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Abstract

Dental pulp inflammation is a widespread public health problem caused by oral bacterial infections and can progress to pulp necrosis and peri-
apical diseases. N6-methyladenosine (m6A) is a prevalent epitranscriptomic modification in mRNA. Previous studies have demonstrated that
m6A methylation plays important roles in cell differentiation, embryonic development and stress responses. However, whether m6A modification
affects dental pulp inflammation remains unknown. To address this issue, we investigated the expression of m6A and N6-adenosine methyltrans-
ferase (METTL3, METTL14) as well as demethylases (FTO, ALKBH5) and found that the levels of m6A and METTL3 were up-regulated in human
dental pulp cells (HDPCs) stimulated by lipopolysaccharide (LPS). Furthermore, we knocked down METTL3 and demonstrated that METTL3
depletion decreased the expression of inflammatory cytokines and the phosphorylation of IKKa/pB, p65 and IkBao in the NF-xB signalling pathway
as well as p38, ERK and JNK in the MAPK signalling pathway in LPS-induced HDPCs. The RNA sequencing analysis revealed that the vast
number of genes affected by METTL3 depletion was associated with the inflammatory response. Previous research has shown that METTL3-
dependent N6-adenosine methylation plays an important role in mRNA splicing. In this study, we found that METTL3 knockdown facilitated the
expression of MyD88S, a splice variant of MyD88 that inhibits inflammatory cytokine production, suggesting that METTL3 might inhibit the LPS-
induced inflammatory response of HDPCs by regulating alternative splicing of MyD88. These data shed light on new findings in epitranscrip-
tomic regulation of the inflammatory response and open new avenues for research into the molecular mechanisms of dental pulp inflammation.
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Introduction

N6-methyladenosine (m6A), methylation at the N6 position of adeno-
sine, has been identified as the most abundant epitranscriptomic modi-
fication in eukaryotic mRNA since its discovery in the 1970s [1-3].
However, the distribution of m6A remains a mystery due to the lack
of effective techniques and its function has been largely absent over
the past few decades [4]. Recent studies used an m6A RNA immuno-
precipitation approach followed by high-throughput sequencing and
demonstrated that m6A is enriched around stop codons, in 3
untranslated regions (3'UTRs) and within internal long exons [4, 5].
All m6A sites are found within sequences conforming to the consen-
sus sequence RRm6ACH ([G/A/U][G>A]mBAC[U>A>C]) [6]. N6-ade-
nosine methylation is installed by an m6A methyltransferase complex
including methyltransferase-like 3 (METTL3), METTL14 and the
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regulatory subunit Wilms tumour 1-associated protein (WTAP), with S-
adenosyl-methionine (SAM) as the methyl donor [7]. The removal of
m6A is facilitated by fat mass and obesity-associated protein (FTO) and
alkB homologue 5 (ALKBH5) [8, 9]. Thousands of mRNAs in human
cells are subject to m6A modification, which affects almost every stage
of mRNA metabolism, including pre-mRNA splicing, mRNA transport
from the nucleus to cytoplasm, translation, mRNA turnover, mRNA sta-
bility and subcellular localization [10].

Dental pulp inflammation is a typical inflammatory disease char-
acterized by local accumulation of inflammatory mediators in dental
pulp, and this inflammation can progress to pulp necrosis and peri-
apical diseases [11, 12]. Bacterial infection is usually represented as
the most important aetiological factor in pulpal and periapical dis-
eases [13]. Lipopolysaccharide (LPS) from the cell walls of Gram-
negative bacteria can penetrate the pulp and trigger the inflammatory
response [14]. LPS is thought to promote cytokine/chemokine
expression by binding to toll-like receptors (TLR4 and/or TLR2),
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which engage either myeloid differentiation primary response gene 83
(MyD88)-dependent or MyD88-independent pathways [15-17].
MyD88 recruits IL-1R-associated kinase-4 (IRAK4), which subse-
quently recruits, activates and degrades IRAK1. IRAK1 then combines
with TNF-receptor-associated factor-6 (TRAF6) and activates the
nuclear factor-xB (NF-xB) and mitogen-activated protein kinase
(MAPK) pathways [18], which play crucial roles in the induction of
inflammatory mediators [19]. TLR/MyD88-mediated NF-xB and
MAPK signalling pathways are reported to be activated in LPS-
induced dental pulp inflammation [20]. MyD88 is encoded by an
mRNA with five exons (MyD88L) and produces different splice vari-
ants through alternative splicing [21]. A shorter MyD88 mRNA
(MyD88S), lacking the second exon, exerts a dominant-negative
effect on LPS-induced, TLR4-mediated signalling pathways and
inhibits inflammatory cytokine production [22, 23].

Recent studies have reported that m6A methylation plays impor-
tant roles in a variety of human disorders and diseases, such as obe-
sity, cancer, type 2 diabetes mellitus, infertility and developmental
arrest [24-27]. However, it is unknown whether m6A modification
can affect the development of dental pulp inflammation. Whether
m6A affects the LPS-induced inflammatory response in HDPCs by
regulating the alternative splicing of MyD88 also remains to be deter-
mined. Therefore, the aims of this study were to investigate the effect
of m6A methylation on LPS-induced inflammatory responses in
HDPCs and to determine the underlying molecular mechanism.

