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Abstract

Background
Atherosclerosis, characterized as the chronic inflammation of the arterial wall, is one of the leading
causes of coronary artery disease (CAD), and macrophages are found to play essential roles in the
initiation and progression of inflammation in atherosclerosis. N6-methyladenosine (m6A) modification,
as the most abundant epi-transcriptomic modification in mRNA, is found to mediate the atherogenic
inflammatory cascades in vascular endothelium. The detailed molecular mechanism of m6A methylation
regulating inflammatory response during atherosclerosis is still not fully known.

Results
In this study, we find oxidized low-density lipoprotein (oxLDL) stimulation increases methyltransferases
Mettl3 and Mettl14 expressions in macrophages, whereas the total m6A modification level in
macrophages decreases under oxLDL stimulation. Matrin-3 (Matr3), an RNA binding protein, is identified
to function a suppressive role on oxLDL-mediated macrophage inflammatory responses through
inhibiting activation of pro-inflammatory signaling, mitogen-activated protein kinase (MAPK) by m6A-
mediated mRNA decay via regulating the formation of Mettl3-Mettl14 complex. Moreover, we find that
Matr3 expression decreases in the oxLDL-stimulated macrophages, and the peripheral blood
mononuclear cells from patients with CAD, and overexpression of Matr3 significantly alleviates
atherosclerosis development in vivo.

Conclusion
Our study for the first time clarifies the role of Matr3 on macrophage inflammatory responses during
atherosclerotic development, and supplies deep understanding on the relationship of m6A modification
and inflammatory responses in atherosclerosis.

Introduction
Atherosclerosis, characterized as the chronic inflammation of the arterial wall, is the major cause of
coronary artery disease (CAD) which is the leading cause of death in the world[1]. Formation of
atherosclerotic plaque is the characterized pathology of atherosclerosis[2]. Nowadays, macrophages
have been proved to play essential roles in initiation and progression of inflammation in atherosclerosis,
and are closely associated with the formation of atherosclerotic plaque[3, 4]. Initially, elevated modified
low density lipoprotein (LDL) in the serum, such as oxidized low-density lipoprotein (oxLDL), is cytotoxic
and leads to vascular endothelial injury[5, 6]. Then, monocytes in the blood are attracted by adhesion
molecules from injured endothelial cells to emigrate into the injured arterial intima, where monocytes
differentiate to macrophages to produce pro-inflammatory factors and phagocytize oxLDL and



Page 3/22

cholesterol, gradually resulting in formation of foam cell formation and necrotic core of atherosclerotic
plaques[7, 8]. Besides drugs which lower cholesterol are widely used to treat atherosclerosis, recent
studies have reported that inhibiting the inflammatory component of atherosclerosis could also
effectively decrease atherosclerosis[9, 10].

Up to now, many risk factors are reported to contribute to atherosclerosis, including smoking,
hypercholesterolemia, hypertension, hyperglycemia, genetic factors, and epigenetic factors[11–14]. The
N6-methyladenosine (m6A) modification is the most abundant epi-transcriptomic modification in mRNA,
and plays important roles in various diseases, such as obesity, cancers, hypertension and viral infection
through regulating RNA stability, export, splicing or translation[15, 16]. mRNA m6a modification is mainly
catalyzed by the methyltransferase-like 3 (Mettl3)/METTL14 heterodimer, and demethylated by de-
methyltransferases, such as fat-mass and obesity-associated protein (FTO) and α-ketoglutarate-
dependent dioxygenase alkB homolog 5 (ALKBH5)[17, 18]. m6A methylated mRNA is then directly
recognized by “reader” proteins, such as YTH (YT521-B homology) domain family (YTHDF) proteins and
insulin-like growth factor 2 (IGF2) mRNA binding proteins (IGF2BP) to affect mRNA decay or
translation[19, 20]. Recent study reports a marked downregulation of m6A in rRNA through analyzing
carotid atherosclerotic lesion samples representing early and advanced stages of atherosclerosis
compared to non-atherosclerotic arteries from healthy controls[21]. Furthermore, Mettl3-dependent m6A
RNA modification is reported to mediate the atherogenic inflammatory cascades in vascular
endothelium[22]. However, the detailed molecular mechanism of m6A methylation regulating
inflammatory response during atherosclerosis is still not fully known.

In this study, we find oxLDL stimulation increases methyltransferases Mettl3 and Mettl14 expressions in
macrophages, whereas the total m6A modification level in macrophages decreases under oxLDL
stimulation. Matrin-3 (Matr3), an RNA binding protein, is identified to function a suppressive role on
oxLDL-mediated macrophage inflammatory responses through inhibiting activation of pro-inflammatory
signaling, mitogen-activated protein kinase (MAPK) by m6A-mediated mRNA decay via regulating the
formation of Mettl3-Mettl14 complex in macrophages. Moreover, we find that Matr3 expression is
decreased in the oxLDL-stimulated macrophages, and the peripheral blood mononuclear cells from
patients with CAD, and overexpression of Matr3 significantly alleviates atherosclerosis development in
vivo. Our study for the first time clarifies the role of Matr3 on macrophage inflammatory responses during
atherosclerotic development, and supplies deep understanding on the relationship of m6A modification
and inflammatory responses in atherosclerosis.

