
Am J Transl Res 2020;12(5):1789-1806
www.ajtr.org /ISSN:1943-8141/AJTR0103169

Original Article
N6-methyladenosine methyltransferase METTL3  
promotes colorectal cancer cell proliferation  
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Abstract: N6-methyladenosine (m6A) modification is the most common chemical modification in eukaryotic mRNA, 
which plays a crucial role in regulating mRNA stability, splicing, and translation. METTL3 (methyltransferase like 
3), a major RNA N6-adenosine methyltransferase, has been reported to participate in the progression of many 
cancers. However, its function in colorectal cancer (CRC) remains largely unknown. In this study, we revealed that 
METTL3 played an oncogenic role in CRC. We found that METTL3 was significantly upregulated in CRC, using quan-
titative real-time PCR, western blotting, and immunohistochemical staining, and upregulation of METTL3 was as-
sociated with clinicopathological features. Functionally, knockdown of METTL3 suppressed CRC cell proliferation 
in vitro and in vivo. In contrast, overexpression of METTL3 promoted the growth of CRC cells both in vitro and 
in vivo. Mechanistically, METTL3 exerted its function through enhancing MYC expression, at least partially in an 
m6A-IGF2BP1-dependent manner. In conclusion, we found that METTL3 was frequently upregulated in human CRC 
and promoted CRC progression though enhancing MYC expression. This provided new insights into the molecular 
mechanisms underlying the development of colorectal cancer. 
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Introduction 

Colorectal cancer (CRC) is one of the most com-
mon tumors of the human digestive tract, which 
ranks third in cancer morbidity and second in 
cancer mortality, with more than 880,000 new 
deaths occurring in 2018 worldwide [1]. The 
morbidity and mortality rates of CRC have 
shown an upward trend in China, with more 
than 370,000 new cases and 190,000 deaths 
annually [2]. Despite improvements in screen-
ing and treatment strategies for CRC in recent 
years, the prognosis of advanced CRC is still 
poor, which is largely due to the lack of knowl-
edge of the molecular mechanism of CRC de- 
velopment. Thus, better understanding of the 
molecular mechanism underlying the develop-
ment of CRC is urgently needed to improve the 
prognosis of CRC.

N6-methyadenosine (m6A) modification, enri- 
ched in 3’-UTRs and near stop codons of 
mRNAs, plays an important role in mRNA sta- 

bility, splicing, and translational control [3-7]. 
Evidence suggests that abnormal m6A modifi-
cation is closely related to the development of 
cancer and its response to drugs [8]. The m6A 
modification is dynamic and reversible. The key 
enzyme involved in m6A modification synthe- 
sis is a highly conserved mRNA methyltransfer-
ase complex composed of METTL3, METTL4 
and WTAP (Wilms tumor-associated protein), 
known as the m6A “writer” [9]. The demethyl-
ation-related enzymes mainly are obese-relat-
ed protein and alkylation repair homologous 
protein 5, known as m6A “eraser” [10, 11]. The 
enzymes recognizing m6A modification and 
exerting downstream regulative function mainly 
include the YTH domain family proteins 
(YTHDFs, including YTHDF1/2/3) and the insu-
lin-like growth factor 2 mRNA-binding proteins 
(IGF2BPs, including IGF2BP1/2/3), known as 
m6A “reader” [12, 13].

Increasing evidence has shown that abnormal 
expression and dysfunction of METTL3 are clo- 
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sely related to cancer progression. Mechanis- 
tically, METTL3 can modulate translation effi-
ciency of many oncogenes and tumor suppres-
sor genes. A previous study reported that ME- 
TTL3 interacted with the eukaryotic transla- 
tion initiation factor 3 subunit h to promote 
translation of a large number of m6A-modified 
oncogenic mRNAs in an mRNA looping manner, 
which promotes lung cancer cell proliferation 
and invasion [14]. Consistently, another study 
revealed that METTL3 facilitated the transla-
tion of MYC, BCL2, and PTEN mRNAs in human 
acute myeloid leukemia cell lines, consequent-
ly reducing the level of phosphorylated AKT, 
which functionally inhibits cell differentiation 
and increases cell proliferation [15]. Addition- 
ally, METTL3 can regulate mRNA stability via 
altering the level of mRNA m6A modification, 
which largely depends on the m6A-associated 
recognition proteins. For instance, one previ-
ous study proved that METTL3 promoted liver 
cancer progression through post-transcription-
al silencing suppressors of cytokine signaling  
2, which depended on its reader protein YT- 
HDF2 [16]. In addition, there are many other 
m6A reader proteins related to the stability  
and translation efficiency of m6A-modified 
mRNA. For example, one recent report showed 
that IGF2BP proteins enhance mRNA stability 
and translation, including some m6A modified 
oncogenic mRNAs (such as MYC) [13]. Recent- 
ly, one study proposed that METTL3 facilitated 
CRC progression in an m6A-IGF2BP2-depen-
dent manner [17]. In contrast, another study 
reported that METTL3 inhibited CRC cell pro- 
liferation, migration, and invasion through the 
p38/ERK pathway [18]. Thus, the role of ME- 
TTL3 in the development of colorectal cancer 
remains controversial, so further study of ME- 
TTL3 in CRC progression is needed.

MYC is an oncogene encoding a nuclear phos-
phorylation protein, which plays an important 
role in cell proliferation, apoptosis, and cell 
transformation. It is activated in many kinds  
of human cancers and is usually associated 
with prognosis of cancer [19]. The MYC onco-
gene has been considered as a key target of 
the WNT pathway in CRC, which is required for 
activation of many downstream oncogenes in 
WNT pathways after APC loss, suggesting that 
MYC is a key signaling molecule in CRC pro- 
gression [20, 21]. However, the reason why 

MYC is amplified in many tumors is not com-
pletely clear. Recently, evidence has shown 
that the expression of the MYC gene is close- 
ly related to the m6A modification level of its 
mRNA [22-24]. However, whether the expres-
sion of MYC in CRC is regulated by m6A modi- 
fication or its related enzymes remains to be 
confirmed.

