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Abstract: Cancer metastasis is a significant challenge in colorectal cancer (CRC) therapy. SET and MYND domain-
containing protein 2 (SMYD2) is highly expressed in multiple cancers but is rarely studied in CRC. This study aims 
to identify whether abnormal expression of SMYD2 is associated with cancer metastasis in CRC. In this study, we 
demonstrated that SMYD2 not only promoted cell proliferation but also increased the metastatic ability of CRC. The 
expression of adenomatous polyposis coli 2 (APC2), an inhibitor of the Wnt/β-catenin pathway, was suppressed 
by SMYD2 overexpression. Overexpression of SMYD2 activated the Wnt/β-catenin pathway and then induced the 
epithelial-mesenchymal transition (EMT) program in CRC. Mechanistically, low APC2 expression in CRC cells was 
due to SMYD2-mediated DNA methylation modification. This modification might require synergism with DNMT1. In 
summary, our study provides new insights into SMYD2-related transcriptional regulation patterns and indicates that 
SMYD2 could be a potential therapeutic target for CRC patients.
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Introduction

Colorectal cancer (CRC) ranks as the third lead-
ing cause of cancer-related death worldwide [1] 
CRC has a high incidence rate but a relatively 
favorable prognosis. However, patients with 
advanced CRC often have poor outcomes 
because of cancer metastasis [2]. Researchers 
have verified that epithelial-mesenchymal tran-
sition (EMT) is a major factor in promoting CRC 
metastasis. The EMT process endows cancer 
cells with mesenchymal properties, which 
results in enhanced invasiveness in CRC [3]. 
Therefore, it is of considerable significance to 
explore the underlying mechanism of EMT in 
CRC metastasis.

Over the past decades, SMYD2 was found to be 
differentially expressed in a variety of cancers 

[4]. However, most studies on SMYD2 have 
emphasized its function in regulating cancer 
cell proliferation. For instance, SMYD2 overex-
pression in gastric cancer plays a crucial role in 
cell proliferation [5]. Overexpression of SMYD2 
also results in cervical cancer cell growth and 
was associated with a poorer survival rate [6]. 
However, these papers also suggest that high 
expression of SMYD2 is associated with lymph 
node and distant metastasis. To date, far too 
little attention has been paid to the relationship 
between SMYD2 and cancer metastasis. Whe- 
ther SMYD2 is associated with metastasis 
remains unknown and needs further explora-
tion in the field of CRC.

SMYD2, which belongs to a group of SET and 
MYND domain-containing transcriptional regu-
lators, functions by regulating epigenetic modi-
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fication. It was first demonstrated to be an 
H3K36-specific methyltransferase [7]. Never- 
theless, in more in-depth studies, SMYD2 was 
verified to methylate H3K4 and even non-his-
tone proteins [8]. The substrates of SMYD2 are 
diverse, and SMYD2 itself plays an intricate 
role in transcriptional regulation. The regulatory 
mechanism of SMYD2 is still incomplete and 
needs further explanation.

In our study, we found that SMYD2 was mark-
edly upregulated in CRC and correlated with 
poor prognosis. In vivo and in vitro experiments 
confirmed that SMYD2 not only promoted pro-
liferation but also induced EMT in CRC cells. 
Mechanistically, we first verified that APC2 
might be a novel target of SMYD2. SMYD2 
might recruit DNMT1 to decrease APC2 expres-
sion via DNA modification, thus activating the 
Wnt/β-catenin pathway and inducing EMT 
progression.

Materials and methods

Cell lines and cell culture

The human CRC cell lines HCT116, SW480, 
DLD1, HT29, SW480, and SW620, were pur-
chased from the Chinese Academy of Science 
(Shanghai, China). HCT116, SW480, FHC, and 
SW620 cells were cultured in DMEM supple-
mented with 10% fetal bovine serum, 100 μ/ml 
penicillin, and 100 μg/ml streptomycin, while 
DLD1 and HT29 cells were cultured in RPMI 
1640 medium. All CRC cells were incubated in 
a 37°C humidified incubator with 5% CO2.

Patient specimens and immunohistochemistry 
(IHC)

All CRC patient specimens were obtained from 
the Third XiangYa Hospital of Central South 
University. These patients underwent radical 
colorectal surgery, and colorectal adenocarci-
noma was confirmed by postoperative patholo-
gy. The clinicopathologic information of the 
patients was obtained from their hospital medi-
cal records, and informed consent was obtained 
from all patients. The patient studies were con-
ducted according to the Declaration of Helsinki. 
The use of these specimens and data for 
research purposes was approved by the Ethics 
Committee of the Hospital. IHC assays and 
scoring standards for SMYD2 and APC2 stain-
ing intensity were performed as previously 
described [9].

RNA extraction, RT-PCR, and quantitative real-
time PCR (qRT-PCR)

Total RNA was extracted from cells and tissues 
with TRIzol reagent (Invitrogen, California, USA), 
and cDNA was generated using HiScript Q RT 
SuperMix for qPCR (+gDNA wiper) (Vazyme 
Biotech, Nanjing, China). Real-time PCR was 
carried out on LightCycler® 480 using SYBR 
Green Real-Time PCR Master Mix (Vazyme 
Biotech, Nanjing, China). β-actin was used as a 
standard internal control. All samples were 
analyzed in triplicate. The data were calculated 
with the comparative threshold cycle (Ct) meth-
od. All qRT-PCR primer sequences are available 
in Table S1.