Methods And Materials
Ethics statement

Approval for this study was issued by the Ethics Committee of the First Affiliated Hospital, College of
Medicine, Zhejiang University, China. Patients gave informed consent upon hospitalization.
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Human PBMC isolation

The peripheral blood samples from patients with coronary artery disease and healthy volunteers were
obtained from the First Affiliated Hospital, College of Medicine, Zhejiang University. Peripheral blood
mononuclear cells (PBMCs) were isolated using PBMC isolation kit (Solarbio, China). Informed consent
was obtained from all participants in accordance with the guidelines of the Human Subjects Committee
of the Medical Ethical Commission of the First Affiliated Hospital of Zhejiang University (China) and the
declaration of Helsinki.

Cell culture

Human THP-1 monocytes and human embryonic kidney cells (HEK-293T) cells were cultured with DMEM
supplemented with 10% FBS (Gibco, USA). To facilitate differentiation into macrophages, THP-1
monocytes were treated with 100 nM PMA for 24 h. Subsequently, the macrophages were washed using
serum free medium and then prepared for the following experiment.

RNA extraction and real-time PCR analysis

Total RNA was extracted using an RNA prep Pure Cell/Bacteria Kit (Tiangen, China), and then reverse-
transcribed into cDNA using PrimeScript RT Master Mix (Takara, Japan). SYBR Premix Ex TaqII (Takara,
Japan) kit was used for RT-PCR detection with ABI PRISM 7500 Detection System (ABI, USA). Values were
normalized by GAPDH. The primers used were as follows: GAPDH, 5′-GGAGCGAGATCCCTCCAAAAT-3′
and 5′-GGCTGTTGTCATACTTCTCATGG-3′; MAP3K11, 5′-GCAGCCCATTGAGAGTGAC-3′ and 5′-
CACTGCCCTTAGAGAAGGTGG       -3′; MAPK14, 5′-CCCGAGCGTTACCAGAACC-3′ and 5′-
TCGCATGAATGATGGACTGAAAT-3′; PGC-1α, 5′-TCTGAGTCTGTATGGAGTGACAT-3′ and 5′-
CCAAGTCGTTCACATCTAGTTCA-3′; Matr3, 5′-ATCAATGGAGCAAGTCACAGTC-3′ and 5′-
TGCAACATGAATGGATCACCC-3′

All samples were quantitated using the comparative CT method and normalized to GAPDH.

Dot blot 

Macrophages were treated with oxLDL (+, 40 μg/ml; ++, 80 μg/ml) or not for 24 h. Then, the cells were
collected and total RNA was extracted, and spotted on the Immobilon-NC Transfer Membrane (Merck)
and UV crosslinked to the membrane. After washing by 1 × TBS with 0.1% Tween-20 buffer (TBST), the
membrane was blocked in 1 × TBST with 5% non-fat milk for 1 h and incubated with primary m6A
antibodies (1:1000, ab284130, Abcam) overnight at 4 °C. After incubating with goat anti-rabbit IgG
antibody conjugated to horseradish peroxidase, the membrane was developed using the ECL kit (Pierce,
USA).

Plasmids, siRNAs, and cellular transfection
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pCMV3-N-FLAG-Mettl3 plasmid (HG23100-NF) and pCMV3-N-FLAG-Mettl14 plasmid (HG26794-NF) were
purchased from SinoBiological (Beijing, China). pCMV3-N-Myc-Matr3 and pEGFP-C3-Matr3 plasmids were
synthesized by Sangon (Shanghai, China). small interfering RNAs (siRNAs) against Mettl3 (si-Mettl3) and
scrambled siRNA (si-NC) were synthetized by GenePharma (Shanghai, China). The cellular transfections
were performed as follows: Cells were cultured in serum-free medium for 30 min before transfection. A
total of 2 μl of siRNA or plasmid and 3.3 μl of RNAiMAX reagent (Invitrogen, USA) were mixed, incubated
for 10 min, and added to each well. Culture medium was changed with FBS containing culture medium
six hours later. The plates were allowed to incubate at 37 °C for 24 h for subsequent detection.

Western blotting

Macrophages were treated with oxLDL of different concentrations for 24 h. Cells were lysed using cell
lysis buffer (CST, USA) to extract the total protein, which were then detected using the BCA protein assay
kit (Thermo, USA). Protein samples were separated on a 10% SDS-PAGE gel and then transferred to PVDF
membranes (Millipore, USA). The membranes were blocked with 5% non-fat milk for 1 h at room
temperature and then incubated overnight at 4 °C with the following primary antibodies: rabbit anti-
GAPDH (1:1000, Sangon, China), rabbit anti-Mettl3 (1:1000, ab195352, Abcam), rabbit anti-Mettl14
(1:1000, ab252562, Abcam), rabbit anti-YTHDF1 (1:1000, 17479-1-AP, Proteintech), rabbit anti-YTHDF2
(1:1000, 24744-1-AP, Proteintech), rabbit anti-YTHDF3 (1:1000, 25537-1-AP, Proteintech), rabbit anti-
IGF2BP1 (1:1000, 22803-1-AP, Proteintech), rabbit anti-IGF2BP2 (1:1000, 11601-1-AP, Proteintech), rabbit
anti-IGF2BP3 (1:1000, 14642-1-AP, Proteintech), rabbit anti-flag (1:1000, 80010-1-RR, Proteintech), mouse
anti-Myc (1:1000, 60003-2-Ig, Proteintech), rabbit anti-MATR3 (1:1000, 12202-2-AP, Proteintech), mouse
anti-JNK (1:1000, 66210-1-Ig, Proteintech), rabbit anti-phosphorylated JNK (1:1000, ab131499, Abcam),
rabbit anti-p38 (1:1000, ab170099, Abcam), rabbit anti-phosphorylated p38 (1:1000, ab4822, Abcam),
rabbit anti-ERK (1:1000, ab17942, Abcam), rabbit anti-phosphorylated ERK (1:1000, ab214036, Abcam).
After incubation with specific secondary antibodies (1:10000, Kangwei, China), membranes were
developed using the ECL kit (Pierce, USA).

