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ABSTRACT

The methyltransferase like 3 (METTL3) is a key com-
ponent of the large N6-adenosine-methyltransferase
complex in mammalian responsible for N6-
methyladenosine (m6A) modification in diverse
RNAs including mRNA, tRNA, rRNA, small nuclear
RNA, microRNA precursor and long non-coding
RNA. However, the characteristics of METTL3 in
activation and post-translational modification (PTM)
is seldom understood. Here we find that METTL3
is modified by SUMO1 mainly at lysine residues
K177, K211, K212 and K215, which can be reduced by
an SUMO1-specific protease SENP1. SUMOylation
of METTL3 does not alter its stability, localization
and interaction with METTL14 and WTAP, but signif-
icantly represses its m6A methytransferase activity
resulting in the decrease of m6A levels in mRNAs.
Consistently with this, the abundance of m6A in mR-
NAs is increased with re-expression of the mutant
METTL3-4KR compared to that of wild-type METTL3
in human non-small cell lung carcinoma (NSCLC)
cell line H1299-shMETTL3, in which endogenous
METTL3 was knockdown. The alternation of m6A in
mRNAs and subsequently change of gene expres-
sion profiles, which are mediated by SUMOylation of
METTL3, may directly influence the soft-agar colony
formation and xenografted tumor growth of H1299
cells. Our results uncover an important mechanism

for SUMOylation of METTL3 regulating its m6A RNA
methyltransferase activity.

INTRODUCTION

More than 140 types of nucleotide modifications have
been reported in different cellular RNAs, including mR-
NAs, tRNAs, rRNAs, snRNAs and snoRNAs (1). N6-
methyladenosine (m6A) is one of the most common mod-
ification in mRNA, rRNA, tRNA, microRNA and long
noncoding RNA (2,3). More recently, it has been reported
that the m6A methylation plays important roles in the reg-
ulation of the circadian clock, meiosis, mRNA degradation
and translation as well as microRNA processing (3–7), and
moreover, dysregulation of this modification is linked with
cancer (8) as well as neurogenesis, learning and memory (9).

The m6A methylation is a dynamic and reversible mod-
ification that tends to occur at a subset of RRACH mo-
tifs (R = G or A; H = A, C or U) (10). It is catalyzed by
the methyltransferase complex (METTL3, METTL14 and
WTAP) (11,12) while is removed by two demethylases FTO
and ALKBH5 (13,14). METTL3 (methyltransferase like 3,
also known as MTA70) is identified as the main methyl-
transferase critical for the m6A methylation (15). Deletion
or over-expression of METTL3 certainly changes the total
m6A methylation level, which has direct effect on the de-
cay and translation of mRNA and microRNA biogenesis,
leading to the emergence of human disease. However, up to
now it has not been reported about both post-translational
modifications (PTMs) and itself-regulation properties of
METTL3.
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SUMOylation is a process of attaching small ubiquitin-
like modifier (SUMO) to protein substrates at specific ly-
sine residues (16,17). This reversible PTM can change the
stability, localization, protein-protein interactions and ac-
tivity of the targeted substrate protein (18–21). Importantly,
it is noted that the dysregulation of the SUMO pathway is
closely related to various human diseases (22–27).

In this study we identified that METTL3 was modified
by SUMO1 at the major sites K177, K211, K212 and K215.
Sequence analysis revealed that these potential SUMOy-
lation sites are highly conserved among METTL3 ortho-
logues in different species. SUMOylation of METTL3 had
little effect on its stability, localization and its interaction
with METTL14 and WTAP. Interestingly, we found that
SUMOylation of METTL3 might repress its methyltrans-
ferase activity for m6A RNA methylation. Furthermore, we
proved that SUMOylation of METTL3 promoted colony
formation and tumor growth in human non-small cell lung
carcinoma (NSCLC) H1299 cells. These results suggested
that SUMOylation of METTL3 was a novel molecular
mechanism underlying regulation of m6A RNA methyla-
tion and its related physiological functions.

MATERIALS AND METHODS

Cell cultures and transfection

Human cells were cultured in Dulbecco’s modified Eagle’s
medium (Hyclone) supplemented with 10% fetal bovine
serum (FBS) and antibiotics. Cells were grown in a 5% CO2
cell culture incubator at 37◦C. Cell transfection was per-
formed using Lipofectamine 2000 (Invitrogen).

Antibodies and reagents

The following antibodies were used in the study: mouse-
anti-Flag, mouse-anti-HA (from Sigma); rabbit-anti-
METTL3, rabbit-anti-m6A, mouse-anti-GAPDH and
rabbit-anti-SENP1 (from Abcam); rabbit-anti-CBP80,
rabbit-anti-EIF3B, rabbit-anti-EIF4E, mouse-anti-His and
rabbit-anti-METTL3 (from ProteinTech Group); mouse-
anti-�-Actin (from Santa Cruz), rabbit-anti-SUMO1 (from
CST). Puromycin (#P8833) was obtained from Sigma.
Ni2+-NTA agarose beads were purchased from Qiagen
(Hilden, Germany) and Protein G Plus/Protein A agarose
suspension (#IP05) was purchased from Calbiochem.

Plasmids

The human METTL3 cDNA and METTL14 were ampli-
fied by KOD-plus Kit (TOYOBO), then subcloned into
the vectors pEF5-HA and pCMV-Tag2b, respectively. Mu-
tations and truncations of METTL3 were obtained from
PCR-directed mutagenesis. HA-METTL3 was subcloned
into the Lentiviral vector pCD513B to yield lentivirus
by transfection of HEK-293FT cells. Flag-WTAP plasmid
was kindly provided by Dr Jianzhao Liu. The shRNA se-
quence 5′-GCTAAACCTGAAGAGTGATAT-3′ targeting
METTL3 3′-UTR (shMETTL3) was designed and cloned
into the Lentiviral vector pLKO.1.

SUMOylation assays by Ni2+-NTA pull down

METTL3 SUMOylation was analysed in HEK-293T cells
by the method of in vivo SUMOylation assay using Ni2+-
NTA beads as previously described by our lab (19–21,26–
28).