Materials and methods

Cell culture

This study was approved by the Ethical Review Board of the Guanghua
School of Stomatology of Sun Yat-sen University. All participants in this
study gave written informed consent. HDPCs were isolated and culti-
vated as previously described by Gronthos et al. [28]. Briefly, pulp tis-
sues from freshly extracted normal human impacted third molars (18—
25 years of age) were gently separated from the crown and root and
then digested in 3 mg/ml collagenase type | (Gibco, Grand Island, NY,

Table 1 Primer sequences for gRT-PCR and RT-PCR
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USA) for 20 min at 37°C. Subsequently, the pulp tissues were placed in
25-cm? culture flasks containing Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 100 U/ml penicillin, 100 U/ml streptomycin
and 20% foetal bovine serum (FBS) (Gibco) and incubated at 37°C in
an atmosphere of 95% 0, and 5% CO,. The media were changed every
3 days. When the cells reached 80% confluence, they were harvested
using trypsin/EDTA (Gibco) and subcultured at a ratio of 1:3. Cells from
passages 2 to 4 were used for further study.

LPS stimulation and total m6A measurement

The cells were cultured in six-well culture dishes until they reached
approximately 80% confluence and were then treated with 1 pg/ml Por-
phyromonas gingivalis LPS (InvivoGen, San Diego, CA, USA) for 3, 6,
12 and 24 hrs. Cells without LPS stimulation were used as controls.

Total RNA was extracted, and total m6A content was determined
using an m6A RNA methylation quantification kit (EpiGentek, Farming-
dale, NY, USA) according to the manufacturer’s instructions.

METTL3 knockdown using siRNA transfection

A siRNA strategy was used to knock down METTL3 in HDPCs. Briefly,
1 x 10° cells were added to fresh medium without antibiotics and
seeded in six-well plates 24 hrs before transfection. For transfection, all
siRNAs (SIMETTL3 or the negative control, i.e. siCTRL) (Invitrogen,
Carlshad, CA, USA) were resuspended at a concentration of 20 uM and
then transfected into HDPCs using Lipofectamine® RNAIMAX transfec-
tion reagent (Invitrogen) when the cells reached 70% confluence. A
transfection rate of 70-85% of cells was used for further experiments.

Quantitative real-time PCR (qPCR) and reverse
transcription PCR (RT-PCR) monitoring of mRNA
levels

Total RNA from HDPCs was extracted using TRIzol reagent (Invitro-
gen) according to the manufacturer’s instructions. One microgram of
RNA from each sample was reverse-transcribed for cDNA synthesis

Gene Forward primer(5'-3') Reverse primer(5'-3') Notes
METTL3 GAGGAGTGCATGAAAGCCAG GGCCTCAGAATCCATGCAAG gRT-PCR
METTL14 GACGGGGACTTCATTCATGC CCAGCCTGGTCGAATTGTAC qRT-PCR
FTO AGACACCTGGTTTGGCGATA CCAAGGTTCCTGTTGAGCAC qRT-PCR
ALKBH5 ACCCCATCCACATCTTCGAG CTTGATGTCCTGAGGCCGTA gRT-PCR
GAPDH TCTCCTCTGACTTCAACAGCGACA CCCTGTTGCTGTAGCCAAATTCGT gRT-PCR
GAPDH TGAAGGTCGGAGTCAACGGATTTGGT CATGTGGGCCATGAGGTCCACCAC RT-PCR
MyD88S GACCCAGCATTGGGC TCAGGGCAGGGACAAGGCCTTGGCAAG RT-PCR
MyD88L/S GAGACACAAGCGGACCGC CTGTTCCAGTTGCCGGATCA RT-PCR
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using Superscript Il Reverse Transcriptase (Invitrogen). Subsequently,
the c¢cDNA was used as a template for PCR. qPCR was conducted
using a LightCycler 480 with SYBR green | master mix (Roche, Basel,
Switzerland).

To determine the expression of MyD88 splice variants, semi-quantita-
tive RT-PCR followed by agarose gel electrophoresis was performed.
One microgram of RNA, prepared as described above, was first sub-
jected to reverse transcription using Superscript Il Reverse Transcrip-
tase (Invitrogen). The reverse-transcribed cDNA was then subjected to
PCR using Tag DNA polymerase (Invitrogen). PCR products were elec-
trophoresed using 2% agarose gels, and images were captured using
the FluorChem™ Q system (Alpha Innotech, San Jose, CA, USA). All
primer sequences are listed in Table 1.

Western blot analysis

HDPCs were harvested using radioimmunoprecipitation assay (RIPA)
lysis buffer (Beyotime, Haimen, China) and incubated on ice for 30 min.
The protein concentration was measured using a bicinchoninic acid
(BCA) protein assay (Beyotime). Forty micrograms of protein was sepa-
rated by 10% sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and electrophoretically transferred onto a
polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA,
USA). The membrane was blocked in TBST containing 5% non-fat milk
at room temperature for 1 hr and then incubated with the primary anti-
bodies METTL3 (1:1000; Proteintech, Chicago, IL, USA), p65, p-p65,
IKKa, IKKB, p-IKKo/B, 1xBa, p-IxBa, ERK, p-ERK, JNK, p-JNK, p38, p-
p38, GAPDH and vinculin (1:1000; Cell Signaling Technologies, Danvers,
MA, USA) overnight at 4°C. After the membrane was washed, it was
incubated with secondary antibodies (Abcam, Cambridge, UK) for 1 hr
at room temperature. Antibody binding was developed with an enhanced
chemiluminescence system (Millipore) and scanned using an Image-
Quant LAS 4000 mini system (GE Healthcare Life Sciences, Illinois, NJ,
USA). Band densities were quantified and normalized to GAPDH or
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Fig. 1The total m6A content and METTL3
24 hrs

expression levels were increased in LPS-
treated HDPCs. HDPCs were treated with
1 pg/ml LPS for 3, 6, 12 and 24 hrs, and
cells without LPS stimulation were used
as controls. (A) The total m6A content
was detected by quantifying m6A RNA
methylation. (B) qPCR was performed to
determine the mRNA expression levels of
METTL3, METTL14, FTO and ALKBH5 in
LPS-treated HDPCs. GAPDH was used as
an internal control. (C, D) METTL3 protein
expression was assessed by Western blot-
ting. Vinculin was used as an internal con-
trol. The data are expressed as the
mean + S.E.M. (n = 3). Statistically sig-
nificant difference relative to the control
(time 0), *P<0.05 **P<0.01;
*kP < (0.001.

vinculin using ImageJ v1.47 software (National Institutes of Health,
Bethesda, MD, USA).