Materials and methods

Cell culture and clinical samples

Human CRC cell lines SW620, HCT116, SW- 
480, HT-29, Lovo, Caco-2 and the human em- 
bryonic kidney cell line 293T (HEK-293T) were 
obtained from the Cell Bank of the Chinese 
Academy of Science (Shanghai, China). All the 
cells were cultured in Dulbecco modifed Eagle 
medium (DMEM; Gibco, CA, USA) supplement-
ed with 10% fetal bovine serum (FBS; ExCell 
Bio, Shanghai, China), 1% penicillin and stre- 
ptomycin (Hyclone, Logan, UT, USA). Tissue 
samples were collected from the First Affiliat- 
ed Hospital of Chongqing Medical University. 
The criteria for patients enrolled in the study 
were as follows: pathological diagnosis con-
firmed as colorectal cancer, no familial genetic 
syndrome (such as Lynch syndrome); no radio-
therapy or chemotherapy prior to surgery.

The RNAseq gene expression (HiSeqV2, Illumi- 
na, San Diego, CA, USA) data containing 434 
CRC samples was downloaded from TCGA hub, 
UCSC Xena (https://xenabrowser.net/datapag-
es/) and then analyzed using the R package.

Establishment of stable knockdown and over-
expression cell lines

For knockdown of METTL3, the shRNA expres-
sion vectors were generated by annealing two 
complementary shRNA oligonucleotide strands 
synthesized by TsingKe (Chongqing, China) and 
then inserting into the pGreen-Puro vector (Ge- 
nePharma, shanghai, China). The target sequ- 
ences of shRNA are listed in Table S1. For over-
expression of METTL3, the cDNA sequence 
containing METTL3 ORF was synthesized by 
TsingKe (Chongqing, China) and cloned into the 
lentiviral vector pCDH-CMV-MCS-EF1-CopGFP-
T2A-puro at EcoRI and BamHI sites. The plas-
mid encoding human MYC was obtained from 
GeneChem (Shanghai, China). Plasmids were 
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transfected into cells with Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA) following the 
manufacturer’s protocol. For the generation  
of shRNA and overexpression plasmid lentivi-
rus, HEK-293T cells were cotransfected with 
pGreen-Puro shRNA vectors or overexpression 
plasmid and packaging plasmids, psPAX2 and 
pMD2.G (Addgene, Cambridge, MA, USA). The 
virus supernatant was collected after 48 or 72 
hours and then mixed with 5 μg/mL polybrene 
and directly added to HCT116 or SW620 cells 
for infection. The cells were then selected using 
1 µg/mL puromycin (Sigma-Aldrich, St. Louis, 
MO, USA) for 5 days. The knockdown and over-
expression efficiency of stable cell lines were 
analyzed by reverse transcription-quantitative 
PCR (RT-qPCR) and western blotting.

Reverse transcription-quantitative PCR (RT-
qPCR)

RNA was extracted using TRIzol reagent (Invi- 
trogen, Carlsbad, CA, USA) according to manu-
facturer’s instructions. Reverse transcription 
PCR and quantitative real-time PCR were per-
formed using a PrimeScript RT kit (Takara, 
Dalian, China) and SYBR green I Master Mix 
(Bimake, Houston, TX, USA). PCR amplification 
reactions were performed in triplicates for  
each cDNA sample. Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as 
loading control, and all gene-specific primers 
used in qPCR analysis are listed in Table S1.

Immunohistochemistry (IHC) staining

The CRC specimens were collected and imme-
diately fixed with 10% paraformaldehyde. The 
fixed tissues were embedded in paraffin and 
then sectioned for subsequent experiments. 
The paraffin sections were incubated at 55°C 
for 4 hours, then continuously soaked in fresh 
xylene solution for 20 minutes twice to remove 
paraffin. Sections were hydrated with 100%, 
95%, 85%, and 70% ethanol and deionized 
water, respectively, then immersed in citrate 
buffer solution and heated 20 minutes for  
antigen retrieval. After washing three times 
with phosphate-buffered saline (PBS) solution, 
sections were incubated with 0.5% Triton X- 
100 for 30 minutes. IHC was then performed 
with a biotin-streptavidin horseradish peroxi-
dase (HRP) detection kit (ZSGB, Beijing, China) 
according to the manufacturer’s instructions. 

Briefly, sections were treated with 3% H2O2 for  
8 minutes, blocked with 3% bovine serum al- 
bumin for 1 hour, and then incubated with pri-
mary antibody targeting METTL3 [1:300, ab19- 
5352; Abcam, Cambridge, UK, MYC (1:200), 
ab32072; Abcam] overnight at 4°C. The above 
sections were incubated with HRP-conjugated 
secondary antibody for 30 minutes at room 
temperature, developed in diaminobenzidine 
(brown) solution for 3-5 minutes, and then 
counterstained with hematoxylin (blue). Images 
were acquired in multiples at 100 × or 400 × 
using a Leica inverted microscope (Leica, 
Wetzlar, Germany).

Western blot analysis

Protein was extracted using RIPA lysis buffer 
(Beyotime, Shanghai, China) containing prote-
ase inhibitors at 100:1 (Beijing Dingguo, Bei- 
jing, China). Equal amounts of protein (30-50 
μg) were separated by 10% SDS-PAGE and 
transferred to a PVDF membrane. Membran- 
es were then blocked with 5% skim milk-TBST 
for 1.5 hours at room temperature and incu-
bated with the primary antibody overnight at 
4°C. The corresponding primary antibodies 
used for western blot analysis were as fol- 
lows: METTL3 (1:1,000; ab195352; Abcam), 
MYC (1:1,000; ab32072; Abcam), and GAPDH 
(1:5,000; 10494-1-AP; Proteintech, Wuhan, 
China). After incubating with HRP-conjugated 
anti-rabbit IgG secondary antibody (1:5,000; 
Proteintech), the protein signals were devel-
oped with an ECL chemiluminescence solution 
(Advansta, San Jose, CA, USA).