Co-IP (Co- immunoprecipitation) assay and MS (tandem mass spectrometry) analysis

Macrophages were lysed and centrifuged to collect the supernatant. One tenth of the supernatant was
retained for the input immunoblot, while the rest was incubated with anti-Mettl3/Mettl14/Matr3
antibodies or IgG at 4 °C overnight, followed by further incubation with 10 μl protein A/G-agarose beads
(Cell Signaling Technology, USA) for another 4 h. The bound proteins were subjected to washing three
times for a total of 30 min and then eluted by boiling for 5 min in the loading buffer. Immunocomplexes
were analyzed by SDS-PAGE electrophoresis and then incubated with anti-Mettl3/Mettl14/Matr3
antibodies.

Native PGAE

Macrophages in 10 cm dish were transfected with pCMV3-N-FLAG-Mettl3 plasmid and/or pCMV3-N-Myc-
Matr3 for 24h. Then，the cells were treated with  oxLDL (40 μg/ml) or not for 24h. Next, the cells were
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collected and lysed for Co-immunoprecipitation assay as above method. The eluted proteins were
separated on an 8% non-denaturing polyacrylamide gel in the Tris-Glycine native PAGE running buffer (pH
= 8.8; without SDS) and the transferred membrane used for Western blotting as above.

Me-RIP (methylated RNA-binding protein immunoprecipitation) and Seq

Me-RIP was conducted using the Magna RIP kit (Millipore, USA). In brief, the cells were harvested after
washing twice with 1× PBS and then lysed with RIP lysis buffer. The supernatant was incubated with
antibodies against m6A overnight at 4 °C. Then, 50 μl A/G magnetic beads were added to the supernatant
and incubated for 6 h. After immobilizing the magnetic bead bound complexes with a magnetic separator
(Millipore USA), supernatants were used to extract RNA with PCA (phenol: chloroform: isoamyl alcohol)
reagent at a ratio of 125:24:1 (Aladdin, USA). Then, the immunoprecipitation (IP) (m6A-seq) library was
constructed, and sequenced by Novogene (Beijing, China).

RNA-binding protein immunoprecipitation (RIP)

RIP was performed as previously described using the Magna RIP kit (Millipore, USA)[23]. Briefly, the cells
were harvested after washing twice with 1× PBS and then lysed with RIP lysis buffer. The supernatant
was incubated with antibodies against Matr3 (ab281947, Abcam), m6A (ab286164, Abcam), YTHDF1
(17479-1-AP, ProteinTech), YTHDF2 (24744-1-AP, ProteinTech), YTHDF3 (25537-1-AP, ProteinTech), or IgG
overnight at 4 °C. Then, 50 μl A/G magnetic beads were added to the supernatant and incubated for 6 h.
After immobilizing the magnetic bead bound complexes with a magnetic separator (Millipore USA),
supernatants were used to extract RNA with PCA (phenol: chloroform: isoamyl alcohol) reagent at a ratio
of 125:24:1 (Aladdin, USA). A cDNA synthesis kit (ABI USA) was used to synthesize the first cDNA strand
from mRNA. Finally, qRT-PCR was performed using the following primers: PGC1-α, 5’-
ACTACAGACACCGCACACACC-3’, and 5’-CCTTTCGTGCTCATAGGCTTC-3’; Map3k11, 5’-
CCTTGTTCCCGGACTCAGAC-3’, and 5’-GGCACCCATGTCTTTGGTCT-3’; Mapk14, 5’-
GCTGTGAATGAAGACTGTGAGC-3’, and 5’-AGGAGCCCTGTACCACCTAG-3’; TNFAIP1, 5’-
CACACACACCCAAAGGAGGA-3’, and 5’-GCTTGTCCGCTCGTGTTTTT-3’; IFNAR1, 5’-
AAAAATACAGTTCCCAAACTAGCCA-3’, and 5’-TCATACAAAGTCCTGCTGTAGTTCT-3’; and ARG1, 5’-
GGACCCTGGGGAACACTACA-3’, and 5’-GTGTTTCTTCCATCACCTTGCC-3’.

Analysis of protein-protein interaction

The proteins interacted with Mettl3 or Mettl14 were analyzed with Biogrid database
(https://thebiogrid.org/).

Immunofluorescence

Macrophages were seeded in 35-mm glass bottom dishes, fixed and permeabilized at 4°C for 30 min.
After incubation with anti-Mettl3 antibody (67733-1-Ig, Proteintech), and anti-Matr3 antibody (ab240123,
Abcam) antibody at 4°C overnight, the cells were washed with PBS twice and stained with goat-anti-rabbit
FITC-labelled IgG or goat-anti-mouse Alexa Fluor® 594-labelled IgG (abcam, USA) at 4°C for 2 h, followed
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by DAPI staining. The cells were viewed using a Zeiss Confocal Microscope Imaging System (Carl Zeiss,
Germany).

