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Endothelial METTL3 (Methyltransferase-Like
3) Inhibits Fibrinolysis by Promoting PAI-1
(Plasminogen Activator Inhibitor-1) Expression

Through Enhancing Jun Proto-Oncogene
N6-Methyladenosine Modification

Qin Bali, Yao Lu, Yanhua Chen, Han Zhang, Weiwei Zhang, Huang Wu‘®, Aiging Wen

0BJECTIVE: METTL3 (methyltransferase-like protein 3)-mediated Né-methyladenosine modification is the most abundant RNA
modification on eukaryote mRNAs and plays a crucial role in diverse physiological and pathological processes. However,
whether Né-methyladenosine modification has function in thrombosis is unknown. This study aims to determine the role of
METTLS3 in the endothelial cells-mediated thrombosis.

APPROACH AND RESULTS: RNA-sequencing and real-time quantitative PCR revealed that the expression of PAI-1 (plasminogen
activator inhibitor-1) was downregulated in METTL3 knockdown human umbilical vein endothelial cells. In vitro experiments
showed that METTL3 suppressed fibrinolysis. Mechanically, RNA methylation sequencing and meRIP-quantitative real-time
PCR showed that METTLS3 catalyzed Né-methyladenosine modification on 3" UTR of JUN mRNA. Western blotting analysis
showed that METTL3 promoted JUN protein expression. Chromatin immunoprecipitation analysis demonstrated that JUN
bound to the PAI-1 promoter in human umbilical vein endothelial cells. Furthermore, mice challenged with lipopolysaccharide
resulted in higher METTLS3 expression in vessels. Endothelial-specific knockdown of Mettl3 decreased expression of active
PAI-1 in plasma and attenuated fibrin deposition in livers and lungs during endotoxemia.

CONCLUSIONS: Our study reveals that METTL3-mediated N8-methyladenosine modification plays a crucial role in fibrinolysis
and is an underlying target for the therapy of thrombotic disorders.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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endothelium and play an essential regulatory role

in physiological processes, such as angiogenesis,
vascular permeability, coagulation, platelet activation,
and fibrinolysis." Normally, the endothelium regulates
hemostatic balance by releasing procoagulant and anti-
coagulant factors including vVWF (von Willebrand factor)
and TFPI (tissue factor pathway inhibitor) to regulate
platelet function and coagulation system.?2 Besides,

Endothelial cells form the inner layer of the vascular

endothelium expresses the main fibrinolytic components
tPA (tissue-type plasminogen activator), u-PA (uroki-
nase plasminogen activator), and profibrinolytic factor
PAI-1 (plasminogen activator inhibitor-1), to maintain
the fibrinolytic and antifibrinolytic balance.® Although the
regulation of transcription factors*® and posttranscrip-
tional mechanisms such as miRNAs®" are involved in the
regulation of hemostatic balance have been intensely
investigated, it remains obscure whether epigenetic
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Nonstandard Abbreviations and Acronyms

Highlights

elF3 eukaryotic initiation factor3
HNRNP heterogeneous nuclear ribonucleoprotein
HUVEC human umbilical vein endothelial cell

IGF2BP1-3 insulin-like growth factor 2 mRNA-
binding protein family

JUN jun proto-oncogene

m°A N6-methyladenosine

METTL3 methyltransferase-like protein 3
PAI-1 plasminogen activator inhibitor-1
PPRC2A  proline-rich coiled-coil 2A

qPCR quantitative real-time PCR

TFPI tissue factor pathway inhibitor
tPA tissue-type plasminogen activator
u-PA urokinase plasminogen activator
vWF von Willebrand factor

WT wild-type

YTHDF1 YTH-domain family protein 1

mechanisms, particularly N6-methyladenosine (mPA)
modification, are involved in this process.

