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Abstract

Rationale: Hepatocellular carcinoma (HCC) is one of the leading causes of mortality worldwide.
Methyltransferase-like 3 (Mettl3), an RNA Né-methyladenosine (m6A) methyltransferase, has been
shown to act as an oncogene in several human cancers. However, the regulatory role of posttranslational
modifications of Mettl3 in liver cancer remains elusive.

Methods: SUMOylation was analyzed using immunoprecipitation and western blot assays. In vitro and in
vivo biological functions were examined using MTS, colony formation, wound healing, transwell,
apoptosis, and viability assays and the BALB/c nude mouse model, respectively. Inmunohistochemistry
was conducted to evaluate the prognostic value of Mettl3 expression in HCC. The regulatory mechanism
of Mettl3 in HCC was investigated by méA dot blot, immunofluorescence, dual luciferase reporter,
protein stability, and RNA stability assays.

Results: Mettl3 was found to be SUMOylated by a small ubiquitin-like modifier SUMOI. Further,
SUMOylation of Mettl3 was increased upon mitogen stimulation, which correlated with UBC9
upregulation, and was positively correlated with high metastatic potential of liver cancer. Finally,
SUMOylation of Mettl3 was found to regulate HCC progression via controlling Snail nRNA homeostasis
in an m6A methyltransferase activity-dependent manner.

Conclusions: This study revealed a novel mechanism of SUMOylated Mettl3-mediated Snail mRNA
homeostasis, identifying the UBC9/SUMOylated Mettl3/Snail axis as a novel mediator of the SUMO
pathway involved in HCC progression.
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Introduction

In 2018, hepatocellular carcinoma (HCC) ranked
as the sixth most common malignancy worldwide and
the fourth leading cause of mortality among patients
with malignant tumors [1]. The primary risk factors
for HCC are predominantly associated with chronic
infection with hepatitis B virus (HBV) or hepatitis C
virus (HCV), aflatoxin-contaminated foodstuffs,
obesity, smoking, type 2 diabetes, among others [1, 2,

3]. HCC-associated mortality is generally due to
metastasis and  postsurgical = recurrence  [4].
Dysregulation of gene transcriptions, including gene
mutations, oncogene activation, and inactivation of
tumor suppressor genes, are well known to promote
tumor metastases. Thus, elucidation of the molecular
pathogenesis of HCC is essential to develop new
diagnostic and therapeutic inventions and decrease
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the mortality of this malignancy.
N6-methyladenosine (m6A) is the most
abundant internal modification of mRNA in
mammals [5]. m6A methylation is a dynamic and
reversible modification that occurs primarily in 3’
untranslated regions (3" UTRs) and near the stop
codons [6]. Methyltransferase-like 3 (Mettl3), Mettl14,
and WTAP comprise the m6A methyltransferases
complex [7, 8]. m6A methylation is removed by two
demethylases ALKBH5 and FTO [9,10]. Mettl3 is the
critical component of methyltransferases as an
S-adenosylmethionine-binding subunit, co-localizes
with Mettl4 to form a heterodimer in nuclear speckles,
and catalyzes the covalent transfer of a methyl group
to adenine (facilitated by other methyltransferase
components) [8]. Elevated or disturbed Mettl3
expression levels result in changes in the total m6A
methylation, which has direct effects on mRNA
stability or translation, leading to dysregulated
cellular functions. Knockdown of Mettl3 homologs
has been shown to lead to defects in gametogenesis
[11]. Additionally, Mettl3 inactivation leads to a loss
of self-renewal capabilities in mouse embryonic stem
cells [12]. Mettl3 also has been shown to be involved
in cancer progression. A decrease in Mettl3 levels
results in apoptosis and dysregulation of the p53
signaling pathway in cancer cells [13]. High
expression of Mettl3 has been directly correlated with
metastasis and poor patient prognosis in HCC [14, 15]
and disease progression in cervical cancer [16].
Consistently, increased Mettl3 expression has been
shown to increase invasion of lung adenocarcinoma
cells via promotion of oncogenic protein translation
[17] and growth inhibition of renal cell carcinoma cells
[18]. However, it remains to be elucidated whether
Mettl3 could epigenetically promote oncogenes in
liver cancer through its self-regulatory properties.
SUMOylation, the covalent modification of a
protein by a small ubiquitin-like modifier (SUMO)
peptide on a lysine residue, has emerged as an
important posttranslational modification (PTM) in
regulating cellular processes and cancer progression
[19]. Human genome encodes SUMO1-4 proteins,
which are covalently bound to substrate lysine
residues through an enzymatic cascade similar to
ubiquitination ~ [20, 21].  Additionally, the
SUMOylation process requires El-activating and
E2-conjugating (UBCY9) enzymes [22]. UBC9 catalyzes
the formation of an isopeptide bond between the
C-terminus of SUMO and the amino group of the
target lysine. Like other  post-translational
modifications, SUMOylation is a dynamic and
reversible process that regulates target stability,
subcellular localization, translation, and protein-
protein interaction responsible for a variety of

biological functions [20, 21]. Increasing numbers of
SUMOylated proteins have been shown to be highly
expressed in tumor tissues, and activated
SUMOylation is closely associated with tumorigenesis
[23].

Du et al. reported human Mettl3 modification by
small ubiquitin-like modifiers 1 (SUMO1) at K177,
K211, K212, K215 both in vitro and in vivo [24].
Notably, SUMOylated Mettl3 levels were significantly
lower in the quadruple-lysine mutant than in the
single mutants for each lysine, implying that this
K-cluster is vital for efficient Mettl3 SUMOylation.
SUMOylation of Mettl3 does not affect its stability,

subcellular localization, or interaction with
METTL14/WTAP, but significant inhibits Mettl3 m6A
methyltransferase activity in 293T cells [24].
Furthermore, Mettl3 SUMOylation has been

preliminary identified to enhance tumor growth in
human non-small cell lung carcinoma cell line H1299
[24], but the role of Mettl3 SUMOylation in liver
cancer progression and the underlying regulatory
mechanisms of tumorigenesis have yet to be
elucidated. Given the essential role of RNA m6A
modification in regulating gene expression and
various biological processes, we hypothesize that
aberrant m6A modification might also be involved in
human carcinogenesis.

Cell polarity normally is necessary to maintain
cell integrity and function in tissues; epithelial-to-
mesenchymal transition (EMT) is a key process for
cancer metastasis. During the EMT process, epithelial
cells lose their polarity and acquire invasive
capabilities to become mesenchymal stem cells
[25-27]. Furthermore, EMT is regulated by several
transcription factors, including Snail, Slug, Twist, and
ZEB1/2 [25-27]. Snail is a major transcription factor in
EMT. The Snail family comprises Snail, Slug, and
Smuc, which all share an evolutionarily conserved
role in mesoderm formation in vertebrates [28], and
its activity impacts different intracellular signaling
pathways, eventually converging on the EMT. This
factor confers cancer stem cell-like characteristics in
cancer cells and promotes tumor metastasis drug
resistance [28]. Although Lin et al. reported that Snail
is involved in Mettl3-regulated EMT, and m6A in
Snail CDS triggers polysome-mediated translation of
Snail mRNA in Hela cells [29], there is evidence to
suggest that epigenetic modifications regulate tumor
progression [23, 30]. However, the precise regulatory
mechanisms by which posttranslational modifications
of Mettl3 impact liver cancer EMT progression remain
to be explored.

In this study, we showed Mettl3 SUMOylation
by UBC9 with small ubiquitin-like modifier SUMO1
modification. Further, this SUMOylation was
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increased upon mitogen stimulation and correlated
with UBC9 upregulation and induction of
EMT-related genes. Mitogen-response SUMOylation
of Mettl3 showed a positive correlation to high
metastatic potential in liver cancer and regulated EMT
progression by controlling Snail mRNA homeostasis
via m6A methyltransferase activity. We demonstrated
UBC9/SUMOylated Mettl3/Snail axis as a novel
mediator of the SUMO pathway involved in liver
cancer progression.

Methods
Cell lines and Cell culture

Human liver cancer «cell lines HepG2,
MHCC97H, HEP3B and SMMC-7721 were

maintained with 5% CO2 at 37 °C in high-glucose
MEM or DMEM supplemented with 10%
heat-inactivated fetal bovine serum (GIBCO USA)
supplemented with 10% fetal bovine serum and 100 U
penicillin/streptomycin (MDbio, P003-10 g, S007-25
g). For mitogen stimulation, cells were incubated in
5%-20% serum medium for 24 h. All the cells were
purchased from ATCC and the culture period did not
exceed two months.