Cytokine assay and enzyme-linked
immunosorbent assay (ELISA)

The detection of cytokines and chemokines in cell culture supernatants
obtained from different groups was performed with RayBio Human
Cytokine Antibody Array 3 (RayBiotech, Norcross, GA, USA) in accor-
dance with the manufacturer’s instructions.

The concentrations of IL-6, IL-8, GRO, Gro-o and RANTES in the cell
culture supernatants were analysed using ELISA kits (RayBiotech)
according to the manufacturer’s instructions. Optical density (OD value)
was measured at 450 nm using a microplate reader (Sunrise, Tecan,
Switzerland).

RNA sequencing

For the gene expression analysis, approximately 20 ng Poly (A) RNA
was purified from total RNA and then converted to double-stranded
c¢DNA, and cDNA samples were sequenced with a HiSeq 2000 system
(Ilumina Inc., San Diego, California, USA). The sequencing reads were
mapped to the human genome (hg19) using TopHat (v2.0.4). The
expression levels of transcripts were quantified as reads per kilobase
per million reads (RPKM). Differential genes were called at twofold
changes using RPKM. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analyses were performed with the Data-
base for Annotation, Visualization and Integrated Discovery (DAVID:
http://david.abcc.ncifcrf.gov/).

For the splicing analysis, TopHat was used to identify the alignment
of the reads onto the reference genome (hg19) and splice site, with
mapping allowing up to two mismatches. The aligned reads were
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Fig. 2 METTL3 depletion down-regulated cytokine expression in LPS-treated HDPCs. METTL3 knockdown in transfected HDPCs was confirmed by
gPCR (A) and immunoblotting (B). Mock, cells transfected with only transfection reagent; Control, cells transfected with negative control siRNA;
SIMETTLS, cells transfected with METTL3 siRNA. (C, D) HDPCs were transfected with SiRNAs (METTL3 or the negative control) and then treated
with or without 1 pg/ml LPS for 24 hrs. The supernatant was collected and examined using a cytokine array. CC, cells transfected with negative
control siRNA; CL, cells transfected with negative control siRNA and treated with LPS; MC, cells transfected with METTL3 siRNA; ML, cells trans-
fected with METTL3 siRNA and treated with LPS. (E-I) The supernatants were collected, and the expression of IL-6, IL-8, GRO, Gro-o. and RANTES
proteins was assessed by ELISA. siCTRL, cells transfected with negative control siRNA; siMETTL3, cells transfected with METTL3 siRNA. The data
are presented as the mean &+ S.E.M. (n=3). Statistically significant difference relative to the siCTRL group (*P < 0.05; **P < 0.01;
wikP < (0.001).
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Fig. 3 METTL3 inhibition down-regulated LPS-induced NF-xB and MAPK signalling pathway activation in HDPCs. HDPCs were transfected with siR-
NAs (METTL3 or the negative control) and then treated with 1 pg/ml LPS for 0, 15, 30, 60 and 120 min. (A) The phosphorylation of 1KKa, IKKB,
IkBa and p65 in the NF-xB signalling pathway was examined by Western blotting. The relative quantitative analysis of the phosphorylation of 1KKq,
IKKB, IxBa and p65 compared to that of the siCTRL group. (B) The phosphorylation of JNK, ERK and p38 in the MAPK signalling pathway was
examined by Western blotting. The relative quantitative analysis of the phosphorylation of JNK, ERK and p38 compared to that of the siCTRL group.
SiCTRL, cells transfected with negative control siRNA; SiIMETTL3, cells transfected with METTL3 siRNA. The data are presented as the
mean + S.E.M. (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.

assembled into transcripts using Cufflinks software (v2.2.1). Cufflinks  Statistical analysis
was used to compute normalized values termed fragments per kilobase
of exon per million fragments mapped (FPKM), which reflect the mRNA
expression levels. Statistical analysis of differentially expressed genes
and transcript splice variants was performed with Cuffdiff (v2.2.1),
which is integrated into Cufflinks. In the differential splicing analysis,
Cuffdiff was used to calculate the changes in the relative abundance of
splice variants produced from a single primary transcript.

Each experiment was performed at least in triplicate. The data were
expressed as mean + S.E.M. Comparisons were analysed by Student’s
t test for two groups and by anova for multiple groups using SPSS
v20.0 (SPSS, Inc., Chicago, IL, USA). The significance level was set at
P < 0.05.

