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SUMO1-modified DNA methyltransferase 1 induces DNA hypermethylation of
VWC2 in the development of colorectal cancer
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Aberrant DNA methylation of genes is closely linked to many aspects of tumor development. This study focuses on the effect
of DNA hypermethylation of von Willebrand factor C domain containing 2 (VWC2) on colorectal cancer (CRC) progression
and the underpinning mechanism. According to data in the bioinformatic systems, VWC2 had the highest degree of DNA
methylation in colonic adenocarcinoma, and it showed DNA hypermethylation in rectal adenocarcinoma as well. CRC and
the para-tumorous tissues were collected from 86 patients. VWC2 was expressed at low levels in CRC samples and inversely
correlated with tumor stage and tumor biomarker expression. DNA hypermethylation and reduced expression of VWC2
were also detected in CRC cell lines HCT-116 and HT29. VWC2 overexpression suppressed the malignant growth of cells
in vitro and in vivo. Co-immunoprecipitation and western blot assays showed that small ubiquitin-like modifier 1 (SUMO1)
mediated SUMOylation of DNA methyltransferase 1 (DNMT1) and strengthened its protein stability, which promoted DNA
methylation and suppression of the VWC2 gene. In summary, this study demonstrates that SUMO1-mediated activation of
DNMT1 induces DNA methylation and downregulation of VWC2 in CRC to augment cancer development.
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Colorectal cancer (CRC) represents one of the most
common neoplasms making up for approximately 10% of
all cancer incidence and mortality rates across the globe [1,
2]. While surgical resection is a curable strategy for early-
stage CRC, effective therapeutic options for patients with
metastatic disease (25% of all diagnosed cases) are lacking
[3]. Correspondingly, the survival rate of patients largely
depends on the disease stage. The 5-year survival rate ranges
from approximately 90% for stage I disease to slightly over
10% for stage IV disease [4, 5]. Although great progress
has been made in CRC treatments, such as surgery, chemo-
therapy, radiotherapy, immunotherapy, and anti-epithelial
growth factor receptor therapy, the prognosis of patients
remains poor [6]. It is urgent to identify more oncogenic
events implicated in the onset and progression of CRC.

CRC has a strong epigenetic component, and the epigen-
etic alterations act even prior to genetic changes in inducing
malignant transformation of cancer cells [7]. DNA methyla-
tion represents one of the major epigenetic mechanisms by
which cells use to manipulate gene expression, generally
inducing transcriptional suppression and gene downregu-

lation [8]. There are three common DNA methyltransfer-
ases (DNMTs), DNMT1, DNMT3a, and DNMT3b, which
catalyze the addition of methyl to cytosine residues at carbon
5 to induce DNA hypermethylation [9]. The DNA hyper-
methylation of tumor inhibitor genes is frequently involved
in tumor initiation and development [10, 11]. Importantly,
DNA methylation is a dynamic and reversible process,
leaving the methylation modifications as potential targets for
treatment [12]. Here, we obtained via bioinformatics tools
that von Willebrand factor C domain containing 2 (VWC2)
had a high DNA methylation level in CRC. VWC2 was found
as an antagonist of bone morphogenetic proteins potentially
linking to bone formation [13]. However, little is known
about its role in tumor development.

SUMOylation represents one of the essential components
of the ubiquitination proteasome system exerting critical
functions in the maintenance of protein homeostasis and
signal transduction, whose perturbation is linked to tumori-
genesis [14]. The SUMOylation participates in multiple
biologic functions such as gene transcription, cell cycle, DNA
damage repair, and innate immunity and is implicated in



1374

Xiao-Hu CHENG, et al.

tumorigenesis by affecting metastasis, therapy resistance, and
immune resistance [15]. SUMOylation refers to the covalent
attachment of the small ubiquitin-like modifier (SUMO)
family of proteins to lysine residues in specific target proteins
through an enzymatic cascade [16]. Our further bioinfor-
matics analyses identified SUMOL1 as a gene inversely corre-
lated with VWC2. SUMOI1 has been recently observed as
an oncogene in human cancers by stabilizing the protein
of cancer driver genes via the SUMOylation modification
[17, 18]. Moreover, the SUMO1 has been found to modify
DNMTs [19]. Taken together, we postulated that the SUMOL1
possibly affects the protein stability of certain DNMTs to
govern the DNA methylation level of VWC2 in CRC.