Cell cycle and apoptosis analysis, colony for-
mation assay, CCK-8 assay

Cell cycle and apoptosis analysis were per-
formed using flow cytometry by Academy of  
Life Sciences (Chongqing Medical University, 
Chongqing, China). For the colony formation 
assay, 1,000 HCT116 cells or 2,000 SW620 
cells were seeded in 6-well plates. After cultur-
ing for 10-12 days, cells were fixed with 4% 
paraformaldehyde for 30 minutes and stained 
with 0.1% Crystal Violet for 10 minutes. After 
washing three times with PBS and drying at 
room temperature, the numbers of colonies 
containing more than 50 cells were counted. 
Cell proliferation was further detected by using 
a CCK-8 kit (MCE, Monmouth Junction, NJ, USA) 
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according to the manufacturer’s instructions. 
Briefly, HCT116 or SW620 cells were seeded 
into 96-well plates at 2,000 cells/well as tripli-
cates and incubated at 37°C in a humidified 
atmosphere containing 5% CO2. After the cells 
were attached, 10 μL CCK-8 reagents were 
added to each well of the plate at the indica- 
ted times. After 2 hours of incubation, the 
absorbance at 450 nm of each well was mea-
sured using a microplate reader.

Migration and invasion assay

For cell migration and invasion Transwell as- 
says, 5 × 104 HCT116 cells or 1 × 105 SW620 
cells in 200 μL serum-free medium were pla- 
ted on the top chambers of non-coated mem-
branes (pore size, 8 μm; Corning, NY, USA) for 
the migration assay and Matrigel-coated mem-
branes (BD Biosciences, San Jose, CA, USA) for 
the invasion assay, while 500 μL culture media 
with 10% FBS was added to the bottom. After 
24-48 hours incubation, the cells in the top 
chambers were carefully removed by a cotton 
swab. The cells migrating to the lower surface 
of the membrane were fixed with 4% parafor-
maldehyde for 30 minutes and stained with 
0.1% Crystal Violet for 10 minutes. The migrat-
ed and invaded cells were counted with a 
microscope (200 ×). 

Measurement of total m6A levels

Total RNA m6A level was measured using a 
colorimetric ELISA assay with the m6A RNA 
methylation quantification kit (P-9005; Epi- 
gentek, Farmingdale, NY, USA) following the 
manufacturer’s instructions. Measurements 
were conducted in triplicates for each RNA 
sample. A total of 200 ng RNA was used per 
well. 

RNA immunoprecipitation (RIP)

RNA Immunoprecipitation (RIP) was performed 
according to a previous report [25] with some 
changes. Briefly, 107 cells were collected by 
trypsinization, then lysed in 1 mL RIP buffer 
[(50 mM Tris, pH 7.4), 150 mM NaCl, and 1% 
NP-40, supplemented with 0.5 mM dithiothrei-
tol, 1 mM phenylmethylsulfonyl fluoride, and 
100 U/mL RNase inhibitor (Beyotime)] on ice 
for 10 minutes and then centrifuged at 16,000 
× g for 15 minutes in a microcentrifuge at 4°C. 

Two micrograms anti-IGF2BP1 antibody (84- 
82S; Cell Signaling Technology, Danvers, MA, 
USA) or normal rabbit IgG antibody (B900610; 
Proteintech) were incubated with 1 mL cell 
lysates at 4°C overnight with gentle rotation. 
After incubation, 50 μL precleared protein A/G 
beads (B23202; Bimake, Houston, TX, USA) 
were added to the above complexes and incu-
bated for 4 hours at 4°C with gentle rotation. 
The beads were collected by a magnetic sepa-
rator and washed three times in 500 μL RIP 
buffer. Next, the beads were resuspended in 1 
mL of TRIzol and subjected to RNA extraction. 
Then, RT-qPCR was used to analyze the mRNA 
expression levels of corresponding genes us- 
ing immunoprecipitated samples and input 
samples. The RNA levels in the immunopreci- 
pitated samples were normalized to the input 
samples. 

Tumorigenesis in nude mice

BALB/c male nude mice (4-6 weeks old) were 
purchased from the Animal Experimental La- 
boratory of Chongqing Medical University and 
housed under special pathogen-free condition. 
METTL3 stable knockdown or overexpression 
HCT116 cells were collected and resuspended 
at a density of 5 × 106 or 3 × 106 cells per 150 
μL PBS, respectively. The randomly grouped 
mice (five in each group) were then injected 
subcutaneously into two flanks with 150 μL of 
the cell suspensions within 1 hour after cell  
collection. From the 4th day after injection, 
tumors were measured every 4 days using a 
vernier caliper, and the tumor volume was cal-
culated by the following formula: volume (mm3) 
= 0.5 × length × width2. After 24 days, the mice 
were euthanized and the tumors were isolated, 
photographed, and weighed.

Statistical analysis

GraphPad Prism 5 (GraphPad Software, San 
Diego, CA, USA) was used for statistical ana- 
lysis. Data are presented as the mean ± SD. 
Two-tailed Student’s t-test was used to com-
pare differences between groups. Pearson’s 
correlation test was used to measure the str- 
ength of association between two variables. 
The chi-square test was used to assess cor- 
relations with clinical pathologies. P-value < 
0.05 was considered statistically significant.  
*P < 0.05; **P < 0.01; ***P < 0.001.
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Results

Upregulation of METTL3 was associated with 
clinicopathological features in CRC

To investigate the correlation between the ex- 
pression of METTL3 and clinicopathological 
features in CRC, we first detected the expres-
sion of METTL3 mRNA in 20 pairs of CRC tu- 
mor tissues and adjacent normal tissues by 
RT-qPCR, and found that compared with adja-
cent tissues, the expression level of METTL3 
mRNA was significantly upregulated in CRC tis-
sues (Figure S1A). Next, IHC staining was us- 
ed to detect the protein level of METTL3 in 45 
CRC samples. The results showed that MET- 
TL3 was significantly upregulated in CRC, and 
predominantly localized in the nucleus of CRC 
cells (Figure 1A and 1B). Additionally, we also 
observed a negative correlation between the 
expression level of METTL3 and the differen- 
tiation status of CRC tissues (Figure 1A and 
1C). Western blot analysis of 40 CRC samples 
from the cohort also showed that the expres-
sion level of METTL3 in CRC tumor tissues was 
significantly higher than that in adjacent nor- 
mal tissues (Figure 1D). All these data show- 
ed that METTL3 was frequently upregulated in 
CRC. In addition, compared with other CRC cell 
lines, the expression of METTL3 was higher in 
HCT116 and SW620 cells (Figure 1E and 1F). 