Western blotting (WB) and immunofluores-
cence (IF) assays

WB was performed as previously described 
[10]. Primary antibodies against SMYD2 
(21290-1-AP), DNMT1 (24206-1-AP), cyclinD1 
(60186-1-Ig), β-catenin (51067-2-AP), c-MYC 
(10828-1-AP), E-cadherin (20874-1-AP), N- 
cadherin (22018-1-AP), Vimentin (10366-1-AP) 
and GAPDH (60004-1-Ig) were purchased from 
Proteintech (Wuhan, China). Anti-APC2 anti-
body (113370) was purchased from Abcam 
(Shanghai, China). For IF experiments, cells 
were seeded in 24-well plates overnight, fixed 
in 4% paraformaldehyde for 10 minutes, 
washed twice with phosphate-buffered saline 
(PBS), and then permeabilized with 0.2% Triton 
X-100 in PBS for 10 minutes. Fixed cells were 
pre-incubated with PBS containing 2% BSA for 
30 minutes at room temperature. The cells 
were stained with primary antibody (E-cadherin 
and Vimentin antibody, 1:100 dilutions) for 1 
hour at 37°C, followed by incubation with a sec-
ondary antibody conjugated with Alexa Fluor 
488. DAPI (4, 6-diamidino-2-phenylindole) emit-
ted blue fluorescence and was used as a nucle-
ar indicator. The Alexa Fluor 488 signal was 
visualized as green. Fluorescence images  
were captured and analyzed by confocal 
microscopy. 

Plasmid infection and siRNA transfection

CRC cells were transiently transfected using 
Lipofectamine 3000 transfection reagent (Life 
Technologies, Shanghai, China) according to 
the manufacturer’s protocol. Small interfering 
RNA (siRNA) and SMYD2/APC2 overexpression 
plasmids were purchased from GenePharma 
(Shanghai, China). After 48 hours of transfec-
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tion, the treated cells were used for various cell 
assays. The transfection effect was verified by 
Western blotting. The siRNA sequences used 
were as follows: Si-SMYD2#1: 5’-GAUUUGAUU- 
CAGAGUGACATT-3’; Si-SMYD2#2: 5’-GGUUAAG- 
AGAUUCUUAUUUTT-3’; Si-Ctrl: 5’-UUCUCCGAA- 
CGUGUCACGUTT-3’; Si-APC2: 5’-CCUACAGGGA- 
AAACUGGAGTT-3’; Si-DNMT1: 5’-CCCACUUCAC- 
AUUCAAGAATT-3’.

Stable cell line establishment and animal work

A SMYD2 knockdown lentivirus with luciferase 
was purchased from Shanghai GenePharma 
Company. SMYD2 knockdown stable cell lines 
were generated by infection with the lentivirus 
according to the manufacturer’s protocol and 
selected with 2 mg/mL puromycin for approxi-
mately two weeks. Female BALB/c nude mice 
(6-8 weeks old) were purchased from Beijing 
Vital River Laboratory Animal Technology Co., 
Ltd. (Beijing, China). All animal experiments 
were approved by the Animal Care Committee 
of Xuzhou Medical University. Mice lived in 
pathogen-free cages with wood shavings at 
constant room temperature and with a 12 
hours light/dark cycle. They had enough water 
and standard food, which were regularly 
replaced. All the mice were randomly divided 
into two groups: sh-Ctrl and sh-SMYD2. Each 
group contained six mice. In our experiments, 
2×106 HCT116-sh-Ctrl and HTC116-sh-SMYD2 
cells were suspended in 200 μl PBS and then 
injected into these mice via the tail vein. From 
the 21st day after injection, animals were 
imaged weekly using the In Vivo Imaging 
System (IVIS) to monitor the pulmonary meta-
static situation. After isoflurane induction, mice 
were injected with luciferin (150 mg/kg) by 
intraperitoneal injection and then placed onto 
the imaging platform. IVIS imaging settings, 
exposures, and images were taken in accor-
dance with the protocol. At eight weeks after 
injection, mice were sacrificed, and lungs were 
harvested. The lungs were fixed in 4% parafor-
maldehyde for hematoxylin/eosin (HE) staining 
and immunohistochemistry (IHC). The relative 
number of metastatic lung nodules of lung tis-
sues of mice was counted.

Cell proliferation assay

Cell Counting Kit-8 (CCK-8) assays were carried 
out according to the manufacturer’s protocol to 
determine the regulation of cell proliferation by 
SMYD2. After 48 hours of transfection, cells 

were seeded in 96-well plates at a density of 
4000 cells per well. The absorbance at 450 nm 
was measured 1 hour after adding the CCK-8 
solution. The experiments were repeated four 
times.