Fluorescence in situ hybridization (FISH)

Macrophages were first fixed in 4% formaldehyde solution, and then incubated with 0.5% Triton X-100.
RNA was stained using SYTOTM RNAselectTM Green (S32703) at 37 °C with cells in the dark for 30 min.
Then, the cells were incubated with anti Matr3 antibody (ab240123, Abcam) antibody at 4°C overnight,
and incubated with Goat Anti-Rabbit IgG H&L (Alexa Fluor® 594) (abcam, USA) at 4°C for 2 h, followed by
DAPI staining. The cells were then photographed using a Zeiss Confocal Microscope Imaging System
(Carl Zeiss, Germany).

Enzyme-linked immunosorbent assay (ELISA) assays

Macrophages in 12 well-plates were transfected with pCMV3-N-Myc-Matr3 or pCMV3-N-Myc empty
plasmid (EV) for 24h. Then，the cells were treated with  oxLDL (40 μg/ml) or not for 24h. Post-culture
media was then collected and subjected to ELISA assays specific for IL-6 and TNF-α using the Human IL-
6 ELISA Kit (ab178013, Abcam) and the Human TNF alpha ELISA Kit (ab181421, Abcam), respectively.

Single-cell RNA sequencing (scRNA-seq) analysis

The R package Monocle was used for pseudotime trajectory analysis: T cell single-cell level expression
profiling was extracted from single-cell RNA sequencing datasets(GSE154692) in mouse atherosclerotic
aortas, and monocle CellDataSet(CDS) object  was constructed with expression matrix and reported
metadata. After normalizing prepared CDS object, differential genes test was performed among different
cell types using differentialGenenTest function. Then top 3000 differentially expressing genes (DEGs)
ranked by q-value were applied as candidate features for re-clustering and ordering cells. To find out most
representative markers for each state of T cell evolution, DEG test was again performed according to
pseudo-time state, and top 50 varied DEGs were clustered for pseudotime-ordered heatmap with
plot_pseudotime_heatmap function.

mRNA stability assays

Macrophages were transfected with pCMV3-N-Myc-Matr3 or pCMV3-N-Myc empty plasmid (EV) for 24h,
then were incubated with actinomycin D (5 μg/ml) for 0 h, 6 h or 12 h followed by RNA extraction. The
half-life of MAP3K11 and MAPK14 mRNAs were analyzed by qRT-PCR.

Biochemistry assay for m6A methyltransferase activity in vitro

In vitro methyltransferase activity assay was performed in a standard 50 μL of reaction mixture
containing the following components: 0.15 nmol total mRNA, recombinant Matr3 protein or recombinant
Mettl14 protein, 0.8 mM d3-SAM, 80 mM KCl, 1.5 mM MgCl2, 0.2 U μL-1 RNasin, 10 mM DTT, 4% glycerol,
and 15 mM HEPES (pH 7.9). The reaction was incubated at 16 °C for 12 h. The resultant RNA was
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recovered by phenol/chloroform (low pH) extraction followed by ethanol precipitation, and digested by
nuclease P1 and alkaline phosphatase for QQQ LC-MS/MS analysis. The nucleosides were quantified by
using the nucleoside to base ion mass transitions of 285 to 153 (d3-m6A) and 284 to 152 (G). G served
as an internal control to calculate the amount of RNA probe in each reaction mixture.

Animal experiments and atherosclerosis analysis

APOE-/- mice were purchased from Nanjing Model Animal Research Center and housed in the Laboratory
Animals Center of the first affiliated hospital Zhejiang university school of medicine, with controlled
temperature and humidity. All experimental procedures were approved by the Animal Care Ethics
Committee of the Zhejiang University. APOE-/- mice were fed with a high fat high cholesterol diet (Western
Diet) for 12 weeks to induce atherosclerosis. 16 ApoE−/− mice were randomly divided into two groups (8
mice/group): normal ApoE−/− mice fed with normal diet group (Control), and APOE-/- mice fed with a high
fat high cholesterol diet. To explore the effect of Matr3 on atherosclerosis development in vivo, 16 ApoE−/

− mice were randomly selected, and 8 of them were injected with the control Lentivirus (NC) (1.0×108

particles) via tail vein as the control group, while the remaining ApoE−/− mice were injected with Matr3-
overexpressing Lentivirus (1.0×108 particles) which was obtained from GenePharma (Shanghai, China).
Two weeks after the lentiviral injection, the mice were fed with Western Diet for 12 weeks to induce
atherosclerosis. 12 weeks later, the mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.;
BHD, Canada). After exposing the abdominal cavity and rapid opening of the right atrium, 5 ml of saline
was slowly injected into the left ventricle along the apex of the heart to wash the blood. Next, 4%
polyformaldehyde was slowly injected to fix the vascular tissue morphology for 30 min. Thereafter, the
aorta and perivascular adipose tissue were removed under a stereomicroscope. The pulmonary
arteriovenous malformation was excised, and then the artery together with the heart was removed,
followed by placement in 4% paraformaldehyde at room temperature overnight. The aortas were
dissected, and whole aortas were opened longitudinally from the aortic arch to the iliac bifurcation,
mounted en face, and stained for lipids with Oil Red O and hematoxylin-eosin (Jiancheng, China). Image
analysis was performed by a trained observer blinded to the genotype of the mice. Representative images
were obtained, and lesion areas were quantified with Image J.

Statistical analysis

Data are presented as the mean ± standard deviation (SD). The differences between two groups were
compared by t-test. The differences among multiply groups were compared using ANOVA analysis. A P
value of< 0.05 was considered statistically significant and all experiments were repeated at least three
times.

