assess the
overexpression efficiency of POFUT2 in HCT8 and LOVO cells. (B, D) Western blot analysis was conducted to evaluate the overexpression efficiency of POFUT2 in HCT8 and
LOVO cells. (E-F,G,)J) Transwell invasion assays, along with quantitative results, were conducted on HUVECs cultured with TCM from HCT8 cells overexpressing or knocking
down POFUT?2. (H,K) CCK-8 proliferation assays were conducted on HUVECs cultured with TCM derived from HCT8 cells that had been transfected with either a POFUT2
overexpression plasmid or siRNA targeting POFUT2. (1,L,M-N) Tubulogenesis assays, along with quantitative results, were conducted on HUVECs cultured with TCM from
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¥ < 0.0001 indicating statistical significance.
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High expression of POFUT2 in CRC cells
promotes the angiogenic capacity of HUVECs

To elucidate the role of POFUT?2 in the regulation
of angiogenesis in CRC, we transfected HCT8 and
LOVO cells with a POFUT2 overexpression plasmid.
This transfection successfully increased POFUT2
expression at both the mRNA and protein levels in
these cells (Figure 3A-D). Subsequently, we initially
confirmed the efficiency of POFUT2 knockdown in
HCT8 and LOVO cells, demonstrating that POFUT2
expression was significantly reduced compared to
negative controls (Figure S2E-H). Our results showed
that HUVECs cultured in TCM from POFUT2-
overexpressing HCT8 and LOVO cells displayed
significantly higher cell proliferation, enhanced
angiogenesis, and increased invasion abilities
compared to those cultured in TCM from control cells
(Figure 3E,G-LM and Figure S3A,C-E,I). Compared
with the TCM derived from the negative control
HCT8 cells, the proliferation, angiogenic, and
invasion capabilities of HUVECs cultured with TCM
collected after knockdown of POFUT2 were
significantly reduced (Figure 3F]J-LN and Figure
S3B,F-H,]). Collectively, these findings indicated that
POFUT2 promotes the proliferation, angiogenesis,
and invasion abilities of HUVECs in wvitro,
highlighting its potential role in the angiogenic
processes associated with CRC.

POFUT?2 promotes angiogenesis by
upregulating JUP expression

To investigate the mechanisms underlying
POFUT2-mediated angiogenesis in colorectal cancer,
we transfected HCT8 cells with a 3xFLAG-POFUT2
plasmid and employed a FLAG-tag antibody to
immunoprecipitate POFUT2-interacting proteins for
subsequent mass spectrometry analysis (Figure S4B).
There were three potential interacting proteins
associated with angiogenesis: JUP, HSPB1, and
AGO2.HSPB1 negatively regulates angiogenesis,
while JUP and AGO2 positively regulate angiogenesis
(Figure S4A). In the TCGA CRC dataset, we observed
JUP and AGO2 exhibited upregulated expression in
tumor tissues compared with normal tissues (Figure
S4C-D). Importantly, JUP protein expression but not
mRNA levels increased with POFUT2 overexpression
and decreased with POFUT2 knockdown in HCTS8
and LOVO cells, respectively (Figure 4A-B and Figure
S4F-1). Concurrently, the protein level of AGO did not
alter after POFUT2 overexpression (Figure 54]). Based
on these findings, we hypothesize that POFUT2 may
exert its influence on CRC angiogenesis through
enhancing JUP protein level dependent on
post-transcriptional regulatory mechanisms.

A pattern also observed in CRC cell lines, which
exhibited higher JUP expression than normal
colorectal epithelial cell lines (Figure S4K).
Immunoprecipitation experiments post-transfection
of Flag-POFUT2 in HCT8 and LOVO cells observed
the binding of POFUT2 to JUP (Figure 4C and Figure
4F). Endogenous reciprocal IP assays further
validated the POFUT2-JUP interaction in CRC cells
(Figure 4D-E and Figure 4G-H).

To ascertain whether POFUT2 may promote
angiogenesis in CRC by enhancing JUP expression,
we overexpressed POFUT2 and simultaneously
knocked down JUP in the HCT8 cell line.
Subsequently, we collected TCM from these cells and
used it to culture HUVECs for Transwell invasion
assays, tubulogenesis, and CCK-8 proliferation
assays. Our findings indicate that the suppression of
JUP  expression counteracts the enhanced
proliferation,  invasiveness, @ and  angiogenic
capabilities of HUVECs induced by POFUT2
overexpression (Figure 4I-L). Our findings reveal that
POFUT2 promotes angiogenesis in CRC by elevating
JUP expression through direct binding to JUP.