Cell migration and invasion assays

Scratch wound healing and Transwell migration 
and invasion assays were used to measure 
CRC cell metastasis ability. For the scratch 
wound healing assay, cells were seeded in six-
well plates and scratched using a 200 μl pipette 
tip. After scratching, we gently washed the cells 
twice with medium to remove the detached 
cells. After growing for an additional 24-48 
hours with serum-free medium, photographs 
were obtained using phase-contrast microsco-
py. Scratch area and wound healing percentage 
was evaluated quantitatively using ImageJ. 
Transwell assays were performed as previously 
described [11]. Migrated cells were stained 
with a 0.1% crystal violet solution and counted 
with ImageJ. Three independent experiments 
were performed.

Chromatin immunoprecipitation (ChIP) assay

4×106 sh-Ctrl and sh-SMYD2 transfected HCT- 
116 cells were prepared for ChIP assay using 
the SimpleChIP® Plus Enzymatic Chromatin IP 
Kit (CST, Shanghai, China). According to the 
manufacturer’s protocol, 10 μl sample of the 
diluted chromatin was used as input. Immun- 
oprecipitate (IP) products were incubated with 
antibodies overnight at 4°C with rotation. 10 μl 
anti-DNMT1, anti-H3K4me3 and anti-H3K36- 
me2 antibodies were added to the IP sample. A 
normal rabbit IgG was used as negative control. 
The purified DNA was obtained and used for 
qRT-PCR. The amplification efficiency was cal-
culated as enrichment related to the input. The 
primers targeting the APC2 promoter sequence 
were listed in Table S1.

DNA methylation analysis and 5-aza-20-deoxy-
cytidine (5-aza-dc) treatment

DNA methylation analysis was carried out as 
previously described [10]. Bisulfite sequencing 
PCR (BSP) primers located in the APC2 promot-
er were generated by MethPrimer. The primers 
were as shown in Table S1. Bisulfite-treated 
DNA was amplified with these primers. PCR 
products were cloned using the pGEM-T Easy 
Vector system (Promega, Beijing, China). Three 
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individual clones were sequenced. For 5-aza-dc 
Treatment, CRC cells were treated with 5 
μmol/L of 5-aza-dc for 72 h.

Immunoprecipitation (IP)

Immunoprecipitation was carried out according 
to the manufacturer’s protocols. In brief, 
HCT116 lysates were incubated overnight at 
4°C on a rotating platform with antibodies and 
protein A/G beads (Cell Signaling Technology). 
After incubation, the beads were washed, and 
the immunoprecipitants were eluted off the 
beads with loading buffer. After boiling for 5 
minutes, the samples were analyzed by WB.

RNA sequencing (RNA-seq)

RNA-seq was performed by BGI (Wuhan, China). 
The samples were 6 in total and divided into 
two groups, one of which was the control group, 
and the other was SMYD2 knockdown group. 
DEseq2 algorithm was used to identify differen-
tially expressed genes (DEGs) between control 
and SMYD2 siRNA-treated samples. In order to 
improve the accuracy of DEGs, we defined 
genes with Fold Change ≥ 1.5 and Adjusted 
P-value ≤ 0.05 as significantly differentially 
expressed genes. 

Bioinformatics analysis

Gene expression in CRC were analyzed by the 
Gene Expression Profiling Interactive Analysis 
(GEPIA) online database [12]. We used the 
Kaplan-Meier plotter to assess the prognostic 
value of SMYD2 in CRC patients with GSE- 
12945 microarray data. The genes co-expre- 
ssed with SMYD2 in CRC patients were down-
loaded from LinkedOmics, which is a publicly 
available portal that includes multi-omics data 
from all 32 cancer types from The Cancer 
Genome Atlas (TCGA) [13]. DEGs were analyzed 
by two online analysis tools: DAVID (The Data- 
base for Annotation, Visualization and Integr- 
ated Discovery) and PANTHER (Protein ANalysis 
THrough Evolutionary Relationships) [14, 15]. 
The cBioPortal for Cancer Genomics was used 
to explore multidimensional cancer genomics 
data.

Statistical analysis

All data were analyzed by SPSS version 25.0 
(SPSS, Inc. Chicago, IL, USA) and GraphPad 
Prism 7. The values are expressed as the mean 

± standard deviation (SD). The X2 test was used 
to evaluate the relationship between SMYD2 
expression and clinicopathological characteris-
tics. Student’s t-test and one-way ANOVA were 
used to determine the significance of differ-
ences. P < 0.05 was considered statistically 
significant.

Results

SMYD2 was upregulated in CRC tissues and 
positively correlated with its copy number

Recently, it has been confirmed that lysine 
methyltransferases are frequently deregulated 
in human cancers [16]. With GEPIA analysis, we 
found that some lysine methyltransferases 
were differentially expressed in CRC. SMYD2, 
SMYD3, and EZH2 were highly expressed in 
colorectal cancer, while SMYD1 and EZH1 were 
poorly expressed (Figures 1A, S1A). In these 
overexpressed molecules, previous research-
ers have verified the relationship between 
SMYD3, EZH2 and tumorigenesis, while SMYD2 
has rarely been studied in CRC. SMYD2 is wide-
ly and highly expressed in different types of 
human cancers according to GEPIA (Figure 
S1B). First, we verified the mRNA levels of 
SMYD2 in 24 pairs of flash-frozen CRC tissues 
and adjacent normal tissues by real-time PCR. 
The SMYD2 mRNA level was higher in CRC tis-
sues than in normal adjacent tissues (Figure 
1B). Then, we examined the protein level of 
SMYD2 in 7 pairs of tissues by WB and found 
that the protein level of SMYD2 was also much 
higher in CRC tissues (Figure 1C) and that 
SMYD2 was pervasively highly expressed in 
CRC cell lines but expressed at relatively low 
levels in normal colonic epithelial cells (FHC) 
(Figure 1D). In addition, the expression of 
SMYD2 was positively correlated with its copy 
number according to cBioPortal. The mutation 
rate of SMYD2 was low in CRC compared with 
that in other cancer types (Figure 1E-G). The 
differential expression of SMYD2 may be due to 
copy number variations in CRC patients.