SUMOylation analysis by immunoprecipitation (IP)

Endogenous SUMOylated-METTL3 were detected by im-
munoprecipitations following the published protocol (29)
with minor changes. Briefly, 5 × 107 of cells were lysed
in 1 ml of lysis buffer (20 mM sodium phosphate pH
7.4, 150 mM NaCl, 1% SDS, 1% Triton, 0.5% sodium
deoxycholate, 5 mM EDTA, 5 mM EGTA, 10 mM N-
ethylmaleimide (NEM), the protease inhibitors and phos-
phatase inhibitors). The viscous lysate was sonicated until
it became fluid and then diluted 1:10 with RIPA buffer with-
out SDS (20 mM sodium phosphate, pH 7.4, 150 mM NaCl,
1% Triton, 0.5% sodium deoxycholate, 5 mM EDTA, 5 mM
EGTA, 20 mM NEM, the protease inhibitors and phos-
phatase inhibitors) and incubated with antibody-coupled
beads overnight at 4◦C. Beads were washed three times with
high-salt buffer (20 mM sodium phosphate, pH 7.4, 500
mM NaCl, 1% Triton, 0.5% sodium deoxycholate, 5 mM
EDTA, 5 mM EGTA, 20 mM NEM, the protease inhibitors
and phosphatase inhibitors). Finally, beads were boiled for
10 min in SDS sample buffer, and followed by Western blot-
ting analysis.

Extraction of cytoplasmic and nuclear proteins

Extraction of cytoplasmic and nuclear proteins was per-
formed using the Nuclear/Cytosol Fractionation Kit
(#266-100, BioVision) according to its instruction.

Ubiquitination analysis by immunoprecipitation (IP)

Cells transfected by HA-METTL3 or HA-METTL3-4KR
with or without Myc-Ub plasmid were lysed in RIPA buffer
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% NP-40 and a
protease inhibitor cocktail), and subjected to immunopre-
cipitation, then followed by immunoblotting with indicated
antibodies.

Immunofluorescence staining

HeLa-shpLKO.1, HeLa-shUbc9 and HeLa-shSENP1 cells
grown on the surface of coverslips were fixed with 4%
paraformaldehyde under the room temperature, followed by
permeabilization with 0.2% Triton X-100, and then blocked
with 10% goat serum in PBS. Next, coverslips were incu-
bated with primary antibody diluted in 5% goat serum in
PBS (rabbit anti-METTL3 1:100) at 4◦C overnight. Cells
were washed five times with PBS and then incubated with
fluorescent dye-conjugated secondary antibody diluted in
5% goat serum in PBS for 2 h away from light. Futhermore,
cells were washed three times with PBS and then stained
with DAPI for 1 h. The immunofluorescence images were
recorded by a laser scanning confocal microscopy.
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Soft agar colony forming assay

The effect of METTL3-WT and METTL3-4KR on cellular
transformation and tumorigenesis was assessed by using a
soft agar colony assay as previously described (26). This as-
say was performed in six-well plates with a base of 2 ml of
medium containing 10% FBS with 0.6% Bacto agar (Am-
resco). Stable cells were seeded in 2 ml of medium contain-
ing 10% FBS with 0.35% agar at 1.0 × 103 cells/well and
layered on the base gel. The photographs of colonies devel-
oped in soft agar were taken after staining with 0.05% crys-
tal violet at day 20, and the number of colonies was scored
by ImageJ (NIH, USA). At least three independent experi-
ments were performed in triplicate.

Xenografted tumor model

Mouse xenografts models were established as described pre-
viously (26). Briefly, stable H1299 cell lines were injected
subcutaneously into 5-week-old nude mice (n = 5) with
100 �l Opti-MEM containing 2.5 × 106 cells. Two weeks
later, the tumors were measured every 3 days. Mice were
killed 4 weeks later, and tumours were dissected and as-
sessed by weight. All animal studies were conducted with
the approval and guidance of Shanghai Jiao Tong Univer-
sity Medical Animal Ethics Committees.

Analysis of mRNA m6A methylation by dot-blotting assay

Analysis of mRNA m6A methylation by dot-blotting was
performed followed by a published procedure with minor
changes (13,30). Briefly, total RNAs were isolated using the
Trizol method and mRNAs were isolated by using GenE-
lute™ mRNA Miniprep Kit (Sigma). The concentration and
purity of mRNAs were measured by NanoDrop 2000. The
mRNAs were denatured by heating at 95◦C for 5 min, fol-
lowed by chilling on ice directly. Next, the mRNAs (50∼100
ng) was spotted directly onto the positively charged nylon
membrane (GE Healthcare, USA) and air dried for 5 min.
The membrane was then UV crosslinked in a Ultraviolet
Crosslinker, blocked with 5% of nonfat milk in TBST, and
then incubated with anti-m6A antibody overnight at 4◦C.
HRP-conjugated anti-rabbit IgG secondary antibody was
added to the membrane for 1 h at room temperature with
gentle shaking and then developed with enhanced chemi-
luminescence. Methylene blue staining was used to verified
that equal amount mRNA was spotted on the membrane.

mRNA m6A quantification by LC–MS/MS

The polyadenylated RNA from indicated cells was isolated
using Dynabeads™ mRNA Purification Kit (Invitrogen),
followed by removal of contaminated rRNA with RiboMi-
nus transcriptome isolation kit (Invitrogen). The isolated
mRNAs were subsequently digested into nucleosides, and
the amount of m6A was measured by LC–MS/MS follow-
ing the published procedure (11). The total contents of m6A
and A were quantified on the basis of the corresponding
standard curves generated using pure standards (Supple-
mentary Figure S4A), from which the m6A/A ratio was cal-
culated. The nucleosides were quantified using the nucleo-
side to base ion mass transitions of 282 to 150 (m6A), and

268 to 136 (A). Quantification was performed by compari-
son with the standard curve obtained from pure nucleoside
standards running at the same batch of samples. The ratio
of m6A to A was calculated based on the calculated concen-
trations.