Fig. 4 METTL3 inhibition down-regulated the LPS-induced inflammatory response of HDPCs. Total RNA obtained from the siCTRL and SIMETTL3
cells with or without LPS treatment for 24 hrs was subjected to RNA sequencing. (A) The genes that were differentially expressed following LPS
treatment or following METTL3 knockdown (MC vs. CC, or ML vs. CL) with a Log2 ratio >1.5 or <—1.5 are shown in the heatmap. CC, cells trans-
fected with negative control siRNA; CL, cells transfected with negative control siRNA and treated with LPS; MC, cells transfected with METTL3
SiRNA; ML, cells transfected with METTL3 siRNA and treated with LPS. Gene Ontology (B) and KEGG pathway (D) analyses of genes that were dif-
ferentially expressed with a Log2 ratio <—1.5 ordered according to gene enrichment. Gene Ontology (C) and KEGG pathway (E) analyses of genes
that were differentially expressed with a Log2 ratio >1.5 ordered according to gene enrichment.
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Results

The total m6A content and METTL3 expression
level are up-regulated in LPS-treated HDPCs

To investigate the effect of LPS stimulation on the levels of m6A RNA
modification in the total cellular RNA pools in HDPCs, quantification
of m6A RNA methylation was performed. The result indicated that the
m6A content was very low in HDPCs without LPS stimulation but
increased in a time-dependent manner after stimulation (Fig. 1A).
Next, qPCR was performed to analyse the mRNA levels of m6A
methyltransferase (METTL3, METTL14) and demethylases (FTO,
ALKBH5). The METTL3 mRNA expression level increased after 3 hrs,
reached a peak at 6 hrs, subsequently decreased slightly after 12 hrs
and then rose again at 24 hrs after LPS treatment. METTL14, FTO
and ALKBH5 mRNA expression levels did not significantly differ
before and after LPS treatment (Fig. 1B). Similar up-regulation of
METTL3 protein expression was also observed using Western blotting
(Fig. 1C and D). These findings suggest that the total m6A content
and the METTL3 expression level are up-regulated in LPS-treated
HDPCs.

METTL3 inhibition down-regulates the LPS-
induced expression of inflammatory cytokines in
HDPCs

To explore the role of METTL3 in the LPS-induced inflammatory
response of HDPCs, cells were transfected with METTL3 siRNA.
METTL3 mRNA and protein expression levels were significantly
decreased after METTL3 knockdown, whereas transfection with a
control scramble siRNA had no effect (Fig. 2A and B). The cytokine
antibody arrays were then used to examine the levels of 42 cytokines
related to immunity and inflammation. As shown in Figure 2C and D,
METTL3 knockdown decreased IL-6, IL-8, GRO, Gro-o. and RANTES
expression levels compared with those in the siCTRL group before
and after LPS stimulation. Their protein expression levels were veri-
fied by ELISA, and the results were consistent with those detected by
the cytokine arrays (Fig. 2E-1).

METTL3 inhibition down-regulates LPS-induced
NF-xB and MAPK signalling pathway activation
in HDPCs

To identify whether METTL3 depletion affects LPS-induced NF-xB
and MAPK signalling pathway activation, Western blotting was per-
formed to evaluate the phosphorylation levels of IKKa, IKKB, p65,
IkBa, p38, ERK and JNK. The results indicated that METTL3 knock-
down remarkably reduced the levels of p-IKKo/p, p-p65 and p-lxBa
compared with those in the control group (Fig. 3A). The phosphoryla-
tion levels of p38, ERK and JNK were also down-regulated in the
METTL3-knockdown cells (Fig. 3B). These data indicate that METTL3
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can regulate NF-xB and MAPK signalling pathway activation in HDPCs
with and without LPS stimulation.

METTL3 regulates the LPS-induced inflammatory
response of HDPCs

To further determine the effect of METTLS on dental pulp inflammation,
SIMETTL3 and siCTRL cells treated by LPS stimulation were subject to
RNA sequencing. The genes that were differentially expressed following
treatment with LPS or following METTL3 knockdown (siCTRL vs.
SIMETTLS3 or siCTRL + LPS vs. SiIMETTL3 + LPS) with the Log2 ratio
>1.5 or <—1.5 are shown in the heatmap (Fig. 4A). Furthermore, GO
enrichment and KEGG pathway analyses were performed to organize
the biological processes and pathways that were differentially activated
between SIMETTL3 and siCTRL cells upon LPS treatment. In the bio-
logical process analysis of genes down-regulated by METTL3 deple-
tion, the significant GO term was signal transduction with 57
transcripts enriched, followed by GO terms related to cell adhesion,
intracellular signal transduction, inflammatory response, positive reg-
ulation of GTPase activity and immune response (Fig. 4B). In the
hiological process analysis of genes up-regulated by METTL3 deple-
tion, the significant GO terms were angiogenesis and protein ubiquiti-
nation involved in ubiquitin-dependent protein catabolic process
(Fig. 4C). KEGG pathway analysis of genes down-regulated by
METTL3 depletion revealed that the significant pathways were the
PI3K-Akt signalling pathway, neuroactive ligand-receptor interaction,
calcium signalling pathway, cAMP signalling pathway, cytokine—cy-
tokine receptor interaction and MAPK signalling pathway (Fig. 4D).
KEGG pathway analysis of genes up-regulated by METTL3 depletion
showed that the significant pathways were alcoholism and human T-
lymphotropic virus type 1 (HTLV-I) infection (Fig. 4E). These data
imply that METTL3 knockdown affects the LPS-induced inflammatory
response in HDPCs.