To further explore the clinical relevance of 
METTL3 in CRC, we divided the 45 CRC sam-
ples into two groups according to METTL3 IHC 
staining levels: the METTL3 positive express- 
ion group (n = 19, 42.2%) and the negative 
expression group (n = 26, 57.8%) (Figure S1B). 
By analyzing the correlation between the ex- 
pression of METTL3 and clinicopathological 
features in 45 CRC patients, we found that 
METTL3 expression was significantly associat-
ed with tumor size (P = 0.041), stages (P = 
0.019), and the degree of tumor differenti- 
ation (P = 0.040) (Table 1). Therefore, we con-
cluded that METTL3 was frequently upregulat-
ed in human CRC and might facilitate the de- 
velopment of CRC by promoting cell prolifera-
tion and inhibiting differentiation.

METTL3 knockdown inhibited CRC cell prolif-
eration in vitro

To investigate the function of METTL3 in  
CRC, we established stable METTL3 knock-

down HCT116 and SW620 cell lines with two 
different shRNA sequences (shMETTL3#1 and 
#2). Both mRNA and protein level analysis indi-
cated that METTL3 was successfully knocked 
down (Figure 2A). The CCK-8 assay was used to 
examine the effect of METTL3 on cell prolifera-
tion. The results showed that METTL3 knock-
down significantly inhibited cell proliferation, 
both in HCT116 and SW620 cells (Figure 2B). 
Colony formation assays were conducted to 
further evaluate the effect of METTL3 on cell 
proliferation. The results showed that METTL3 
knockdown suppressed cell colony formation 
(Figure 2C). In addition, the cell cycle was ana-
lyzed by flow cytometry. The results showed 
that knockdown of METTL3 inhibited G0/G1 to 
S cell cycle progression (Figure 2D). Apoptosis 
analysis showed no significant changes in both 
stable knockdown HCT116 and SW620 cells 
(Figure S2A and S2B). Furthermore, Transwell 
assays were performed to test the effect of 
METTL3 on cell migration and invasion. The re- 
sults showed that knockdown of METTL3 sig-
nificantly suppressed cell migration and inva-
sion in HCT116 cells but had no significant 
effect on SW620 cells (Figure S2C and S2D). 
Thus, whether METTL3 could affect the migra-
tion and invasion ability of colorectal cancer 
cells remains to be further confirmed. Taken 
together, these results indicated that METTL3 
knockdown inhibited CRC cell proliferation by 
suppressing the cell cycle G0/G1 to S phase 
transition.  

Overexpression of METTL3 promoted CRC cell 
proliferation in vitro

To further characterize the role of METTL3 in 
CRC, we constructed stable cell lines overex-
pressing METTL3 in HCT116 and SW620 cells. 
Overexpression of METTL3 was verified at both 
mRNA and protein levels (Figure 3A). The CCK- 
8 assay was performed to test the effect of 
METTL3 overexpression on cell proliferation. 
Our results showed that overexpression of 
METTL3 significantly promoted cell prolifera-
tion compared with the empty vector control 
(Figure 3B). Consistently, the colony formation 
assay also demonstrated that overexpression 
of METTL3 promoted CRC cell proliferation 
(Figure 3C). Additionally, cell cycle analysis also 
showed that upregulation of METTL3 acceler-
ated the G0/G1 to S phase transition both in 
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Figure 1. The expression of METTL3 in CRC and its correlation with clinicopathological features. A. Hematoxylin 
and eosin (H&E) staining and IHC staining of METTL3 protein in normal, well differentiated, moderately differenti-
ated, and poorly differentiated CRC tissues (Scale bar, 100 μm). The lower the tumor differentiation, the higher 
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the METTL3 expression and the expression of METTL3 in adjacent normal tissues is the lowest. B. Compared with 
adjacent normal tissues (N), the IHC staining score of METTL3 in CRC tumor tissues (T) is higher (n = 45, **P < 
0.01). C. IHC score of METTL3 in normal, well differentiated, moderately differentiated, and poorly differentiated 
CRC tissues, respectively. The lower the tumor differentiation, the higher the IHC score of METTL3 (*P < 0.05; **P 
< 0.01). D. Western blotting analysis of METTL3 in CRC tumor tissues (T) and adjacent normal tissues (N) (n = 40). 
Compared with adjacent normal tissues (N), the expression of METTL3 is up-regulated in CRC tumor tissues (T). 
GAPDH was used as a loading control. E, F. Relative mRNA level and protein level of METTL3 in six common CRC 
cell lines including SW480, SW620, HCT116, Caco-2, Lovo, HT-29. The expression level of METTL3 in HCT116 and 
SW620 is higher than the other four cell lines, so we chose HCT116 and SW620 for further study. GAPDH was used 
as a loading control.

Table 1. Clinicopathological characteristics of METTL3 expres-
sion in CRC patients

Characteristic All  
(n = 45)

METTL3
Positive (%) Negative (%) X2 P-value

Gender 0.137 0.712
    Men 27 12 (55.6) 15 (44.4)
    Women 18 7 (38.9) 11 (61.1)
Age (Years) 0.205 0.651
    ﹥ 55 34 15 (44.1) 19 (55.9)
    ≤ 55 11 4 (36.4) 7 (63.6)
Location 0.114 0.736
    Colon 25 10 (40) 15 (60)
    Rectal 20 9 (45) 11 (55)
Metastasis 0.320 0.572
    Lymph nodes 20 12 (60) 8 (40)
    Distant 4 3 (75) 1 (25)
Stages 5.472 0.019*

    I-II 21 5 (23.8) 16 (76.2)
    III-IV 24 14 (58.3) 10 (41.7)
Differentiation 6.440 0.040*

    well 10 2 (20) 8 (80)
    Moderately 24 9 (37.5) 15 (62.5)
    Poorly 11 8 (72.7) 3 (27.3)
Tumor size 4.185 0.041*

    > 40 mm 16 10 (62.5) 6 (37.5)
    ≤ 40 mm 29 9 (31.0) 20 (67.0)
Abbreviations: CRC, colorectal cancer; METTL3, methyltransferase like 3. *P < 
0.05.

HCT116 and SW620 cells (Figure 3D). Taken 
together, these results showed that METTL3 
overexpression promoted CRC cell proliferat- 
ion by accelerating the cell cycle G0/G1 to S 
phase transition.