POFUT2 mediated fucosylation of JUP to
enhance VEGFA expression

Given that POFUT2 is a  protein
O-fucosyltransferase that adds O-fucose groups to
serine/threonine residues, we investigated whether
POFUT?2 directly modulates the O-fucosylation level
of JUP, thereby affecting JUP protein expression.
Through immunoprecipitation assay followed by
AAL lectin blotting, we found increased AAL binding
to JUP in POFUT2-overexpressing cells. This
phenomenom was reduced by fucosyltransferase
inhibitor (SGN-2FF) (Figure 5A). Overexpression of
POFUT2 in HCT8 and LOVO cells resulted in
increased JUP protein levels with POFUT2
overexpression, which were also abrogated by
SGN-2FF treatment (Figure 5B and Figure S5A). Our
findings suggest that POFUT2 interacts with JUP,
facilitating its fucosylation modification, which in
turn enhances the expression levels of the JUP protein.

JUP is a key player in cellular adhesion and
tissue integrity. Overexpression of JUP in melanoma
has been shown to upregulate VEGFA expression,
and tumors with elevated JUP display a larger area of
CD31-positive  staining, indicating increased
angiogenesis®. In the TCGA CRC dataset, a
significant positive correlation was observed between
JUP and VEGFA expression levels (R = 0.295, P <
0.001) (Figure 5C). VEGFA is recognized as one of the
most potent angiogenic factors, and the
VEGFA/VEGFR pathway plays a crucial role in
promoting the development of vascular endothelial
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cells during tumor angiogenesis®. We hypothesize
that POFUT2 may promote angiogenesis in CRC by
regulating VEGFA through JUP. In the TCGA CRC
dataset, a positive correlation was observed between
JUP and VEGFA expression levels (R = 0.295, P <
0.001) (Figure 5C). Our data reveal that knocking
down JUP in CRC cells leads to a decrease in VEGFA
protein levels without affecting VEGFA mRNA levels
(Figure 5D-E and Figure S5D-E). Similarly, we
observed VEGFA protein increased upon POFUT2

overexpression and decreased following POFUT2
knockdown in HCTS8 cells (Figure 5F-G and Figure
S5F-I).  When POFUT2 was  overexpressed
concurrently with JUP knockdown, the increased
VEGFA expression due to POFUT2 overexpression
was counteracted, returning to basal levels (Figure
5H). Collectively, these findings suggest that POFUT2
promotes angiogenesis in CRC by increasing VEGFA
expression through the direct regulation of
O-fucosylation modification of JUP.
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Figure 4. POFUT2 promotes angiogenesis by upregulating JUP expression. (A-B) Detection of JUP expression levels by Western Blot after POFUT2 overexpression
and knockdown in HCT8 and LOVO cells. (C,F) Immunoprecipitation (IP) using an exogenous Flag antibody to pull down POFUT2-bound complexes after POFUT2
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overexpression in HCT8 and LOVO cells, with Western Blot detection of JUP expression.(D,G) IP experiments using a JUP antibody in HCT8 and LOVO cells, followed by
Western Blot detection of POFUT2 expression.(E,H) IP experiments using a POFUT2 antibody in HCT8 and LOVO cells, followed by Western Blot detection of JUP
expression. (I-L) Assessment of TCM from HCT8 cells post-transfection with POFUT2 overexpression plasmid and JUP siRNA on HUVECs for CCK-8 proliferation assays,
Transwell invasion, and tubulogenesis, along with quantitative results. Data are presented as mean * standard deviation, with n = 3, *P < 0.01, ***P < 0.001, ****p < 0.0001
indicating statistical significance as determined by T-test analysis.
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qRT-PCR detection of VEGFA expression following JUP knockdown in HCT8 cells. (E) Western blot analysis of VEGFA protein expression levels after transfection with JUP
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Significant positive correlation between
POFUT2 expression and JUP/VEGFA
expression in colorectal cancer tissues

Subsequently, we aimed to investigate whether a
similarly robust positive correlation exists between
POFUT2 and JUP/VEGFA in CRC cancerous tissues.
We stratified 20 CRC tissues into groups with high
and low POFUT2 expression and further examined
the expression patterns of JUP and VEGFA within
these groups. Immunohistochemical staining revealed
that, compared to the low POFUT2 level group, the
high POFUT2 level group exhibited significantly
elevated protein levels of JUP and VEGFA (Figure
6A-B, D-E). Notably, a significant positive correlation
was observed between POFUT2 and the protein
expression levels of JUP and VEGFA in CRC tissues
(JuP: r=0.623, p=0.003; VEGFA: r=0.680, p<0.001)
(Figure 6C, F). These findings further corroborate our
hypothesis that POFUT2 promotes angiogenesis in
CRC through the JUP/VEGFA axis.