mOA is one of the most abundant RNA modifications
in eukaryotes® m®A modification is catalyzed by RNA
methyltransferase complex (METTL3 [methyltransfer-
ase-like protein 3]/METTL14/WTAP),? recognized by
mSA reader proteins (YTHDF1-3 [YTH-domain fam-
ily protein 1], IGF2BP1-3),'%"" and removed by m°A
demethylases: (FTO and ALKBHb).'>"® METTL3 acts
as the core component of the methyltransferase com-
plex and plays a vital role in the biological process such
as embryonic development,'* hematopoietic stem cell
differentiation,”™ spermatogenesis,'® and brain devel-
opment.'  Endothelial-specific knockdown of Metl3
in mouse embryos impairs definitive hematopoiesis.’®
Knockdown of METTL3 increases endothelial cell
migration and endothelial-specific Mettl3 knockdown
inhibits pathological angiogenesis in vivo.'® However, the
role of METTLS3 in endothelial cell-mediated coagula-
tion remains to be investigated.

In this study, we found that knockdown of METTL3
significantly decreased PAI-1 expression and promoted
fibrinolysis in vitro. Furthermore, methylated RNA immu-
noprecipitation sequencing (MeRIP-seq), MeRIP-quan-
titative real-time PCR (MeRIP—qPCR), and chromatin
immunoprecipitation assay revealed that METLL3 medi-
ated the m®A modification of 3" UTR of JUN mRNA and
JUN regulated PAI-1 transcription in human umbilical
vein endothelial cells (HUVECs). METTL3 promoted the
translation of JUNMRNA in an m°A-YTHDF 1-dependent
manner. METTL3 was upregulated in vessels of lipopoly-
saccharide-treated mice. Endothelial-specifical METTL3
knockdown decreased plasma active PAI-1 levels and
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« Endothelial  METTL3 (methyltransferase-like 3)
inhibits fibrinolysis by upregulating PAI-1 (plasmino-
gen activator inhibitor-1) expression.

* METTLS3 promotes the expression of PAI-1 through
the  N6-methyladenosine-Jun  proto-oncogene-
YTHDF1 (YTH-domain family protein 1) pathway.

* High expression of METTL3/N6-methyladenosine/
Jun proto-oncogene/PAl-1 are detected in the
blood vessels of endotoxemia mice.

* And endothelial-specific knockdown of Metil3
alleviated fibrin deposition by reducing the lev-
els of active PAI-1 in lipopolysaccharide-induced
endotoxemia mice.

alleviated fibrin deposition in endotoxin-treated mice.
Thus, METTLS could be a potential therapeutic target for
endotoxin-induced thrombosis.

MATERIALS AND METHODS

Data that support the study can be obtained upon reasonable
request. Additional information on materials used can be found
in the Major Resources Table in the Data Supplement.

Cell Culture

HUVECs were cultured in Endothelial Cell Medium (Science
Cell). HEK-293FT cells were cultured with DMEM (Gibco) sup-
plemented with 10% FBS (Gibco). All cell lines were incubated
at 37°C and 5% CO, in a humidified atmosphere. For lipopoly-
saccharide experiments, HUVECs were stimulated by 1 pg/mL
lipopolysaccharide (Sigma) as previously described.?°?! After 4
hours, the cells were collected and assayed.

Fibrin Formation and Lysis Assay

Fibrin formation and lysis assay were performed as
described.?>?* Cells were counted using an automated cell
counter (Countstar, China), and the equal number of cells were
plated in a 96-well plate. Culture medium was rapidly removed
from the HUVECs. Subsequently, 2 mg/mL fibrinogen (Sigma),
5 mmol/L CaCl, (Sangon, China), 1 nM thrombin (Sigma),
20 mmol/L HEPES (Sangon, China), and 150 mmol/L NaCl
(Sangon, China) were added. For fibrinolysis assays, 1 nM tPA
(Sigma) and 50 nM plasminogen (Sigma) were added after
fibrin formation. Fibrin formation and lysis were detected by
turbidity at 405 nm in microplate readers (TECAN, Austria).

Lentiviral Plasmid Construction and Lentiviral
Infection

Overexpressed plasmids and shRNA were cloned to
the pHAGE-EF1a-IRES-ZsGree-Puro or pLKO.1 vec-
tors, respectively. To obtain lentiviral particles, HEK293T
cells were transiently transfected with constructs (pLKO.1
or pHAGE-EF1a-IRES-ZsGree-puro vectors), psPAX2
and pMD2.G. HUVECs were infected with lentivirus to
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knockdown or overexpress target genes of interest. All
shRNA sequences and protein overexpressed sequences
were listed in the Data Supplement.

