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Abstract. N6-methyladenosine (m6A) is the most abundant 
epitranscriptome modification in mammalian mRNA. Recent 
years have seen substantial progress in m6A epitranscriptomics, 
indicating its crucial roles in the initiation and progression of 
cancer through regulation of RNA stabilities, mRNA splicing, 
microRNA processing and mRNA translation. However, 
by what means m6A is dynamically regulated or written by 
enzymatic components represented by methyltransferase-
like 3 (METTL3) and how m6A is significant for each of the 
numerous genes remain unclear. We focused on METTL3 in 
pancreatic cancer, the prognosis of which is not satisfactory 
despite the development of multidisciplinary therapies. We 
established METTL3-knockdown pancreatic cancer cell line 
using short hairpin RNA. Although morphologic and prolifera-
tive changes were unaffected, METTL3-depleted cells showed 
higher sensitivity to anticancer reagents such as gemcitabine, 
5-fluorouracil, cisplatin and irradiation. Our data suggest that 
METTL3 is a potent target for enhancing therapeutic efficacy 
in patients with pancreatic cancer. In addition, we performed 
cDNA expression analysis followed by gene ontology and 
protein-protein interaction analysis using the Database for 
Annotation, Visualization, and Integrated Discovery and 
Search Tool for the Retrieval of Interacting Genes/Proteins 
databases, respectively. The results demonstrate that METTL3 

was associated with mitogen-activated protein kinase cascades, 
ubiquitin-dependent process and RNA splicing and regulation 
of cellular process, suggesting functional roles and targets of 
METTL3.

Introduction

It has been >70 years since Waddington first proposed the 
notion of ‘epigenetics’ (1), in which he defined it as ‘the relation 
between phenotypes and genotypes’. Although the full scope of 
epigenetics is yet to be determined, its general meaning refers 
to chemical modifications such as DNA methylation, histone 
acetylation/methylation, protein glycosylation, and RNA meth-
ylation that alter gene expression without changing nucleotide 
sequences. To date, >100 RNA chemical modifications have 
been discovered (2). Among them, N6-methyladenosine (m6A) 
is the most abundant modification on epitranscriptome in 
mRNAs, which is introduced by the human methyltransferase 
complex composed of methyltransferase-like 3 (METTL3), 
METTL14 and Wilms tumor 1-associated protein (WTAP) 
complex (3,4). While m6A was identified in the 1970s (5,6), 
even the precise distribution was seldom elucidated until 
recently. With the advent of anti-m6A antibody and methyl-
ated RNA immunoprecipitation sequencing (MeRIP-Seq) 
technology, there has been significant progress in the field 
of m6A in recent years. M6A site mapping reveals that m6A 
peaks are typically located in the vicinity of the stop codon 
as well as 5'-untranslated regions (UTRs) and m6A tends to be 
found in the RR-A-CH (R = A/G, H = A, C, or U) consensus 
motif (7-11). Previous studies reported that m6A RNA methyla-
tion is a dynamic reversible phenomenon (12,13) in which the 
METTL3-METTL14-WTAP complex works as m6A writers; 
fat mass- and obesity-associated protein (FTO) and AlkB 
homolog 5 (ALKBH5) demethylate as m6A erasers (12,13); and 
YTH domain family and heterogeneous nuclear ribonucleopro-
tein C (HNRNPC) and its family proteins recognize m6A as 
m6A readers (7,14). However, comprehensive understanding of 
this dynamic regulatory system remains elusive. The presence 
of m6A seems to affect mRNA fate and function in various 
ways such as circadian clock (15), mRNA degradation (16,17), 
translational alteration (10,18,19), splicing effects (3,7,14,20), 
microRNA maturation (21,22), cell reprogramming (11,23,24), 
long non-coding RNA  (lncRNA) inactivation, X-inactive 
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specific transcript (XIST) (25), and RNA-mediated response to 
ultraviolet (UV)-induced DNA damage (26). Using previously 
reported MeRIP-Seq data, computational in silico analysis has 
built an m6A-driven network of m6A-driven genes, suggesting 
various roles of m6A (27).