Clinical and pathologic features were corre-
lated with SMYD2 in CRC patients

To determine the relationship between SMYD2 
and the clinicopathologic features of colorectal 
cancer patients, we selected 80 fresh tissues 
from patients who had undergone radical 
colorectal surgery for IHC analysis, and those 



SMYD2 suppresses APC2 via DNA methylation

1001	 Am J Cancer Res 2020;10(3):997-1011

Figure 1. SMYD2 was upregulated in CRC tissues and positively correlated with its copy number. A. Expression of 
lysine methyltransferases in CRC tissues (n=275) and adjacent normal tissues (n=349) from GEPIA. B, C. The rela-
tive mRNA and protein expression levels of SMYD2 were assessed by qRT-PCR and Western blotting in 24 and 7 
paired CRC tissues and adjacent normal tissues, respectively. T = tumor, N = normal tissue. D. SMYD2 expression 
levels in CRC cell lines and FHC cells were assessed by Western blot and normalized to GAPDH. E. The mutation 
rate of SMYD2 in CRC was analyzed by cBioPortal. F, G. Relationships between SMYD2 mRNA expression and copy 
number were assessed by cBioPortal. H. Representative images of SMYD2 protein expression in paired CRC tissue 
and adjacent normal tissue were captured by IHC. Patients diagnosed with TNM IV had higher protein expression 
of SMYD2 than patients diagnosed with TNM II. I. Kaplan-Meier survival curves of overall survival and disease-free 
survival in patients with different mRNA levels of SMYD2 were analyzed by SurvExpress, an online bioinformatics 
tool. ***P < 0.001.
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patients were confirmed to have colorectal ade-
nocarcinoma by postoperative pathology. The 
IHC results showed that patients diagnosed 
with TNM stage IV disease had higher SMYD2 
protein expression than patients diagnosed 
with early stage disease (TNM II) (Figure 1H). 
Among those tissues, 47 (58.75%) samples 
had high expression of SMYD2, while 33 
(41.25%) tissues had relatively low expression. 
The correlations between clinicopathological 
features and SMYD2 expression in CRC 
patients are shown in Table 1. High SMYD2 pro-
tein expression was significantly correlated 
with tumor diameter (P=0.002), TNM stage 
(P=0.049), lymph node metastasis (P=0.026), 
and distant metastasis (P=0.015). In contrast, 
there was no prominent association of SMYD2 
protein expression with age, sex, or differentia-
tion. In addition, we used SurvExpress to per-
form overall survival and disease-free survival 
analyses for SMYD2 with the GSE12945 micro-
array data. Patients with higher SMYD2 expres-
sion showed significantly worse overall survival 
and disease-free survival (P < 0.05) (Figure 1I).

eration assay, the proliferation ability of 
HCT116 and SW480 cells decreased signifi-
cantly after knocking down SMYD2 expression, 
while the proliferation ability of DLD1 cells over-
expressing SMYD2 was substantially enhanced 
(Figure 2H). We found that SMYD2 regulated 
the migration and invasion of CRC cells. 
Therefore, we speculated that SMYD2 might be 
involved in the regulation of EMT progression in 
CRC. Then, we validated this conjecture by IF 
and WB. As shown (Figure 3B), SMYD2 regulat-
ed EMT-related proteins such as E-cadherin, 
N-cadherin and vimentin. Moreover, the E- 
cadherin fluorescence intensity of the HCT116 
and SW480 cell lines increased with the knock-
down of SMYD2, while the fluorescence inten-
sity of vimentin decreased (Figure 3A). In vitro, 
we used a tail vein injection mouse model to 
detect the role of SMYD2 in cancer metastasis. 
On the 28th day after infection, we used IVIS to 
detect lung metastasis. The bioluminescent 
signals of the lungs in the SMYD2 knockdown 
group were lower than those in the control 
group (Figure 3C). Eight weeks after injection, 

Table 1. Relationships between SMYD2 expression and the clinico-
pathological characteristics of CRC patients

Variables Cases
SMYD2 expression

P value χ2

Low (n=33) High (n=47)
Age (years) 0.063 3.449
    ≤ 4 years 41 21 20
    >62 years 39 12 27
Gender 0.474 0.512
    Femal 45 17 28
    Male 35 16 19
Tumor size 0.002** 10.012
    ≤ 0.0 cm 49 27 22
    >5.0 cm 31 6 25
Distant metastasis 0.015* 5.937
    Negative 65 31 34
    Positive 15 2 13
Differentiation 0.947 0.004
    Poor 27 11 16
    Well to moderate 53 22 31
Lymph node metastasis 0.026* 4.952
    Negative 32 18 14
    Positive 48 15 33
TNM stage 0.049* 3.869
    I-II 38 20 18
    III-IV 42 13 29
*P < 0.05, **P < 0.01.