Western Blot Analysis

Protein sample separated on SDS-PAGE, transferred onto
0.45 pm PVDF membranes (Millipore), blocked with 3%
BSA, incubated overnight at 4°C with primary antibodies
against METTL3 (ABclonal, China), PAI-1 (Abcam), YTHDF1
(Proteintech), JUN (Cell Signaling Technology), GAPDH
(Proteintech), Fibrin (Merck, Germany), and detected using
chemiluminescence. Densitometry analysis was performed
using ImagedJ software (National Institutes of Health) by mea-
suring the band intensity for each group, and the data were
normalized to GAPDH as an internal control.

RT-PCR and qPCR

Total RNA was extracted with Trizol (Thermo Fisher Scientific).
Subsequently, cDNA was synthesized with a PrimeScript RT
Master Mix (Takara, Japan). The mRNA expression levels were
quantified by gPCR on CFX connect real-time PCR system
(Bio-rad), using THUNDERBIRD SYBR gPCR Mix (Toyobo,
Japan) and were normalized to the expression of GAPDH.
The 2724¢t method was used to calculate the relative expres-
sion levels of MRNA. Sequences of the primers were listed in
the Data Supplement.

MeRIP-Seq and MeRIP qPCR

mSA-IP and library preparation were proceeded according
to previous study.?® In brief, fragmented RNA was incubated
with Dynabeads Protein G (Thermo Fisher Scientific) pre-
mixed with anti-m°A antibody (Abcam) at 4°C. The complex
was washed with low-salt IP buffer and high-salt IP buffer,
respectively. The m8A-enriched fragmented RNA was eluted
with RLT Buffer (QIAGEN, Germany) and extracted using
Dynabeads MyOne SLINE beads (Thermo Fisher Scientific).
Both input and m°A IP samples were prepared for the next-
generation sequencing by the Novogene (Beijing, China).
The mPA-enriched motifs were identified by HOMER, and g
value threshold of peak <0.05 was applied for all data sets.
Sequencing data have been deposited in the Gene Expression
Omnibus (GEO) under accession code GSE158364.

For MeRIP-gPCR, cDNA was synthesized from fragmented
RNA using SuperScript Il Reverse Transcriptase (Thermo
Fisher Scientific). GAPDH was used as a negative control as
previously reported?® Sequences of the primers for MeRIP-
gPCR were listed in the Data Supplement.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation assay performed as previ-
ously described?® with some modifications. Briefly, HUVECs
were fixed by formaldehyde and followed by sonication to
achieve DNA shearing. Sheared chromatins incubated with
Dynabeads Protein G (Thermo Fisher Scientific) coated
with anti-JUN (Cell Signaling Technology) or anti-rabbit IgG
(Abcam) antibody. The complex was washed with buffer (high
salt wash buffer, LiCl wash buffer, and TE buffer) and eluted
by elution buffer. The reverse formaldehyde crosslinking was
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carried by adding NaCl and DNA purified by Dynabeads MyOne
SLINE beads (Thermo Fisher Scientific). Inmunoprecipitated
DNA was detected by PCR and agarose gel electrophoresis.
Sequences of the primers for chromatin immunoprecipitation-
PCR were listed in the Data Supplement.

RNA Sequencing

For RNA-seq, total RNAs from shMETTL3 and scramble
HUVECs were isolated with Trizol. The library preparations
were sequenced by the Novogene (Beijing, China). Adjusted
<0.05 and fold change >2 were considered as significantly
differentially expressed transcripts. Gene ontology terms were
considered significantly differentially expressed if showing
<0.05. The differentially expressed genes were provided in
Table | in the Data Supplement. Sequencing data have been
deposited in the Gene Expression Omnibus (GEO) under
accession code GSE157544.

méA Quantification Assay

RNA was extracted using Trizol and subjected to m°A quan-
tification using the m°A RNA Methylation Quantification Kit
(Colorimetric) (Abcam) in biological triplicate. Relative m°A
RNA methylation levels were calculated according to the man-
ufacturer's protocol.