Despite increased understanding about m6A, direct or 
indirect target genes of METTL3 or m6A remain unclear. 
Additionally, the precise role of METTL3 in cancer cells is 
unknown. To evaluate the aforementioned issues, we focused 
on the role of METTL3 in pancreatic cancer cells in patients 
whose prognosis remains poor despite the recent development 
of multidisciplinary therapies. We investigated the role of 
METTL3 in vitro using human pancreatic cancer lines and 
demonstrated the functional changes in METTL3 knockdown 
(KD) cells.

Materials and methods

Cell lines and culture conditions. Human pancreatic adeno-
carcinoma cell lines, MIA PaCa-2, were purchased from the 
the American Type Culture Collection (ATCC; Manassas, 
VA, USA. The cells were maintained in Dulbecco's modified 
Eagle's medium (DMEM) low glucose (Nacalai Tesque, Inc., 
Kyoto, Japan) supplemented with 10% fetal bovine serum 
(FBS; Thermo Fisher Scientific, Waltham, MA, USA) and 
1% penicillin/streptomycin (Life Technologies, Carlsbad, CA, 
USA) in 5% CO2 at 37˚C.

Knockdown by short hairpin RNA transfection. For lentiviral 
particle production, 293FT cells were seeded 24 h before lenti-
viral infection and cotransfected with pCMV-VSV-G-RSV-Rev 
and pCAG-HIVgp (provided by Dr Miyoshi from the RIKEN 
BioResource, Tokyo, Japan) plasmid using Lipofectamine 
3000 and P3000 Reagent (Thermo Fisher Scientific) as 
described in the standard protocol of Lipofectamine 3000. 
Target sequences of METTL3 short hairpin RNA (shRNA) 
were 5'-CCAGTCATAAACCAGATGAAA-3'. The collected 
viral soup was centrifuged at 12,000 x g for 5 min, and the 
supernatant was filtered with 0.22-µm pores (Merck Millipore, 
Billerica, MA, USA). Purified viral particles were infected to 
target MIA PaCa-2 cells with polybrene (Sigma-Aldrich, 
St. Louis, MO, USA). After a 24-h incubation, infected cells 
were selected with 2 µg/ml of puromycin (InvivoGen, Inc., San 
Diego, CA, USA) for 5 days.

RNA extraction and quantitative reverse transcriptase poly-
merase chain reaction (qRT-PCR). Total RNA was extracted 
from cultured cells using TRIzol reagent (Thermo Fisher 
Scientific) and cDNA was synthesized with ReverTra Ace 
(Toyobo Co., Ltd., Osaka, Japan). Quantitative RT-PCR was 
performed with Thunderbird SYBR qPCR Mix (Toyobo) 
using LightCycler 2.0 (Roche Molecular Systems, Inc., 
Pleasanton, CA, USA). Furthermore, data were analyzed by 
the ΔΔCt method, in which target genes were normalized to 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The 
following primers were used in the present study: GAPDH-F, 
5'-GCCCAATACGACCAAATCC-3' and GAPDH-R, 5'-AGC 
CACATCGCTCAGACAC-3'; METLL3-F, 5'-CGTACTACA 
GGATGATGGCTTTC-3' and METTL3-R, 5'-TTTCATCTA 
CCCGTTCATACCC-3'.

Western blot analysis. Plated cells were carefully washed 
twice with phosphate-buffered saline (PBS; Thermo Fisher 
Scientific). Next, total protein was extracted with radioim-
munoprecipitation assay buffer (Pierce, Rockford, IL, USA) 
supplemented with 1% of Halt Protease Inhibitor Cocktail 
(100x) and Halt Phosphatase Inhibitor Cocktail (100X; Thermo 
Fisher Scientific). Isolated proteins were electrophoresed on 
4-20% Mini-PROTEAN TGX Precast protein gels (Bio-Rad 
Laboratories, Hercules, CA, USA) and transferred to Blot 2 
PVDF Mini Stack membranes (Thermo Fisher Scientific) 
using iBlot 2 Dry Blotting System (Life Technologies). The 
membrane was blocked with 5% skim milk (Wako Pure 
Chemical Industries, Ltd., Osaka, Japan) for 1  h at room 
temperature and reacted with appropriate dilutions of primary 
antibody overnight at 4˚C. The membrane was washed with 
Tris-buffered saline-Tween (TBST) 6 times for 5 min each, 
followed by incubation with HRP-linked, anti-rabbit immuno-
globulin G (GE Healthcare Biosciences, Little Chalfont, UK) 
for 1 h at room temperature. The membrane was washed again 
with TBST 6 times for 5 min each. Next, the secondary anti-
bodies were identified using detection reagent Clarity Western 
ECL substrate (Bio-Rad Laboratories). Images were acquired 
with ImageQuant LAS 4000 (GE Healthcare Biosciences). 
The following primary antibodies were used in this study: 
METTL3 (Proteintech Group Inc., Chicago, IL, USA; rabbit, 
#15073-1-AP, 1:1,000) and β-actin (Cell Signaling Technology, 
Danvers, MA, USA; rabbit, #4967, 1:10,000).