In vitro m6A methyltransferase activity assay

The in vitro methyltransferase activity assay was per-
formed following the published procedure (11). In brief,
a standard 50 �l of reaction mixture containing the
following components: 1.5 nmol RNA probes (Seq1:
ACGAGUCCUGGACUGAAACGGACUUGC, Seq2:
ACGAGUCCUGGAUUGAAACGGAUUUGC), puri-
fied Flag-METTL3-WT, Flag-METTL3-4KR or SUMOy-
lated Flag-METTL3 proteins in combination with purified
Flag-METTL14, 1 mM SAM, 80 mM KCl, 1.5 mM
MgCl2, 0.2 U/�l RNasin, 10 mM DTT, 4% glycerol and 15
mM HEPES (pH 7.9). The reaction was incubated at 16◦C
for 12 h. The methylation of RNA-probe was measured by
immunoblotting with the m6A antibody (Abcam), and the
1/10 RNA was extracted for northern-blotting.

MeRIP-m6A-Seq, RNA-Seq and data analysis

The m6A-Seq was performed by Cloudseq Biotech Inc.
(Shanghai, China) according to the published procedure
(31) with slight modifications. Briefly, 5 �g of fragmented
mRNAs were saved as input control for RNA-seq, 500 �g
of fragmented mRNAs were incubated with 5 �g of anti-
m6A polyclonal antibody (Synaptic Systems, 202003) in
IPP buffer (150 mM NaCl, 0.1% NP-40, 10 mM Tris–HCl,
pH 7.4) for 2 h at 4◦C. The mixture was then immuno-
precipitated by incubation with protein-A beads (Thermo
Fisher) at 4◦C for an additional 2 h. Then, bound mR-
NAs were eluted from the beads with N6-methyladenosine
(BERRY & ASSOCIATES, PR3732) in IPP buffer and then
extracted with Trizol reagent (Thermo Fisher) by following
the manufacturer’s instruction. Purified mRNAs were used
for RNA-seq library generation with NEBNext® Ultra™
RNA Library Prep Kit (NEB). Both the input sample (with-
out immunoprecipitation) and the m6A IP sample were sub-
jected to 150 bp paired-end sequencing on Illumina HiSeq
sequencer.

Paired-end reads were harvested from Illumina HiSeq
4000 sequencer, and were quality controlled by Q30. Af-
ter 3′ adaptor-trimming and low quality reads removing
by cutadapt software (v1.9.3). The reads were aligned to
the reference genome (UCSC HG19) with Hisat2 software
(v2.0.4). Methylated sites on RNAs (peaks) were identified
MACS software. Differentially methylated sites on RNAs
were identified by diffReps. These peaks identified were
mapped to transcriptome using home-made scripts.

Statistical analysis

Experiments were performed at least three times, and rep-
resentative results were shown. All data are presented as
means ± S.E.M. for mouse xenograft model and soft agar
colony forming assay. Statistical analysis was calculated
with Microsoft Excel analysis tools. Differences between in-
dividual groups are analyzed using the t-test (two-tailed and
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unpaired) with triplicate or quadruplicate sets. A value of P
< 0.05 was considered statistically significant and P-value
< 0.05 was marked with (*), < 0.01 with (**) or < 0.001
with (***).

RESULTS

METTL3 is SUMOylated in vitro and in vivo

To identify whether METTL3 can be SUMOylated in
cells, we transiently transfected HA-METTL3 and the
SUMO-conjugating enzyme E2 Flag-Ubc9 together with
His-tagged SUMO1, SUMO2 or SUMO3 into 293T cells,
respectively. His-SUMO conjugates pulled down by using
the method of Ni2+-NTA resin precipitation as described
before (26,28) were immunoblotted. The result showed that
METTL3 was modified strongly by SUMO1 and moder-
ately by SUMO2, but very weakly by SUMO3 (Figure 1A).
Thus, we focused on SUMO1 modification of METTL3
in the following studies. Since Sentrin/SUMO-specific pro-
tease 1 (Senp1) is an SUMO1 modification-specific protease
(19), we wondered whether Senp1 can remove the SUMO1
modification. Indeed, the significantly increased SUMOy-
lation of exogenous METTL3 by Ubc9 was greatly weak-
ened by cotransfection of the plasmid Senp1 (Figure 1B).
Moreover, we confirmed that SUMOylation of METTL3
was enhanced when endogenous Senp1 in HEK293T cells
was knocked down by a specific shRNA for SENP1 (Fig-
ure 1C). Furthermore, we transfected His-SUMO1, Flag-
Ubc9 with or without Senp1 plasmid into HEK293T cells
to verify whether endogenous METTL3 can be SUMOy-
lated by SUMO1. SUMOylated bands of METTL3 de-
tected by anti-METTL3 antibody were significantly accu-
mulated with Flag-Ubc9, which were almost completely
removed by Senp1 (Figure 1D). In addition, to examine
whether some stresses induce SUMOylation of METTL3,
293T cells transfected with His-SUMO1, Flag-Ubc9 and
HA-METTL3 were treated with chemotherapy drugs in-
cluding Camptothecin, Cisplatin, Doxorubicin and Etopo-
side with indicated concentrations for 12 h before cells
were harvested for SUMOylation analysis by Ni2+-NTA
pull down, showing that these four chemotherapy drugs
greatly induced SUMOylation of METTL3 (Figure 1E).
Since SUMO1 modification is not subject to form poly-
meric chains in vivo (32) and our data showed SUMO1-
modified METTL3 with two major bands in sizes of among
100∼130 kDa and additional weak multiple bands (higher
than 130 kDa), thus we concluded that METTL3 could be
modified by SUMO1 at multiple sites.