Discussion

In our study, we identified POFUT2 as a
potential oncogene glycosyltransferase that is highly
expressed at multiple levels — TCGA dataset, CRC cell
lines, and CRC tissues —and serves as an independent
risk factor impacting the prognosis of CRC patients.
ROC curve revealed that POFUT2 has a significantly
higher AUC value compared to the established CRC
markers CEA/CEACAMS5, underscoring the
substantial potential of POFUT2 as a molecular
diagnostic biomarker for CRC. Utilizing the
cancerSEA  database, we identified a strong
correlation between POFUT2 expression and the
angiogenic phenotype, suggesting a potential role in
vascular biology. This hypothesis was further
supported by our immunohistochemical staining in
CRC tissues, which revealed a significant positive
correlation between POFUT2 and the expression of
the vascular marker CD31. Our findings demonstrate
that POFUT2 knockdown in CRC cells inhibits the
proliferation, invasion, and angiogenic capacity of
HUVECs, while POFUT2 overexpression significantly
promotes ability of HUVECs.

Through mass spectrometry detection, we
identified POFUT2 binding protein JUP. We found
POFUT2 directly interacted with and modulated its
protein expression levels by engaging in the
fucosylation modification of JUP. JUP is known to
interact with axonemal calreticulin, axonemal core
glycoproteins, and other axonemal proteins, which
facilitate the binding of intermediate filaments to the
cell membrane, thereby conferring cellular tensile
strength and elasticity. JUP also binds to APC, which,

in conjunction with axin and GSK3, regulates JUP
levels within the cytoplasm and nucleus 3738,
Activation of the Wnt pathway leads to the
accumulation of JUP in the cytoplasm and nucleus,
where it binds to members of the Tcf/Lef family of
transcription factors, increasing the expression of cell
cycle proteins D1, c-myc, and MMP-718. Moreover,
JUP overexpression significantly enhances the
expression of VEGFA%®. Our experimental results
indicate that POFUT2 and JUP do not influence the
mRNA expression levels of VEGFA but rather
modulate its protein expression. We observed that
when POFUT2 was overexpressed and JUP was
concurrently knocked down, the increased VEGFA

protein  expression  induced by  POFUT2
overexpression returned to baseline levels. This
discrepancy suggests that POFUT2-JUP axis

regulation of VEGFA expression may mainly occur at
the post-transcriptional level, rather than at the
transcriptional level. Moreover, the knockdown of
JUP reversed the enhancement of proliferation,
invasion, and angiogenic capabilities of HUVECs
induced by POFUT2 overexpression. Further analysis
in CRC tissues revealed a significant positive
correlation between POFUT2 expression and the
protein expression levels of JUP and VEGFA.

The standard first-line treatment for advanced
CRC remains chemotherapy in combination with
anti-epidermal growth factor receptor (EGFR)
antibodies or anti- VEGF agents>®-41. While the
clinical benefits of anti-angiogenic therapies such as
bevacizumab are substantial, they have not matched
the high expectations set by preclinical research*>44,
This discrepancy is largely attributed to the significant
side effects and the development of drug resistance®.
Consequently, there is an urgent need to discover new
drug targets based on underexplored mechanisms to
combat tumor angiogenesis. Recent studies have
identified four potential POFUT2-targeting drugs
with plausible docking modes that may be effective
against chemotherapy-resistant cancers®. In our
future work, we plan to investigate the potential
synergistic effects of POFUT2 inhibitors in
combination with bevacizumab for the treatment of
CRC.