Results
1. oxLDL stimulation decreases m6A modification level in macrophages.
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To investigate the role of m6A modification on macrophages mediated-inflammatory responses during
atherosclerosis development, the total m6A modification levels of macrophage treated with oxLDL
treatment were measured. As shown in Fig. 1A, oxLDL stimulation significantly decreased m6A
modification level in macrophages in a dose-dependent manner. Furthermore, we found that oxLDL
stimulation significantly increases the methyltransferases Mettl3 and Mettl14 expressions in
macrophages (Fig. 1B), whereas oxLDL stimulation does not evidently affect the expressions of m6A
“Reader” proteins, including Ythdf/2/3 and Igf2bp1/2/3. Unexpected, oxLDL stimulation decreased the
interaction between Mettl3 and Mettl14 (Supplemental Fig. 1A). Subsequently, transcriptome-wide m6A
methylome profiled by methylated RNA immunoprecipitation sequencing (MeRIP-seq) was performed. As
shown in Fig. 1D, m6A peak is mainly enriched between genebody and the down-stream 2000 bp of
genebody, and mostly distributes on coding sequence (CDS) and stop codon regions (Supplemental Fig.
1B) in macrophages stimulated with oxLDL or not. Motif analysis reveals both groups enriched GGACU
as the highest score motif (Supplemental Fig. 1C), suggesting that MeRIP-seq possess high quality. As
shown in Fig. 1E and supplemental Fig. 1D, we identified 1438 RNAs with gain of methylation and 2146
RNAs with loss of methylation. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis indicates
that genes with differential m6A modification were enriched in the metabolic pathways and pro-
inflammatory signaling pathways, including mitogen-activated protein kinase (MAPK) (Fig. 1F). Overall,
these results indicate that although oxLDL stimulation increases methyltransferases Mettl3 and Mettl14
expressions in macrophages, the total m6A modification level in macrophages decreases under oxLDL
stimulation.

Matrin-3 (Matr3) promotes the formation of Mettl3-Mettl14 complex formation.

To explore the underlying mechanism of oxLDL stimulation reducing the interaction of Mettl3 and
Mettl14 in macrophages, we searched the binding proteins of Mettl3 or Mettl14 in Biogrid database
(Supplemental Fig. 2A and 2B) and found there are 91 proteins in the both binding spectrum of Mettl3
and Mettl14 (Fig. 2A). Then, we evaluated the proteins with the high score hits, and found there are 11
RNA binding domains (RRM)-containing proteins, including EIF4B, EWSR1, FUS, MATR3 and etc. Given
that mutations in Matr3 have been reported to alter protein-protein interactions and impede mRNA
nuclear export[24], we suspect whether Matr3 has a potential role in the formation of Mettl3-Mettl14
complex. Co-IP analysis showed that endogenous Matr3 indeed had weak binding on endogenous
Mettl14 in macrophages (Fig. 2B), but had strong binding on endogenous Mettl3 (Fig. 2C). Furthermore,
Co-IP analysis also confirmed the interaction between exogenous Myc-labelled Matr3 and Flag-labelled
Mettl3 (Fig. 2D), and Immunofluorescence analysis showed that Mettl3 was strictly co-localized with
Matr3 in the nucleus (Fig. 2E). Moreover, we found that oxLDL stimulation significantly decreased the
interaction of Mettl3 and Matr3 (Fig. 2F). In addition, ectopic over-expression of Matr3 significantly
increased the formation of Mettl3-Mettl14 complex (Fig. 2G), and knockdown of Matr3 reduced (Fig. 2H).
Finally, native-PAGE analysis also showed oxLDL stimulation significantly reduces the formation of
Mettl3-Mettl14 complex, whereas overexpression of Matr3 alleviates the inhibitor effects of oxLDL on the
formation of Mettl3-Mettl14 complex (Fig. 2I). Overall, these results indicate that Matr3 promotes the
formation of Mettl3-Mettl14 complex formation.
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Matr3 is involved in promoting mRNA m6A modifications, which depends on the Mettl3-Mettl14 complex.

Since Matr3 participates in the formation of Mettl3-Mettl14 complex, we suspected whether Matr3 acts
as a partner of m6A catalytic subunit. To verify our hypothesis, we purified full-length Matr3, Mettl3,
Mettl14 proteins (Fig. 3A, and Supplemental Fig. 2C) and performed in vitro total mRNA modification
experiments. As shown in Fig. 3B and Supplemental Fig. 2D, LC-MS/MS analysis indicated that
overexpression of Matr3 does not significantly affect the m6A level in polyadenylated RNA, whereas
overexpression of Mettl14 evidently increased the m6A level. Next, we detected whether Matr3 affected
the m6A modification on peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α)
mRNA, which has been reported to occur m6A modification by Mettl3 to promote mitochondrial
dysfunction and oxLDL-induced inflammation in monocytes[25] (Supplemental Fig. 2E). As shown in Fig.
3C, overexpression of Matr3 significantly increased the m6A modifications on PGC-1α mRNA. However,
Matr3 did not directly bind to PGC-1α mRNA (Fig. 3D). Moreover, immunofluorescence analysis showed
that Matr3 merely has partially co-location with RNA in nucleus (Fig. 3E). Finally, we found that
knockdown of Mettl3 nearly cancelled the up-regulatory effect on the m6A modification on PGC-1α mRNA
of Matr3 (Fig. 3C, 3F). Overall, these results indicate that Matr3 is involved in promoting mRNA m6A
modification, which depends on the Mettl3-Mettl14 complex.