Above results revealed that METTL3 could be SUMOy-
lated were all based on the over-expression system and the
Ni2+-NTA pull down assay, thus we questioned whether en-
dogenous METTL3 is modified by endogenous SUMO1.
To this end, we performed an SUMOylation analysis by
using the minor-modification method of immunoprecipi-
tation (IP) as originally described by Barysch et al. (29),
to determine whether endogenous METTL3 is SUMOy-
lated in cells. We generated UBC9- and SENP1-knockdown
in HeLa cells by using shRNA on the empty lenti-vector
pLKO.1 (Supplementary Figure S1), respectively. Those
cells were lysed in the denatured lysis buffer as described in
the Methods, and immunoprecipitated with anti-METTL3

antibody or normal IgG, followed by Western blotting
with anti-SUMO1 and anti-METTL3 antibodies. The re-
sult showed that endogenous METTL3 was moderately
modified by endogenous SUMO1 in HeLa-pLKO.1 cells.
As expectedly, the SUMO1 modification of METTL3 was
enhanced by knockdown of Senp1 whereas was almost
completely abolished by knockdown of Ubc9 (Figure 1F,
upper panels). As shown controls in Input, knockdown of
either SENP1 or UBC9 did not affect the protein levels of
METTL3 (Figure 1F, lower panels). To further strengthen
the concept that endogenous METTL3 is modified by
SUMO1 in vivo, reciprocally, an IP with anti-SUMO1 fol-
lowed by immunoblotting of anti-METTL3 was conducted.
Convincingly, we observed METTL3 was naturally mod-
ified by SUMO1 with two major bands in H1299 cells
(Figure 1G). Moreover, the effect of Etoposide on induc-
ing METTL3 SUMOylation in the stable cell line H1299-
shMETTL3-HA-METTL3 (H1299-shMETTL3 cells sta-
bly re-expressing HA-METTL3-WT) was confirmed by the
same IP method (Figure 1H). Taken together, these re-
sults conclusively proved that METTL3 was SUMOylated
at multiple sites in vitro and in vivo.

K177/211/212/215 are major SUMO-sites of METTL3

To identify the major sites for SUMOylation of human
METTL3, seven lysines (Ks) including K27, K132, K163,
K164, K207, K513 and K530 predicted by the SUMOplot soft-
ware (Supplementary Figure S2A) were individually mu-
tated to arginine (R) for SUMOylation identification. The
SUMOylation assays revealed that the single (or double)
KR mutations did not change the pattern of bands for
SUMOylated METTL3, indicating that none of these sites
was the major SUMO acceptor site of METTL3 (Figure
2A). It seemed to be difficult to identify the major SUMO
acceptor sites of METTL3, so we took a strategy to mu-
tate all the other lysines of METTL3 protein which has
36 lysines in total. Among these lysines, we mutated some
of them individually or together for adjacent ones. We co-
transfected these single-, double-, triple- and quadruple-
lysine mutants with plasmids His-SUMO1/Flag-Ubc9 into
293T cells for the SUMOylation assay. Compared WT
(wild-type) and mutants including K12/13R, K62R, K80/81R,
K122R, K327R, K345R, K388R (Figure 2B), K235/240/241R,
K256/263R, K281/286R, K296/305R and K480R (Figure 2C),
mutants K177R and K211/212/215R (3KR) notably reduced
the SUMO1 modification levels of METTL3 (Figure 2C
and D). However, the single mutations of each lysine of
K211/212/215 did not reduce the SUMOylation levels of
METTL3 compare to that of WT (Figure 2D), suggesting
that only the triple-mutation 3KR at this K-cluster could
interfere METTL3 SUMOylation. Furthermore, we gen-
erated a new mutant K177/211/212/215R (4KR) and found
that SUMOylated bands of 4KR were more significantly
reduced compared with those of 3KR (Figure 2D), al-
though it did not completely remove the two major bands
of SUMO1-METTL3 and (SUMO1)2-METTL3, which
were covalently conjugated with one and two molecule of
SUMO1, respectively. To confirm above results, H1299-
shMETTL3 cells stably re-expressing HA-METTL3-WT
or 4KR were harvested for SUMOylation analysis by the
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Figure 1. METTL3 is modified by SUMO1. (A) METTL3 is mainly modified by SUMO1 in 293T cells. Lysates from 293T cells transfected with HA-
METTL3, Flag-Ubc9 and His-SUMO1, -SUMO2 or -SUMO3 were subjected to precipitation with Ni2+-NTA resin for the SUMOylation assay, and
followed by western blotting with indicated antibodies. (B) METTL3 is modified by SUMO1 at multiple sites, which can be removed by SENP1. HA-
METTL3 with or without His-SUMO1, Flag-Ubc9 and EBG-Senp1 were transfected into 293T cells and the SUMOylation assay were conducted with
Ni2+-NTA resin. (C) Knockdown of Senp1 enhances METTL3 SUMOylation. Senp1 was stably knocked down by shRNA in the lentiviral system in 293T
cells. Plasmids as indicated were co-transfected into the stable cell lines. Lysates were used for the Ni2+-NTA resin precipitation and METTL3 SUMOylation
was detected by anti-HA antibody. (D) Endogenous METTL3 is modified by SUMO1. His-SUMO1 with or without Flag-Ubc9 and EBG-Senp1 were
transfected into 293T cells, followed by the SUMOylation assay for detection of SUMOylated bands with anti-METTL3 antibody. (E) Chemotherapy
drugs induce SUMOylation of METTL3. 293T cells were transfected with His-SUMO1, Flag-Ubc9 and HA-METTL3 for 24 h, and then treated with
Camptothecin (20 �M), Cisplatin (10 �M), Doxorubicin (2 �M) or Etoposide (10 �M) for 12 h before cells were harvested. Ni2+-NTA pull down was
performed to detect SUMO1 modification of METTL3. (F) SUMOylation of endogenous METTL3 were confirmed by IP method. HeLa-pLKO.1, HeLa-
shSenp1 and HeLa-shUbc9 cells were lysed for immunoprecipitation with anti-METTL3 antibody or normal IgG, followed by western blotting with
anti-SUMO1 and METTL3 antibodies. (G) SUMOylation of endogenous METTL3 occurs naturally in H1299 cells. Lysates from H1299 cells were used
for immunoprecipitation with anti-SUMO1 antibody or normal IgG, followed by Western blotting with anti-METTL3 antibody. (H) H1299-shMETTL3
cells stably re-expressing HA-METTL3-WT or 4KR were treated with Etoposide (10 �M) for 12 h, and then harvested for SUMOylation analysis by the
IP method.
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Figure 2. K177, K211, K212 and K215 are the major SUMOylation sites in METTL3. (A–D) The mutatant 4KR (K177/211/212/215R) greatly reduces SUMOy-
lation of METTL3. HA-tagged wild-type (WT) or different METTL3 mutants and His-SUMO1/Flag-Ubc9 were expressed in 293T cells. Lysates were
prepared for Ni2+-NTA pull down, followed by western blotting with indicated antibodies. (E) SUMOylation at K177, K211, K212 and K215 of METTL3
was confirmed in stable H1299 cell lines by the IP method. H1299-shMETTL3 cells re-expressing with HA-METTL3-WT or -4KR were lysed for immuno-
precipitation with anti-HA antibody or normal IgG, followed by western blotting with anti-SUMO1 and HA antibodies.
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IP method. Cell lysates were used for IP with anti-HA
antibody, and followed by immunoblotting analysis with
anti-SUMO1 antibody and anti-HA antibodies, showing
that the SUMOylation of the mutant METTL3-4KR was
obviously reduced compared to that of METTL3-WT in
H1299 stable cell lines (Figure 2E). Meanwhile, by using the
Ni2+-NTA method, we also confirmed that SUMOylated
bands of METTL3-4KR detected by both anti-METTL3
and anti-HA antibodies was significantly reduced com-
pared with METTL3-WT (Supplementary Figure S2B). In
addition, the corresponding lysines K177/211/212/215 of hu-
man METTL3 are highly conserved among its homologues
in different species (Supplementary Figure S2C). Collec-
tively, these results suggested that K177/211/212/215 were ma-
jor SUMOylation accept sites of human METTL3.