METTL3 regulates the alternative splicing of
MyD88 in LPS-stimulated HDPCs

Exon skipping in transcript isoforms is the most frequent event in
alternative splicing [29]. In our RNA sequencing data, exon skip-
ping accounted for 39.13% of the total alternative splicing events
in HDPCs. A previous study reported that the alternative splicing of
MyD88 affects the inflammatory response [23]. The splicing analy-
sis herein revealed that MyD88 produced two isoforms, namely
MyD88L and MyD88S, and that the expression of MyD88S, which
lacks the second exon, was significantly increased by 1.3-fold in
the SIMETTL3 group compared with that in the control group in
LPS-treated HDPCs (Table 2). To further confirm this result, RT-
PCR was performed to determine the mRNA levels of MyD88L and
MyD88S. For these experiments, two sets of primers were used:
One set was designed to specifically monitor MyD88S levels, and
the other set was designed to monitor both MyD88L and MyD88S
simultaneously. For the MyD88S-specific primers, we used a

© 2018 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



Table 2 Different expression analyses of transcript splice variants
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Gene 1D Transcript FRKM CL FRKM ML Fold Change Official full name
MYD88L NIM_002468 15.5842 13.008 —0.83 Myeloid differentiation primary response 88  Splice variant 2
MYD88S NM_001172568 0.674897 0.887296 1.31 Myeloid differentiation primary response 88  Splice variant 3

CL, cells transfected with negative control siRNA and treated with LPS; ML, cells transfected with METTL3 siRNA and treated with LPS.
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Fig. 5 METTL3 inhibition facilitated MyD88S mRNA expression. HDPCs were transfected with siRNAs (METTL3 or the negative control) and then
treated with 1 pg/ml LPS for 0, 15, 30, 60 and 120 min. (A) RT-PCR was performed to amplify an mRNA product specific to MyD88S or mRNA
product specific to GAPDH. Quantitation of the bands is depicted in (B) GAPDH and (C) MyD88S. (D) RT-PCR was performed to amplify products
from both MyD88L and MyD88S using primers that bracketed MyD88 exon 2. Quantitation of the bands is depicted in (E) MyD88L and (F) MyD88S.
SiCTRL, cells transfected with negative control siRNA; siMETTL3, cells transfected with METTL3 siRNA. The data are presented as the mean + SEM

(n = 3). Statistically significant difference relative to the siCTRL group (*P < 0.05; **P < 0.01; ***P < 0.001).

reverse primer that spanned exons 3 to 1 and a forward primer
that annealed to exon 1. For the primers that amplify both MyD83L
and MyD88S, we used primers that annealed to exons 1 and 3
[23]. Using two sets of primers, we found that METTL3 inhibition
did not significantly alter MyD88L mRNA levels but did significantly
increase MyD88S mRNA levels (Fig. 5), consistent with the RNA
sequencing results.

Discussion

N6-methyladenosine is a prevalent epitranscriptomic modification in
mRNAs of most eukaryotes. This modification is widely conserved
across plants and vertebrates and is also found in viruses and single-
cell organisms, such as archaea, bacteria and yeast [30-36].
Although its existence was first reported 40 years ago [2], the biolog-
ical function and significance of m6A modification have only recently
entered the research spotlight. The abundance of m6A has been
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shown to be approximately 0.1-0.4% of the total adenosine residues
in cellular mRNA, and the average content of m6A has been estimated
to be three to five residues per mammalian mRNA [10]. The m6A
methylation is formed during nascent pre-mRNA processing by a
methyltransferase complex consisting of METTL3, METTL14 and
WTAP and removed by FTO and ALKBH5 [37-41]. This modification
plays important roles in neuronal disorders, immune response, obe-
sity and cancer [42]. The m6A modification is implicated in neurode-
generation and its associated disorders, for example Parkinson’s
disease [43]. IL-6 and IL-8 have been demonstrated to be induced by
dopamine, which is strongly influenced by m6A modification events
in keratinocytes [44]. An in vivo study using mouse models demon-
strated that knocking down FTO results in reduced body weight and
fat mass [45]. METTL3 or METTL14 knockdown dramatically pro-
motes human glioblastoma stem cell growth, self-renewal and
tumorigenesis [46]. Few studies have offered insights into the role of
m6A-dependent RNA methylation in the development of oral inflam-
matory diseases thus far.
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Dental pulp inflammation is bacterially driven inflammation of the
dental pulp that occurs mainly due to the invasion of bacterial compo-
nents and by-products. Previous studies have shown that Porphy-
romonas gingivalis (Pg) is closely related to dental pulp inflammation
[13,14]. Pg LPS is regarded as an inflammatory stimulator and is there-
fore used to establish models of dental pulp inflammation and periodon-
tal disease [14, 47, 48]. To explore the role of m6A-dependent RNA
methylation in dental pulp inflammation, we used Pg LPS in the present
study to establish a model of dental pulp inflammation, and we detected
the m6A content and expression levels of m6A methyltransferase and
demethylases, including METTL3, METTL14, FTO and ALKBH5. The
results showed that the m6A level was very low in HDPCs before LPS
treatment but increased in a time-dependent manner after LPS stimula-
tion. METTL3 mRNA and protein levels increased after LPS stimulation,
whereas METTL14, FTO and ALKBH5 expression levels did not signifi-
cantly differ with or without LPS stimulation. These findings indicated
that METTL3-dependent m6A modification might be involved in the
LPS-induced inflammatory response of HDPCs.