Quantitative real-time PCR

Total RNA of liver cancer cells were extracted
using Trizol reagent (Invitrogen, 15596018, CA, USA),
and were reverse-transcribed using a RevertAid First
Strand cDNA Synthesis Kit (Thermo, K1622). The
cDNA was used as the template for the subsequent
gRT-PCR analysis using PrimeScriptTMRT reagent
Kit with gDNA Eraser (Code No. RR047A). GAPDH
was used as the normalization gene. The mRNA
levels of the genes were reckoned as two power
values of ACt (the Ct of the GAPDH minus the Ct of
the target gene). Primers of targeted genes were as
follow: GAPDH, forward 5-GTCTCCTCTGACTTCA
ACAGCG-3" and reverse 5-ACCACCCTGTTGCTGT
AGCCAA-3’, CDH1, forward 5'-GCCTCCTGAAAAG
AGAGTGGAAG-3 and reverse 5-TGGCAGTGTC
TCTCCAAATCCG-3’, Snail, forward 5-TGCCCTCA
AGATGCACATCCGA-3" and reverse 5-GGGACAG
GAGAAGGGCTTCTC-3, UBCY9, forward 5-ATCC
AAGACCCAGCTCAAGCA G-3 and reverse
5-TTGACGATGCCACAAGGTCGCT-3, Mettl3,
forward 5-CTATCTCCTGGCACTCGCAAGA-3’
reverse 5'- GCTTGAACCGTGCAAC CACATC-3'.

Lentivirus and Plasmids

Plasmid construction was performed according
to previously described standard method [31]. In
brief, human full-length and mutatuions Mettl3
cDNAs were subcloned and linked into pEZ-Lv203.
His-SUMO-1/2/3 and HA-UBC9 and Snail plasmids

were purchased from GeneCopoeia,Inc. Infection of
lentivirus were performed according to previously
described standard method [32]. Plasmids were
transfected by LipofectamineTM 2000 Transfection
Reagent (InvitrogenTM, 11668019).

Small interfering RNA transfection

siRNA target of Mettl3, UBC9 and scramble
control were purchased from RIBOBIO. Transfection
of siRNA duplexes was transfected using
LipofectamineTM 2000 Transfection Reagent. The
targets of the UBCY9 siRNAs were 5-TTGGCAGT
AAATCGTGTAGGCC-3'(si#1) and 5-ATTTAGAAG
TTCCTGTATTCCT-3'(si#2), siMettl3 sequencing
were 5-GACTGCTCTTTCCITAATA-3 (si#1) and
5-GGACTCGACTACAGTAGCT-3'(si#2).

Cell proliferation assays and colony-formation
assays

Colorimetric MTS assays (Promega; G3582) were
performed to determine the growth and viability of
the liver cancer cells, as previously reported [32].
Briefly, 800 cells/well were treated in a 96-well
culture plate (Corning) in triplicate. Then harvested
the parallel culture plates, and added 20 pL MTS
solution (promega, G3580) to each well. The optical
density value was determined at 490 nm after
incubating the sulution for 2 h.

For the colony formation experiments, 500-800
cells/well were bred in a 6-well plate (Corning). After
10 days, the resulting colonies were fixed in
paraformaldehyde for 10 min and stained with 1%
crystal violet. Only the colonies that included more
than 50 cells were considered.

Analysis of cell motility

Cell motility was detected by using the transwell
and wound healing assays. Migration assays were
conducted using chambers without Matrigel (Falcon,
353,097) based on the manufacturer’'s protocol.
Briefly, cells in 200 uL of serum-deprived medium
were seeded to the upper chamber and allowed to
migrate to the other side of the membrane. After 24 h,
the chambers were fixed in paraformaldehyde for 10
min and stained with crystal violet. Images were
captured from each membrane and using the Image]
software count for the metastatic cell numbers. The
wound healing assay was performed using a 200 uL
pipette tip to scratch the cell layer, and the wound
healing rate was recorded after 0, 36 and 48 h. All
experiments were independently repeated three
times.

Cell apoptosis and viability assay

For cell viability and apoptosis assays, 48 h after
transfection, cells were harvested and seeded with
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requested concentration, and then viability and
apoptosis were assessed using ApoLive-Glo
Multiplex Assay Kit (Promega) following the
corresponding manufacturer’s manuals.

Immunoprecipitation assay and western blot
analysis

After cells were stimulated for the indicated time
periods, they were washed with PBS and lysed in cold
RIPA buffer (Thermo Scientific, 89900) containing a
protease and phosphatase inhibitor mixture
(Beyotime Biotechnology) for 20 min at 4 °C and
centrifuged at 13,000 rpm for 30 min. Then protein
concentration was assessed with the BCA protein
assay kit (Pierce Biotechnology) following the
manufacturer’'s  instructions.  Subjecting  equal
amounts of protein mixed with sample loading buffer
(5X; Beyotime) were separated by SDS-PAGE using
Bis-tris polyacrylamide gels and transferred to
polyvinylidene difluoride membranes (Millipore).
After blocking with 5% skim milk in tris-buffered
saline tween-20, the membranes were incubated with
the primary antibodies overnight at 4 °C and then
with  the  horseradish  peroxidase-conjugated
secondary antibodies at room temperature for 1 h. For
immunoprecipitation, samples were lysed in lysis
buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM
EDTA, 20 mM N-ethylmaleimide, 1% NP-40).
Aliquots (1000 ug) of cell lysates were incubated with
primary antibody overnight; the next day, samples
were incubated with Protein A/G PLUS-Agarose
(santa cruz, Sigma) at 4 °C for 2 h. Samples were
washed with immunoprecipitation lysis buffer three
times and the proteins were extracted from the
Agarose in SDS sample buffer containing reducing
agent and heating at 95 °C. Then the eluted protein
samples were separated on SDS-PAGE. The primary
antibodies, including anti-GAPDH, anti-LaminB1,
anti-His, anti-HA, anti-Flag, anti-MMP2 (from
proteintech), anti-Mettl3 (from abcam, Bethyl);
anti-m6a (from Synaptic Systems); SUMO-1 and
SUMO2/3 (from abcam); anti-MMP9, anti-E-cadherin
and normal rabbit IgG (from CST); UBCY, Snail and
normal mouse IgG (from santa cruz); anti-rabbit,
Anti-mouse peroxidase-conjugated secondary
antibodies (from proteintech).

méA dot blot assay

mRNA was enriched using Dynabeads mRNA
DIRECT Purification Kit (InvitrogenTM, 61012). After
denaturation at 65°C for 5 min and chilling directly on
ice, 400 ng, 200 ng, and 100 ng of samples mixed with
the ice-cold 20*SSC buffer (Sigma-Aldrich) were
spotted to an Amersham Hybond-N+ membrane (GE
Healthcare). Following, the membrane was dried for

10 min, UV crosslinked for 10 min, and washed with
PBST. Then, it was stained with 0.02% Methylene blue
(Beyotime Biotechnology) and scanned to indicate the
total amount of input mRNA. After blocking with 5%
BSA for 1 h, the membrane was incubated with m6A
antibody (Synaptic Systems) overnight at 4 °C.
Finally, the membrane was incubated with the
HRP-conjugated anti-rabbit immunoglobin IgG
secondary antibody for 1 h before visualization by an
imaging system (Promega).

Immunofluorescence and immunohisto-
chemistry

Cells were transfected with the respective
plasmids and cultured on confocal dishes, fixed with
4% paraformaldehyde for 20 min, and permeabilized
with 0.1% Triton X-100 for 20 min. Cells were blocked
in 5% BSA and incubated with primary antibody at 4
°C overnight followed by incubation with secondary
antibodies. Then cells were mounted in medium with
4’ ,6-diamidino-2-phenylindole (DAPI) to visualize
nuclei. Images were obtained with a confocal
microscope with an oil immersion 63X lens
(Olympus).