Patients and methods

Patients. Eighty-six patients with CRC treated at the
Second Hospital of Anhui Medical University from January
2018 to January 2020 were included in this research. The
tumor and para-tumorous tissue samples were stored at
-80°C. All malignant or benign samples were confirmed by
hematoxylin and eosin staining before usage. None of the
included patients received chemo- or radiotherapies before
sample collection, and they all provided a written informed
consent form. This research was ratified by the Ethics
Committee of the Second Hospital of Anhui Medical Univer-
sity and abided by the Declaration of Helsinki.

Cells. Two CRC cell lines HCT-116 and HT29 were
acquired from the American Type Culture Collection
(Manassas, VA, USA). A human normal colon epithelial cell
line NCM460 was acquired from BLUEFBIO Technology
Co., Ltd. (Shanghai, China). All cells were maintained in
Dulbecco’s modified Eagle’s medium (Thermo Fisher Scien-
tific, Rockford, IL, USA) supplemented with 10% fetal bovine
serum (FBS) and 100 units/ml penicillin/streptomycin (all
from Thermo Fisher Scientific) at 37 °C with 5% CO,.

A SUMOylation modification inhibitor COH000 (Cat No:
S0309) and a protein synthesis inhibitor cycloheximide (Cat
No: S7418) were procured from Selleck Chemicals (Houston,
TX, USA). The COHO000 was used to treat CRC cells at a dose
of 0.2 uM (IC50 of the in vitro SUMOylation), and cyclohexi-
mide was used at a dose of 100 pg/ml. Decitabine (HY-A0004,
MedChemExpress, Monmouth Junction, NJ, USA) was used
at 5 pM to suppress the activity of DNMTs.

Plasmids and cell transfection. The routine overex-
pression vector pEX-4 (pGCMV/MCS/T2A/EGFP/Neo)-
based overexpression plasmids of VWC2 (VWC2-OE),
DNMT1 (DNMT1-OE), and the negative control (NC)-OE
were procured from GenePharma Co., Ltd. (Shanghai,
China). Mammalian shRNA-interference vector piggyBac
(EGFP:T2A:Puro-U6)-based short hairpin RNAs (shRNAs)
were procured from VectorBuilder Inc. (Guangzhou,
Guangdong, China). The sequence information is listed
below: sh-SUMO1 1#: 5-TAAATAAGATCGACCAAT-
GCAAGTGTTCATAATGACTTTCC-3’; sh-SUMO1

2#: 5-GGAAAAATGACCTTTCCTTAACTTGAAGCTA-
CTTTTAAAAT-3; and sh-SUMO1 3# 5-ACAGGGT-
GTTCCAATGAATTCACTCAGGTTTCTCTTT-
GAGG-3" All plasmids were transfected to cells using
Lipofectamine 2000 (Thermo Fisher Scientific) according
to the instructions. At 48 h after transfection, the cells were
harvested for subsequent analyses.

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR). A TRIzol kit (Thermo Fisher Scien-
tific) was used to isolate total RNA from tissues or cells.
The RNA concentration was examined by NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific), and
the reverse transcription of RNA (100 ng) to cDNA was
conducted by the iScript cDNA kit (Bio-Rad, Inc., Hercules,
CA, USA). Real-time qPCR was performed by SYBR™
Green qPCR Master Mix (Thermo Fisher Scientific) on the
7900HT system (Thermo Fisher Scientific). Fold change
of gene expression relative to GAPDH was determined
by the 2-*2 method. The PCR primers were designed and
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China),
and the sequence information is listed below: VWC2
(Forward): 5-GTGCCTGCTTGGGCTAGTTA-3, VWC2
(Reverse): 5-GGGGATGAGTGGGACTACCT-3’; SUMO1
(Forward): 5-TCAACTGAGGACTTGGGGGA-3, SUMO1
(Reverse): 5’-TCAGCAATTCTCTGACCCTCA-3’; GAPDH
(Forward): 5-AATGGGCAGCCGTTAGGAAA-3, GAPDH
(Reverse): 5-GCGCCCAATACGACCAAATC-3.