Proliferation assay. Cells were seeded in 96-well plates with 
1,500 cells/well containing 100 µl of DMEM. After incuba-
tion for 48, 72 and 96 h, 10 µl of 25% glutaraldehyde (Wako 
Pure Chemical Industries) was added to fixed cells, stained 
with 100 µl of 0.05% crystal violet (Sigma-Aldrich) with 
20% methanol, solubilized the stain in 150 µl of 50% ethanol 
supplemented with 0.05 M NaH2PO4, and light absorbance of 
the solution was measured at 595 nm on the EnSpire micro-
plate reader (Perkin-Elmer, Inc., Waltham, MA, USA).

Sphere formation assay. We performed sphere formation 
assay using the limiting dilution method. Cultured cells were 
collected in serum-free DMEM/F-12 with GlutaMAX, bFGF, 
EGF, B-27 and N2 supplements (Thermo Fisher Scientific). 
Cell numbers were diluted to 10 cells/ml, then 100-µl aliquots 
were dispensed into each well in 96-Well Clear Round Bottom 
Ultra Low Attachment Microplate (Costar culture plate; 
Corning Costar, Corning, NY, USA). Sphere diameters were 
measured after 15 days of incubation.

Chemosensitivity assay. Cells were plated in 96-well plates at 
a density of 900 cells/90 µl/well. After incubating for 24 h, 
10 µl of fluorouracil (5-FU), cisplatin (CDDP), gemcitabine 
(GEM) and PBS control were added. The final concentrations 
were 5-FU at 0, 10, 20, 40, 60, 80, 100 and 120 µM; CDDP at 
0, 0.625, 1.25, 2.5, 5, 10, 20 and 50 µM; and GEM at 0, 8, 16, 
32, 64 and 128 nM. After 3 to 5 days of incubation, crystal 
violet staining was performed and absorbance at 595 nm was 
measured.

Radiosensitivity assay. Radiosensitivity assay was performed 
as previously described  (28). Cells were plated into 6-cm 
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dishes (N=4) at concentrations of 50, 100, 200, 400, 1,000, 
and 2,500 cells/dish and irradiated with 0, 2, 4, 6, 8 and 10 Gy, 
respectively, using Gammacell 40 Exactor (Nordion, Inc., 
Ottawa, ON, Canada) and incubated for 10 days. Cells were 
fixed with 25% glutaraldehyde and stained with crystal violet. 
Colonies with >50 cells were counted under the microscope.

Chemoradiosensitivity assay. Cells were seeded into four 
96-well plates, respectively, in the same way as the chemosen-
sitivity assay. In 2 of 4 plates, 10 µl of drug was added to a final 
concentration of 20 µM of CDDP or 16 nM of GEM after 24-h 
incubation. Just after drug administration, a 4-Gy dose was 
irradiated using the Gammacell 40 Exactor. After 5 days of 
incubation, all plates were fixed and stained with crystal violet 
and absorbance at 595 nm was measured.

Annexin V assays. GEM was added (final concentration 16 nM) 
after 4x104 cells were seeded in 10-cm dishes and incubated 
for 24 h. PBS was used as a control. After incubation for 48 h, 
apoptosis assay was performed using the Annexin V-FITC 
apoptosis detection kit (Nacalai Tesque) in accordance 
with the instructional protocols. Fluorescence intensity of 
Annexin V-FITC and PI were measured after gating viable 
cells on FSC vs. SSC dot plots using the BD FACSCanto II 
system (BD Biosciences, Franklin Lakes, NJ, USA).