Paraffin sections were deparaffinized for 2 h at
60 °C, then rehydrated through an alcohol series
followed by sodium citrate buffer. The sections were
treated in 3% hydrogen peroxide and subsequently
blocked with 5% normal goat/mouse serum. Finally,
the sections were incubated with appropriate primary
antibodies at 4 °C overnight. Inmunohistochemistry
staining was performed with horseradish peroxidase
(HRP) conjugates using Diaminobenzidine (DAB)
detection. Images were taken with an Olympus
microscope.

Nuclear and cytoplasmic protein extraction

The nuclear and cytoplasmic proteins
components of HCC cells were isolated using NE-PER
nuclear and cytoplasmic extraction reagents (Thermo
Scientific), according to the manufacturer’s protocol.
GAPDH or LaminBl served as controls for the
cytosolic or nuclear fractions, respectively.

Animal experiments

All animal experiments were approved by the
Institutional Animal Care and Usage Committee of
Zhuhai People's Hospital. Four-week-old female
BALB/c nude mice were obtained from the
Guangdong experimental animal center (Guandong,
China). For the tumorigenesis assay, BALB/c nude
mice were randomly divided into three groups (n =5
for each group). Following, 1x10°/mouse cells were
suspended in 50 puL of serum-free DMEM and
subcutaneously injected into the flank of each mouse.
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Tumor diameters and volume (length x width? x
0.5236) were calculated every other day using
calipers. For lung metastasis experiment, 3x105 cells
suspended in 100 pL serum-free DMEM were
intravenously injected through the tail vein of the
mice. Lung metastatic nodules were calculated after
six weeks when the mice died of cachexia. Lungs were
excised for hematoxylin and eosin staining.

RNA decay assay

To evaluate the RNA  stability in
Mettl3-wild-type and Mettl3-mut-type HCC cells,
Actinomycin D (AbMole, M4881) was added to cells
with a final concentration of 5 p g/mL. Then cells
were collected after 0, 30, 60, 120, 240 min
respectively, and RNA was isolated for RT-PCR to
calculate the relative abundance of Snail mRNA.

Protein stability

To measure target protein stability, HCC cells
were feeded with cycloheximide at a final
concentration of 100 pg/ml (AbMole, M4879) during
indicated times. Then the expression level of Snail was
determined by western blot.

Luciferase reporter assay

Snail promoter sequences were cloned into
pEZX-PLO1 control vectors comprising firefly
luciferase (F-luc) and renilla luciferase (R-luc).
Luciferase assay was performed using Luc-Pair™
Duo-Luciferase HS Assay Kit (GeneCopoeia),
according to the manufacturer’s instructions. Briefly,
pre-treated HCC cells were co-transfected with
Mettl3-wild-type or Mettl3-Mut-type and pEZX-PL01
reporter plasmids in a 12-well plate. After transfection
for 6 h, cells were re-seeded into a 96-well plate. After
a 36-h incubation, cells were harvested for analysis
using the Dual-Glo Luciferase Assay system. F-luc
activity was normalized to R-luc activity to evaluate
the luciferase or transcriptional activity. Each group
was assessed in triplicate.

Statistical analysis

All data are represented as mean + SD. Statistical
analyses were performed using SPSS (version 17) and
GraphPad Prism version 7.0 (USA, GraphPad
Software) software. Chi-squared tests were used to
analyze the relationship between Mettl3 expression
and clinicopathological status. Overall survival based
on Mettl3 and Snail expression were analyzed using
the Kaplan-Meier survival and log-rank test. Data
were analyzed under the Student’s t-test (2-tailed) or
ANOVA methods. P-value of less than 0.05 was
considered as statistically significant.

Results

Mitogen induces Mettl3 conjugated to
SUMO-I

SUMOylation consensus motif primarily consists
of WKXE, where y is a large hydrophobic residue, K is
the acceptor lysine residue, X represents any residue,
and E is an acidic residue, which is not inclusive of all
discovered SUMO1 conjugation sites [19, 22]. To
explore the interaction between SUMO and Mettl3,
we performed co-immunoprecipitation assays and
immunofluorescent  staining. = We  transiently
transfected Mettl3-Flag and the SUMO-conjugating
enzyme E2 Ubc9 siRNA together with His-tagged
SUMO1, SUMO2, or SUMO3 into liver cells. The
result showed that precipitated protein complexes
using a Flag-tagged antibody included SUMOylated
Mettl3, which was primarily modified by SUMO1 and
very weakly modified by SUMO2 and SUMO3
(Figure. 1A). Moreover, the precipitated protein
complexes included more SUMOylated Mettl3-Flag in
liver cancer cells expressing Mettl3-Flag, SUMO1, and
scramble siRNA than in cells expressing Mettl3-Flag,
SUMOY1, and Ubc9 siRNA, indicating that UBC9 is
required for Mettl3 SUMOylation (Figure 1A).
Additionally, in our immunofluorescent experiments,
an overlapping signal (yellow) of Mettl3 (red) and
SUMOI (green) was observed in the cytoplasm and
nucleus of liver cancer cells (Figure 1B), indicating
that Mettl3 can be conjugated to SUMO-1.

To investigate the possible regulatory role of
Mettl3 SUMOylation in liver cancer, we examined
mitogen-response SUMOylation of Mettl3 in
MHCC97H cells. First, these cells were lysed in
denatured lysis buffer. Subsequently, the protein
complexes were precipitated with a control IgG or
Mettl3, followed by immunoblotting of anti-SUMO1
and anti-Mettl3. When serum-deprived quiescent cells
were stimulated with serum, Mettl3 SUMOylation
was significantly increased compared to the control
group (Figure 1C). Additionally, IP assay with
anti-SUMO1 and control IgG followed by
immunoblotting of anti-Mettl3 showed an increased
Mettl3 SUMOylation upon serum stimulation (Figure
1D). Consistently, similar results were observed using
HepG2 cells (Figure 1E-F). In addition, liver cancer
cells were treated with varying concentrations of fetal
bovine serum. Immunoblotting analysis indicated
that exposure to serum for 24 h resulted in
significantly increased Mettl3 SUMOylation in a
serum dose-dependent manner (Figure 1G).
Moreover, hepatocyte growth factor (HGF), a known
mitogenic signal associated with invasive program
and metastasis during tumor progression in HCC,
was included as another mitogen to stimulate cells,
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and the mitogen-response SUMO-conjugated Mettl3
was examined by immunoprecipitation with
anti-Mettl3  specific =~ antibody. =~ Endogenous
Mettl3-SUMO-1 was more significant in the cells
following high concentration of HGF treatment
(Figure 1H). We also investigated whether Senps, an
SUMO1 modification-specific protease, can regulate
SUMO1 modification of Mettl3 under mitogenic

response. After serum induction, the SUMOI1
antibody-precipitated protein complexes containing
endogenous SUMOylated Mettl3 bands were
significantly increased, which were almost completely
eliminated by treatment with Senps (Figure S1). These
results suggest that mitogen stimulation was able to
trigger Mettl3 SUMOylation and enhance SUMO1
conjugation to Mettl3 in liver cancer.
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Figure 1. Mitogen stimulates Mettl3 conjugated to SUMO-1. (A) Mettl3 was overexpressed in MHCC97H cells by transfection with Flag-tagged wild type MettI3.
Subsequently, the cells were transfected with His-SUMOI, -SUMO2, -SUMO3, and HA-Ubc9 or siUBC9. Immunoprecipitation (IP) and western blotting analyses were
performed with the indicated antibodies for the SUMOylation assay. (B) Confocal imnmunofluorescence of endogenous Mettl3 and SUMOI proteins in MHCC97H cells (Mettl3,
green; SUMOI, red). Both Mettl3 and SUMOI| were observed in the nucleus and cytoplasm. Scale bars, 50 pm. (C-F) Representative IP immunoblot analysis was conducted with
the anti-Mettl3 or anti-SUMOI antibody and whole-cell extracts from HepG2 or MHCC97H cells incubated in serum-containing or serum-free medium for 24 h. (C and E) IP
analysis was performed with anti-Mettl3 antibodies in HepG2 and MHCC97H cells. (D and F) IP analysis was performed with anti-SUMOI| antibodies in HepG2 and MHCC97H
cells. (G) IP immunoblotting analysis examining SUMOylation of endogenous Mettl3 from whole-cell extracts after the addition of 5%, 10%, and 20% serum with anti-Mettl3
antibody or normal IgG, followed by western blotting with the indicated antibodies. (H) IP immunoblotting analysis examining SUMOylation of endogenous Mettl3 from
whole-cell extracts after the addition of low (10 ng/ml) or high (20 ng/ml) concentration HGF with anti-Mettl3 antibody or normal IgG, followed by western blotting with the
indicated antibodies.
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SUMOylation of MettI3 correlates with UBC9
upregulation in response to mitogen in liver
cancer cells

As UBC9 serves as the single E2-conjugating
enzyme, it is essential for SUMO conjugation to its
substrates. Therefore, we hypothesized that
upregulation of Mettl3 SUMOylation in response to
mitogen stimulation in liver cancer might be due to
UBC9 upregulation. To verify this, we examined the
mRNA and protein levels of UBC9 in MHCC97H and
HEP3B cells. Compared to HEP3B cells, levels of
UBC9 basal mRNA and protein, and SUMO1 protein,
were significantly higher in MHCC97H cells, which
were exacerbated upon mitogen stimulation (Figure
2A-B). Consistently, Mettl3 SUMOylation and UBC9
protein level in serum-deprived quiescent cells were
dramatically elevated upon serum stimulation (Figure
S2). However, there were no differences in Mettl3
expression in HCC97H or HEP3B cells following
mitogen stimulation (Figure 2B).