Methylated DNA immunoprecipitation (MeDIP).
Genomic DNA from cells was extracted using a DNA
extraction kit (Thermo Fisher Scientific) and truncated to
200-600 bp DNA fragments by ultrasonication. According
to the instructions of the MeDIP kit (BersinBio Co., Ltd.,
Guangzhou, Guangdong, China), highly-methylated DNA
fragments were enriched by the 5mC antibody relative,
followed by washing, elution, purification, and qPCR analysis.
The percentage of DNA fragments enriched by the 5mC
antibody to Input was calculated as the methylation level.

Western blot (WB) analysis. The cells were lysed in
protease inhibitor-contained lysis buffer (Thermo Fisher
Scientific) to isolate total protein, and the protein concen-
tration was examined by a BCA kit (Thermo Fisher Scien-
tific). Thereafter, an equal amount of protein sample (50
ug) was separated by 10% SDS-PAGE and loaded onto
polyvinylidene fluoride membranes (Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany). The membranes
were blocked with 5% skim milk and hybridized with
the primary antibodies overnight at 4°C, and then with
HRP-labeled goat anti-rabbit IgG (1:3000, ab6721, Abcam)
for 1 h. The signals were developed by enhanced chemi-
luminescence. The primary antibodies are listed below:
anti-VWC2 (PA5-63097, Thermo Fisher Scientific), anti-
SUMOL1 (#4930, Cell Signaling Technology (CST), Beverly,
MA, USA), anti-DNMT1 (1:1000, TU325877, Abmart Inc.,
Shanghai, China), and anti-GAPDH (internal control)
(1:5000, TU363314, Abmart).
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Co-immunoprecipitation (Co-IP). According to the
instructions of the Co-IP kit (Thermo Fisher Scientific), the
cells were lysed in a lysis buffer. A portion of the lysates was
used as the Input for WB analysis, and another portion was
incubated with anti-SUMOL1 (#4940, CST) at 4 °C overnight.
After that, the protein A agarose beads were washed with
lysis buffer and added to the cell lysates at 4°C for 2-4 h.
The magnetic bead-protein complexes were collected and
washed, and the protein sample was separated by SDS-PAGE
and detected by WB analysis.

Chromatin  immunoprecipitation  (ChIP)-qPCR.
Enrichment of VWC2 promoter by DNMTs was analyzed
by the Pierce™ agarose ChIP kit (Thermo Fisher Scientific).
In short, the CRC cells were soaked in formaldehyde for
cross-linking. Later, the cells were lysed, and the chromatin
was disrupted by ultrasonication. After that, the lysates
were incubated with anti-DNMT]1 (ab19905, Abcam), anti-
DNMT3a (ab228691, Abcam), and DNMT3b (ab227883,
Abcam) (all diluted at 1:200) overnight at 4°C, with rabbit
IgG used as the control. The protein-DNA complexes were
captured using the ChIP grade protein A/G Plus agarose,
eluted, and then de-crosslinked. The purified DNA was
collected for qPCR analysis to analyze the enrichment of
VWC2 promoter fragments. The primer sequence infor-
mation is listed below: Forward primer: 5-CCAAGAT-
GAAAGGTCCAGCG-3’; Reverse primer: 5-GTTCC-
GCTCCCTCCTCTG-3.

Cell counting kit-8 (CCK-8) method. The cells were
seeded in 96-well plates (1,000 cells per well) with a fresh
culture medium. At 0, 12, 24, 36, 48, 72, and 96 h, respec-
tively, 10 ul CCK-8 reagent (Sigma-Aldrich) was added to
each well, followed by 4 h of incubation at 37°C. The optical
density (OD) value was read by a microplate reader (Bio-Rad)
at 450 nm to examine the cell viability.

Colony formation assay. Transfected CRC cells were
seeded in six-well plates at 1,000 cells/well and routinely
cultured for 2 weeks. Later, the cells were fixed by formal-
dehyde and stained with 0.1% crystal violet. The number of
colonies (over 50 cells) was counted under the microscope.

Transwell assay. Transwell chambers (Unique Biotech-
nology Co., Ltd., Beijing, China) with 8 pm polycarbonate
membrane filter were used to analyze the mobility of cells.
For invasion detection, 2x10* cells were resuspended in
a serum-free medium and loaded into apical chambers
pre-coated with Matrigel (Unique). The basolateral wells
were filled with 10% FBS complete medium. After 24 h of
incubation at 37 °C with 5% CQO,, cells that invaded the lower
chambers were fixed and stained with crystal violet. The
number was calculated under the microscope. Migration of
cells was performed via similar procedures with the excep-
tion of Matrigel pre-coating on the apical chambers.