METTL3 promoted MYC expression partially 
via an m6A-IGF2BP1 dependent manner in 
CRC cells

To identify METTL3 downstream targets in CRC, 
RT-qPCR was performed to detect the expres-

sion change of genes associated 
with cell proliferation in METTL3 
stable knockdown cells, such as 
IGF2, EGFR, CTNNB1, P21, P16, 
CDK1, CDK2, CDK4, CDK6, CC- 
ND1, CDC25A, GADD45A, and 
MYC. The results showed that no 
other genes than MYC among 
these genes represented consis-
tent and significant downregula-
tion of both HCT116 and SW620 
METTL3 in the stable knockdown 
cells (Figures 4A and S3A). Next, 
we examined the expression ch- 
ange in protein level of MYC by 
western blot analysis and found 
that MYC also was downregula- 
ted in both HCT116 and SW620 
METTL3 stable knockdown cells 
compared with their controls (Fig- 
ure 4B). To further study the re- 
lationship between METTL3 and 
MYC, RT-qPCR and western blot 
analysis were performed to de- 
tect mRNA and protein levels of 
METTL3 and MYC in six CRC cell 
lines, respectively. The result sh- 
owed that there was a significant- 
ly positive correlation between 
METTL3 and MYC for both mRNA 
and protein expression levels in 
the six CRC cell lines (Figure 4C 

and 4D). Additionally, we analyzed the correla-
tion of METTL3 and MYC expression levels 
using RNA-seq gene expression data from 
TCGA, which contained 434 CRC samples. The 
results showed that the expression of MYC 
mRNA was also significantly positively corre- 
lated with the expression of METTL3 (Figure 
S3B). These results suggested that METTL3 
enhanced the expression of MYC in CRC cells. 
To further verify the modulatory role of MET- 
TL3 on MYC, we performed MYC rescue ex- 
periments and found that overexpression of 
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Figure 2. Effect of METTL3 knockdown on CRC cell proliferation and cell cycle progression in vitro. A. Stable knock-
down of METTL3 in HCT116 and SW620 cell lines by two different shRNA sequences (shMETTL3#1 and #2). Com-
pared with the shNC control group, both mRNA and protein level were significantly decreased in shMETTL3#1 and 
#2 of HCT116 and SW620 cell lines (***P < 0.001). B. CCK-8 assay demonstrated that the proliferation rate in 
HCT116 and SW620 METTL3 stable knockdown cell lines were significantly decreased compared with the control 
group (**P < 0.01; ***P < 0.001). C. Colony formation assay showed that colony formation ability in HCT116 and 
SW620 METTL3 stable knockdown cell lines were decreased compared with the control group (***P < 0.001). D. 
Flow cytometry analysis showed that the proportion of G0/G1 phase cells in HCT116 and SW620 METTL3 stable 
knockdown cell line were more than that in the control group, while the proportion of S phase cells were less than 
the control, which revealed that METTL3 knockdown significantly inhibited CRC cell cycle G0/G1 to S phase transi-
tion (**P < 0.01).
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MYC partially recovered the proliferation ability 
in METTL3 stable knockdown HCT116 and 
SW620 cells (Figures 4E and S3C), which fur-
ther indicated that MYC was a downstream tar-
get gene regulated by METTL3 in CRC.

The human MYC gene is an oncogene, encod-
ing a nuclear phosphoprotein that plays an 
essential role in cell cycle progression, apop- 
tosis, and cellular transformation, which is a 
well-known target of IGF2BP1 [26, 27]. A previ-
ous study reported that m6A modifications 
were enriched in a coding region instability de- 
terminant of MYC, which could be recognized 
by IGF2BP proteins and enhanced its mRNA 
stability and translation. To investigate whe- 
ther METTL3 regulated the expression of MYC 
in the manner of m6A-IGF2BP1-dependent in 
colorectal cancer, we examined the total RNA 
m6A modification level changes in both MET- 
TL3 stable knockdown HCT116 and SW620 

cells using m6A colorimetric ELISA assays. The 
result showed that the total RNA m6A levels 
were significantly decreased upon knockdown 
of METTL3 both in HCT116 and SW620 cells 
(Figure 4F). Furthermore, IGF2BP1-RIP experi-
ments were performed in METTL3 stable kno- 
ckdown HCT116 cells and its corresponding 
controls. The results showed that MYC mRNA 
binding to IGF2BP1 significantly decreased 
upon METTL3 knockdown (Figure 4G), which 
indicated that m6A modification might facili- 
tate the binding of IGF2BP1 to MYC mRNA. 
Taken together, we concluded that MYC was  
a downstream target of METTL3 in CRC cells, 
which might be regulated, at least partially in 
an m6A-IGF2BP1 dependent manner.

METTL3 facilitated CRC tumorigenesis by en-
hancing the expression of MYC in vivo

To further confirm the oncogenic role of METTL3 
in CRC, subcutaneous tumor formation experi-

Figure 3. Effect of METTL3 overexpression on CRC cell proliferation and cell cycle progression in vitro. A. Overex-
pression of METTL3 in HCT116 and SW620 cells were achieved by the lentiviral vector pCDH plasmid. RT-qPCR and 
Western blotting analysis showed that the mRNA and protein level in both HCT116 and SW620 METTL3 overexpres-
sion cell lines were significantly higher than the EV control group (*P < 0.05; **P < 0.01). B. CCK-8 assay demon-
strated that up-regulation of METTL3 moderately but significantly increased the proliferation rate of HCT116 and 
SW620 cells compared with the control group (*P < 0.05; **P < 0.01). C. Colony formation assay showed that colony 
formation ability in both HCT116 and SW620 METTL3 overexpression cell lines were increased compared with 
the EV control group (**P < 0.01). D. Flow cytometry analysis showed that the proportion of G0/G1 phase cells in 
METTL3 overexpressing HCT116 and SW620 cell line were less than that in the control group, while the proportion 
of S phase cells were more than the control, which revealed that up-regulation of METTL3 faciliated CRC cell cycle 
G0/G1 to S phase transition (*P < 0.05; **P < 0.01). EV, PCDH empty vector; METTL3, PCDH overexpression vector 
containing METTL3 coding sequences.
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ments were performed to detect the effect  
of METTL3 overexpression or knockdown on 
tumorigenesis in nude mice. During tumor for-
mation, the volume of the tumor was measur- 
ed every 4 days from the 4th day after inje- 
ction. Mice were euthanized at the 24th day 
and the tumors were removed, photographed, 
and weighed (Figure 5A and 5C). The results 
showed that tumors generated by METTL3 
overexpression cells were significantly larger 
and heavier than controls (Figure 5B). In con-
trast, the METTL3 knockdown group showed a 
significant decrease of tumor size and weight 
compared with its control group (Figure 5D). 
These results indicated that METTL3 facilita- 
ted CRC tumorigenesis in vivo. To further con-
firm whether METTL3 promoted tumor growth 
in vivo by regulating the expression of MYC,  
proteins of the isolated tumors were extracted 
and subjected to western blot analysis. The 
results showed that overexpression of METTL3 
promoted MYC expression, and coincidently, 
knockdown of METTL3 inhibited the express- 
ion of MYC (Figure 5E). Consistent with wes- 
tern blot analysis, IHC staining of mouse tu- 
mor tissues also confirmed these results (Fig- 
ure 5F). Taken together, our results suggested 
that METTL3 promoted CRC cell proliferation  
by enhancing the expression of MYC in vivo. 