Furthermore, we evaluated the role of UBC9 in
the mitogen-response Mettl3 SUMOylation. We
transfected SUMOL1 with or without Ubc9 plasmid to
verify whether endogenous Mettl3 could be
SUMOylated by SUMOL. As expected, endogenous
Mettl3 was modified by SUMO1, which was
significantly enhanced by overexpression of UBC9
(Figure 2C). By contrast, depletion of UBCY impeded
SUMO-1 conjugation on Mettl3 in liver cancer cells
upon mitogen stimulation, suggesting that UBC9 is
both necessary and sufficient for mitogen-induced
Mettl3 SUMOylation (Figure 2D). The knockdown
efficiencies of UBC9 siRNAs were verified (Figure
2D).

We further investigated the clinical roles of
UBC9 in 26 human non-cancerous and 26 HCC tissue
samples. RT-qPCR analysis showed that the mRNA
level of UBCY in liver cancer tissues was significantly
higher than that in the non-cancerous tissues (Figure
2E). We also checked the Cancer Genome Atlas
(TCGA) database, and found that UBC9 was
upregulated in HCC (Figure 2F). Furthermore, UBC9
expression is positively correlated with the metastatic
potential of HCC (Figure 2G), and inversely
correlated with overall survival or relapse-free
survival (Figure 2H-I). Further, in vitro function
studies were performed to investigate the role of
UBQ9 in liver cancer. As shown in Figure. 2J-M,
silencing of UBC9 with siRNA decreased -cell
growth/proliferation, viability, and EMT, while
promoting apoptosis in liver cancer cells.

Mettl3-SUMO conjugates are essential for its
oncogenic properties and correlates with Snail
upregulation in liver cancer cells

Du et al. reported K177/211/212/215 as major
SUMOylation acceptor sites of Mettl3 [24]. To
evaluate Mettl3 kinase activity in SUMOylation site
mutants, we generated a quadruple-lysine mutant K
177/m1/212/215 R (KR) of the Mettl3 protein, in which the
lysine residues (Ks) were mutated to arginine (R). We
found that the mutant Mettl3-KR had much less
SUMOylation than Mettl3-WT, which was further
reduced following UBC9 overexpression (Figure 3A).
Multiple studies have suggested that Mettl3 functions
as a potential tumor promoter, and SUMOylation can
regulate activities of some SUMO-targeted enzymes
and target proteins [20, 21]. Therefore, we performed
in vitro functional studies to investigate the role of
Mettl3 SUMOylation in liver cancer. As shown in
Figure 3B-E, transient transfection with Mettl3-WT,
but not Mettl3-KR, promoted cell growth/
proliferation,  epithelial-mesenchymal  transition
(EMT), and viability, while decreasing apoptosis in
liver cancer, indicating that Mettl3 SUMOylation is
essential for its oncogenic properties.

Moreover, our study indicated that mitogen
stimulation enhanced SUMO1 conjugation of Mettl3,
thus promoting liver cancer progression. Thus, to
explore the regulatory role of mitogen-responsive
SUMOylation of Mettl3 and its relation to liver cancer
metastatic potential, MHCC97H and HEP3B cells with
high and low metastatic potential [33, 34],
respectively, were compared. After serum-deprived
quiescent cells were induced with serum, the SUMO1
antibody-precipitated protein complexes containing
endogenous SUMOylated Mettl3 were significantly
increased in MHCC97H cells compared to HEP3B
cells (Figure 3F). Similar results were also observed in
HCCLMS3 cells compared to PLC/PRF/5 cells (Figure
S3).

Furthermore, Snail mRNA expression was
upregulated, but CDH1 was downregulated, in
MHCC97H cells with or without serum stimulation
(Figure 3G-H). Correspondingly, Snail protein
expression levels was upregulated, but CDH1 was
downregulated in MHCC97H cells (Figure 3I), which
was further exacerbated following mitogen
stimulation. However, knockdown of Mettl3
expression abolished serum-stimulated expression of
Snail protein (Figure 3]). These results also
demonstrated that MHCC97H cells had higher
metastatic ability than HEP3B cells.
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Figure 2. Mettl3 SUMOylation correlates with UBC9 upregulation in response to mitogen in liver cancer cells. (A) qRT-PCR analysis of HEP3B or MHCC97H
cells fed in the presence of serum or serum-starved for UBC9 expression. (B) Immunoblot analysis of whole-cell lysates (WCL) from HEP3B or MHCC97H cells stimulated in
serum-containing or serum-free medium for Mettl3, UBC9, and SUMO1 expression. (€) MHCC97H cells were transfected with SUMO/ in combination with Ubc9, followed by
IP and western blotting with the indicated antibodies. (D) IP immunoblot analysis was conducted with an anti-Mettl3 antibody and whole-cell extracts from MHCC97H cells
stimulated with or without serum in the presence of scramble or Ubc9 siRNA. Twenty-four hours after transfection, cells were harvested and subjected to
co-immunoprecipitation with the anti-Mettl3 antibody, followed by western blotting with the indicated antibodies. (E) UBC9 upregulation in HCC and its matched adjacent
normal tissues of 26 patients was analyzed (mean % s.d., * P < 0.05). (F and G) UBC9 expression level was elevated in 371 HCC tissues compared with 50 normal liver tissue
samples (F) and positively correlated with metastatic HCC tissues (G) in the TCGA profile, based on the ualcan database (http://ualcan.path.uab.edu/index.html). (H and I)
Overall survival analysis (H) and relapse-free survival (I) based on UBC9 expression in HCC, according to kmplot online database (http://kmplot.com/analysis/). (J-M) Effects of
decreased UBC9 expression on cell proliferation (J), viability (K), apoptosis (L), and migration (M) in MHCC97H cells. Data are presented as mean * s.d. * p < 0.05, ¥ p < 0.01,
##%<0.001; Student’s t-test.