Matr3 inhibits oxLDL-induced the activation of MAPK pathway via m6A-mediated mRNA decay.

Given that MAPK pathway acts important roles in oxLDL-induced macrophage activation and
inflammatory responses[26, 27], and MAPK signaling-related genes were enriched in our MeRIP-seq
results (Fig. 1F and Fig. 4A), we then explored the effects of Matr3 on oxLDL-induced the activation of
MAPK pathway in macrophages. As shown in Fig. 4B, overexpression of Matr3 significantly increased the
m6A modification on MAPK pathway-related genes, such as Map2k7 and Map3k11, inflammatory-related
genes, type 1 IFN receptor chain 1 (INFAR1), and Arginase-1 (Arg-1). Besides, overexpression of Matr3
significantly increased the binding of Ythdf2/3 on Map2k7 and Map3k11 (Fig. 4C). Considering that
Ythdf2 and Ythdf3 are reported to regulate pre-mRNA splicing and RNA decay[28, 29], we further
investigated whether Matr3 affected the stability of Map2k7 and Map3k11 mRNAs, and found that
overexpression of Matr3 significantly promoted Map3k11 and Mapk14 mRNAs degradation (Fig. 4D and
4E). Moreover, we found that overexpression of Matr3 significantly decreased oxLDL-induced the up-
regulated phosphorylation expressions of P38 and JNK (Fig. 4F). In addition, overexpression of Matr3
also significantly inhibited oxLDL-induced the up-regulated expressions of inflammatory factors, IL-6 and
TNFα in macrophages (Fig. 4G and 4H). Overall, these results indicate that Matr3 suppresses oxLDL-
induced inflammatory responses in macrophages through promoting MAPK pathway-related gene decay
by Ythdf2/3.

oxLDL stimulation decreases Matr3 protein expression in macrophages in an m6A-YTHDF2-dependent
manner.
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Next, to investigate whether oxLDL stimulation affects Matr3 expression in macrophages, we re-analyzed
the published single-cell RNA sequencing (scRNA-seq) data of atherosclerotic plaque derived
macrophages (GSE154692). As shown in Fig. 5A and Supplemental Fig. 3A, during macrophage
differentiation and macrophage polarization, Matr3 expression decreased in pro-inflammatory
macrophages. Furthermore, RT-PCR, immunofluorescence, and Western blotting analysis verified that
oxLDL stimulation significantly reduces MATR3 mRNA and protein expressions in macrophages (Fig. 5B,
5C and 5D). Subsequently, to explore the regulatory mechanism of Matr3 expression in macrophages
under oxLDL stimulation, we detected the m6A modification levels on Matr3 and found oxLDL did not
influence the m6A modification level of Matr3 mRNA (Fig. 5E), suggesting that oxLDL stimulation
affecting Matr3 protein expression may be depends on post-transcriptional regulation. Furthermore,
sequencing mapping analysis showed that new m6A modification sites appeared on the CDS region of
Matr3 mRNA under oxLDL stimulation, indicating m6A sites on Matr3 mRNA shift (Supplemental Fig.
3B). Moreover, RIP and mRNA stability analysis showed that oxLDL stimulation evidently promoted
Ythdf2 binding on Matr3 mRNA in macrophages (Fig. 5F) and promoted Matr3 mRNA decay (Fig. 5G).
Overall, these results indicate that oxLDL stimulation decreases Matr3 protein expression in
macrophages in an m6A-YTHDF2-dependent manner.

Matr3 alleviates atherosclerosis development in vivo.

To further investigate the role of Matr3 on atherosclerosis development in vivo, atherosclerosis mice
model was established using ApoE-/- mice fed with western diet (WD). As shown in Fig. 6A,
immunofluorescent staining showed that Matr3 expression in the CD68-positive macrophages in the
atherosclerotic plaque area of APOE-/- mice was significantly lower, compared to the normal control
group. Besides, m6A modification level in the CD68-positive macrophages in the atherosclerotic plaque
area was also significantly decreased, compared to the normal control group (Fig. 6B). Next, Matr3
overexpression in APOE-/- mice was established by injected with lentiviruses via the tail vein, and then fed
with western diet to induce atherosclerosis. En face aorta analysis showed that the lesion area was
significantly smaller in the LV-Matr3 group, compared to control LV-NC group (Fig. 6C), and HE analysis
also confirmed (Fig. 6D). Finally, we further examined the m6A level and Matr3 expression level in
peripheral blood mononuclear cells (PBMCs) from patients with coronary artery disease (CAD) or health
volunteers (N). As shown in Fig. 6E and 6F, consistent to our hypothesis, m6A modification level and
Matr3 protein expression levels were significantly decreased in the CAD group, compared to control.
Collectively, these results indicate that Matr3 alleviates atherosclerosis development in vivo, and Matr3
expression is decreased in the peripheral blood mononuclear cells from patients with CAD.

Discussion
Atherosclerosis is characterized as the chronic inflammation of the arterial wall, and eventually leads to
acute cardiovascular events[30]. As atherosclerosis cases rise year by year globally, illuminating the
underlying mechanism of atherosclerosis is getting more and more attention. Besides smoking,
hypercholesterolemia, hypertension, hyperglycemia, and genetic factors function important roles in
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atherosclerosis[11–14], global trends in Atherosclerosis research is in the epigenetics field nowadays[31].
Recent study reports a marked downregulation of m6A in rRNA through analyzing carotid atherosclerotic
lesion samples representing early and advanced stages of atherosclerosis compared to non-
atherosclerotic arteries from healthy controls[21]. In this study, we explored the roles of m6A methylation
on macrophages-mediated inflammatory response during atherosclerosis, and found that oxLDL
stimulation increases methyltransferases Mettl3 and Mettl14 expressions in macrophages, whereas the
total m6A modification level in macrophages decreases under oxLDL stimulation. We firstly identify
Matr3 as protective factor, which inhibits activation of pro-inflammatory signaling, mitogen-activated
protein kinase (MAPK) by m6A-mediated mRNA decay via regulating the formation of Mettl3-Mettl14
complex in macrophages.