Discussion

Evidence has indicated that METTL3 is abnor-
mally expressed in many tumors and is closely 
related to the development of tumors [8]. In this 

study, we found that METTL3 was significantly 
up-regulated in CRC, which was consistent with 
previous studies [16, 17]. Moreover, analysis  
of clinical relevance revealed that the expres-
sion level of METTL3 was significantly associ-
ated with tumor size, stage, and differentiation 
grade. These results suggested that METTL3 
might be involved in the progression of CRC. 
Functionally, we demonstrated that the essen-
tial role of METTL3 in promoting CRC cell prolif-
eration was by accelerating the cell cycle from 
the G0/G1 to S phase transition, both in vitro 
and in vivo. In addition, METTL3 showed higher 
expression in HCT116 and SW620 cells among 
six common CRC cell lines (Figure 1E and 1F), 
which coincided with their proliferative capaci-
ty. Notably, we found a positive correlation be- 
tween METTL3 and MYC expression in six com-
mon CRC cell lines, including mRNA and pro- 
tein levels (Figure 4C and 4D). Additionally, 
MYC rescue experiments showed that overex-
pression of MYC in both HCT116 and SW620 
METTL3 stable knockdown cells partially com-
pensated for the inhibition of METTL3 knock-
down on cell proliferation (Figures 4E and S3C). 
These results indicated that METTL3 promo- 
ted CRC cell proliferation by enhancing MYC 
expression.

Increasing evidence has shown that m6A modi-
fication has an effect on RNA synthesis, pro-
cessing, translation, and metabolism [6, 7, 28, 
29] and contributes to the development of mul-
tiple tumors [30]. As the key component of a 
m6A methyltransferase complex, METTL3 reg-

Figure 4. METTL3 promoted MYC expression at least partially via an m6A-IGF2BP1 dependent manner in CRC cells. 
A. RT-qPCR was performed to test the mRNA expression of proliferation-related genes in METTL3 stable knockdown 
HCT116 cells and corresponding shNC controls. MYC mRNA levels were significantly decreased among these genes 
in HCT116 shMETTL3#1 and shMETTL3#2 cells compared with their shNC controls. GAPDH was used as a loading 
control (*P < 0.05). B. Western blotting showed that the protein expression levels of MYC were significantly reduced 
upon knockdown of METTL3 in HCT116 and SW620 cells. C. RT-qPCR analysis showed that MYC mRNA expres-
sion level was relatively higher in six common CRC cell lines with higher METTL3 expression. Pearson correlation 
analysis indicated that MYC mRNA expression level was positively correlated with METTL3 mRNA expression level 
in CRC cells (Person’s test; R = 0.8843; P = 0.0193). D. Western blotting analysis also showed that MYC protein 
expression level was positively correlated with METTL3 protein expression level in six CRC cell lines. E. MYC rescue 
experiments showed that after knocking down METTL3 expression in HCT116 and SW620 cells, the colony forming 
ability of the cells decreased, and when METTL3 was overexpressed in the knockdown cells, the cell colony forming 
ability increased compared with their shNC control groups, which indicated that overexpression of MYC in HCT116 
and SW620 METTL3 stable knockdown cells partially rescued cell proliferation (**P < 0.01; ***P < 0.001). F. m6A 
ELISA assays showed that the RNA m6A levels in HCT116 and SW620 shMETTL3#1 and shMETTL3#2 cells were 
significantly lower than their shNC controls, which revealed that knockdown of METTL3 significantly reduced the 
RNA m6A level in HCT116 and SW620 cells (***P < 0.001). G. RIP-qPCR assay showed that compared with HCT16 
shNC cells, IGF2BP1 protein bound to MYC mRNA in HCT116 shMETTL3#1 and shMETTL3#2 cells were both sig-
nificantly decreased, which revealed that knockdown of METTL3 significantly attenuated the binding of IGF2BP1 to 
MYC mRNA in HCT116 cell (**P < 0.01). 
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ulates tumor progression primarily through its 
m6A methyltransferase activity. Nonetheless, 
there are also some studies reporting that the 
tumor-promoting role of METTL3 is indepen-
dent of its m6A modification function, which 
largely depends on its location in the cell. 
METTL3 located in the nucleus mainly exerts 
its function by regulating the status of m6A 
modification on mRNAs, which are subsequ- 
ently recognized by the m6A “reader” protein. 
In contrast, METTL3 located in the cytopla- 
sm promotes the translation of downstream 
mRNAs by recruiting the translation initiation 
factor eIF3, which does not depend on its  
m6A modification function [14, 31]. In our 
study, IHC analysis showed that METTL3 was 
basically located in the nucleus (Figure 1A). 
Thus, we hypothesized that METTL3 promoted 
CRC cell proliferation, depending on its m6A 
modification function. To verify our hypothesis, 
we detected the total RNA m6A level in both 
HCT116 and SW620 METTL3 stable knock-
down cells. The results showed that the total 
RNA m6A level significantly decreased upon 
knockdown METTL3 (Figure 4F), which was 
consistent with changes in cell proliferative 
capacity. We therefore proposed that the cell 
proliferative potential of CRC cells might be 
positively related to the level of RNA m6A mo- 
dification in cells. Consistent with our data, a 
previous study also reported that METTL3 pro-
moted the expression of HBXIP by increasing  
its mRNA m6A modification level, consequent- 
ly facilitating cell proliferation of breast cancer 
[32].