Moreover, after Mettl3 knockdown in liver  high metastatic potential liver cancer, which was
cancer cells, Western blot analysis validated that regulated by Snail.
¥?1§13M$?’;k?\2¥4;9d§;r§a§$ tglft f;éf;?eéeﬁ gi SUMOylation-deficient Mettl3 inhibits Snail
E-Cad, in both HepG2 and MHCC97H cells (Figure accumula'ltlorl ar.'d regul.ate.s liver cancer
3K). Additionally, in vitro functional assays showed PFO8ression invivo and in vitro
that siMettl3-mediated knockdown of Mettl3 As SUMOylation is a key post-translational
decreased cell viability, while promoting apoptosis in ~ modification ~ for =~ maintaining proper Mettl3
liver cancer cells (Figure 3L), suggesting that Mettl3 ~ localization and normal function, and SUMOylation
was involved in the progression of HCC. Collectively,  can regulate the activity of some SUMO-targeted
these results showed that the mitogen-response proteins [20, 21], the possible regulatory role of Mettl3
SUMOylation of Mettl3 was positively correlated with ~ SUMOylation to modulate Snail expression in
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response to mitogen was further evaluated. We found = Mettl3-WT-expressing cells, Snail level in the nuclear
that mitogen stimulation did not influence the  fraction was increased following serum stimulation.
localization of endogenous Mettl3, but significantly =~ However, this increase was not observed in
elevated Snail protein levels compared to the  Mettl3-KR mutant-expressing cells, and no changes in
serum-deprived group (Figure 4A). Further, in the  Mettl3 were found between the Mettl3-WT-expressing
immunofluorescent experiments, mitogen stimulation = and Mettl3-KR mutant-expressing groups with serum
increased Snail expression in a dose-dependent or deprived of serum stimulation (Figure 4D).
manner, but not Mettl3 (Figure 4B-C). In
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Figure 3. Mettl3-SUMOI conjugates are essential for its oncogenic properties and correlates with Snail upregulation and is positively associated with high
metastatic potential of liver cancer cells. (A) IP immunoblot analysis was conducted with an anti-Flag antibody and whole-cell extracts from Flag-tagged wild type Mettl3,
or SUMOylation-defective Mettl3-KI177/K211/K212/K215-Flag (KR)-expressing MHCC97H cells transfected with or without His-SUMOI1 and HA-UBC9. (B-E) Effects of vector-,
Mettl3-WT-, or Mettl3-KR-mutant-expressing cells on cell proliferation (B), viability and apoptosis (C), colony formation (D), migration and invasion (E) in MHCC97H cells. (F)
IP immunoblot analysis was conducted with the anti-SUMOI antibody and whole-cell extracts from HEP3B or MHCC97H cells stimulated with or without serum. Cells were
harvested and subjected to co-immunoprecipitation with the anti-SUMOI or control IgG antibody, followed by western blotting with the indicated antibodies. (G and H)
qRT-PCR analysis of HEP3B or MHCC97H cells stimulated with serum or deprived of serum for Snail (G) and CDHI (H) expression. (I) Immunoblot analysis of WCL from
HEP3B or MHCC97H cells stimulated with serum or deprived of serum for Snail and CDH1 expression. (J) Immunoblot analysis of WCL from scramble or siMett|3-expressing
cells stimulated with serum or deprived of serum for Mettl3, Snail and CDH1 expression. (K) Knock-down of endogenous Mettl3 impaired expression of EMT-related genes.
Immunoblot analysis of WCL from scramble or siMettl3-expressing cells. (L) Effects of scramble or siMettl3-expressing cells on cell viability and apoptosis. Data are presented
as mean * s.d. * p < 0.05, ** p < 0.01, ***<0.001; Student’s t-test.
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However, serum treatment of cells at different
times stimulated SUMO1 conjugation of Mettl3 with
exogenous SUMOL1 and Ubc9 in Mettl3-WT but not in
Mettl3-KR-expressing cells (Figure 4E), similar to the
effect found in Figure. 4D. Consistently, in transiently
transfected liver cancer cells with Mettl3-WT-GFP or
Mettl3-KR-GFP  plasmid (green), following by
immunostaining with Snail antibodies and Alexa
Fluor 546-tagged (red) secondary antibody for
visualization, SUMOylation-deficient Mettl3 was
found to disrupt Snail accumulation in liver cancer
compared to the Mettl3-WT-expressing group (Figure

4F).

Next, we examined the effect of Mettl3
SUMOylation regulation of Snail- mediated liver
cancer progression in vivo and in vitro. Since
SUMOylation-deficient ~ Mettl3  limited  Snail
accumulation, Snail expression was increased in the
Mettl3-KR mutant-expressing group, which showed
that Snail overexpression antagonized the
suppression of wound healing through Mettl3
SUMOylation deficiency in liver cancer cells (Figure
4G).

A B
CON Serum
WCL C+M N WCL C+M N
[ Metti3 CON
= e—— — — -
- -~ Snail
: 5%
e A e s @I CAPDH  Serum
- Lamb1
P . == 10%
Serum
C
20%
co Serum
N
Mett|3-WT Mettl3-KR
CON Serum CON  Serum
0,
Sesrfm C+M N C+M N C+M N C+M N
{. s G Y OjMemS
s —— - Snail
10% -
Gl Kq'-_..—.—- L J[EE
‘-—" e W W (GPOH
20%
Serum F Metti3-WT-GFP
DAPI GFP Snail
E

Mettl3-WT Mettl3-KR

His-SUMO1 + + + + + o+ o+ o+
HA-UBCY9 + + + + + + + +
Serumh)0 4 8 24 0 4 8 24

—

“——-

F.-.- — _‘ Mettl3

’ W GAPDH

Snail

NN

Mettl3-KR-GFP

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 13 5681

G

KR/Snail

Snail

Mettl3-WT Mettl3-KR

e
®

Oh

e
@

%Wound Area
o
-~

0.2
36hi
&
PN qlc’(\
H ©
|
Mettl3-WT J
ol - Mettl3-WT
Mettl3-KR - 12507 = Mettl3-KR e
£ 1000{ * Snail :
£ - ;
Snail ’ . - KR/Snail .,
S
> 500
wsoc [N :
£ 250
i B oo ——
= 6 10 14 18 22 26 30 34
Days
K
MettI3-WT Metti3-KR Snail KR/Snail L *

20 - |
o A
= o~ .
-§°'-'g15 = || I
2L |
@ D 4 b i
$§ 5 s .
vz
E 0

¢ & &
D NS
X QI RS

Figure 4. SUMOylation-deficient Mut-MettI3-KR disrupts Snail recruitment and regulates liver cancer progression in vivo and in vitro. (A) Whole-cell lysates
(WCL), cytosolic/membrane (C+M), and nuclear (N) fractions from MHCC97H cells stimulated with serum or serum-free medium were subjected to western blotting to
examine the endogenous Mettl3 and Snail expression. LMNB1 and GAPDH were used as loading control of C+M and N, respectively. (B and C) Endogenous expression level
and localization of Mettl3 (B) and Snail (C) in HepG2 after the addition of 5%, 10%, and 20% serum were confirmed by confocal immunofluorescence. Scale bars, 50 um. (D)
Immunoblot analysis of C+M and N fractions from MettI3-WT or Mettl3-KR-expressing MHCC97H cells incubated in serum or serum-free medium Mettl3 and Snail protein
levels were confirmed by western blotting. LMNBI1 and GAPDH were used as loading control of C+M and N, respectively. (E) Immunoblot analysis of WCL from MettI3-WT
or Mettl3-KR-expressing MHCC97H cells transfected with different plasmids and treated with serum for different time periods. (F) MHCC97H cells were transfected with
GFP-tagged WT or KR (green) and immunostained with Snail antibodies, followed by incubation with Alexa Fluor 546-tagged (red) secondary antibody for visualization. Further,
the nuclei were counterstained with DAPI. Scale bars, 25 pm. (G) Effects of MettI3-WT-, MettlI3-KR-, Snail and MettI3-KR/Snail-expressing cells on cell migratory ability were
detected by wound scratch assay. The area of wound scratch in response to serum stimulation is shown, with 100% representing the control at 0 h. (H) Subcutaneous injection
of Mettl3-WT-, Mettl3-KR-, Snail and MettI3-KR/Snail-expressing cells into nude mice. (I and J) Mouse weights (I) and tumor volumes (J) were measured every four days. (K)
MettI3-WT-, Mettl3-KR-, Snail and Mettl3-KR/Snail-expressing cells were injected into nude mice by tail vein injection. Representative images of metastatic lung tumors (upper
panel) and the H&E staining results are shown (lower panel). Scale bars, 100 ym. (L) The numbers of microscopic metastatic nodules in the lung sections were quantified. Data
are presented as mean * s.d. * p < 0.05, ** p < 0.01, ***<0.001; Student’s t-test.