SMYD2 promoted EMT in 
CRC cells

We wondered whether ab- 
normally expressed SMYD2 
played a functional role in 
CRC. Some experiments 
were performed. Since the 
expression levels of SMY- 
D2 in HCT116 and SW480 
cells were high but relative-
ly lower in DLD1 cells, we 
chose to knockdown SMY- 
D2 expression in the HCT- 
116 and SW480 cell lines 
and overexpress it in DLD1 
cells. The effects of silenc-
ing and overexpression are 
shown in Figure 2A. Then, 
we used the treated cells 
for further experiments. As 
shown (Figures 2B-G, S2A-
C), suppressed SMYD2 
expression in HCT116 and 
SW480 cells reduced cell 
migration and invasion 
compared with those in the 
control group, while overex-
pression of SMYD2 had 
opposing effects in DLD1 
cells. In a CCK-8 cell prolif-
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the mice were dissected, and the lungs were 
sectioned for HE staining and IHC staining. 
SMYD2 knockdown cells formed fewer meta-
static foci in the lungs compared with the con-
trol group. SMYD2 knockdown prominently 
reduced the number of lung metastases per 
mouse (Figure 3D, 3E). Furthermore, IHC stain-

ing for lung tissue sections was performed to 
evaluate the expression of SMYD2 and APC2. 
The representative images showed that knock-
down of SMYD2 resulted in a weaker staining 
intensity of SMYD2 in metastatic lung foci but a 
stronger staining intensity of APC2 compared 
with that in the control group (Figure 3F).

Figure 2. SMYD2 promoted EMT in CRC cells. A. Transfection efficacy in HCT116, SW480 and DLD1 cells was veri-
fied by Western blotting. GAPDH was used as an internal control. B-E. SMYD2 knockdown significantly suppressed 
the migration and invasion ability of HCT116 and SW480 cells. F, G. Overexpression of SMYD2 distinctly enhanced 
the metastatic ability of DLD1 cells. H. CCK8 assays were used to evaluate the proliferation ability of HCT116, 
SW480 and DLD1 cells compared to that of negative control cells with SMYD2 knockdown or overexpression. All 
experiments were performed in triplicate. The results were shown as the mean ± standard deviation. An unpaired 
t-test was used to analyze significant differences. n=3, *P < 0.05, **P < 0.01, ***P < 0.001.
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APC2 was negatively correlated with the ex-
pression of SMYD2

To detect the potential targets of SMYD2, we 
knocked down SMYD2 in HCT116 cells for RNA-
seq. Some DEGs between the control group 
and SMYD2-knockdown group are shown 
(Figure 4A). All DEGs were subjected to func-
tional enrichment analyses via DAVID. As shown 
(Figure 4C). GO analysis results indicated that 
in the biological process (BP) category, DEGs 
were significantly enriched in five terms: angio-
genesis, cell adhesion, cell proliferation, apop-

tosis, and cell migration. The cellular compo-
nent (CC) and molecular function (MF) results 
are shown in the supplementary figure (Figure 
S3A, S3B). For a deeper understanding of these 
DEGs, a PANTHER pathway enrichment analy-
sis was performed. These genes were differen-
tially enriched in some cancer-related pathways 
(Figure 4B). For instance, the Wnt signaling 
pathway showed a considerable correlation. 
We verified that SMYD2 was involved in the 
metastasis and proliferation of CRC cells in pre-
vious phenotypic experiments; thus, we took an 
intersection between the cell proliferation and 

Figure 3. SMYD2 promoted EMT in CRC. A. Immunofluorescence of the epithelial marker E-cadherin and the mes-
enchymal marker Vimentin in si-SMYD2 transfected HCT116 and SW480 cells. B. Relative protein expression levels 
of EMT markers in CRC cells with SMYD2 knockdown or overexpression. C. Representative images acquired by IVIS 
after 28-day’s injection. Bioluminescent signals were detected in the pulmonary region of mouse. D. HE staining of 
lung sections was shown. E. Lung nodules were analyzed as the numbers of nodules per mouse. n=6, **P<0.01. F. 
Representative images of IHC staining for SMYD2 and APC2 were shown (×200 magnification).
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cell migration categories (Figure 4D). Five 
genes were enriched in these two categories: 
CSPG4, MATK, BCAR1, FSCN1, and APC2. We 
were surprised to find that APC2 was also 
enriched in the Wnt/β-catenin signaling path-
way. Additionally, public data from the TCGA 
database also confirmed this conclusion. We 
conducted an analysis using LinkedOmics 
(Figure S3C). APC2 showed a negative correla-
tion with SMYD2 expression. According to 
GEPIA, APC2 expression in CRC was relatively 
low compared with that in normal tissues 
(Figure 4E).