Human apoptosis proteome profiler array. The relative 
expression levels of 35 human apoptosis-related proteins were 
detected using the Proteome Profiler Array Human Apoptosis 
Array kit (R&D Systems, Minneapolis, MN, USA). Cells on 
a 10-cm dish were rinsed with PBS 3 times and solubilized 
with lysis buffer supplemented with 1% of Halt Protease 
Inhibitor Cocktail (Thermo Fisher Scientific). Experiments 
were performed in accordance with the manufacturer's 
instructions.

cDNA expression study. TRIzol reagents were used to extract 
total RNA from cultured cells, and RNA quality was checked 
(RNA concentration >0.5 µg/µl and OD260/280, 1.8-2.0). 
These samples were outsourced for DNA microarray analysis 
using 3D-Gene (Toray Industries, Inc., Tokyo, Japan).

Data set comparison and gene ontology enrichment anal-
ysis. Differentially expressed genes whose fold changes were 
>2 or <1/2 in METTL3 KD cells underwent gene ontology 
(GO) functional enrichment analysis using the Database for 
Annotation, Visualization and Integrated Discovery (DAVID) 
v6.8 (29).

Protein-protein interaction network construction. The 
functional interactions among differentially expressed genes 
were conducted with the online Search Tool for the Retrieval 
of Interacting Genes/Proteins (STRING, available at https://
string-db.org/) database (confidence score ≥0.700)  (30). 
Network edges were visualized using a popular open source 
software Cytoscape version 3.5.1 (available at http://www.
cytoscape.org/)  (31); subsequently, modules (highly inter-
connected regions) in a network were identified using the 
Cytoscape plug-in MCODE (32), version 1.4.2 (available at 
http://apps.cytoscape.org/apps/mcode), with parameters of 

degree cut-off = 2, node score cut-off = 2, k-core = 2, and max 
depth = 100. Next, genes in each module were analyzed with 
DAVID to identify rich GO terms.

Statistical analysis. All data obtained were analyzed by the 
JMP Pro 12.2.0 software (SAS Institute, Inc., Cary, NC, USA) 
and described as mean ± standard error (SE). Unless stated 
otherwise, Student's t-test was used for statistical analysis 
for experimental results and the differences were considered 
significant.

Results

shRNA-mediated KD of METTL3. We established METTL3 
KD cell lines using shRNA. Stable KD of METTL3 in RNA and 
protein expression was confirmed with qRT-PCR and western 
blot analysis, respectively (Fig. 1A and B). Although there was 
no difference in morphology and proliferation rate between 
control and METTL3 KD cells (data not shown), METTL3 
KD cells in sphere formation assay showed significantly lower 
ability than control cells to form spheres (Fig. 1C and D).

Figure 1.Knockdown (KD) of METTL3 by short hairpin RNA. (A) qRT‑PCR 
(n=3) and (B) western blot analysis of METTL3 showed decreased expres-
sion levels of METTL3. (C) Representative sphere images of control (shCTL) 
and shMETTL3 cells. (D) METTL3 KD cells showed significantly lower 
ability than control cells to form spheres. PCR and sphere formation assay 
data were analyzed by the Student's t-test and one-way ANOVA, respectively 
(**p<0.001, ***p<0.0001).
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METTL3 depletion has crucial effects on chemo- and 
radiosensitivity. We performed crystal violet assay under 
administration of 5-FU, CDDP and GEM to test whether 
METTL3 KD alters sensitivity to anticancer agents. METTL3 
depletion enhanced the sensitivity to each drug (Fig. 2). The 
IC50 values of 5-FU, CDDP and GEM were 28.0/18.4 µM 
(shCTL/shMETTL3), 33.3/10.3 µM and 25.9/10.6 nM, respec-
tively. There was an obvious change in the drug sensitivity, 

especially in the presence of GEM. We also studied alterations 
of radiosensitivity derived from METTL3 KD. Clonogenic 
assay (Fig.  3A) revealed that METTL3 depletion resulted 
in enhancement of radiosensitivity with 2-8 Gy irradiation 
(Fig. 3B). Although no significant difference was observed 
with 10 Gy irradiation by statistical analysis, there was a strong 
tendency for shMETTL3 cells to be susceptible to irradiation, 
suggesting that METTL3 has important roles in the acquisi-
tion of resistance to anticancer drugs and irradiation. We next 
examined how toxic effects were enhanced in METTL3 KD 
cells when treated concurrently with drugs and irradiation at a 
dose of 4 Gy. The multifactor ANOVA showed a very signifi-
cant effect of drug (GEM or CDDP) or radiation (p<0.0001) 
and significant synergistic effects of interaction (p≤0.001) in 
control and METTL3 KD cells (Fig. 3C and D).