On the contrary, Snail knockdown attenuated cells group. Once elevated, Snail expression

the facilitating effect of Mettl3 on wound healing via
METTL3 overexpression in HCC cells (Figure S4),
suggesting that the effect of Mettl3 on the progression
of liver cancer cells may depend on Snail expression.
We then performed an animal xenograft model and
tail vein injection to analyze subcutaneous nodules
and lung colonization. Mettl3-WT-, Mettl3-KR-, Snail-
and Mettl3-KR/Snail-expressing cells were injected
into nude mice subcutaneously or intravenously
through the tail vein. As shown in Figure 4H-]J, tumor
growth and weight were reduced in the Mettl3-KR

attenuated the suppression effect of SUMOylation-
deficient Mettl3. As for the lung colonization, the
number of lung tumors derived from Mettl3-KR cells
was decreased compared to another three groups.
However, Snail overexpression reduced the
suppression effect of Mettl3-KR cells on in vivo lung
colonization (Figure 4K-L). Therefore, these data
suggest that Mettl3 SUMOylation was involved in
liver cancer progression in vivo and in vitro by
affecting Snail accumulation.
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SUMOylation of Mettl3 regulates Snail mMRNA
homeostasis via mé6A methyltransferase
activity

To dissect the molecular mechanism of the effect
of Mettl3 SUMOylation on Snail accumulation, we
first assessed whether SUMOylation altered its m6A
RNA methyltransferase activity. Liver cancer cells
transfected with the empty vector, Mettl3-WT, or
Mettl3-KR were extracted for the dot-blot assay. The
result showed that the m6A modification level in cells
transfected with Mett]3-KR was higher than
Mettl3-WT-transfected cells (Figure 5A). Similar
results were observed after UBC9 overexpression to
increase Mettl3 SUMOylation (Figure 5B). Thus,
SUMOylated Mettl3 repressed its m6A RNA
methyltransferase activity in this study. Simultane-
ously, we examined Snail mRNA levels. The
efficiencies of Mettl3 knockdown by siRNAs against
Mettl3 or overexpression by Mettl3-WT or Mettl3-KR
plasmid were verified (Figure 5C). However, there
was no difference in Snail mRNA expression in Mettl3
suppression cells, and Snail mRNA expression in
Mettl3 overexpression cells was significantly inhibited
(Figure 5D). Further, there was no difference in
promoter activity of Mettl3-WT cells compared to
Mettl3-KR cells, indicating that transcription activity
of Snail was not affected by m6A (Figure 5E).

We then hypothesized that Mettl3 SUMOylation
may regulate Snail expression by affecting its protein
stability, translation efficiency, or mRNA stability
since Mettl3 can interact with translation initiation
factors such as eIF3B, elF4E, and NCBP1 to enhance
translation [17]. As such, Mettl3-WT- and Mettl3-KR-
expressing cells were harvested, and their cell lysates
were subjected to co-immunoprecipitation with
anti-Mettl3 or control IgG antibody, followed by
western blotting with indicated antibodies (Figure
5F), The results revealed that SUMOylation of Mettl3
did not influence the translation initiation factors and
translation elongation factors, suggesting that Mettl3
SUMOylation did not regulate HCC cell translation
efficiency. Furthermore, following administration of
MGI132, a proteasomal protein degradation inhibitor,
at various timepoints, serum stimulation elevated and
stably maintained elevated Snail expression, and the
defective SUMO mutant of Mettl3 did not appear to
have a significant effect on its degradation via the
proteasome pathway (Figure 5G).

In addition, we investigated the kinetics of Snail
degradation following mitogen stimulation in the
presence of protein biosynthesis inhibitor cyclohexi-
mide (CHX) and tested the effects of depletion of
endogenous Mettl3 on the kinetics. Results showed
that half-lives of Snail proteins were similar between

NC and siMettl3 cells (Figure 5H). Further, in
Mettl3-WT and Mett]3-KR cells transfected with both
SUMO1 and Ubc9, cycloheximide-based protein
stability assays revealed that Mett]3 SUMOylation
was not linked to Snail protein stability (Figure 5I).
We next sought to assess the RNA decay rate in
Mettl3-WT and Mettl3-KR cells treated with the
transcription inhibitor actinomycin D to block new
RNA synthesis. Snail mRNA expression was
decreased, and the Snail mRNA half-lives were
significantly shortened in SUMO-mutant Mettl3 cells
(Figure 5]-K). Our data suggests that the Mettl3
SUMOylation deficiency impaired Snail homeostasis
to promote its degradation and reduced its expression
via an m6A methyltransferase activity mechanism.

Combination of Mettl3 and Snail expression
correlates with unfavorable outcomes of HCC

We first evaluated the prognostic value of Mettl3
expression in HCC samples. As shown in Figure 6A,
IHC staining revealed that Mettl3 was localized in the
cytoplasm and nucleus of HCC cells. The median
value of immunoreactivity scores was used as the
cut-off value. In total, 79 HCC patient samples were
included and divided into two groups according to
Mettl3 expression levels. Multivariate analyses
revealed that Mettl3 expression levels, with a hazard
ratio (HR) of 3.3405 and a 95% CI of 1.652-7.019, were
independent prognostic factors in patients with HCC
(Table 1). Kaplan-Meier survival curves and log-rank
tests revealed that Mettl3 overexpression levels were
significantly associated with overall survival in HCC
patients (Figure 6B). The overall survival was longer
in patients with lower levels of Mettl3 expression
compared to patients with higher levels. Similar
results found that high Snail expression predicted
poor outcomes of HCC (Figure 6C). Moreover,
patients were further divided into four groups:
Mettl3-high /Snail-hish, Mettl3-low /Snaillow, Mettl3low/
Snailhish, and Mettl3-high/Snaillow, which further
illustrated that HCC individuals with Mettl3-high/
SnailHigh expression tended to have the worst overall
survival rates than any other groups (Figure 6D).

Discussion

SUMOylation as a post-translational modifi-
cation has been proposed to be an important
functional regulatory link to cancer growth and
metastasis. SUMOylation proceeds via an enzymatic
pathway that is mechanistically analogous to
ubiquitination but requires a different El-activating
enzyme and a SUMO-specific E2-conjugating enzyme.
The regulatory mechanisms of SUMOylation in cancer
progression and metastasis remain unclear.
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Figure 5. SUMOylation of Mettl3 regulates Snail mMRNA homeostasis via m6A methyltransferase. (A) Mettl3-WT or -KR was transiently transfected into
MHCC97H cells and detected by the dot-blot assay with the anti-m6A antibody. Equal loading of mMRNAs was confirmed by methylene blue staining. (B) Mettl3 with or without
Ubc9 was transfected into MHCC97H cells and detected by the dot-blot assay with the anti-m6A antibody. Equal loading of mMRNAs was confirmed by methylene blue staining.
(C) Suppression or overexpression of Mettl3 in HCC was determined by RT-qPCR, and GAPDH was used as the normalized control. (D) mRNA of Snail in Mettl3 suppression
or overexpression cells. (E) MettI3-WT or MettlI3-KR-expressing cells were transfected with the pEZX-PLO1-Snail promoter reporter plasmid and negative control plasmid for
36 h. Results were expressed as the ratios between F-luc and R-luc activities. (F) IP immunoblot analysis was performed in MettI3-WT- and Mettl3-KR-expressing cells with the
anti-Mettl3 antibody, followed by western blotting with Mettl3, anti-Eef2, anti-elF4E, and anti-NCBP1 antibodies. One-tenth of lysates as the input was immunoblotted with
indicated antibodies. (G) MettI3-WT- and Mettl3-KR-expressing cells were pretreated with MG-132 for 6 h and stimulated with serum for indicated times. Subsequently, Mett|3
and Snail protein expression levels were analyzed by western blotting. (H) Scramble or siMettl3-expressing cells were fed with CHX for the indicated times, and protein
expression of Mettl3 and Snail was analyzed by western blotting. (I) MettI3-WT or Mettl3-KR-expressing cells transfected with different plasmids were treated with CHX for the
indicated times, and protein expression of Mettl3 and Snail was detected by western blotting. (J and K) The decay rate of mMRNA and qPCR analysis of Snail at the indicated times
after exposure to the transcription inhibitor actinomycin D (5 pg/mL) in MHCC97H (J) and HepG2 (K) cells. The relative expression level was normalized to B-actin. Data are
presented as mean * s.d. * p < 0.05, ** p < 0.01; Student’s t-test.
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Table 1. Univariate and multivariate analysis for overall survival in HCC patients

Univariate Analysis

Clinicopathological Features HR 95% ClI
Age

<55 years versus >55 years 1.376 0.725-2.613
Gender

Male versus female
Tumor stage (AJCC)

| versus Il and Il
Vascular invasion

Absent versus present
Recurrence or metastasis

Absent versus present
Mettl3 up-regulation

No versus yes

1.862 0.777-4.458

0.574 0.293-1.124

0.477 0.210-1.082

0.818 0.436-1.533

2.706 1.388-5.275

Multivariate Analysis

\ljalue HE SaaCl \F;alue

0.329 2.099 1.007-4.374 0.048
0.163 2.367 0.937-5.980 0.068
0.105 1.12 0.374-3.356 0.84
0.077 0.201 0.047-0.866 0.031
0.531 0.864 0.436-1.639 0.62
0.003 3.3405 1.652-7.019 0.001

Abbreviations: HR, hazard ratio; CI, confidence interval. P-values were calculated by log-rank test. Bold values indicate statistically significant values.