SMYD2 activated the Wnt/β-catenin signaling 
pathway by suppressing APC2 expression

According to GEPIA, SMYD2 was found to be 
negatively correlated with APC2 but positively 

correlated with some Wnt-related markers, 
such as β-catenin, c-MYC, and cyclin D1 (Figure 
S4A, S4B). It has been reported that APC2 
functions as an essential inhibitor of the Wnt/
β-catenin signaling pathway [17]. We verified 
the effect of APC2 on the Wnt/β-catenin signal-
ing pathway by WB. After silencing APC2, mark-
ers of the Wnt/β-catenin signaling pathway, 
including β-catenin, c-MYC and cyclin D1, were 
upregulated (Figure S4C). Furthermore, SMYD2 
knockdown resulted in decreased protein lev-
els of β-catenin, c-MYC, and cyclin D1 in 
HCT116 cells. However, APC2 was markedly 
upregulated with SMYD2 depletion (Figure 5A). 
To prove that changes in these proteins were 
due to altered APC2 expression, we silenced 
APC2 in SMYD2-depleted HCT116 cells and 
overexpressed APC2 in SMYD2-overexpressing 
DLD1 cells. The regulation of Wnt-related genes 

Figure 4. APC2 was negatively correlated with the expression of SMYD2. A. The heatmap of the differentially ex-
pressed genes after SMYD2 knockdown. B. Kyoto Encyclopedia of Genes and Genomes pathway analysis was per-
formed for screening DEGs using the PANTHER database. C. DAVID was used to identify potential biological process 
(BP) categories. D. Five Intersecting genes, including  APC, were enriched in cell proliferation and cell migration. E. 
Expression levels of APC2 in CRC tissues (n=275) and adjacent normal tissues (n=349) from GEPIA.
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induced by SMYD2 knockdown or overexpres-
sion was restored (Figure 5B). Similarly, the 
expression of EMT-related proteins and the 
impaired migration, invasion, and proliferation 
abilities of CRC cells were restored (Figure 
5C-F). These data demonstrated that SMYD2 
activated the Wnt/β-catenin signaling pathway 
by repressing APC2 expression and promoting 
EMT in colorectal cancer.

SMYD2 suppressed APC2 by controlling DNA 
methylation of its promoter

Previous studies suggested that SMYD2 spe-
cifically induced H3K4me3 and H3K36me2 
modifications and predominantly led to the 
activation of gene expression [8]. We conduct-
ed a ChIP assay to verify whether SMYD2 deple-
tion could change the H3K4me3 or H3K36me2 

Figure 5. SMYD2 activated the Wnt/β-catenin signaling pathway by suppressing APC2 expression. A. WB results 
showed the effects of SMYD2 knockdown on the Wnt/β-catenin pathway-related markers in HCT116 cells. B. West-
ern blot analysis revealed that the expression of Wnt-related proteins in SMYD2 knockdown HCT116 cells was 
significantly rescued by APC2 silenceing when compared with the corresponding controls. While in SMYD2 overex-
pression DLD1 cells, upregulation of these proteins was recovered with APC2 plasmid. C. Regulation of the protein 
levels of the EMT-related markers caused by SMYD2 knockdown was restored by suppressing APC2 in HCT116 
and SW480 cells. D-F. Inhibition of metastasis and proliferation caused by SMYD2 knockdown was suppressed by 
decreasing APC2 in HCT116 and SW480 cells. n=3, *P < 0.05, **P < 0.01, ***P < 0.001.
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methylation level in the APC2 promoter region. 
As shown in Figure S5A, SMYD2 expression did 
not alter histone methylation levels in the APC2 
promoter region. When analyzed by MethHC, 
APC2 methylation levels were higher in CRC tis-
sues than in normal tissues (Figure S5B). We 
assumed that the suppression of APC2 might 
be derived from DNA methylation of its promot-
er. To verify this hypothesis, we examined the 

methylation status of the APC2 promoter in 
CRC cell lines by BSP. CpG islands were largely 
methylated in CRC cells (Figure 6A, 6B). After 
treating CRC cells with 5-aza-dc for 72 h, APC2 
expression was significantly increased (Figure 
S5C). Moreover, we found that SMYD2 knock-
down increased the expression of APC2 by 
altering the hypermethylation status in HCT116 
and SW480 cells. Methylation-specific PCR 