Low expression of METTL3 enhances apoptotic response 
by GEM. The aforementioned data suggested that METTL3 
is involved in apoptosis; therefore, Annexin  V assay was 

Figure 2. METTL3 depletion enhances chemosensitivity. METTL3 KD cells showed increased sensitivity to anticancer drugs: (A) 5-FU, (B) CDDP, and 
(C) GEM. The IC50 value (shCTL/shMETTL3) of each drug were as follows: 5-FU, 28.0/18.4 µM, CDDP, 33.3/10.3 µM and GEM, 25.9/10.6 nM. Data were 
analyzed by the Student's t-test (n=6) (*p<0.05, **p<0.01, ***p<0.001).

Figure 3. METTL3 depletion enhances radio- and chemoradiosensitivity. 
(A) Images of colonies stained by crystal violet. METTL3 KD cells showed 
significant susceptibility to (B) irradiation (IR) of 4 Gy as well as concurrent 
use of radiation and (C) CDDP or (D) GEM. Data from clonogenic assay and 
chemoradiosensitivity assay were analyzed by the Student's t-test (n=6) and 
multifactor ANOVA, respectively (*p<0.05, **p<0.01, ***p<0.001).

Figure 4. METTL3 depletion enhances late apoptosis in the presence of 
GEM. Annexin V assay in control and METTL3 KD cells. Diagrams Q1 to 
Q4 represent necrotic, late apoptotic, early apoptotic and live cells, respec-
tively.
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conducted 48  h after treatment with GEM (Fig. 4). Compared 
with control cells, the percentage of late apoptotic cells was 
increased from 2.6 to 12% in shMETTL3 cells treated with 
GEM. Conversely, the percentage of live cells was decreased 
from 95 to 85% in shMETTL3 cells treated with GEM, 
suggesting that any apoptosis-related proteins were influenced 
by METTL3 depletion. To confirm this, we screened 35 
apoptosis-related proteins using a human apoptosis proteome 
profiler array. No significant alteration was confirmed between 
shCTL and shMETTL3 cells (data not shown), implying that 
unknown other METTL3 target genes could be regulating 
apoptosis and chemo-/radiosensitivities.

Microarray data and GO analysis reveals potent target 
genes of METTL3. Given that METTL3 functions as m6A 
writers (12,13), we are interested in the global effect on networks 
of mRNA expression and protein-protein interaction (PPI). A 
total of 735 Ensembl ID-coded differentially expressed genes 

were identified, of which 104 were upregulated and 631 were 
downregulated. To clarify the functional and pathway enrich-
ment of differentially expressed genes, GO analysis was applied 
using DAVID and the top 5 GO terms and Reactome pathways 
of upregulated and downregulated differentially expressed 
genes were selected according to p-value (Tables I and II). The 
upregulated genes were associated primarily with immune or 
interferon reactions, indicating effects by shRNA transfection. 
Conversely, the downregulated differentially expressed genes 
were associated mainly with regulation of mitogen-activated 
protein kinase (MAPK) cascades and cellular component 
organization. We next focused on PPI networks of downregu-
lated differentially expressed genes in shMETTL3 cells. The 
PPI analysis by STRING provided 209 nodes (genes) and 362 
edges (interactions) in the network (Fig. 5), and additional 
MCODE analysis identified 3 modules that were associ-
ated with a ubiquitin-dependent process (including UBE2B, 
SOCS1, MEX3C, TRIM9, RNF25, LONRF1 and UBE2J2), 

Table I. Top five GO terms and Reactome pathways of upregulated DEGs.