However, multiple reports have indicated that
m6A mRNA modification participates in multiple
biological processes and in cancer cell progression [8,
15, 16, 33-36]. Through functional interplay among
m6A  methyltransferases and  demethylases,
accumulating evidence has indicated that the
dynamic m6A modification contributes to the
pathogenesis of various diseases, including HCC.
Although Mettl3 is the most important component of
the RNA m6a methyltransferase complex, few studies
have directly focused on the role of Mettl3
SUMOylation modification in human diseases,
especially in cancers. Thus, in this study, we aimed to
explore the role and mechanism of Mettl3

SUMOylation on HCC progression.

Although Mettl3 has exhibited several functions
in cancer cells, some studies have shown conflicting
results, such as both high and low expression of m6A
promoted tumor progression of acute myeloid
leukemia through diverse downstream targets [14,
35]. Further, knockdown of Mettl3 resulted in reduced
self-renewal abilities in mouse embryonic stem cells
[17], whereas Geula et al. reported that Mettl3
facilitated resolution of naive pluripotency towards
differentiation [36]. Additionally, Mettl3 has been
shown to act as a tumor suppressor in renal cell
carcinoma [18]. Moreover, studies have stated that
either high or low expression of Mettl3 could promote

http://lwww.thno.org
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tumorigenicity and self-renewal of glioma stem-like =~ mRNA stability [45]. Nevertheless, this study
cells [37, 38]. revealed the wunderlying functions of Mettl3

These discrepant findings emphasize the
complexity of m6A modification and demonstrate
that the roles of Mettl3 post-translational
modifications in cancer progression and the precise
regulatory mechanisms are poorly understood. A
study reported that N6-methyladenosine modulated
the Snail messenger RNA translation efficiency [29].
Further, Mettl3 knockdown resulted in an overall
decreased translation efficiency of YTHDF1 target
transcripts [39]. Du et al. reported Mettl3 modification
by small ubiquitin-like modifiers SUMO1 at K177,
K211, K212, and K215 both in vitro and in vivo, which
promoted tumorigenesis in H1299 cells [24].
Considering the differing results of Mettl3 and m6A
in various cancer types, our study may provide the
causative link between Mettl]3 SUMOylation and
tumorigenesis and metastasis.

Further, our study confirmed Mettl3
SUMOylation at multiple sites, which is essential for
its oncogenic properties. Increased SUMOylation of
Mettl3 promoted HCC cell growth and metastasis,
which was repressed in the SUMO-site mutant
Mettl3-KR. Moreover, mitogen stimulation triggered
Mettl3 SUMOylation and enhanced SUMOI1
conjugation of Mettl3 through UBC9 upregulation,
and this response showed a positive correlation to
liver cancer with high metastatic potential.
Additionally, SUMOylation-deficient Mettl3 suppres-
sed Snail accumulation, while restored Snail
expression in defective SUMO mutant of Mettl3 in
HCC cells attenuated the suppression of proliferation
and metastasis in vivo and in vitro. Although Mettl3
SUMOylation did not alter its protein stability and
localization or transcription activity, and translation
efficiency of Snail, it regulated Snail mRNA
homeostasis in an m6A  methyltransferase
activity-dependent manner to enhance HCC cell
growth and metastasis.

mo6A modification processes have been reported
to be involved in all stages of the RNA life cycle,
including nuclear export, post-translation modula-
tion, and mRNA stability [40-42]. m6A was found to
promote RNA export from the nucleus to the
cytoplasm; however, m6A downregulation delayed
mRNA export [43]. Further, reports have shown that
Mettl3 knockdown promoted WTAP mRNA stability
but had no effect on CDCP1 mRNA stability [44],
suggesting a negative impact of m6A on mRNA
stability. Another study demonstrated that high
expression of FTO, m6A demethylases, mediated the
repression of ASB2 and RARA mRNA stability [35]. In
addition, Zhang et al. reported that m6A upregulation
by ALKBH5 knockdown did not affect FOXM1

SUMOylation involved in HCC cell growth and
metastasis through regulation of Snail mRNA
homeostasis. Considering the discrepant findings of
m6A or Mettl]3 on mRNA homeostasis in different
disease types, we speculate that it might be related to
target or spatial location specificity. However,
detailed mechanisms underlying m6A methylation
and mRNA fate require further study.

In summary, this study proposed a potential
regulatory mechanism involving UBC9, SUMOylated
Mettl3, and Snail in HCC progression, suggesting
Mettl3 SUMOylation as a promising diagnostic and
therapeutic target for liver cancer treatment.

Abbreviations

EMT: epithelial-to-mesenchymal transition;
HBV: hepatitis B virus; HCV: hepatitis C virus; HGF:
hepatocyte growth factor; HR: hazard ratio; TCGA:
the cancer genome atlas; HCC: hepatocellular
carcinoma; m6A: N6-methyladenosine; Mettl3:
Methyltransferase-like 3; EMT: epithelial-to-mesen-
chymal transition; 3 UTRs: 3 untranslated regions;
SUMO: small ubiquitin-like modifier; PTM:
posttranslational modification.

Supplementary Material

Supplementary figures.
http:/ /www.thno.org/v10p5671s1.pdf

Acknowledgments

This study is supported by the National Key
Research and Development Program of China (Grant
No. 2017YFA0205200), the National Natural Science
Foundation of China (Grant No. 81571785, 81771957,
81901857, 81801811), Natural Science Foundation of
Guangdong Province, China (No. 2018A030313074).

Author Contributions

LLG conceptualized and supervised the
research; ZMX supervised the research and revised
the manuscript; XHF, WH, ZW carried out most of the
experimental work and the analysis of data; XHF was
responsible for drafting the manuscript, FSR, NW]J,
LW provided bioinformatics and statistical analyses;
LY, XYJ, YCZ and BYY provided technique supports.
All authors read and approved the final manuscript.

Competing Interests

The authors have declared that no competing
interest exists.

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 13

5686

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global Cancer
Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide
for 36 Cancers in 185 Countries. CA Cancer ] Clin. 2018; 68: 394-424.

Xie KL, Zhang YG, Liu J, Zeng Y, Wu H. MicroRNAs associated with HBV
infection and HBV-related HCC. Theranostics. 2014; 4: 1176-92.

McGivern DR, Lemon SM. Virus-specific mechanisms of carcinogenesis in
hepatitis C virus associated liver cancer. Oncogene 2011; 30: 1969-83.

El-Serag HB, Marrero JA, Rudolph L, Reddy KR. Diagnosis and treatment of
hepatocellular carcinoma. Gastroenterology. 2008; 134: 1752-63.

Desrosiers R, Friderici K, Rottman F. Identification of methylated nucleosides
in messenger RNA from Novikoff hepatoma cells. Proc Natl Acad Sci U S A.
1974; 71: 3971-5.

Meyer KD, Saletore Y, Zumbo P, Elemento O, Mason CE, Jaffrey SR.
Comprehensive analysis of mRNA methylation reveals enrichment in 3 “UTRs
and near stop codons. Cell. 2012; 149: 1635-46.

Ping XL, Sun BF, Wang L, Xiao W, Yang X, Wang W], et al. Mammalian WTAP
is a regulatory subunit of the RNA N6-methyladenosine methyltransferase.
Cell Res. 2014; 24: 177-89.

Wang X, Feng J, Xue Y, Guan Z, Zhang D, Liu Z, et al. Structural basis of
N(6)-adenosine methylation by the METTL3-METTL14 complex. Nature. 2016;
534: 575-8.

Jia G, Fu Y, Zhao X, Dai Q, Zheng G, Yang Y, et al. N6-methyladenosine in
nuclear RNA is a major substrate of the obesity-associated FTO. Nat Chem
Biol. 2011; 7: 885-7.