While our study has elucidated the molecular
mechanism by which POFUT2 promotes angiogenesis
in colorectal cancer through the regulation of JUP and
VEGFA, several limitations should be acknowledged.
The sample size in our study is relatively small.
Larger patient cohort studies are warranted to further
validate the role of POFUT2 across different clinical
subtypes and its correlation with patient prognosis. In
addition, although we identified the interaction
between POFUT2 and Jup using
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co-immunoprecipitation in cells, the specificity
binding domain of this interaction requires further
confirmation  through additional independent
experiments. Moreover, while in vitro functional
assays have provided compelling evidence for the
function of POFUT?2, the in vivo validation of these

A
Jup

experimental results remains to be fully explored. In
our future work, we plan to conduct intestinal-specific
POFUT2 knockout mice to further investigate the
function and mechanisms of POFUT2 on CRC

progression.
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Figure 6. Significant positive correlation between POFUT?2 expression and JUP/VEGFA Expression in Colorectal Cancer Tissues. (A, D) Staining results for
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In conclusion, our study of key glycosyltrans-
ferases has uncovered a novel mechanism of
angiogenesis in CRC. We have demonstrated that
high expression levels of POFUT2 in CRC are
implicated in the regulation of fucosylation
modification levels of JUP, which subsequently
increases JUP protein expression. Furthermore,
POFUT2 exerts its effects on VEGFA protein
expression through JUP, thereby promoting
angiogenesis in CRC (Fig. 7). These findings not only
advance our understanding of the molecular
underpinnings of CRC angiogenesis but also suggest
POFUT2 as a potential anti-angiogenic therapeutic
target. Targeting POFUT2 could have significant
implications for the clinical management of CRC,
offering a new avenue for treatment strategies in
patients with this disease.

Abbreviations

CRC: colorectal cancer; TCGA: the cancer
genome atlas; POFUT2: GDP-fucose protein
o-fucosyltransferase 2; HUVECs: human umbilical
vein endothelial cells; JUP: junction plakoglobin;
VEGFA: vascular endothelial growth factor A; CD31:
platelet endothelial cell adhesion molecule-1; TCM:
tumor conditioned medium; OS: overall survival;
SGN-2FF: fucosyltransferase inhibitor.

Supplementary Material

Supplementary methods and figures.
https:/ /www.medsci.org/v23p0412s1.pdf

Acknowledgments

We are deeply grateful to the researchers from
the Oncology Department at the Third Xiangya
Hospital and the Cancer Research Institute of Central
South University for their valuable assistance during
the course of this study.

Funding

This research was supported by the National
Natural Science Foundation of China (81872473) and
Natural Science Foundation of Changsha (kq2502256).

Ethics statement

In this study, information pertaining to CRC
tissue samples was obtained with the express consent
of the individuals involved, and the research was
conducted with the approval of the Ethics Committee

at the Third Xiangya Hospital (25087).

Consent for publication

All the authors read and approved the final
manuscript.

https://www.medsci.org



Int. J. Med. Sci. 2026, Vol. 23

426

Author contributions

Research design: Yanfeng Zou and Yian Yang.

Experimental operations:Yanfeng Zou and Wei Xu.
Results analysis and visualization: Yanfeng Zou and
Wei Xu. Writing: Yanfeng Zou and Yian Yang. Peiguo
Cao and Zheng Li was the monitor of this study.

Data availability statement

The data are available in the article and obtained

from the corresponding author upon reasonable
request.

Competing Interests

The authors have declared that no competing

interest exists.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA: a cancer journal for
clinicians. 2018;68(6):394-424.

Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA: a
cancer journal for clinicians. 2022;72(1):7-33.

Miller KD, Nogueira L, Devasia T, et al. Cancer treatment and
survivorship statistics, 2022. CA: a cancer journal for clinicians.
2022;72(5):409-436.

Ciardiello F, Ciardiello D, Martini G, Napolitano S, Tabernero ],
Cervantes A. Clinical management of metastatic colorectal cancer in the
era of precision medicine. CA: a cancer journal for clinicians.
2022;72(4):372-401.

Benson AB, Venook AP, Al-Hawary MM, et al. Colon Cancer, Version
2.2021, NCCN Clinical Practice Guidelines in Oncology. Journal of the
National Comprehensive Cancer Network : INCCN. 2021;19(3):329-359.
Rodrigues JG, Balmafia M, Macedo JA, et al. Glycosylation in cancer:
Selected roles in tumour progression, immune modulation and
metastasis. Cellular immunology. 2018;333:46-57.

Ferrer CM, Lynch TP, Sodi VL, et al. O-GlcNAcylation regulates cancer
metabolism and survival stress signaling via regulation of the HIF-1
pathway. Molecular cell. 2014;54(5):820-831.

Slawson C, Hart GW. O-GlcNAc signalling: implications for cancer cell
biology. Nature reviews Cancer. 2011;11(9):678-684.

Pinho SS, Reis CA. Glycosylation in cancer: mechanisms and clinical
implications. Nature reviews Cancer. 2015;15(9):540-555.