METTL3 (also known as MTA70) was originally identified as a
methyltransferase responsible for m6A modification in mRNA [49].
Depletion of the Arabidopsis thaliana METTL3 homologue (MTA)
during later growth stages gives rise to plants with altered growth
patterns and reduced apical dominance [50], and inhibition of the
Drosophila METTL3 homologue (Dm ime4) has been shown to inhibit
oogenesis [51]. In zebrafish, METTL3 knockdown leads to smaller
heads, eyes and brain ventricles, as well as curved notochords [38].
Mettl3 knockdown and Mettl14 knockdown in murine embryonic stem
cells (ESCs) result in reduced m6A abundance and defective cell
regeneration [52]. METTL3 inhibition leads to apoptosis of human
HeLa cells and a concomitant decrease in cellular m6A levels [9]. To
identify whether METTL3 affects the LPS-induced inflammatory
responses of HDPCs, we inhibited METTL3 in HDPCs and found that
METTL3 knockdown reduced the accumulation of inflammatory
cytokines such as IL-6 and IL-8. The phosphorylation levels of 1Ko,
IKKB, p65, lxBa, p38, ERK and JNK in the NF-xB and MAPK sig-
nalling pathways were also decreased in the METTL3-knockdown
cells. Surprisingly, the expression of l«Bo was down-regulated when
the NF-kB signalling pathway was deactivated, which was not consis-
tent with previous studies [53, 54]. m6A modification is reported to
affect pre-mRNA splicing, mRNA stability and protein translation [10,
55]. We suspect that METTL3 might affect kB« mRNA stability and
consequent degradation, or its translation, which should be further
studied. The RNA sequencing results suggested that many genes
were regulated by METTL3 depletion. The GO term analysis indicated
that many of the down-regulated genes were associated with the
inflammatory response and immune response. KEGG pathway analy-
sis revealed that the signalling pathways associated with the down-
regulated genes were mostly involved in regulating inflammation. The
above data suggested that METTL3 can regulate the LPS-induced
inflammatory responses in HDPCs.

Alternative splicing can generate a range of mRNA transcripts and
protein isoforms from a limited number of genes, which enables the
synthesis of diverse isoforms with different or even opposite func-
tions [56]. More than 90% of human genes undergo alternative splic-
ing, which is especially prevalent in the immune system [57].
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Alternative splicing can regulate intracellular signalling and intercellu-
lar communication through the expression of diverse isoforms of
cytokines, cytokine receptors, kinases, phosphatases and adaptor
proteins [58]. Myd88s, a splice variant of MyD88 lacking the second
exon, can function as a negative regulator of TLR signalling and limit
the extent of innate immune activation [23]. METTL3 localizes pre-
dominantly in nuclear speckles, which are sites of mRNA splicing and
storage [38]. METTL3 depletion in mouse ESCs generally facilitates
exon skipping and intron retention [4], and METTL3 knockdown has
an effect on the alternative splicing patterns of genes in the p53 sig-
nalling pathway, resulting in cell apoptosis [5]. These studies imply
that METTL3 plays an important role in regulating alternative splicing.
In the present study, the splicing analysis revealed that the expression
of the alternative spice variant of MyD88 (MyD88S) was up-regulated
1.3-fold in METTL3-depleted HDPCs compared with that in the control
group after LPS stimulation. This result inspired us to hypothesize
that METTL3 might regulate the alternative splicing of MyD88 in LPS-
induced HDPCs. To address this hypothesis, we determined the
expression level of MyD88S using RT-PCR. The result indicated that
METTL3 knockdown significantly promoted MyD88S mRNA expres-
sion, consistent with the RNA sequencing result. Previous studies
have shown that MyD88S cannot recruit IRAK-4 and fails to activate
the NF-xB signalling pathway [21, 22, 59]. Our findings suggested
that METTL3 might affect the LPS-induced inflammatory response of
HDPCs by regulating the alternative splicing of MyD88. METTL3 also
affected cytokine expression and the NF-xB and MAPK signalling
pathways without LPS stimulation (time 0). MyD88s showed basal
expression, but the expression was very low in the control group and
increased in the METTL3-depleted cells without LPS treatment. There-
fore, we speculated that METTL3 might affect the expression of
cytokines and the NF-xB and MAPK signalling pathways by regulating
the alternative splicing of MyD88 even without LPS stimulation.

In summary, we reported that m6A and METTL3 expression
levels were up-regulated in LPS-stimulated HDPCs and that
METTL3 depletion decreased the accumulation of inflammatory
cytokines and suppressed the activation of the NF-xB and MAPK
signalling pathways. Moreover, our results demonstrated that
METTL3 modulated the alternative splicing of MyD88, suggesting
that METTL3 might affect the LPS-induced inflammatory response
by regulating the alternative splicing of MyD88 in HDPCs. These
findings might contribute to novel progress in the role of the epi-
transcriptome in the inflammatory response and provide a promis-
ing molecular mechanism for new therapeutic strategies for
treating dental pulp inflammation.

Acknowledgements

This work was financially supported by the National Natural Science Founda-
tion of China (81771058).

Conflict of interest

The authors confirm that there is no conflict of interests.

© 2018 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



References

1.

Adams JM, Cory S. Modified nucleosides
and bizarre 5-termini in mouse myeloma
mRNA. Nature. 1975; 255: 28-33.
Desrosiers R, Friderici K, Rottman F. Iden-
tification of methylated nucleosides in mes-
senger RNA from novikoff hepatoma cells.
Proc Nat/ Acad Sci U S A. 1974; 71: 3971-5.
Furuichi Y, Morgan M, Shatkin AJ, ef al.
Methylated, blocked 5 termini in HeLa cell
mRNA. Proc Natl Acad Sci U S A. 1975; 72:
1904-8.

Geula S, Moshitch-Moshkovitz S, Dominis-
sini D, ef al. m6A mRNA methylation facili-
tates resolution of naive pluripotency toward
differentiation. Science. 2015; 347: 1002-6.
Dominissini D, Moshitch-Moshkovitz S,
Schwartz S, ef al. Topology of the human
and mouse m6A RNA methylomes revealed
by m6A-seq. Nature. 2012; 485: 201-6.
Kane SE, Beemon K. Precise localization of
m6A in Rous sarcoma virus RNA reveals
clustering of methylation sites: implications
for RNA processing. Mol Cell Biol. 1985; 5:
2298-306.