Li XC, Jin F, Wang BY, Yin XJ, Hong W, Tian FJ. The m6A demethylase
ALKBH5 controls trophoblast invasion at the maternal-fetal interface by
regulating the stability of CYR61 mRNA. Theranostics. 2019; 9: 3853-65.
Clancy MJ, Shambaugh ME, Timpte CS, Bokar JA. Induction of sporulation in
Saccharomyces cerevisiae leads to the formation of N6-methyladenosine in
mRNA: a potential mechanism for the activity of the IME4 gene. Nucleic Acids
Res. 2002; 30: 4509-18.

Wang Y, Li Y, Toth JI, Petroski MD, Zhang Z, Zhao JC. N6-methyladenosine
modification destabilizes developmental regulators in embryonic stem cells.
Nat Cell Biol. 2014; 16: 191-8.

Zhou J, Wan J, Gao X, Zhang X, Jaffrey SR, Qian SB. Dynamic m(6)A mRNA
methylation directs translational control of heat shock response. Nature 2015;
526: 591-4.

Chen M, Wei L, Law CT, Tsang FH, Shen ], Cheng CL, et al. RNA
N6-Methyladenosine Methyltransferase-Like 3 Promotes Liver Cancer
Progression Through YTHDF2-Dependent Posttranscriptional Silencing of
SOCS2. Hepatology. 2018; 67: 2254-70.

Ma JZ, Yang F, Zhou CC, Liu F, Yuan JH, Wang F, et al. METTL14 suppresses
the metastatic potential of hepatocellular carcinoma by modulating N 6
-methyladenosine-dependent primary MicroRNA processing. Hepatology.
2017; 65: 529-43.

Wang X, Li Z, Kong B, Song C, Cong J, Hou J, et al. Reduced m(6)A mRNA
methylation is correlated with the progression of human cervical cancer.
Oncotarget. 2017; 8: 98918-30.

Lin S, Choe J, Du P, Triboulet R, Gregory RI. The m(6)A Methyltransferase
METTL3 Promotes Translation in Human Cancer Cells. Mol Cell. 2016; 62:
335-45.

Li X, Tang J, Huang W, Wang F, Li P, Qin C, et al. The M6A methyltransferase
METTL3: acting as a tumor suppressor in renal cell carcinoma. Oncotarget.
2017; 8: 96103-16.

Hay RT. SUMO: A history of modification. Mol Cell. 2005; 18: 1-12.

Gareau JR, Lima CD. The SUMO pathway: emerging mechanisms that shape
specificity, conjugation and recognition. Nat Rev Mol Cell Biol.
2010;11(12):861-71.

Geiss-Friedlander R, Melchior F. Concepts in sumoylation: a decade on. Nat
Rev Mol Cell Biol. 2007; 8: 947-56.

Johnson ES. Protein modification by SUMO. Annu Rev Biochem
2004;73:355-82.

Eifler K, Vertegaal AC. SUMOylation-mediated regulation of cell cycle
progression and Cancer. Trends Biochem Sci. 2015; 40: 779-93.

Du Y, Hou G, Zhang H, Dou J, He J, Guo Y, et al. SUMOylation of the
m6A-RNA methyltransferase METTL3 modulates its function. Nucleic Acids
Res. 2018; 46: 5195-208.

DaiY, Wu Z, Lang C, Zhang X, He S, Yang Q, et al. Copy number gain of ZEB1
mediates a double-negative feedback loop with miR-33a-5p that regulates
EMT and bone metastasis of prostate cancer dependent on TGF-f signaling.
Theranostics. 2019; 9: 6063-79.

Creighton CJ, Gibbons DL, Kurie JM. The role of epithelial-mesenchymal
transition programming in invasion and metastasis: a clinical perspective.
Cancer Manag Res. 2013; 5: 187-95.

Thiery JP, Acloque H. Huang RY]J, Nieto MA. Epithelial- mesenchymal
transitions in development and disease. Cell. 2009; 139: 871-90.

Wu Y, Zhou BP. Snail: more than EMT. Cell Adh. Migr. 2010; 4: 199-203.

Lin X, Chai G, Wu Y, LiJ, ChenF, Liu J, et al. RNA m6A methylation regulates
the epithelial mesenchymal transition of cancer cells and translation of Snail.
Nat Commun. 2019; 10: 2065.

Vinas-Castells R, Frias A, Robles-Lanuza E, Zhang K, Longmore GD, Garcia de
Herreros A, et al. Nuclear ubiquitination by FBXL5 modulates Snaill DNA
binding and stability. Nucleic Acids Res. 2014; 42: 1079-94.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Subik K, Lee JF, Baxter L, Strzepek T, Costello D, Crowley P, et al. The
expression patterns of eR, pR, HeR2, cK5/6, eGFR, Ki-67 and AR by
Immunohistochemical Analysis in Breast cancer cell Lines. Breast Cancer.
2010; 4: 35-41.

Xu HF, Huang TJ, Yang Q, Xu L, Lin F, Lang YH, et al. Candidate tumour
suppressor gene IRF6 is involved in human breast cancer pathogenesis via
modulating PI3K-regulatory subunit PIK3R2 expression. Cancer Manag Res.
2019; 11: 5557-72.

Bhattacharya SD, Mi Z, Kim VM, Guo H, Talbot L], Kuo PC. Osteopontin
regulates  epithelial ~mesenchymal transition-associated growth of
hepatocellular cancer in a mouse xenograft model. Ann Surg. 2012; 255:
319-25.

Zhao YM, Zhou JM, Wang LR, He HW, Wang XL, Tao ZH, et al. HIWI is
associated with prognosis in patients with hepatocellular carcinoma after
curative resection. Cancer. 2012; 118: 2708-17.

Li Z, Weng H, Su R, Weng X, Zuo Z, Li C, et al. FTO plays an oncogenic role in
acute myeloid leukemia as a N(6)-Methyladenosine RNA demethylase. Cancer
Cell. 2017; 31: 127-41.

Geula S, Moshitch-Moshkovitz S, Dominissini D, Mansour AA1, Kol N,
Salmon-Divon M, et al. m6A mRNA methylation facilitates resolution of naive
pluripotency toward differentiation. Science. 2015; 347: 1002-6.

Cui Q,ShiH, Ye P, Li L, Qu Q, Sun G, et al. M(6)a RNA methylation regulates
the self-renewal and tumorigenesis of glioblastoma stem cells. Cell Rep. 2017;
18: 2622-34.

Visvanathan A, Patil V, Arora A, Hegde AS, Arivazhagan A, Santosh V, et al.
Essential role of METTL3-mediated m(6)a modification in glioma stem-like
cells maintenance and radioresistance. Oncogene. 2018; 37: 522-33.

Wang X, Zhao BS, Roundtree IA, Lu Z, Han D, Ma H, et al. N
6-methyladenosine Modulates Messenger RNA Translation Efficiency. Cell.
2015; 161: 1388-99.

Wang X, Lu Z, Gomez A, Hon GC, Yue Y, Han D, et al
N6-methyladenosine-dependent regulation of messenger RNA stability.
Nature. 2014; 505: 117-20.

Zhao BS, Roundtree IA, He C. Post-transcriptional gene regulation by mRNA
modifications. Nat Rev Mol Cell Biol. 2017; 18: 31-42.

Huang H, Weng H, Sun W, Qin X, Shi H, Wu H, et al. Recognition of RNA
N(6)-methyladenosine by IGF2BP proteins enhances mRNA stability and
translation. Nat Cell Biol. 2018; 20: 285-95.

Fustin JM, Doi M, Yamaguchi Y, Hida H, Nishimura S, Yoshida M, et al.
RNA-methylation-dependent RNA Processing controls the speed of the
circadian clock. Cell 2013; 155: 793-806.

Yang F, Jin H, Que B, Chao Y, Zhang H, Ying X, et al. Dynamic m 6A mRNA
methylation reveals the role of METTL3-m6A-CDCP1 signaling axis in
chemical carcinogenesis. Oncogene. 2019; 38: 4755-72.

Zhang S, Zhao BS, Zhou A, Lin K, Zheng S, Lu Z, et al. m6A demethylase
ALKBH5 maintains tumorigenicity of glioblastoma stem-like cells by
sustaining FOXM1 expression and cell proliferation program. Cancer Cell.
2017; 31: 591-606.e6.

http://lwww.thno.org