SUMOylation of METTL3 does not affect its stability, lo-
calization and interaction with METTL14 and WTAP

As SUMOylation may alter the stability, localization and
activity of target proteins (21,32), it is not easy to predict
what aspects SUMOylation of METTL3 influences. Firstly,
we wondered whether SUMOylation of METTL3 affects
its stability. To investigate whether METTL3 degradation is
mainly depend on the proteasomal or lysosomal pathway,
we treated 293T cells overexpressing HA-METTL3 with
MG132, a proteasome inhibitor or chloroquine, a lysosome
inhibitor, respectively. The result showed that METTL3
was accumulated in cells treated with MG132 but not with
chloroquine (Figure 3A), which indicated that METTL3
was mainly degraded via the proteasome pathway. To
test whether SUMOylation affects the ubiquitination of
METTL3, we transfected HA-METTL3, Myc-Ub with or
without SUMO1/Ubc9 into 293T cells. The immunoblot-
ting with anti-Myc antibody for IP complexes with anti-HA
antibody showed that SUMOylation of METTL3 appeared
not to have significant effect on its ubiquitination (Fig-
ure 3B). Furthermore, we co-transfected HA-METTL3-
WT or -4KR with or without Myc-Ub into 293T cells for
the ubiquitination assay, which showed that the ubiquiti-
nation levels were comparable between METTL3-WT and
METTL3-4KR (Figure 3C), suggesting that SUMOylation
of METTL3 did not affect its stability.

Secondly, to detect whether SUMOylation of METTL3
influences its nuclear localization, 293T cells transfected
with HA-METTL3, SUMO1/Ubc9 and SENP1 (Supple-
mentary Figure S3A) were extracted for separating cyto-
plasmic and nuclear protein fractions. The immunoblotting
result showed that METTL3 was mainly located in the nu-
cleus and there was no difference in its localization among
three cases of transfected 293T cells (Figure 3D), indicating
that SUMOylation of METTL3 might not affect its nuclear
localization. To further confirm this, by employing stable
cell lines HeLa-shUBC9 and HeLa-shSenp1 (Supplemen-
tary Figure S1), we extracted the nuclear/cytosol fractions
(Figure 3E) and performed immunofluorescent stainings
(Figure 3F), and showed that the localizations of METTL3
were all the same pattern that METTL3 was mainly located
in the nucleus in either highly or weakly SUMOylated state.
Above data demonstrated that SUMOylation of METTL3
did not influence its nuclear localization.

The m6A RNA methylation is catalyzed by a large
methyltransferase complex containing METTL3,
METTL14 and WTAP and other components (12,15,33).
More importantly, in vitro studies show that METTL3 and
METTL14 interact directly and stabilize each other at the
protein levels (11,34), and increasing evidences suggest
that METTL3 is the real catalytically active subunit while
METTL14 plays a structural role critical for substrate
recognition (35). There also exists evidence that WTAP
functions as a regulatory subunit in the m6A methyltrans-
ferase complex and has a direct interaction with METTL3
(12). As SUMOylation can regulate protein-protein in-
teractions (27), we wanted to see whether SUMOylation
of METTL3 alters its interaction with METTL14 and
WTAP. Firstly, we have investigated whether METTL14
is SUMOylated by using the Ni2+-NTA pulldown assay
and shown that METTL14 was not SUMOylated upon
co-transfection with SUMO1/Ubc9/Senp1 in 293T cells
(Supplementary Figure S3B). Next, we transfected HA-
METTL3-WT or -4KR with or without Flag-METTL14
or Flag-WTAP into 293T cells. Cell lysates were used for IP
with anti-HA antibody and followed by immunoblotting
analysis, showing that the interactions between METTL3-
WT or METTL3-4KR and METTL14 (Figure 3G) or
WTAP (Figure 3H) were not obviously affected. This result
suggested that SUMOylation of METTL3 did not change
its interaction with METTL14 and WTAP. Since METTL3
can interact with translation initiation factors such as
CBP80, eIF4E and eIF3B to enhance translation (36), we
decided to examine whether SUMOylation influences the
interaction between METTL3 and translation initiation
machinery. The results revealed that SUMOylation did not
influence the interaction between METTL3 and translation
initiation factors including CBP80, eIF4E and eIF3B
(Supplementary Figure S3C), indicating that probably
SUMOylation of METTL3 did not affect influence transla-
tion efficiency. Taken together, our above data revealed that
SUMOylation of METTL3 did not influence its stability,
localization and interaction with METTL14/WTAP and
translation initiation machinery.