Category	 Term	 Count	 p-value	 FDR

GOTERM_BP_FAT	 GO:0071357~cellular response to type I interferon	 6	 2.80E-05	 0.0488
GOTERM_BP_FAT	 GO:0060337~type I interferon signaling pathway	 6	 2.80E-05	 0.0488
GOTERM_BP_FAT	 GO:0034340~response to type I interferon	 6	 3.62E-05	 0.0630
GOTERM_BP_FAT	 GO:0032020~ISG15-protein conjugation	 3	 3.38E-04	 0.5862
GOTERM_BP_FAT	 GO:0006955~immune response	 18	 9.54E-04	 1.647
REACTOME_PATHWAY	 R-HSA-909733~Interferon α/β signaling	 6	 3.41E-05	 0.0417
REACTOME_PATHWAY	 R-HSA-168928~DDX58/IFIH1-mediated induction	 3	 3.99E-03	 4.783
	 of interferon-α/β
REACTOME_PATHWAY	 R-HSA-936440~Negative regulators of	 3	 1.55E-02	 17.417
	 DDX58/IFIH1 signaling
REACTOME_PATHWAY	 R-HSA-1169408~ISG15 antiviral mechanism	 3	 6.32E-02	 55.089
REACTOME_PATHWAY	 R-HSA-1236977~Endosomal/vacuolar pathway	 2	 6.54E-02	 56.377

DEGs, differentially expressed genes; FDR, false discovery rate; GO, gene ontology.

Table II. Top five GO terms and Reactome pathways of downregulated DEGs.

Category	 Term	 Count	 p-value	 FDR

GOTERM_BP_FAT	 GO:0043408~regulation of MAPK cascade	 36	 6.94.E-04	 1.319
GOTERM_BP_FAT	 GO:0051128~regulation of cellular component organization	 93	 9.23.E-04	 1.749
GOTERM_BP_FAT	 GO:0007010~cytoskeleton organization	 52	 1.38.E-03	 2.602
GOTERM_BP_FAT	 GO:0000226~microtubule cytoskeleton organization	 25	 1.63.E-03	 3.065
GOTERM_BP_FAT	 GO:0002821~positive regulation of adaptive immune response	 9	 2.01.E-03	 3.769
REACTOME_PATHWAY	 R-HSA-2428928~IRS-related events triggered by IGF1R	 3	 1.21.E-02	 16.127
REACTOME_PATHWAY	 R-HSA-112412~SOS-mediated signaling	 3	 1.67.E-02	 21.4931
REACTOME_PATHWAY	 R-HSA-450302~activated TAK1 mediates p38 MAPK activation	 4	 2.31.E-02	 28.560
REACTOME_PATHWAY	 R-HSA-171007~p38MAPK events	 3	 5.51.E-02	 55.772
REACTOME_PATHWAY	 R-HSA-418359~Reduction of cytosolic Ca++ levels	 3	 6.30.E-02	 60.840

DEGs, differentially expressed genes; FDR, false discovery rate; GO, gene ontology.
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RNA splicing (including RBM17, U2AF2, SNRPC, SNRPB 
and CSTF1), and regulation of cellular process (including 
HDAC2, IGF2, MAPKAPK2 and CLU), respectively (Fig. 6 
and Table III).

Discussion

In the present study, we demonstrated that METTL3 was 
a key protein in pancreatic cancer therapy and addressed 
potential targets of METTL3. METTL3 KD MIA PaCa2 
cells showed lower self-renewal abilities in sphere formation 
assay (Fig. 1C and D) and enhanced apoptotic reactions to 
GEM (Fig. 4), although no significant changes were seen in 
morphology, proliferation rate and apoptotic reaction without 
drug treatment (Fig. 4). In a previous study, shRNA-mediated 
METTL3 KD A549 cells showed a lower proliferation rate and 
increased apoptosis (10). Another study showed high levels 
of apoptosis in small interfering RNA (siRNA)-mediated 
METTL3 KD HepG2 (7). For undifferentiated cells, shRNA-

mediated METTL3 KD mouse embryonic stem cells (mESCs) 
led to a morphological change of colonies and decreased prolif-
eration rate (17), whereas another study reported enhanced 
proliferation rate in CRISPR/Cas9-mediated METTL3 
knockout (KO) mESCs (11). These different phenotypes could 
be explained by different roles of METTL3 in cell types as 
well as which and how many RNAs are affected by m6A.