Christiansen MN, Chik ], Lee L, Anugraham M, Abrahams JL, Packer
NH. Cell surface protein glycosylation in cancer. Profeomics.
2014;14(4-5):525-546.

LiuY, Cao Y, Pan X, et al. O-GIcNAc elevation through activation of the
hexosamine biosynthetic pathway enhances cancer cell chemoresistance.
Cell death & disease. 2018;9(5):485.

Lee J, Yeo I, Kim Y, et al. Comparison of Fucose-Specific Lectins to
Improve Quantitative AFP-L3 Assay for Diagnosing Hepatocellular
Carcinoma Using Mass Spectrometry. Journal of proteome research.
2022;21(6):1548-1557.

Norman JS, Li PJ, Kotwani P, Shui AM, Yao F, Mehta N. AFP-L3 and
DCP strongly predict early hepatocellular carcinoma recurrence after
liver transplantation. Journal of hepatology. 2023;79(6):1469-1477.
Hammarstrom S. The carcinoembryonic antigen (CEA) family:
structures, suggested functions and expression in normal and malignant
tissues. Seminars in cancer biology. 1999;9(2):67-81.

Engle DD, Tiriac H, Rivera KD, et al. The glycan CA19-9 promotes
pancreatitis and pancreatic cancer in mice. Science (New York, NY).
2019;364(6446):1156-1162.

Felder M, Kapur A, Gonzalez-Bosquet J, et al. MUC16 (CA125): tumor
biomarker to cancer therapy, a work in progress. Molecular cancer.
2014;13:129.

Chachadi VB, Bhat G, Cheng PW. Glycosyltransferases involved in the
synthesis of MUC-associated metastasis-promoting selectin ligands.
Glycobiology. 2015;25(9):963-975.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

40.

41.

Chen CY, Jan YH, Juan YH, et al. Fucosyltransferase 8 as a functional
regulator of nonsmall cell lung cancer. Proceedings of the National Academy
of Sciences of the United States of America. 2013;110(2):630-635.

Hatano K, Miyamoto Y, Nonomura N, Kaneda Y. Expression of
gangliosides, GD1a, and sialyl paragloboside is regulated by NF- x
B-dependent transcriptional control of a 2,3-sialyltransferase I, II, and VI
in human castration-resistant prostate cancer cells. International journal of
cancer. 2011;129(8):1838-1847.

Pinho SS, Oliveira P, Cabral J, et al. Loss and recovery of Mgat3 and
GnT-III Mediated E-cadherin N-glycosylation is a mechanism involved
in  epithelial-mesenchymal-epithelial ~ transitions. ~ PloS  one.
2012;7(3):e33191.

Huang Y, Zhang HL, Li ZL, et al. FUT8-mediated aberrant
N-glycosylation of B7H3 suppresses the immune response in
triple-negative breast cancer. Nature communications. 2021;12(1):2672.
Zhang Y, Zhou S, Kai Y, et al. O-GlcNAcylation of MITF regulates its
activity and CDK4/6 inhibitor resistance in breast cancer. Nature
communications. 2024;15(1):5597.

Wang H, Sun J, Sun H, et al. The OGT-c-Myc-PDK2 axis rewires the TCA
cycle and promotes colorectal tumor growth. Cell death and differentiation.
2024;31(9):1157-1169.

Wang M, Zhang Z, Chen M, et al. FDW028, a novel FUTS8 inhibitor,
impels lysosomal proteolysis of B7-H3 via chaperone-mediated
autophagy pathway and exhibits potent efficacy against metastatic
colorectal cancer. Cell death & disease. 2023;14(8):495.

Lv Y, Zhang Z, Wang M, et al. Discovery of novel FUTS8 inhibitors with
promising affinity and in vivo efficacy for colorectal cancer therapy.
Bioorganic chemistry. 2024;149:107492.

Wang P, Liu X, Yu ], et al. Fucosyltransferases Regulated by
Fusobacterium Nucleatum and Act as Novel Biomarkers in Colon
Adenocarcinoma. Journal of inflammation research. 2023;16:747-768.
Valero-Gonzalez ], Leonhard-Melief C, Lira-Navarrete E, et al. A
proactive role of water molecules in acceptor recognition by protein
O-fucosyltransferase 2. Nature chemical biology. 2016;12(4):240-246.

Wu LH, Shi BZ, Zhao QL, Wu XZ. Fucosylated glycan inhibition of
human hepatocellular carcinoma cell migration through binding to
chemokine receptors. Glycobiology. 2010;20(2):215-223.