SUMOylation of METTL3 inhibits its m6A RNA methyl-
transferase activity

Since SUMOylation can regulate some SUMO-targeted en-
zymes activity (18,37), we wondered whether SUMOylated
METTL3 changes its m6A RNA methyltransferase activ-
ity. Firstly, we examined the effect of METTL3 on the
total abundance of m6A methylation in mRNAs. Indeed,
knockdown of METTL3 by a specific shRNA significantly
reduced the m6A modification level in mRNAs in both
293T and H1299 cells (Figure 4A). Interestingly, we found
that the mRNA m6A abundance in 293T-shSenp1 stable
cells was notably reduced compared with that of in 293T-
shControl (Figure 4B), indicating that SUMO modification
might be involved in regulating the mRNA m6A levels by
possibly inhibiting the activity of one of the components,
such as METTL3, in the large m6A RNA methyltransferase
complex. To verify this, we transfected HA-METTL3 with
or without SUMO1/Ubc9 plasmids into 293T cells and per-
formed a dot-blot assay to detect the m6A levels in mRNAs
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Figure 3. SUMOylation of METTL3 does not influence its stability, localization or interaction with METTL14 and WTAP. (A) METTL3 degrades mainly
via the proteasome pathway. HA-METTL3 was transfected into 293T cells. At 42 h after transfection, cells were treated with 40 �M MG132 or 100 �M
chloroquine for 6 h and lysates were subjected to western blotting analysis. The relative fold of METTL3 was analyzed by ImageJ (V1.45). (B, C) SUMOy-
lation of METTL3 does not affect its ubiquitination. (B) 293T cells transfected with indicated plasmids were lysed with RIPA buffer and lysates were used
for IP with anti-myc antibody, followed by western blotting with indicated antibodies to detect ubiquitination of METTL3. (C) HA-METTL3-WT and
HA-METTL3-4KR with or without Myc-Ub were transfected into 293T cells. Lysates were used for IP with anti-Myc antibody, and then immunoblotted
as indicated antibodies. (D, E) METTL3 SUMOylation does not change its nuclear localization. HA-METTL3 with or without His-SUMO1, Flag-Ubc9
or EBG-Senp1 were co-transfected into 293T cells. Forty eight hours later, cells were fractionated into cytosolic or nuclear fractions and immunoblotted
with indicated antibodies. (E) Western blotting analysis of the distribution in nuclear and cytoplasmic fractions of METTL3 in HeLa-shControl, HeLa-
shUbc9 or HeLa-shSenp1 cells. (F) Stable cells HeLa-shControl, HeLa-shUbc9 or HeLa-shSenp1 were immunostained with anti-METTL3 antibodies
or DAPI. Scale bar, 12.5 �m. (G, H) SUMOylation of METTL3 does not affect its interaction with METTL14 or WTAP. HA-METTL3-WT and HA-
METTL3-4KR were tranfected with or without Flag-METTL14 or Flag-WTAP into 293T cells. Lysates were used for IP with anti-HA antibody, followed
by immunoblotting with indicated antibodies.
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Figure 4. SUMO1 modification of METTL3 represses its RNA m6A methyltransferase activity. (A–E) Polyadenylated mRNAs were purified for the
dot-blot assay (upper panels), and cell lysates were used for immunoblotting with indicated antibodies (lower panels). (A) METTL3 is a main component
responsible for the abundance of m6A in mRNAs. The abundance of m6A in mRNAs from shControl or shMETTL3 293T and H1299 cells was detected by
the Dot-blot assay with anti-m6A antibody, and equal loading of the mRNAs was verified by methylene blue staining (upper panels). METTL3 knockdown
efficiency in 293T and H1299 cells was shown (lower panels). (B) The level of m6A in mRNAs is low in the high SUMOylation status in SENP1 knockdown
cells. (C) SUMOylation of METTL3 reduces its m6A methyltransferase activity. HA-METTL3 with or without His-SUMO1/Flag-Ubc9 were transfected
into 293T cells. (D–F) The SUMO-site mutataion 4KR (K177/211/212/215R) of METTL3 significantly enhances its m6A methyltransferase activity. (D)
HA-METTL3-WT or -4KR was transiently transfeced into 293T cells, and (E) HA-METTL3-WT or -4KR was stably re-expressed H1299-shMETTL3 by
using the lentiviral system. (F) HA-METTL3-WT or -4KR were transfected with or without His-SUMO1/Flag-Ubc9 into 293T cells. The SUMOylation
assays and dot-blot assays were performed as described before. (G) LC–MS/MS quantification of the m6A/A ratio in polyadenylated RNAs purified
from H1299-shMETTL3 cells with METTL3-WT or METTL3-4KR. Error bars indicate mean ± S.D. (two technical replicates). (H) The in vitro RNA
N6-adenosine methylation activity was tested using purified Flag-METTL3-WT, SUMOlated Flag-METTL3-WT or Flag-METTL3-4KR proteins in
combination with purified Flag-METTL14 and RNA-probe (Seq1) with consensus sequence of ‘GGACU’. The methylation of RNA-probe was measured
by immunoblotting with the m6A antibody.
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with anti-m6A antibody. Over-expression of METTL3 in-
creased the m6A modification level as expectedly whereas
this enhanced effect was almost abolished by co-tranfection
with SUMO1/Ubc9 (Figure 4C), revealing that SUMOyla-
tion of METTL3 might repress its m6A RNA methyltrans-
ferase activity. Furthermore, mRNAs from 293T cells trans-
fected with the empty vector pEF5HA, HA-METTL3-WT
or HA-METTL3-4KR were extracted for the same dot-
blot assay, showing that the m6A modification level in cells
transfected with the SUMO-site mutant METTL3-4KR
was higher than that in cells transfected METTL3-WT,
when the protein expression levels of the WT and mutant
METTL3 were comparable (Figure 4D). Consistently with
this, stable cell lines H1299-shMETTL3 re-expressing HA-
METTL3-4KR showed higher abundance of m6A modi-
fication in mRNAs than that of cells re-expressing HA-
METTL3-WT (Figure 4E). These results confirmed that the
SUMOylation deficient of METTL3 by 4KR-mutation dis-
played relatively higher m6A methyltranferase activity. Ad-
ditionally, we compared HA-METTL3-WT and the mu-
tant HA-METTL3-4KR with or without co-transfection
of His-SUMO1/Flag-Ubc9 into 293T cells. The dot-blot
assay showed that METTL3-WT with co-transfection
of SUMO1/Ubc9 reduced the abundance of m6A in
mRNAs compared to that of without SUMO1/Ubc9,
whereas METTL3-4KR with or without co-transfection of
SUMO1/Ubc9 showed much higher m6A RNA abundance
but there was little difference between METTL3-4KR and
METTL3-4KR co-transfected with SUMO1/Ubc9 (Figure
4F).