While investigating whether METTL3 KD affected 
chemo- or radiotherapy, we found that anticancer agents, 5-FU, 
CDDP and GEM, as well as radiation treatment significantly 
suppressed cell proliferation in METTL3 KD cells (Figs. 2 and 
3B). Moreover, combination use of chemo- and radiotherapy 
led to significant synergistic effects in both cells (Fig. 3C 
and D). While treatment of radiation alone in chemoradiosen-
sitivity assay was not significantly effective (Fig. 3C and D), 
METTL3 KD cell showed elevated sensitivity to irradiation 
in colony formation assay (Fig. 3B). These contrasting results 
could be explained by the difference of endpoints in each 
assay. Irradiated cells containing lethal DNA damage survived 

Figure 5. Predicted protein-protein interaction networks of downregulated differentially expressed genes in METTL3 KD cells. STRING database provided 
209 nodes (genes) and 362 edges (interactions) in the network.
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only a short time; however, they were unable to form colo-
nies for a few weeks. A recent study revealed that m6A was 
induced rapidly at the sites of DNA damage after ultraviolet 

irradiation (UVC), and METTL3 KO cells showed delayed 
repair of UVC-induced DNA damage and higher sensitivity to 
UVC compared to controls (26), suggesting the importance of 
METTL3 in the recovery from UVC-induced DNA damage. 
It is interesting to note that, in that study, γ-irradiation did 
not induce m6A within 1 min. Therefore, our results provided 
the possibility of another unknown mechanism by which 
METTL3 regulates radiation-induced DNA damage. Today, 
GEM- and 5-FU-based chemotherapy as well as concur-
rent chemoradiation therapy are key treatments in advanced 
pancreatic cancer (33). Taken together, our findings indicate 
that METTL3 is a potent target for pancreatic cancer treat-
ment.

From cDNA microarray data, several processes and 
cascades emerged as potential targets of METTL3: MAPK 
cascades, ubiquitin-dependent process, RNA splicing and 
regulation of the cellular process (Fig.  6 and Tables  II 
and III). MAPK cascades are involved in various essential 
cellular processes such as proliferation, differentiation, 
stress response, DNA repair, apoptosis and survival (34,35). 
Histone deacetylase 2 (HDAC2) plays a crucial role in DNA 
double-strand break repair and cancer malignancy (36,37). 
Insulin-like growth factor 2 (IGF-2) and IGF signaling are 
important for cancer development and progression (38). MAP 
kinase-activated protein kinase 2 (MAPKAPK2), a member 
of the Ser/Thr protein kinase family, is shown to participate 
in inflammatory response, gene transcription, and cell cycle 
regulation (39,40). Clusterin (CLU) is a key protein in stress 
response and cell survival. Accumulating data revealed that 
CLU is associated with resistance to chemotherapy and 
radiotherapy, through various pathways including inhibition 
of BAX (bcl-2-like protein 4), activation of ERK1/2 and phos-
phoinositide 3-kinase (PI3K)-Akt signaling pathway (41,42). 
Collectively, our finding raises the possibility that METTL3 
modulates MAPK cascade and cellular processes, resulting in 
resistance to chemo- and radiotherapy.

Table III. Top three GO terms of modules in PPI of downregulated DEGs.

Category	 Term	 Count	 p-value	 FDR

Hub nodes 1
GOTERM_BP_FAT	 GO:0016567~protein ubiquitination	 9	 1.74E-10	 2.53E-07
GOTERM_BP_FAT	 GO:0032446~protein modification by small protein conjugation	 9	 5.40E-10	 7.84E-07
GOTERM_BP_FAT	 GO:0070647~protein modification by small protein conjugation	 9	 1.81E-09	 2.62E-06
	 or removal
Hub nodes 2
GOTERM_BP_FAT	 GO:0000377~RNA splicing, via transesterification reactions with	 5	 1.02E-07	 1.20E-04
	 bulged adenosine as nucleophile
GOTERM_BP_FAT	 GO:0000398~mRNA splicing, via spliceosome	 5	 1.02E-07	 1.20E-04
GOTERM_BP_FAT	 GO:0000375~RNA splicing, via transesterification reactions	 5	 1.08E-07	 1.26E-04
Hub nods 3
GOTERM_BP_FAT	 GO:0010557~positive regulation of macromolecule biosynthetic process	 10	 8.61E-07	 1.38.E-03
GOTERM_BP_FAT	 GO:0031328~positive regulation of cellular biosynthetic process	 10	 1.70E-06	 2.72.E-03
GOTERM_BP_FAT	 GO:0009891~positive regulation of biosynthetic process	 10	 1.97E-06	 3.16.E-03

DEGs, differentially expressed genes; FDR, false discovery rate; GO, gene ontology.