Figure 6. SMYD2 suppressed APC2 by controlling DNA methylation of its promoter. A. CpG islands were predicted 
using MethPrimer and the percentage of CpG islands in the APC2 promoter region was shown. The regions analyzed 
by BSP were indicated. The sequence of the APC2 promoter region analyzed by BSP was shown. The CpG dinucleo-
tides within this region were numbered as 1-21. B. The methylation status of the APC2 promoter region in HCT116, 
SW620, SW480, DLD1, HT29 and FHC cell lines. The white and black circles indicated unmethylated and methylat-
ed CpGs, respectively. C. The methylation status of the APC2 promoter was examined by BSP in HCT116 and SW480 
cells after the transfection of si-Ctrl or si-SMYD2. M: methylated, U: unmethylated. D. ChIP-qPCR analysis of DNMT1 
enrichment upstream of APC2 in sh-Ctrl or sh-SMYD2 transfected HCT116 cells and Vector or SMYD2 transfected 
DLD1 cells (n=3, *P < 0.05). E. SMYD2 combined with DNMT1 according to IP experiments. F. The inhibition of APC2 
caused by SMYD2 overexpression reversed by DNMT1 knockdown in HCT116 cells.
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(MSP) analysis showed that the unmethylated 
bands increased and the methylated bands 
decreased after SMYD2 knockdown in both 
HCT116 and SW480 cells (Figure 6C). However, 
there have been no previous reports that 
SMYD2 can directly regulate DNA methylation. 
DNA methylation maintenance is regulated 
mainly by DNMT1, a maintenance DNA methyl-
transferase [18]. SMYD2 might require syner-
gism with DNMT1. We found a positive correla-
tion between SMYD2 and DNMT1 expression in 
CRC via GEPIA (Figure S5D). To assess whether 
the DNA occupation of DNMT1 in the promoter 
of APC2 was directly affected by SMYD2, a ChIP 
assay was performed in CRC cells. As expect-
ed, SMYD2 knockdown led to a decrease in 
DNA occupation of DNMT1 in the APC2 promot-
er region. Conversely, SMYD2 overexpression 
led to an increase in the DNA occupation of 
DNMT1 (Figure 6D). Then, we conducted an IP 
experiment, which indicated that SMYD2 and 
DNMT1 could bind with each other (Figure 6E). 
After silencing DNMT1, the inhibition of APC2 
caused by SMYD2 overexpression was reduced 
(Figure 6F). These results led us to believe that 
SMYD2 repressed APC2 expression by recruit-
ing DNMT1 in CRC cells.

Discussion

Lysine methyltransferases have emerged as 
attractive regulators in transcriptional regula-
tion, epigenetics, and tumorigenesis [19, 20]. 
The SMYD family is a cluster of protein lysine 
methyltransferases with SET and MYND dom- 
ains [4]. This family contains five proteins, 
SMYD1, SMYD2, SMYD3, SMYD4, and SMYD5, 
and each member has different distributions 
and functions [16]. For instance, SMYD1 func-
tions as an epigenetic regulator of cardiomyo-
cyte differentiation and myogenesis [16]. SMY- 
D3 promotes hepatocellular carcinoma metas-
tasis through H3K4me3 modification [21]. 
According to the analysis of the TCGA database, 
SMYD2 is broadly and highly expressed in sev-
eral cancers. A strong relationship between 
SMYD2 and cancer proliferation has been 
reported in the literature. SMYD2 promotes cell 
proliferation in triple-negative breast cancer 
(TNBC) [11]. It is also reported to be highly 
expressed in pediatric acute lymphoblastic leu-
kemia and related to poor prognosis [22]. Our 
results are in line with those of previous stud-
ies. SMYD2 was found to be overexpressed in 

CRC tissues and cells at both the protein and 
mRNA levels. Interestingly, the high expression 
of SMYD2 was positively correlated with tumor 
diameter and was a risk indicator of cancer 
metastasis. In vivo and in vitro experiments 
confirmed that SMYD2 could induce EMT pro-
gression and promote cancer cell metastasis in 
CRC. These results provide further support for 
the hypothesis that there might be a new target 
of SMYD2 that is involved in regulating CRC 
metastasis.

According to RNA-seq analysis and bioinformat-
ics analysis, APC2 was the most potential mol-
ecule to regulate metastasis and proliferation 
in CRC. APC2 is identified as a homolog of ade-
nomatous polyposis coli (APC) and has compa-
rable functions in cancer [17]. APC2 regulates 
the formation of a destruction complex, which 
results in the activation of the Wnt/β-catenin 
pathway [23]. Abnormal activation of the Wnt/
β-catenin pathway is widely present in cancers 
and plays a vital role in promoting EMT [24]. 
The Wnt/β-catenin signaling can stabilize 
SNAI2 and initiate EMT programs in breast can-
cer cells [25]. FOXP3 facilitates the Wnt/β-
catenin signaling pathway, inducing EMT and 
metastasis in NSCLC [26]. Our study revealed 
that SMYD2 expression suppressed APC2 
expression, and the downregulation of APC2 
was responsible for SMYD2-mediated cell 
metastasis. Reduced APC2 expression result-
ed in the activation of the Wnt/β-catenin signal-
ing pathway and then promoted EMT in CRC.