Matr3, as an RNA-binding nuclear protein, plays vital roles in regulating chromosomal and genomic
integrity, RNA-binding mediated post-transcriptional mRNA regulation, and nuclear lamina association to
maintain nuclear framework[32, 33]. Recently, mutations in Matr3 have been to be involved in the
pathopoiesis of amyotrophic lateral sclerosis by altering protein-protein interactions and impeding mRNA
nuclear export[24]. In this study, we find that Matr3 expression is decreased in the oxLDL-stimulated
macrophages, and the peripheral blood mononuclear cells from patients with CAD, and overexpression of
Matr3 significantly inhibits oxLDL-induced inflammatory responses in macrophages, and alleviates
atherosclerosis development. In mechanism, Matr3 inhibits oxLDL-induced activation of pro-
inflammatory signaling, mitogen-activated protein kinase (MAPK) by m6A-mediated mRNA decay via
regulating the formation of Mettl3-Mettl14 complex in macrophages. Previous study identified
approximately 50 Matr3 interacting proteins in NSC-34 cells, and most of these proteins are within the
TRanscription and Export (TREX) protein complex that regulates mRNA nuclear export[24]. Whether Matr3
also affects the nuclear export of inflammation-related genes in macrophages during atherosclerosis
development needs further investigation. In addition, Matr3 expression in neural stem cells has been
suggested to maintain the undifferentiated state, albeit limited to morphological observations[34].
Through re-analysis of the scRNA-seq data of atherosclerotic plaque derived macrophages, we find that
during macrophage differentiation and macrophage polarization, Matr3 expression decreased in pro-
inflammatory macrophages. Whether Matr3 is involved in the macrophage differentiation and
macrophage polarization during during atherosclerosis development needs to be further investigated in
the following studies.

Mettl3-Mettl14 methyltransferase complex has been studied widely for its role in generating m6A
formation within an RRACH sequence context in RNA[35]. Recent study has reported that the Mettl3-
Mettl14 methyltransferase complex methylates its target RNAs not only sequence but also secondary
structure dependent. RNA secondary structure dependence in Mettl3-Mettl14 mRNA methylation is
modulated by the N-terminal domain of Mettl3[36]. In this study, we find that Matr3 has weak binding on
Mettl14 in macrophages, but has strong binding on Mettl3. Whether Matr3 interacting with Mettl3
enhances the methyltransferase activity of Mettl3-Mettl14 complex, and whether Matr3 affects the
function of the N-terminal domain of Mettl3 need to be further investigated.
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In conclusion, out study explores the roles of m6A methylation on macrophages-mediated inflammatory
response during atherosclerosis. We for the first time identifies Matr3 to function a suppressive role on
oxLDL-mediated macrophage inflammatory responses through inhibiting activation of MAPK signaling
by m6A-mediated mRNA decay via regulating the formation of Mettl3-Mettl14 complex, resulting in
alleviating atherosclerosis development. Although the relationships between m6A modification and
atherosclerosis are still unclear and need more attention in the future, our study suggests Matr3 may be a
potential target for atherosclerosis treatment.
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Figures

Figure 1

oxLDL stimulation decreases m6A modification level in macrophages. A: Detection of m6A modification
levels of total RNA from oxLDL-treated macrophages by dot blot; B and C: Western blotting analysis of
the indicated proteins in macrophages treatment with various concentrations of oxLDL for 24h (GAPDH
as an endogenous control); D: The distributions of m6A peak on the mRNA regions in the control and
oxLDL-treated groups; E: Heatmap analysis of differentially expressed genes between control and oxLDL-
treated groups; F: KEGG pathway analysis of differentially expressed genes between control and oxLDL-
treated groups.
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Figure 2

Matrin-3 (Matr3) promotes the formation of Mettl3-Mettl14 complex formation.

A: Venn diagram of Metll3 and Mettl14 interacting proteins; B: co-IP analysis of the interaction of Matr3
and Mettl14 in macrophages; C: co-IP analysis of the interaction of Matr3 and Mettl3 in macrophages; D:
co-IP analysis of the interaction of Myc-Matr3 and Flag-Mettl3 in 293T cells transfected with pCMV3-N-
MYC-Mettl3 plasmid and pCMV3-N-FLAG-Matr3 plasmid for 24h; E: Fluorescence analysis of the co-
localization of Mettl3 and Matr3 in macrophages (Nucleus, blue); F: co-IP analysis of the interaction of
Matr3 and Mettl3 in macrophages treated with oxLDL (40 μg/ml) or not for 24h with anti-Mettl3
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antibodies; G: co-IP analysis of the interaction of Mettl3 and Mettl14 in macrophages transfected with
pCMV3-N-FLAG-Matr3 with anti-Mettl3 antibodies; H: co-IP analysis of the interaction of Mettl3 and
Mettl14 in macrophages transfected with si-Matr3 with anti-Mettl3 antibodies; I: Macrophages were
transfected with pCMV3-N-MYC-Mettl3 plasmid and/or pCMV3-N-FLAG-Matr3 plasmid for 24h, and then
treated with oxLDL (40 μg/ml) or not for 24h. co-IP analysis of the interaction of Mettl3 and Mettl14 using
anti-Mettl14 antibody with native-gels. 