Bakin A, Lane BG, Ofengand J. Clustering of
pseudouridine residues around the peptidyl-
transferase center of yeast cytoplasmic and
mitochondrial ~ ribosomes.  Biochemistry.
1994; 33: 13475-83.

Jia G, Fu Y, He C. Reversible RNA adenosine
methylation in biological regulation. Trends
Genet. 2013; 29: 108-15.

Yue YA, Liu JZ, He C. RNA N6-methyladeno-
sine methylation in post-transcriptional gene
expression regulation. Genes Dev. 2015; 29:
1343-55.

Zhao BS, Roundtree IA, He C. Post-tran-
scriptional gene regulation by mRNA modifi-
cations. Nat Rev Mol Cell Biol. 2017; 18: 31—
42.

Song FF, Sun HL, Wang YK, ef al. Pannex-
in3 inhibits TNF-o-induced inflammatory
response by suppressing NF-«xf signalling
pathway in human dental pulp cells. J Cell
Mol Med. 2017; 21: 444-55.

Renard E, Gaudin A, Bienvenu G, ef al.
Immune cells and molecular networks in
experimentally induced pulpitis. J Dent Res.
2016; 95: 196-205.

Haapasalo M. Black-pigmented gram-nega-
tive anaerobes in endodontic infections.
FEMS Immunol Med Microbiol. 1993; 6:
213-7.

Ko YJ, Kwon KY, Kum KY, efal. The
anti-inflammatory effect of human telom-
erase-derived peptide on p. gingivalis
lipopolysaccharide-induced  inflammatory

© 2018 The Authors.
Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

cytokine production and its mechanism in
human dental pulp cells. Mediators Inflamm.
2015; 8: e385127.

Darveau RP, Pham TT, Lemley K, et al.
Porphyromonas gingivalis lipopolysaccha-
ride contains multiple lipid a species that
functionally interact with both toll-like recep-
tors 2 and 4. Infect Immun. 2004; 72: 5041-
51.

Zhang Y, Gaekwad J, Wolfert MA, ef al.
Synthetic tetra-acylated derivatives of lipid a
from porphyromonas gingivalis are antago-
nists of human TLR4. Org Biomol Chem.
2008; 6: 3371.

Costalonga M, Batas L, Reich BJ. Effects of
Toll-like receptor 4 on porphyromonas gingi-
valis-induced bone loss in mice2. Periodon-
tal Res. 2009; 44: 537-42.

Lu YC, Yeh WC, Ohashi PS. LPS/TLR4 sig-
nal transduction pathway. Cytokine. 2008;
42:145-51.

Rocha DM, Caldas AP, Oliveira LL, ef al.
Saturated fatty acids trigger TLR4-mediated
inflammatory  response.  Atherosclerosis.
2016; 244: 211-5.

He WX, Qu T, Yu Q, ef al. LPS induces IL-8
expression through TLR4, MyD88, NF-«xB
and MAPK pathways in human dental pulp
stem cells. /nt Endod J. 2013; 46: 128-36.
Janssens S, Burns K, Vercammen E, ef al.
MyD88S, a splice variant of MyD88, differ-
entially modulates NF-xB - and AP-1-depen-
dent gene expression. FEBS Lett. 2003; 548:
103-7.

Janssens S, Burns K, Tschopp J, ef al. Reg-
ulation of interleukin-1-and lipopolysaccha-
ride-induced NF-kB activation by alternative
splicing of MyD88. Curr Biol. 2002; 12: 467
1.

Lesly DA, Scott A. Limiting of the innate
immune response by SF3A-dependent con-
trol of MyD88 alternative mRNA splicing.
PLoS Genet. 2013; 9: 61003855.

Daoud H, Zhang D, McMurray F, ef al. Iden-
tification of a pathogenic FTO mutation by
next-generation sequencing in a newborn
with growth retardation and developmental
delay. J Med Genet. 2016; 53: 200-7.
Hastings MH. m(6)A mRNA methylation: a
new circadian pacesetter. Cell. 2013; 155:
740-1.

Shen F, Huang W, Huang JT, efal
Decreased N(6)-methyladenosine in periph-
eral blood RNA from diabetic patients is
associated with FTO expression rather than
ALKBH5. J Clin Endocrinol Metab. 2015;
100: 148-54.

J. Cell. Mol. Med. Vol 22, No 5, 2018

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yang Y, Huang W, Huang JT, efal
Increased N6-methyladenosine in human
sperm RNA as a risk factor for astheno-
zoospermia. Sci Rep. 2016; 6: 24345.
Gronthos S, Mankani M, Brahim J, ef al.
Postnatal human dental pulp stem cells
(DPSCs) in vitro and in vivo. Proc Natl Acad
Sci U S A. 2000; 97: 13625-30.

Pan Q, Shai 0, Lee LJ, ef al. Deep survey-
ing of alternative splicing complexity in the
human transcriptome by high-throughput
sequencing. Nat Genetics. 2008; 40: 1413
5.

Kaehler M, Coward J, Rottman F. /n vivo
inhibition of Novikoff cytoplasmic messen-
ger RNA methylation by S-tubercidinylhomo-
cysteine. Biochemistry. 1977; 16: 5770-5.
Kowalak JA, Dalluge JJ, McCloskey JA,
et al. The role of posttranscriptional modifi-
cation in stabilization of transfer RNA from
hyperthermopbhiles. Biochemistry. 1994; 33:
7869-76.

Nichols JL. ‘Cap’ structures in maize poly
(A)-containing RNA. Biochim Biophys Acta.
1979; 563: 490-5.