A novel discovery of this study was that SMYD2 
suppressed APC2 expression via DNA methyla-
tion, and this modification required the partici-
pation of DNMT1. SMYD2, as a kind of protein 
lysine methyltransferase, is mainly involved in 
regulating histone methylation modification. It 
was identified as a histone methyltransferase 
that can deposit methyl groups on histones 
H3K4 and H3K36, two epigenetic marks of 
active transcription [27]. However, some 
reports confirmed that SMYD2 dimethylates 
H3K36 and represses transcription via interac-
tion with the Sin3A histone deacetylase com-
plex [28]. In addition, it was also reported that 
SMYD2 only methylates H3K4 in the presence 
of HSP90 [8]. The exact mechanism by which 
SMYD2 regulates histone methylation remains 
unclear, and so far, there is no consensus on 
this issue. According to our results, APC2 is a 
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new target of SMYD2. At first, we assumed that 
SMYD2 regulated APC2 expression through his-
tone methylation modification. But SMYD2 
knockdown did not affect H3K4me3 and 
H3K36me2 levels in the APC2 promoter area 
according to our results. And there was also no 
conclusive evidence that APC2 was a new non-
histone methylation substrate for SMYD2. With 
our further research on APC2, aberrantly low 
expression of APC2 was identified in CRC, but 
the methylation level of the APC2 promoter 
region was significantly higher than that in nor-
mal tissues. This result suggested that DNA 
methylation might be responsible for the low 
expression of APC2 in CRC. After treatment 
with the DNA methylation inhibitor 5-aza-dc, 
APC2 expression was upregulated in CRC cells. 
Methylation PCR confirmed that knockdown of 
SMYD2 could significantly affect the methyla-
tion level of the APC2 promoter region. However, 
there was no obvious evidence that SMYD2 
could directly regulate DNA methylation. DNA 
methylation is a pivotal epigenetic modification 
that participates in regulating gene expression. 
Previous studies have shown that some lysine 
methyltransferases can promote DNA methyla-
tion by binding to DNMT1, which is an active 
DNA methyltransferase (DNMT) responsible for 
the maintenance of DNA methylation [29]. 
EZH2 recruits DNMT1, leading to further modi-
fications such as DNA methylation [30]. DNMT1 
and G9a can form a functional complex that 
enhances DNA methylation [31]. Therefore, we 
speculated that SMYD2 may work by binding to 
DNMT1. We performed a ChIP assay in SMYD2 
knockdown or overexpressing CRC cells. Our 
results confirmed that SMYD2 overexpression 
or knockdown affected the DNA occupation of 
DNMT1 at the APC2 promoter area. Then, we 
verified that SMYD2 could bind to DNMT1 by IP 
experiments, and after inhibiting DNMT1, the 
downregulation of APC2 by SMYD2 was re- 
paired. These findings indicated that SMYD2 
interacts with DNMT1 and that this functional 
complex methylated CpG islands in the APC2 
promoter, thereby suppressing APC2 expre- 
ssion.

In summary, we found that SMYD2 not only pro-
moted the proliferation of CRC cells but also 
regulated the EMT process and increased the 
metastasis ability of CRC. Additionally, we dem-
onstrated that SMYD2 might play a role in pro-
moting CRC metastasis by suppressing APC2 
and thus activating the Wnt/β-catenin pathway. 

The downregulation of APC2 may be due to the 
synergistic effects of SMYD2 and DNMT1. This 
combination results in the hypermethylation of 
APC2, thus inhibiting the expression of APC2 in 
CRC. Our study provides a new insight for the 
regulation pattern of SMYD2 and implies that 
SMYD2 could be a potential therapeutic target 
in CRC.
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Table S1. qRT-PCR primer sequences
Forward Reverse

SMYD2 GTAACGTGTACATGTTGCACAT GTAGAGTCTCCCTAGCTTCAAC
APC2 CTGAAGCACCTACAGGGAAAA CTGGAACTTGAGGTTGTACAGG
β-actin CACAGAGCCTCGCCTTTGCC ACCCATGCCCACCATCACG
APC2-BSP TTATTTTTTAATTTTGTAAATTTAGA TAATACCATAACAACAACCAATAAC
APC2-ChIP TGCTTGTTGCATGAATGTC CGCTGAGGTTCATTAGTCA

Figure S1. A. Expression of EZH1 and EZH2 in CRC tissues (n=275) and adjacent normal tissues (n=349) from GE-
PIA. B. A Dot plot showed the SMYD2 expression profile across all tumor samples and paired normal tissues. Each 
dot represents the expression of samples.
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Figure S2. A, B. Wound healing assay was performed to examine the effect of SMYD2 knockdown on HCT116 and 
SW480 cell migration. C. Wound healing assay was performed to examine the effect of SMYD2 overexpression on 
DLD1 cell migration. n=3, *P < 0.05, **P < 0.01.
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Figure S3. A. DAVID was used to identify po-
tential Molecular Function (MF) categories. 
B. DAVID was used to identify potential Cel-
luar Component (CC) categories. C. Genes 
associated with SMYD2, generated by Linke-
dOmics (n=379).

Figure S4. A. The GEPIA database reveals that SMYD2 is negatively 
associated with APC2. B. The GEPIA database reveals that SMYD2 
is positively associated with c-MYC, β-catenin, and cyclinD1. C. Ef-
fects of APC2 knockdown on Wnt/β-catenin pathway related mark-
ers in HCT116 cells via WB.
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Figure S5. A. ChIP-qPCR analysis identified the enrichment of H3K4me3 and H3K36me2 in the APC2 promoter 
region after SMYD2 knockdown in HCT116 cells. B. APC2 methylation level in colorectal cancer tissues compared to 
that in normal tissues, analyzed by MethHC. C. qRT-PCR analysis of APC2 expression in indicated cells treated with 
5-aza-dC for 72 h. D. The GEPIA database revealed that DNMT1 might be positively associated with SMYD2. n=3, 
*P < 0.05, **P < 0.01.