Xenograft tumors. HT29 cells stably infected with
lentivirus (LV)-carried shRNAs (pLV-EGFP:T2A:Puro-U6
vector; VectorBuilder Inc.) were used for in vivo experi-
ments. The shRNA sequences are as follows: LV-shSUMO1:

5-TAAATAAGATCGACCAATGCAAGTGTTCATA-
ATGACTTTCC-3; LV-shDNMTI1: 5-GCAGTACCTG-
GACGACCCTGACCTCAAATATGGGCAGCACC-3’;
LV-shVWC2: 5-CGAGTTCCGGGGCAAGACCTATCAG-
ACTTTGGAGGAGTTCG-3.

BALB/c nude mice (6 weeks old, 20 g) were procured from
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). The mice were randomly allocated into 5 groups:
LV-NC, LV-shSUMO1, LV-shDNMT1, LV-shSUMO1+LV-
shVWC2, and LV-shDNMT1+LV-shVWC2 groups, n=>5 in
each. All mice were maintained in a constant condition at
25°C with 45% humidity and allowed free access to feed and
water. Stably infected HT29 cells were resuspended to 1x107
cells/ml, and 20 ul cell suspension was injected into the nude
mice at the armpit site. The growth condition of tumors was
recorded every 7 d, and the tumor volume (V) was calcu-
lated as follows: V =(a x b?)/2, where “a” refers to the length
and “b” the width. After 28 d, the mice were sacrificed with
1% pentobarbital sodium (150 mg/kg), and the tumor was
collected and weighed. All animal experiments were ratified
by the Animal Ethics Committee of the Second Hospital
of Anhui Medical University and performed following the
Guide for the Care and Use of Laboratory Animals (NIH).
Great efforts were made to reduce the suffering of animals.

Immunohistochemistry (IHC). Tissue sections were
incubated at 60°C for 2 h, dewaxed, rehydrated in ethanol,
blocked with 3% H,O, for 10 min, soaked in 0.01 M citric
acid buffer at 98°C for 15 min, and cooled down at room
temperature. After that, the tissues were washed, incubated
with normal serum for 30 min, and reacted with anti-VWC2
(PA5-63097, Thermo Fisher Scientific), anti-SUMO1 (1:200,
#4930, CST), anti-DNMT1 (1:200, TU325877, Abmart), and
anti-Ki-67 (1: 500, ab16667, Abcam) at 4°C overnight, and
then with HRP-labeled goat anti-rabbit IgG (1:2000, ab6721,
Abcam) at room temperature for 1 h. After that, the staining
was developed with a DAB kit (#ZLI-9032, ZSGB-Bio Co.,
Ltd., Beijing, China), and the sections were viewed under the
microscope (Leica Biosystems, Shanghai, China).

Statistical analysis. Data were analyzed by Prism 8.02
(GraphPad, La Jolla, CA, USA). Measurement data were
expressed as the mean + standard deviation (SD). For cellular
experiments, at least three repetitions were performed. The
t-test was used to analyze the difference between the two
groups, and one- or two-way ANOVA was used to analyze
the difference among multiple groups. Clinical parameters of
patients were analyzed by Fisher’s exact test. A p-value <0.05
was set to the threshold value for statistical significance.

Results

VWC2 has a DNA hypermethylation state in CRC.
Aberrant DNA methylation is closely linked to the progres-
sion of CRC [20]. We queried the genes with DNA hyper-
methylation in colonic adenocarcinoma (COAD) via the
UALCAN system, with VWC2 identified as the one with the
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highest degree of DNA methylation (Figure 1A). Meanwhile,
VWC2 also showed DNA hypermethylation in rectal adeno-
carcinoma (READ) (Figure 1B). In the MethSurv system
(https://biit.cs.ut.ee/methsurv/), a higher DNA methylation
level of VWC2 was linked to a lower survival rate of patients
(Figure 1C). Moreover, we analyzed the DNA methylation
of VWC2 in the collected tissue samples using MeDIP. The
results showed that the DNA methylation level of VWC2
was markedly elevated in CRC tissues compared to the para-
tumorous tissues (Figure 1D). Similar results were observed
in vitro where VWC showed increased DNA methylation
levels in all CRC cells compared to the normal NCM460 cells
(Figure 1E).