Recently, another study reported that METTL3 
promoted CRC progression though an m6A-

IGF2BP2-dependent mechanism [17]. In their 
study, they identified SOX2 as the downstream 
target of METTL3. However, we did not find sig-
nificant changes of SOX2 mRNA levels both in 
HCT116 and SW620 stable METTL3 knock-
down cells (Figure S3D). In contrast, our study 
found that MYC gene expression was signifi-
cantly decreased both in HCT116 and SW620 
METTL3 stable knockdown cells compared 
with their controls (Figure 4A and 4B). Further- 
more, we found that IGF2BP1 bound directly  
to MYC mRNA, using the RIP-qPCR assay (Fig- 
ure 4G). Consistent with our findings, two early 
studies also reported that IGF2BP1 bound 
directly to MYC mRNA and regulated its stabi- 
lity [13, 27]. A reasonable explanation for this 
diversity between the two studies could be the 
differences in METTL3 knockdown efficiency 
and m6A modification status on individual 
mRNA. This phenomenon has also been re- 
ported by previous studies [3, 15, 33]. How- 
ever, further investigations, such as by using a 
METTL3 knockout model and gene-specific 
m6A qPCR assay, will be required to better 
address this discrepancy.

The oncogene MYC encodes a transcription 
factor that regulates cell proliferation, apopto-
sis, and differentiation [34, 35]. Activation of 
MYC is one of the most common abnormali- 
ties in human tumors. The Cancer Genome 
Atlas Network Comprehensive analysis of mo- 
lecular characterization in CRC revealed that 
nearly 100% of CRC tumors had changes in 
MYC transcriptional targets, including those 
promoted or inhibited by MYC, suggesting an 
important role for MYC in CRC [36]. MYC can 
promote tumor cell proliferation by accelerat- 

Figure 5. METTL3 facilitated CRC tumorigenesis by enhancing the expression of MYC in nude mice. A and C. Tumori-
genesis assay was performed by subcutaneous injection of METTL3 stable overexpression or knockdown HCT116 
cells into two flanks of BALB/c nude mice. The nude mice were harvested and tumors were removed and photo-
graphed at 24th day after injection. The result showed that the tumors in the METTL3 overexpression group were 
significantly larger than those in the EV control group, while the tumors of METTL3 knockdown group were smaller 
than the shNC control group. B and D. Tumor volume was measured periodically after injection and tumors were 
removed and weighed at 24th day after injection. The results showed that the tumor volume and weight were larger 
in the METTL3 overexpression group than in the EV control group, while the tumor volume and weight were smaller 
in the METTL3 knockdown group compared with the shNC control group, which demonstrated that METTL3 facili-
tated CRC cell proliferation in vivo (Student’s t-test; *P < 0.05; **P < 0.01). E. Western blotting analysis of the protein 
expression level of METTL3 and MYC in the tumor tissues of the treatment group and control group (Remove the 
tumors with too much difference in tumor size in the METTL3 overexpression group and the tumors with no signifi-
cant difference in METTL3 knockdown group). The results showed that the protein expression level of MYC in tumor 
tissues of METTL3 overexpression group was higher than that in EV control group, while the protein expression level 
of MYC in tumor tissues of knockdown group was lower than that in shNC control group, which demonstrated that 
the expression of MYC was positively correlated with METTL3 in vivo. F. IHC staining showed that the expression of 
MYC was upregulated in the METTL3 overexpression group compared with the EV control group, while the expres-
sion of MYC in the METTL3 knockdown group was decreased, compared with the shNC control group.
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ing cell cycle transition. Downregulation of MYC 
by JQ1, a selective small molecule bromodo-
main inhibitor, could inhibit multiple myeloma 
cell proliferation by prompting cell cycle arrest 
and cell senescence [37]. In our study, we fou- 
nd that the cell cycle G0/G1 to S phase transi-
tion was significantly inhibited when knocking 
down METTL3 (Figure 2D), and MYC was also 
coincidently downregulated both in HCT116 
and SW620 stable knockdown cells (Figure 4A 
and 4B). In a similar manner as the METTL3 
knockdown models, our METTL3 overexpres-
sion models also acquired consistent results 
(Figures 3D, 5E and 5F). All this evidence indi-
cated that METTL3 accelerated cell cycle tran-
sition by enhancing the expression of MYC in 
CRC. 

possibility in future studies. One recent study 
reported that m6A modification in MYC mRNA 
could be recognized by IGF2BPs and conse-
quently could increase MYC mRNA stability  
and translation efficiency [13]. Consistent with 
the previous study, our RIP-qPCR assay also 
showed that IGF2BP1 bound directly to MYC 
mRNA in CRC cells, and the bound MYC mRNA 
was significantly decreased when METTL3 was 
knocked down in HCT116 cells (Figure 4G). 
Therefore, we concluded that METTL3 upregu-
lated MYC expression in CRC, at least partially 
in an m6A-IGF2BP1-dependent manner. 

In summary, our finding demonstrated that 
METTL3 was frequently upregulated in CRC  
and closely related to the clinicopathological 

Figure 6. Proposed working model of METTL3 promoting CRC cell prolifera-
tion and tumorigenesis. METTL3 was frequently upregulated in CRC tissues 
and was mainly localized in the nucleus of tumor cells, which increased the 
m6A modification level on the proto-oncogene MYC mRNA in CRC cells. The 
m6A modification on MYC mRNA could be recognized by IGF2BP1, which fur-
ther enhanced MYC mRNA stability, consequently promoting CRC cell growth 
and tumorigenesis.