Figure 3

Matr3 is involved in promoting mRNA m6A modifications, which dependents on the Mettl3-Mettl14
complex.

A: Coomassie blue staining of purified Flag-tagged Matr3 recombinant proteins; B: LC-MS/MS analysis of
the m6A/A percent in total mRNA in macrophages transfected with pCMV3-N-FLAG-Mettl14 plasmid or
pCMV3-N-FLAG-Matr3 plasmid; C: RIP analysis of the m6A modification level on the PGC-1α mRNA in
macrophages transfected with pCMV3-N-FLAG-Matr3 plasmid or pCMV3-N empty vector by anti-m6A
antibodies; D: RIP analysis of the interaction of Matr3 and PGC-1α mRNA in macrophages transfected
with pCMV3-N-FLAG-Matr3 plasmid or pCMV3-N empty vector by anti-FLAG antibodies; E: FISH analysis
of the co-localization of Matr3 and PGC-1α mRNA in macrophages (Nucleus, blue); F: RIP analysis of the
m6A modification level on the PGC-1α mRNA in macrophages transfected with pCMV3-N empty vector,
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pCMV3-N-FLAG-Matr3 plasmid and pCMV3-N-FLAG-Matr3 plasmid+si-Mettl3 by anti-m6A antibodies. *P <
0.05. The data represent three independent experiments.

Figure 4

Matr3 inhibits oxLDL-induced MAPK pathway activation dependent on m6A-mediated mRNA decay.

A: MeRIP-seq mapping analysis of the distributions of m6A peak on Map2k7 and Map3k11 genes; B: RIP
analysis of the m6A modification levels on Map3k11, Map2k7, Tnfaip1, Ifnar1 and Arg1 mRNAs in
macrophages transfected with pCMV3-N empty vector (EV) or pCMV3-N-Myc-Matr3 plasmid by anti-m6A
antibodies; C: RIP analysis of the interactions of YTHDF1/2/3 and Map3k11/Map2k7 mRNA in
macrophages transfected with pCMV3-N empty vector (EV) or pCMV3-N-FLAG-Matr3 plasmid by anti-
YTHDF1/2/3 antibodies; D: qRT-PCR analysis of the stability of Map3k11 mRNA in macrophages
transfected with pCMV3-N empty vector (EV) or pCMV3-N-FLAG-Matr3 plasmid; E: qRT-PCR analysis of
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the stability of Map2k7 mRNA in macrophages transfected with pCMV3-N empty vector (EV) or pCMV3-N-
FLAG-Matr3 plasmid; F: Western blotting analysis of the indicated proteins in macrophages transfected
with pCMV3-N empty vector (EV) or pCMV3-N-FLAG-Matr3 plasmid for 24h, and then treated with oxLDL
(40 μg/ml) for 24h; G and H: ELISA analysis of the IL-6 or TNA-α secretions in macrophages transfected
with pCMV3-N empty vector (EV) or pCMV3-N-FLAG-Matr3 plasmid for 24h, and then treatment with
oxLDL (40 μg/ml) for 24h. *P < 0.05. The data represent three independent experiments.

Figure 5

oxLDL stimulation decreases Matr3 protein expression in macrophages in an m6A-YTHDF2-dependent
manner.

A: scRNA-seq analysis of Matr3 expression during the phenotype transformation of macrophages (upper:
macrophages subtypes; middle: pseudo-time analysis; bottom: Matr3 expression change); B: qRT-PCR
analysis of Matr3 mRNA expression in macrophages treated with oxLDL (40 μg/ml) for different hours; C:
Western blotting analysis of Matr3 protein expression in macrophages treated with oxLDL for 24h; D:
Fluorescence analysis of the distribution of Matr3 in macrophages treated with oxLDL (40 μg/ml) or not
for 24h (Nucleus, blue); E: RIP analysis of the m6A modification levels on Matr3 mRNA in macrophages
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treated with oxLDL (40 μg/ml) for 24h; F: RIP analysis of the interaction of Ythdf1/2/3 protein and Matr3
mRNA in macrophages treated with oxLDL (40 μg/ml) for 24h; G: qRT-PCR analysis of the stability of
Matr3 mRNA in macrophages treated with oxLDL (40 μg/ml) or not for 24h. *P < 0.05. The data represent
three independent experiments.

Figure 6

Matr3 alleviates atherosclerosis development in vivo.

A: Immunofluorescence analysis of Matr3 (green) and CD68 (red) expression in the normal aortic regions
of normal mice (Control) or atherosclerotic plaque regions of AS model mice, respectively; B:
Immunofluorescence analysis of m6A (green) and CD68 (red) expression in the normal aortic regions of
normal mice (Control) or atherosclerotic plaque regions of AS model mice, respectively; C: Representative
images and quantification of the aorta en face lesion stained with oil red O in the indicated group (n=8);
D: Representative images and quantification of the aortic necrotic core area stained with HE in the aortic
root (n=8); E: dot blot analysis of m6A modification levels of total RNA in PBMCs isolated from health



Page 22/22

volunteers or patients with CAD; F: Western blot analysis of Matr3 protein expression in PBMCs isolated
from health volunteers or patients with CAD.
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