Low expression of VWC2 is linked to poor prognosis
of patients. DNA hypermethylation in general leads to
transcriptional suppression of genes. As expected, VWC2
showed a low-expression profile in CRC in the UALCAN
system (Figure 2A). In the Kaplan-Meier Plotter system
(http://kmplot.com/analysis/index.php?p=service), reduced
expression of VWC2 is suggested to be linked to the low
survival rate of patients (Figure 2B).

The VWC2 expression in the collected tissue samples was
analyzed thereafter, and significantly reduced VWC2 expres-
sion was detected in the CRC tissues versus the adjacent
non-involved tissues (Figure 2C), which presented an inverse
correlation with its DNA methylation level (Figure 2D).
Likewise, reduced VWC2 expression was detected in the
CRC cells as well (Figure 2E). Treatment with the DNA
methylation inhibitor decitabine in these cells significantly
reduced the DNA methylation level and restored the VWC2
expression (Figures 2F, 2G).

Based on the mean value of VWC2 expression in CRC
tissues (0.272), the patients were divided into the high-VWC2
expression (n=43) and the low-VWC2 expression (n=43)
groups. As shown in Table 1, reduced VWC2 expression was

Table 1. Correlation of VWC2 expression with the clinical parameters of
patients with CRC.

VWC2 expression
.. Total cases —————— ——————
Clinical parameters (n=86) Low High p-value
(n=43) (n=43)

Male 49 22 27

Sex 0.3838
Female 37 21 16
>60 50 24 26

Age 0.8272
<60 36 19 17
Positive 42 31 11

Lymph node v 44420,0001

metastasis Negative 44 12 32
>10 20 17 3

CEA (ng/ml) **+0.0006
<10 66 26 40
>20 18 14 4

CA-199 (U/ml) *0.0155
<20 68 29 39
I-11 43 13 30

TNM stage **0.0005
II-1v 43 30 13

Note: clinical parameters of patients were analyzed by Fisher’s exact test;
*p<0.05, **p<0.001, ***p<0.0001

linked to increased lymph node metastasis, advanced TNM
stage, and increased concentrations of tumor markers (CEA
and CA-199).

Restoration of VWC2 suppresses the malignant growth
of CRC cells. To uncover the function of VWC2 in CRC,
upregulation of VWC2 was induced in HCT-116 and HT29
cells through the administration of VWC2-OE. The restora-
tion of VWC2 expression in cells was detected by RT-qPCR
(Figure 3A). Under this condition, the proliferation
(Figure 3B) and colony formation (Figure 3C) of the CRC
cells were significantly blocked. Moreover, the VWC2 upreg-
ulation reduced the number of cancer cells that migrated to
or invaded the basolateral Transwell chambers (Figures 3D,
3E). This evidence reveals the suppressive effect of VWC2 on
the activity of CRC cells.

The SUMO1 modification maintains the protein
stability of DNMT1. To explore the mechanism responsible
for DNA hypermethylation and downregulation of VWC2
in CRC, we explored the genes with negative correlation in
VWC2 in the UALCAN (Figure 4A). Among the candidate
genes, SUMOI has been reported to modify the stability
of target proteins [17, 18]. Moreover, the SUMO1 has been
found to modify DNMTs [19]. Considering that the VWC2
showed DNA hypermethylation, we postulated that SUMO1
possibly affects specific DNMTs to affect the methylation
level of VWC2.

Data in the GEPIA system (http://gepia.cancer-pku.cn/
index.html) suggested that SUMOL1 is highly expressed in
CRC (Figure 4B). Moreover, we obtained via the Kaplan-
Meier Plotter system that high SUMO1 expression is linked
to poor survival of patients (Figure 4C). We next focused
on the enrichment of DNMTs in the VWC2 promoter in
CRC cells. The ChIP-qPCR assay revealed that the DNMT1
had the highest enrichment level in the VWC2 promoter
(Figure 4D). The subsequent Co-IP and WB assays showed
that DNMT1 had significantly increased SUMO1 modifica-
tion levels in CRC cells, and the protein levels of DNMT]1
and SUMO1 were both elevated in the CRC cells (Figure 4E).