Wang LW, Dlugosz M, Somerville RP, Raed M, Haltiwanger RS, Apte SS.
O-fucosylation ~ of  thrombospondin  type 1 repeats in
ADAMTS-like-1/punctin-1 regulates secretion: implications for the
ADAMTS  superfamily.  The Journal —of biological — chemistry.
2007;282(23):17024-17031.

Ricketts LM, Dlugosz M, Luther KB, Haltiwanger RS, Majerus EM.
O-fucosylation is required for ADAMTSI13 secretion. The Journal of
biological chemistry. 2007;282(23):17014-17023.

Du ], Takeuchi H, Leonhard-Melief C, et al. O-fucosylation of
thrombospondin type 1 repeats restricts epithelial to mesenchymal
transition (EMT) and maintains epiblast pluripotency during mouse
gastrulation. Developmental biology. 2010;346(1):25-38.

Schneider M, Al-Shareffi E, Haltiwanger RS. Biological functions of
fucose in mammals. Glycobiology. 2017;27(7):601-618.

. Fang H, Sun Q, Zhou J, et al. m(6)A methylation reader IGF2BP2

activates endothelial cells to promote angiogenesis and metastasis of

lung adenocarcinoma. Molecular cancer. 2023;22(1):99.

Teleanu RI, Chircov C, Grumezescu AM, Teleanu DM. Tumor

Angiogenesis and Anti-Angiogenic Strategies for Cancer Treatment.

Journal of clinical medicine. 2019;9(1).

Leick KM, Rodriguez AB, Melssen MM, et al. The Barrier Molecules

Junction Plakoglobin, Filaggrin, and Dystonin Play Roles in Melanoma

Growth and Angiogenesis. Annals of surgery. 2019;270(4):712-722.

Zhao W, Cao L, Ying H, et al. Endothelial CDS2 deficiency causes

VEGFA-mediated vascular regression and tumor inhibition. Cell research.

2019;29(11):895-910.

Ben-Ze'ev A, Geiger B. Differential molecular interactions of beta-catenin

and plakoglobin in adhesion, signaling and cancer. Current opinion in cell

biology. 1998;10(5):629-639.

Hiilsken J, Birchmeier W, Behrens J. E-cadherin and APC compete for the

interaction with beta-catenin and the cytoskeleton. The Journal of cell

biology. 1994;127(6 Pt 2):2061-2069.

Saltz LB, Clarke S, Diaz-Rubio E, et al. Bevacizumab in combination with

oxaliplatin-based chemotherapy as first-line therapy in metastatic

colorectal cancer: a randomized phase III study. Journal of clinical oncology
official ~ journal of the American Society of Clinical Oncology.

2008;26(12):2013-2019.

Weis SM, Cheresh DA. Tumor angiogenesis: molecular pathways and

therapeutic targets. Nature medicine. 2011;17(11):1359-1370.

Ferrara N, Adamis AP. Ten years of anti-vascular endothelial growth

factor therapy. Nature reviews Drug discovery. 2016;15(6):385-403.

https://www.medsci.org



Int. J. Med. Sci. 2026, Vol. 23 427

42. Sitohy B, Nagy JA, Dvorak HF. Anti-VEGF/VEGER therapy for cancer:
reassessing the target. Cancer research. 2012;72(8):1909-1914.

43. Lee SJ, Lee SY, Lee WS, et al. Phase I trial and pharmacokinetic study of
tanibirumab, a fully human monoclonal antibody to vascular endothelial
growth factor receptor 2, in patients with refractory solid tumors.
Investigational new drugs. 2017;35(6):782-790.

44. Watanabe J, Muro K, Shitara K, et al. Panitumumab vs Bevacizumab
Added to Standard First-line Chemotherapy and Overall Survival
Among Patients with RAS Wild-type, Left-Sided Metastatic Colorectal
Cancer: A Randomized Clinical Trial. Jama. 2023;329(15):1271-1282.

45. Zhu AX, Abbas AR, de Galarreta MR, et al. Molecular correlates of
clinical response and resistance to atezolizumab in combination with
bevacizumab in advanced hepatocellular carcinoma. Nature medicine.
2022;28(8):1599-1611.

46. Jia Z, Liao P, Yan B, Lei P. Comprehensive pan-cancer analysis of FUTs
family as prognostic and immunity markers based on multi-omics data.
Discover oncology. 2024;15(1):567.

https://www.medsci.org