Furthermore, mRNAs from the H1299-shMETTL3 cells
stably re-expressing HA-METTL3-WT or HA-METTL3-
4KR were isolated and digested into nucleosides, and then
the amount of m6A was measured by LC–MS/MS. The to-
tal contents of m6A and A were quantified based on a stan-
dard curve generated using pure standards, from which the
m6A/A ratio was calculated (Supplementary Figure S4).
Consistent with the above results of the dot-blot assays, the
results by using the LC–MS/MS method showed that the
mRNA m6A levels from re-expression of METTL3-4KR
was significantly higher than that of METTL3-WT (Fig-
ure 4G). To validate whether SUMOlatyion of METTL3
can directly affect the m6A formation, the in vitro methyl-
tranferase activity assay was performed. Several proteins in-
cluding Flag-METTL3-WT, SUMOylated Flag-METTL3-
WT, Flag-METTL3-4KR and Flag-METTL14 were puri-
fied from HEK293T cells. Purified METTL3 proteins in
combination with METTL14 were incubated with an RNA-
probe oligo (Seq1) containing the consensus sequence of
‘GGACU’ (Supplementary Figure S5A). The methylation
of RNA-probe was measured by immunoblotting with anti-
m6A antibody. As expectedly, the METTL3-METTL14
complexes in vitro exhibited m6A methyltransferase activ-
ity against the RNA-probe Seq1 containing the consen-
sus sequence of ‘GGACU’ but not RNA-probe Seq2 with
mutation of the consensus sequence into ‘GGAUU’ (Sup-
plementary Figure S5B and C). METTL3-4KR showed
much higher activity compared to that of METTL3-WT,
on the contrary, SUMOl modified METTL3-WT pro-
tein displayed very little methyltransferase activity (Figure

4H). Thus, our data demonstrated that SUMOylation of
METTL3 repressed its m6A RNA methyltransferase activ-
ity.

SUMOylation of METTL3 promotes tumorigenesis in
H1299 cells by decreasing the m6A level in mRNAs and sub-
sequently changing gene expression profile

Most recently, a growing number of studies have reported
that methylases and demethylases of m6A are correlated
with cancer (8,30,38,39). As METTL3 is the core compo-
nent of m6A the methyltransferase complex, we wondered
whether SUMOylation of METTL3 is connected with tu-
morigenesis. Above stable cell lines H1299-shMETTL3
re-expressing HA-METTL3-WT and HA-METTL3-4KR
(Figure 4E) were used for the soft agar colony-forming as-
say to evaluate cellular transformation of each stable cell
line. The results showed that the number of colonies in
cells re-expressing METTL3-4KR was less than that of cells
re-expressing METTL3-WT (Figure 5A). Furthermore, we
also investigated whether SUMOylation of METTL3 af-
fects xenograft tumour growth in vivo. Above stable cell
lines were also injected subcutaneously into the flanks of
nude mice, and the results showed that the average sizes and
weights of tumors in the METTL3-4KR group were also
significantly reduced compared to those in the METTL3-
WT group at 35 days after injection (Figure 5B), which
was consistent with the results of the colony formation as-
says. We also confirmed that the SUMOylation levels of
METTL3-WT in xenograft tumours was higher than that
of METTL3-4KR (Figure 5C). Combining with the results
of mRNA m6A abundance (Figure 4E), these data indicated
that tumor growth was negatively correlated with the total
level of m6A in H1299 cells, and the increased m6A level
by the SUMO-site mutation of METTL3-4KR potentially
suppressed tumor growth.

To validate the above hypothesis, we performed the
transcriptome-wide m6A-sequencing (m6A-Seq) and RNA-
sequencing (RNA-Seq) assays (Supplementary Table S1)
using the same stable cell lines H1299-shMETTL3 re-
expressing METTL3-WT or METTL3-4KR. The MeRIP
m6A-Seq showed that overall, the SUMO-site mutations of
METTL3-4KR led to increase the abundance of m6A mod-
ification in target transcripts compared to that of METTL3-
WT (Figure 6A), especially in 3′ UTRs and around stop
codons (Figure 6B), where the mRNA m6A modification
is highly enriched as reported (31,40,41). Compared with
the re-expression of METTL3-WT, METTL3-4KR signifi-
cantly brought about a total of 3285 in increase and 2,156
in decrease of the abundance of m6A peaks (Figure 6C),
which were thus termed as hyper- and hypo-methylated
m6A peaks, respectively. Moreover, the RNA-Seq showed
that there were some parts of transcripts changed in H1299-
shMETTL3 cells re-expressing METTL3-4KR when com-
pared to those in METTL3-WT (Figure 6D). The com-
bination analysis of these two sequencing data revealed
that at least 90 genes with significant changes at both the
m6A peak abundances and the posttranscription levels in
the re-expression of METTL3-4KR compared to those in
METTL3-WT (Supplementary Table S2), suggesting that
the SUMOylation of METTL3 might down-regulate m6A
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Figure 5. SUMOylation of METTL3 promotes tumorigenesis in H1299 cells. (A) The mutation of 4KR in METTL3 reduces the soft-agar colony formation
of H1299 cells. H1299-shMETTL3 cells stably re-expressed METTL3-WT or METTL3-4KR cell lines were seeded in 2 ml of medium containing 10%
FBS with 0.35% soft agarose at 1000 per well and layered onto 0.6% solidified agarose. The photographs were taken 14 days after seeding, and the number
of colonies were counted and analysed. Each value represents the mean±s.e.m. of three independent experiments with triplicates. (B) SUMOylation of
METTL3 promotes xenograft tumour growth. Each of H1299-shMETTL3 stable cell lines re-expressed with METTL3-WT or METTL3-4KR (2.5 × 106