To examine the role of SUMO1 in CRC, the shRNAs of
SUMOL1 were transfected in the CRC cells. The WB assay
showed that the suppression of SUMOL1 expression also led
to a decline in the protein expression of DNMT1 (Figure 4F).
The sh-SUMO1# with the best inhibitory effect was selected
for subsequent use. The Co-IP and WB assay showed that the
SUMOI1 downregulation reduced the SUMO1 modification
of DNMT1 in cells (Figure 4G). Moreover, the sh-SUMO1-
transfected CRC cells were treated with the SUMOylation
inhibitor COHO000 and a protein synthesis inhibitor CHX.
It was observed that the inhibition of the SUMO1 modifi-
cation significantly reduced the protein stability of DNMT1
(Figure 4H).

SUMO1-DNMT1-mediated DNA methylation of VWC2
affects the malignant phenotype of CRC cells. The CRC
cells stably transfected with sh-SUMO1 were further trans-
fected with the overexpression DNA plasmid of DNMT1.
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Figure 1. VWC2 has a DNA hypermethylation state in CRC. A) genes with DNA hypermethylation in COAD predicted in UALCAN; B) DNA methyla-
tion level of VWC2 in READ predicted in UALCAN; C) correlation of the VWC2 DNA methylation level with the survival rate of patients; D) VWC2
DNA methylation level in the collected CRC tissues and the adjacent tissues examined by MeDIP (n=86); E) VWC2 DNA methylation level in CRC
cells and normal NCM460 cells detected by MeDIP. Differences were compared by the paired t-test (D) or one-way ANOVA (E). Three repetitions were
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Figure 2. Low expression of VWC2 is linked to poor prognosis in patients. A) expression profile of VWC2 in CRC predicted in UALCAN; B) correla-
tion of VWC2 expression with the CRC patient’s survival analyzed in Kaplan-Meier Plotter; C) VWC?2 expression in the collected CRC tissues and the
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The successful DNMT1 overexpression in cells was detected
by WB analysis (Figure 5A). The MeDIP assay showed
that the DNA methylation level of VWC2 was reduced by
SUMOL1 suppression but increased upon further DNMT1
overexpression (Figure 5B). Correspondingly, the transcrip-
tion of VWC2 in cells was increased by SUMO1 suppression
but suppressed by DNMT1 overexpression (Figure 5C).
Next, the CCK-8 and colony formation assays revealed
that the proliferation and colony formation ability of the
CRC cells was suppressed by sh-SUMOI1 but restored by
DNMT1-OE (Figures 5D, 5E). Moreover, the number of cells
that migrated to or invaded the basolateral chambers in the
Transwell assay was decreased by SUMOI1 inhibition but
restored by DNMT1 overexpression (Figure 5F, 5G).
Silencing of VWC2 restores xenograft tumor growth in
nude mice suppressed by SUMO1 or DNMT1 knockdown.
To further examine the SUMO1-DNMT1-VWC2 interac-

tion in CRC development, HT29 cells, which showed higher
malignancy in vitro, were infected with LV-shSUMOI,
LV-shDNMT1, and LV-shVWC2 and injected into mice to
induce subcutaneous xenograft tumors.

Either LV-shSUMOI1 or LV-shDNMT1 infection signifi-
cantly suppressed the growth rate and weight of the xenograft
tumors; however, the tumor growth in nude mice was signifi-
cantly augmented upon the downregulation of VWC2
(Figures 6A, 6B). The tumor tissues were also collected for
IHC assay, which showed that LV-shSUMOI1 infection led
to significantly decreased levels of SUMO1, DNMT]I, and
the proliferation marker Ki-67 in tissues but increased the
VWC2 expression. Likewise, LV-shDNMT1 decreased the
DNMT1 and Ki-67 levels but elevated the VWC2 expression.
By contrast, the LV-shDNMT1 led to a decline in VWC2
expression and then the restoration of Ki-67 in the tumor
tissues (Figures 6C-6F).
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Discussion

It is clear that recurrent tumor-specific DNA hypermeth-
ylation is closely linked to the onset and development of
tumors, leaving DNA methylation as a promising diagnostic
and prognostic marker as well as a therapeutic target for the
control of cancers, including CRC [21-23]. In this work, we
report that VWC2 functions as a tumor suppressor gene in
CRC; however, it shows a low-expression pattern in tumors
owing to the DNA hypermethylation induced by the SUMO1/
DNMTT1 axis.