Figure 6. Three highly interconnected regions were detected as modules in 
the PPI network of downregulated differentially expressed genes in METTL3 
KD cells. Genes in (A) module 1, (B) module 2 and (C) module 3 were associ-
ated with ubiquitin-dependent process, RNA splicing and regulation of the 
cellular process, respectively.
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This study also showed that ubiquitin-dependent process 
is a possible target of METTL3 (Fig.  6A and Table  III). 
Ubiquitination requires 3 steps, activation, conjugation, and 
ligation, and is performed using ubiquitin-activating enzymes 
(E1s), ubiquitin-conjugating enzymes (E2s) and ubiquitin 
ligases (E3s), respectively. According to recent reports, 
these proteins play an important role in cancer malignancy. 
Ubiquitin-conjugating enzyme E2B (UBE2B, also called 
Rad6B), which works as a DNA repair protein, is associated 
with chemoresistance and cell stemness in ovarian cancer 
cells  (43). Suppressor of cytokine signaling 1 (SOCS1) is 
generally known to provide a negative feedback of cytokine 
signaling though the JAK/STAT3 pathway and suppress 
insulin signaling by ubiquitin-mediated degradation of insulin 
receptor substrate (IRS) (44). Notably, SOCS1 is reported as 
an oncogene and a tumor suppressor in cancer (45). Mex-3 
RNA-binding family member C (MEX-3C), a family of 
RNA-binding E3 ubiquitin-protein ligase, is suggested to 
be involved in mRNA decay (46). Recently, MEX-3C was 
suggested as a new chromosomal instability (CIN) suppressor 
in CIN+ colorectal cancer (47), possibly contributing to chro-
mosome segregation errors and DNA damage. Taken together, 
our data indicate that METTL3 alters ubiquitination-related 
protein expression, leading to genomic instability and insuf-
ficient DNA damage repair.

Furthermore, we found that the RNA splicing process was 
a potent target process of METTL3 (Fig. 6B and Table III). 
Alternative pre-mRNA splicing in which intronic sequences 
are removed stepwise is an essential process in producing 
encoded proteins. Aberrations of splicing by altered spliceo-
some proteins lead to gain-, loss- and opposite-of-function 
mutations, contributing to alteration of tumor characteris-
tics  (48,49). A recent report suggested that splicing factor 
U2AF 65 kDa subunit (U2AF2) is required for efficient DNA 
repair (50). In addition, while its mechanism is still unknown, 
RNA-binding motif protein 17 (RBM17, also called SPF45) 
induces resistance to various anticancer drugs  (51). Small 
nuclear ribonucleoprotein-associated proteins B and B' 
(SNRPB) are suggested to be involved in RNA processing 
and DNA repair in glioblastoma  (52). Notably, SNRPB is 
associated with crucial genes including RTK, PI3K, MAPK, 
RAS, AKT, RB and p53, which are involved in essential 
cellular processes (52). Collectively, our findings indicate that 
METTL3 alters splicing regulator expression, resulting in 
unexpected splicing events including insufficient DNA repair.

We note several limitations to this study. First, our in vitro 
experiments and results are based on a single cell line; however, 
additional confirming studies are necessary in other cell 
lines. Second, possible targets of METTL3 are derived from 
microarray data mining. Currently, microarray technology is 
a powerful tool to screen gene-expression profiling. However, 
actual protein expression levels are not confirmed. In addition, 
genes with a <2-fold change in expression are excluded from 
GO analysis and PPI analysis, which may lead to inaccurate 
conclusions.

In summary, the present study demonstrates that METTL3 
is associated with therapeutic resistance and is a potential ther-
apeutic target of pancreatic cancer. Additionally, our findings 
suggest several critical pathways, including MAPK cascades, 
ubiquitin-dependent process, RNA splicing and regulation of 

cellular process, as possible targets of METTL3. Alteration of 
these processes triggers various aberrant biological behaviors 
that could lead to cancer progression and therapeutic resis-
tance. Further studies on the interactions between METTL3 
and these processes are critical for understanding the func-
tional mechanisms of METTL3.
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