MYC activation in human tu- 
mors can occur both directly 
and indirectly. Gene amplifi- 
cation can directly result in 
the dysregulation of MYC in a 
number of tumors and cell 
lines [38], but in most cases, 
the cause of the elevated  
MYC expression remains un- 
clear. The other direct mecha-
nism is mainly through en- 
hancing MYC mRNA trans- 
cript stability [13, 27], where-
as the indirect mechanisms 
are mainly through activation 
of upstream signaling path-
ways, including WNT, TGF-β 
pathway, etc. [36]. Recently, 
evidence has suggested that 
the dysregulation of MYC was 
related to abnormal m6A mo- 
dification in its mRNA [15, 
22-24]. Notably, we also dem-
onstrated that the mRNA le- 
vel of MYC and the total RNA 
m6A level were significantly 
and simultaneously decrea- 
sed in HCT116 and SW620 
METTL3 stable knockdown 
cells compared with the con-
trols, which indicated that 
expression of MYC might be 
correlated with RNA m6A mo- 
dification levels in CRC cells; 
however, MYC gene-specific 
m6A qPCR assays would be 
needed to better confirm this 
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features. Upregulated METTL3 promoted CRC 
cell proliferation and tumorigenesis by enhanc-
ing MYC expression, which might be in an m6A-
IGF2BP1-dependent manner (Figure 6). Thus, 
we found that METTL3 played an oncogenic 
role as a m6A “writer” in CRC, which might pro-
vide a potential therapeutic target for CRC.
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Table S1. shRNA and RT-qPCR primer sequences
Name sequences Name sequences
shMETTL3#1 GCAAGTATGTTCACTATGAAA CDK1 F: ATGAAGTGTGGCCAGAAGTG
shMETTL3#2 GCTGCACTTCAGACGAATTAT R: TGACATGGGATGCTAGGCTT
METTL3 F: GTCCATCTGTCTTGCCATCTC CDK2 F: TCCGGATCTTTCGGACTCTG

R: GAGACCTCGCTTTACCTCAATC R: ACAAGCTCCGTCCATCTTCA
IGF2 F: ATGACACCTGGAAGCAGTCC CDK4 F: CTTCCCATCAGCACAGTTCG

R: GTCTTGGGTGGGTAGAGCAA R: GGGGTGCCTTGTCCAGATAT
EGFR F: TCTACAACCCCACCACGTAC CDK6 F: CCAGGCAGGCTTTTCATTCA

R: TCGCACTTCTTACACTTGCG R: AGGTCCTGGAAGTATGGGTG
CTNNB1 F: GAAACGGCTTTCAGTTGAGC CCND1 F: ACAGATCATCCGCAAACACG

R: CTGGCCATATCCACCAGAGT R: GGCGGTAGTAGGACAGGAAG
P21 F: TGTCTTGTACCCTTGTGCCT CDC25A F: CTACTGATGGCAAGCGTGTC

R: GGCGTTTGGAGTGGTAGAAA R: TCTCTCTCACATACCGGCAC
P16 F: CGATGTCGCACGGTACCT GADD45A F: GCTGGTGACGAATCCACATT

R: GACCTTCCGCGGCATCTAT R: TCCATGTAGCGACTTTCCCG
SOX2 F: ATCAGGAGTTGTCAAGGCAGAG MYC F: TTCGGGTAGTGGAAAACCAG

R: AGAGGCAAACTGGAATCAGGA R: AGTAGAAATACGGCTGCACC
Abbreviations: shRNA: short hairpin RNA; RT-qPCR: Quantitative real-time Polymerase Chain Reaction; METTL3: Methyltrans-
ferase like 3; IGF2: Insulin-like growth factor 2; EGFR: Epidermal growth factor receptor; CTNNB1: Catenin beta-1; P21: Cyclin 
dependent kinase inhibitor 1A; P16: Cyclin dependent kinase inhibitor 2A; SOX2: SRY-box transcription factor 2; CDK1: Cyclin-
dependent kinase 1; CDK2: Cyclin-dependent kinase 2; CDK4: Cyclin-dependent kinase 4; CDK6: Cyclin-dependent kinase 
6; CCND1: Cyclin D1; CDC25A: Cell division cycle 25A; GADD45A: Growth arrest and DNA damage inducible alpha; MYC: MYC 
proto-oncogene, bHLH transcription factor.
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Figure S2. A and B. Flow cytometry analysis showed that compared with the shNC control group, the proportion 
of apoptotic cells in METTL3 stable knockdown HCT116 and SW620 cells had not significant changes. The result 
revealed that knockdown of METTL3 had no significantly effect on apoptosis in both HCT116 and SW620 cells. 
C. Transwell assays showed that the migration and invasion ability were significantly decreased in METTL3 stable 
knockdown HCT116 cells compared with the shNC control group. D. Transwell assays showed that there was no 
significant change of migration and invasion ability in METTL3 stable knockdown SW620 cells compared with the 
shNC control group (ns, nonsignificant).

Figure S1. A. RT-qPCR analysis showed that mRNA expression level of METTL3 in CRC tumor tissues was signifi-
cantly higher than that in adjacent normal tissues (n = 20, *P < 0.05). B. Immunohistochemistry staining grade for 
METTL3. A total of 45 CRC samples were divided into two groups according to the immunostaining score of METTL3: 
a positive METTL3 staining group (more than 10% of the cells were stained) and a negative METTL3 staining group 
(less than 10% of the cells were stained). The positive staining group was further divided into 2 groups according to 
the intensity of staining: high METTL3 staining (> 50% of cells were intensely stained) and low METTL3 staining (< 
50% of cells were intensely stained).
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Figure S3. A. RT-qPCR was used to detect the mRNA expression of proliferation-related genes in METTL3 stable 
knockdown SW620 cells and shNC controls. MYC mRNA levels were significantly decreased among these genes 
in HCT116 shMETTL3#1 and shMETTL3#2 cells compared with their shNC controls. GAPDH was used as a load-
ing control (*P < 0.05). B. Correlation analysis of METTL3 and MYC mRNA expression in 434 samples from TCGA 
database showed that MYC mRNA expression was significantly positively associated with METTL3 mRNA expression 
(Person’s test; R = 0.14; P = 0.0019). C. CCK-8 assays showed that overexpression of MYC in both HCT116 and 
SW620 METTL3 stable knockdown cells partially rescued cell proliferation (*P < 0.05; **P < 0.01). D. RT-qPCR analy-
sis showed that there were no significant changes of the SOX2 mRNA level in both HCT116 and SW620 METTL3 
stable knockdown cells compared with their corresponding shNC controls (ns, nonsignificant).