cells/each) was injected subcutaneously into male BALB/c nude mice individually. Mice were killed 35 days later, and tumors were dissected (left panels)
and assessed by weight (right panels). (C) Xenograft tumour tissues were lysed in NEM-RIPA buffer and immunoprecipitated with SUMO1 antibody,
followed by western blotting with anti-METTL3. One-tenth of lysates as Input were immunoblotted with indicated antibodies.
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Figure 6. SUMOylation of METTL3 down-regulates m6A modification in mRNAs resulting in the alternation of gene expression profile. (A) Cumulative
distribution curve for the abundance of m6A modification across the transcriptome of H1299-shMETTL3 cells re-expressing METTL3-WT or METTL3-
4KR. (B) Distribution of m6A peaks across around stop codons and 3′ UTRs of the entire set of mRNA transcripts. (C) Comparison of the abundance
of m6A peaks across the transcriptome of H1299-shMETTL3 cells re-expressing METTL3-WT or METTL3-4KR. The fold-change ≥2.0 was considered
to be significant, which was the abundance of m6A peaks of METTL3-4KR relative to METTL3-WT. IP/Input, was referred to as the abundance of m6A
peak in mRNAs detected in MeRIP m6A-Seq (IP) normalized by that detected in RNA-Seq (Input). (D) Heatmap showing the alternation of mRNA
expression profiles in H1299-shMETTL3 cells re-expressing METTL3-WT or METTL3-4KR.

modification in mRNAs and subsequently alter the gene
expression profiles in H1299 cells, therefore promoting tu-
morigenesis.

DISCUSSION

Increasing evidences have proven that m6A methylation
plays important roles in regulating RNA metabolism and
biological processes (4,42–45). In eukaryotes, m6A RNA
methylation is catalyzed by the methyltransferase complex
containing METTL3, METTL14, WTAP and other un-
known components while is removed by demethylases FTO
and ALKBH5 (7,40,41). Although METTL3 is the most
important component of the methyltransferase complex, its
regulatory mechanisms are still largely unknown. Our data
for the first time demonstrated that METTL3 was in vitro

and in vivo modified by SUMO1 at multiple sites (Figure 1),
of which K177, K211, K212 and K215 were major SUMOyla-
tion sites (Figure 2).

We have attempted to explore the exact mechanism that
how SUMOylation of METTL3 affects its m6A methy-
transferase activity. As known that SUMOylation can al-
ter the localization and stability of target proteins, activate
or inhibit enzymes activity through changing the inter- or
intra-molecular interactions of SUMOylated proteins (18).
In this study, we showed that SUMOylation of METTL3
did not alter its stability (Figure 3A–C) and localization
(Figure 3D–E), and interactions with two key components
METTL14 and WTAP of the methyltransferase complex
(Figure 3G-H), and translation initiation factors including
CBP80, eIF4E, eIF4B (Supplementary Figure S3C). But in-
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terestingly, we found that the increased SUMOylation of
METTL3 by co-expression of SUMO1/Ubc9 obviously re-
pressed the RNA m6A level in 293T cells (Figure 4C), which
was consistent with the result that knockdown of Senp1
significantly attenuated the m6A levels in mRNAs (Fig-
ure 4B). Overexpression of METTL3-4KR in 293T cells
(Figure 4D) or re-expression of METTL3-4KR in H1299-
shMETTL3 cells (Figure 4E–F) obviously increased the
abundance of m6A in mRNAs compared with those of
METTL3-WT group. This finding was confirmed by us-
ing the LC–MS/MS (Figure 4G) and MeRIP-seq methods
(Figure 6A–C).

Recent studies have stated the methyltransferase do-
main (MTD, residues 369–590) and the two Cys-Cys-Cys-
His (CCCH)-type zinc finger motifs (ZnF, 259–340) of
METTL3 along with METTL14 MTD are necessary for
RNA m6A modification in vitro methylation activity assays
(46). Though the crystal structure of the core METTL3-
METTL14 complex comprising the MTase domains have
already been elucidated (47), the structure of full-length
METTL3 still remains elusive. Most convincingly, we per-
formed the in vitro m6A methylation activity assay and
found that SUMO1 modification of METTL3 could di-
rectly reduce its methyltransferase activity in combina-
tion with protein METTL14 (Figure 4H). As the major
SUMOylation accept sites K177/211/212/215 locates in the N-
terminal domain which is adjacent to its two ZnF motifs but
distant to MTD of METTL3, we speculated that SUMOy-
lation might spatially influence its interaction of ZnF and
MTD with substrate mRNAs, thereby ultimately inhibit-
ing its m6A methyltransferase activity. Thus, our data re-
vealed that SUMOylation might be an important mech-
anism to control the METTL3 methyltransferase activity,
however the detailed mechanism by which the SUMOyla-
tion affected METTL3 activity was still not clear.

It is becoming increasingly clear that SUMO modifica-
tion plays important roles in the development and pro-
gression of cancer (19–21,26–28,48–50). Growing evidences
have also revealed that key enzymes for m6A demethylation
such as ALKBH5 (8,39) and FTO (38) have important regu-
latory roles in tumorigenesis. In this study, we found that the
SUMO-site mutant METTL3-4KR repressed the anchor-
independent growth and xenograft tumor growth in H1299
cells (Figure 5), possibly resulting from higher abundance
of m6A methylation in mRNAs, when compared to those of
METTL3-WT (Figures 4E, G and 6A–C). These changes of
m6A levels in mRNAs could subsequently affect some parts
of transcripts (Figure 6D) and the gene expression pattern
in H1299 cells (Supplementary Table S2), which influenced
tumorigenesis. Thus, for the first time we reported this novel
mechanism for SUMOylation of METTL3 promoted tu-
morigenesis in H1299 cells by controlling the m6A levels in
mRNAs. However, we speculated that tumorigenesis regu-
lated by SUMOylation of METTL3 is more probably de-
pendent on cell types, in which lncRNAs and pri-miRNAs
besides gene expression profiles and m6A levels in mRNAs,
will be investigated further by high-throughput sequencing.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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