Wei CM, Gershowitz A, Moss B. Methylated
nucleotides block 5° terminus of Hela cell
messenger RNA. Cell. 1975; 4: 379-86.
Perry RP, Kelley DE, Friderici K, ef al.
The methylated constituents of L cell mes-
senger RNA: evidence for an unusual
cluster at the 5 terminus. Cell. 1975; 4:
387-94.

Canaani D, Kahana C, Lavi S, et al. lden-
tification and mapping of N6-methyladeno-
sine containing sequences in simian virus
40 RNA. Nucleic Acids Res. 1979; 6:
2879-99.

Horowitz S, Horowitz A, Nilsen TW, ef al.
Mapping of N6-methyladenosine residues in
bovine prolactin mRNA. Proc Natl Acad Sci
USA.1984; 81: 5667-71.

Liu J, Yue Y, Han D, efal. A METTL3-
METTL14 complex mediates mammalian
nuclear RNA N6-adenosine methylation. Nat
Chem Biol. 2014; 10: 93-5.

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

Schwartz S, Mumbach MR, Jovanovic M,
et al. Perturbation of m6A writers reveals
two distinct classes of mRNA methylation at
internal and 5’ sites. Cell Rep. 2014; 8: 284—
96.

Zheng GQ, Dahl JA, Niu YM, ef al. ALKBH5
is a mammalian RNA demethylase that

2567



41.

42.

43.

44

45.

46.

47.

2568

impacts RNA metabolism and mouse fertil-
ity. Mol Cell. 2013; 49: 18-29.

Jia GF, Fu Y, Zhao X, ef al. N6-methylade-
nosine in nuclear RNA is a major substrate
of the obesity-associated FTO. Nat Chem
Biol. 2011; 7: 885-7.

Maity A, Das B. N6-methyladenosine modifi-
cation in mRNA: machinery, function and
implications for health and diseases. FEBS J.
2016; 283: 1607-30.

Shao W, Zhang SZ, Tang M, et al. Suppres-
sion of neuroinflammation by astrocytic
dopamine D2 receptors via alphaB-crystallin.
Nature. 2013; 494: 90-4.

Parrado AC, Canellada A, Gentile T, ef al.
Dopamine agonists upregulate IL-6 and IL-8
production in  human  keratinocytes.
NeurolmmunoModulation. 2012; 19: 359-66.
Church C, Lee S, Bagg EA, ef al. A mouse
model for the metabolic effects of the human
fat mass and obesity associated FTO gene.
PLoS Genet. 2009; 5: €1000599.

Cui @, Shi HL, Ye P, ef al. m6A RNA methy-
lation regulates the self-renewal and tumori-
genesis of glioblastoma stem cells. Cell Rep.
2017; 18: 2622-34.

Min A, Mutsumi M, Hisako F, ef al. Dental
infection of porphyromonas gingivalis

48.

49.

50.

51.

52.

53.

induces preterm birth in mice. PLoS One.
2015; 10: e0137249.

Jain S, Darveau RP. Contribution of porphy-
romonas gingivalis lipopolysaccharide to
periodontitis. Periodontology. 2000; 2010
(54): 53-70.

Bokar JA, Shambaugh ME, Polayes D, et al.
Purification and cDNA cloning of the Ado-
Met-binding subunit of the human mRNA
(N6-adenosine)-methyltransferase. ~ RNA.
1997; 3: 1233-47.

Bodi Z, Zhong S, Mehra $, ef al. Adenosine
methylation in arabidopsis mRNA is associ-
ated with the 3" end and reduced levels
cause developmental defects. Front Plant
Sci. 2012; 3: 48.

Hongay CF, Orr-Weaver TL. Drosophila
Inducer of MEiosis 4 (IME4) is required for
Notch signaling during oogenesis. Proc Nat/
Acad Sci U S A. 2011; 108: 14855-60.

Wang Y, Li Y, Toth JI, et al. N6-methylade-
nosine modification destabilizes develop-
mental regulators in embryonic stem cells.
Nat Cell Biol. 2014; 16: 191-8.

Liu B, Sun L, Liu Q, ef al. A cytoplasmic NF-kB
interacting long noncoding RNA blocks kB
phosphorylation and suppresses breast cancer
metastasis. Cancer Cell. 2015; 27: 370-81.

54,

55.

56.

57.

58.

59.

Wuerzherger-Davis SM, Chen YH, Yang DT,
et al. Nuclear export of the NF-xB inhibitor
IxBo is required for proper B cell and sec-
ondary lymphoid tissue formation. /mmu-
nity. 2011; 34: 188-200.

Li ZJ, Weng HY, Su R, ef al. FTO plays an
oncogenic role in acute myeloid leukemia as
a n6-methyladenosine RNA demethylase.
Cancer Cell. 2017; 31: 127-41.

Heinhuis B, Plantinga TS, Semango G,
et al. Alternatively spliced isoforms of 1L-32
differentially influence cell death pathways in
cancer cell lines. Carcinogenesis. 2016; 37:
197-205.

Shakola F, Suri P, Ruggiu M. Splicing regu-
lation of pro-inflammatory cytokines and
chemokines: at the interface of the neuroen-
docrine and immune systems. Biomolecules.
2015; 5: 2073-100.

Lynch KW. Consequences of regulated pre-
mRNA splicing in the immune system. Nat
Rev Immunol. 2004; 4: 931-40.

Burns K, Janssens S, Brissoni B, ef al. Inhi-
bition of interleukin 1 receptor/Toll-like
receptor signaling through the alternatively
spliced, short form of MyD88 is due to its
failure to recruit IRAK-4. J Exp Med. 2003;
197: 263-8.

© 2018 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