We queried the genes with aberrant DNA methylation
in CRC via the UALCAN system with VWC2 as the most
promising candidate gene, and the VWC2 expression was
predicted to be linked to poor prognosis of cancer patients.
Later, DNA hypermethylation and decreased gene expression
of VWC2 were detected in CRC cells. Although there has no
evidence concerning the role of VWC2 in tumorigenesis,
studies have provided clear evidence the DNA hypermethyl-
ation of specific genes is correlated with tumor progression.
For instance, secreted frizzled related protein 1, an antagonist
of the Wnt/B-catenin pathway, was found to have increased
DNA methylation in CRC, which leads to the Wnt/f-catenin
activation and increased stemness of cancer cells [24].
Similarly, hypermethylation of the tumor suppressor gene
dual specificity tyrosine-phosphorylation-regulated kinase 2
augmented carcinogenesis in CRC [25]. DNA methylation-
induced downregulation of Teashirt zinc finger homeobox
3 led to increased proliferation, resistance to apoptosis, and
metastasis of CRC cells [26]. In this work, we first analyzed
the clinical characteristics of patients and identified that
poor VWC2 expression was linked to tumor metastasis and
increased tumor marker expression. Moreover, we induced
VWC2 overexpression in CRC cells. As a consequence, cell
proliferation, colony formation, migration, and invasion

Normal condition

*
>§ / Degradatlon
DNMT1

WP WP Qo 57 Qo™

promoter area VWQT

were significantly blocked. Therefore, we reported VWC2 as
a tumor suppressor gene in CRC.

As for the mechanism responsible for DNA hypermeth-
ylation of VWC2 in CRC, we obtained SUMOL1 as a gene
showing a significant inverse correlation with VWC2 via the
UALCAN system. SUMOI represents a typical E3 SUMO
protein ligase, that can be covalently conjugated to proteins
as a single moiety [27]. The monomeric SUMO1 can interact
with other proteins through the SUMO-interactive motif
[28]. A previous report by Yang et al. revealed that SUMO1
modulates SUMOylation of MAF bZIP transcription factor
B (MFAB) at lysine 32, therefore stabilizing MFAB protein
to promote the growth of CRC cells in vitro and in vivo [29].
Likewise, SUMO1-mediated SUMOylation of IQGAP1 at
lysine 1445 also leads to IQGAPI stabilization and the tumor-
igenesis of CRC [30]. The oncogenic role of SUMOL1 has also
been reported in a recent publication by Liu et al. [31], and
the oncogenic function may also involve the Wnt/p-catenin
signaling pathway [32]. In this work, to explore the potential
correlation of SUMO1 and the aberrant DNA methylation of
VWC2, we observed that the silencing of SUMO1 suppressed
the SUMOylation of DNMT1, the most abundant DNMT
enriched by the VWC2 promoter. Moreover, we found that
SUMOL1 bound to DNMT1 protein in the Co-IP assay.
Therefore, we opine that the monomeric SUMO1 inter-
acts with DNMT1 protein via the SUMO-interactive motif,
therefore enhancing DNMT1 protein stability and conse-
quently inducing VWC2 DNA methylation. DNMT1 has
been demonstrated to function either as a tumor driver [33,
34] or a tumor suppressor [35, 36]. This discrepancy might
be mainly attributable to the different downstream targets
it affected. Here, our subsequent experiments revealed that
the malignant behaviors of CRC cells in vitro were blocked
upon SUMOL1 silencing but restored after DNMT1 overex-
pression. Moreover, either silencing of SUMO1 or DNMT1

Colorectal cancer

I o
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Figure 7. Graphical abstract. In CRC, highly expressed SUMO1 maintains protein stability of DNMT1 via SUMO1 modification, which subsequently
catalyzes DNA methylation and transcriptional suppression of VWC2, leading to the malignant development of CRC.
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suppressed the tumorigenic activity of CRC cells in vivo;
however, the growth of xenograft tumors was restored upon
further VWC2 silencing.

In conclusion, this study provides ample evidence that
VWC2 plays an important tumor-suppressing role in CRC
by blocking the proliferation and dissemination of CRC cells
both in vitro and in vivo. The aberrant downregulation of
VWC2 in cells was, at least partly, induced by the increased
SUMO1 modification of DNMT1 (Figure 7). Therefore,
SUMOI1 or DNMT1 may serve as potential therapeutic
targets while VWC2 as a therapeutic tool for CRC manage-
ment. However, a major limitation of this study is that the
downstream targets or pathways governed are not defined
yet. We would like to investigate more molecules or signaling
pathways regulated by VWC2 in future research.
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