Animals

The wild-type mice (C57BL/6J) were purchased from
Experimental Animal Center, Daping Hospital of Army Medical
University (Chongging, China). Mettl3 floxed mice were kindly
provided by Dr Minghan Tong (CAS Center for Excellence in
Molecular Cell Science, Shanghai Institute of Biochemistry
and Cell Biology, Chinese Academy of Sciences, Shanghai,
China). Tie2-Cre mice (Tg (Tek-Cre)'™*) were from The
Jackson Laboratory. Mettl3 floxed mice and Tie2-Cre mice
were mated to obtain endothelial-specific Mettl3 knockdown
mice. The study was performed with male and female mice.
Male and female mice were maintained under SPF conditions.
Mice were under general anesthesia during experiments. We
found that there was no sex difference in the results of the
experiment. Data from male and female were pooled for anal-
ysis. For peripheral blood analysis, a small amount of blood
was collected into EDTA tube via the retro-orbital plexus. For
the endotoxemia model, mice were intraperitoneally injected
with lipopolysaccharide (10 mg/kg of body weight) from
Escherichia coli (O111:B4, Sigma). For ELISA sample prepa-
ration, blood was drawn from the inferior vena cava with or
without an anticoagulant, followed by centrifugation. The mice
were sacrificed by cervical dislocation and tissues (thoracic
aorta, inferior vena cava, liver, and lung) collected and ana-
lyzed by gPCR, Western blot or immunohistochemistry, and
HE-staining. The animal experiments were authorized by the
Institutional Animal Care and Use Committee of Army Medicall
University (Chongging, China).

Fibrin Extraction

Fibrin extraction was performed as previously described.?” In
brief, tissues were homogenized in 10 volumes (mg: pl) of RIPA
buffer containing PMSF. After centrifugation at 10000g for 10
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minutes, the supernatant was collected for GAPDH detection.
The pellet was homogenized in 3 mol/L urea and vortexed at
1500 rpm for 2 hours at 37 °C by thermomixer C (Eppendorf,
Germany) and centrifuged at 14000g for 156 minutes. The pel-
let was suspended and vortexed at 65°C for 30 minutes in
reducing SDS buffer.

Isolation Endothelial Cells From Mouse Tissues
Endothelial cells isolated from mouse livers and lungs were
performed as previously reported.?6?® Tissues were mechani-
cally minced with scissors and digested with collagenase at
37°C for 45 minutes. Incubated in red blood cell lysis buffer
and filtered through a 70-um strainer, the single-cell suspen-
sion was incubated with CD31-conjugated Dynabeads. Cells
were washed with PBS using a magnetic rack. Cells were
plated in 6-well plate at 37°C in the incubator until confluent.
Cells were resuspended and inoculated with ICAM2-coated
Dynabeads. Washing and plating were performed as described.

HE Staining and IHC

Tissues were fixed by formaldehyde and embedded in paraf-
fin. For hematoxylin-eosin staining, the sections were stained
with hematoxylin and eosin and analysis of thrombi deposition.
For immunohistochemistry, microvascular fibrin-rich thrombi in
paraffin-embedded livers and lungs were analyzed by immu-
nostaining using fibrin antibody (Merck, Germany) and IgG anti-
body (Abcam). Images were taken by microscope (OLYMPUS,
Japan). The signal intensity was measured using Imaged soft-
ware (National Institutes of Health).

Immunofluorescence

Immunofluorescence was performed as previously described.®
Briefly, cells were fixed with 4% paraformaldehyde, permeabili-
zation with 0.5% Triton X-100. Then, the cells were sequentially
incubated with primary antibody for PAI-1 (Abcam) and fluo-
rescent secondary antibody. The nuclei were counterstained
with DAPIL. Images were taken by fluorescent microscope
(OLYMPUS, Japan). The signal intensity was measured using
ImagedJ software (National Institutes of Health).

ELISA

Levels of total PAI-1 and active PAI-1 in the plasma were
determined using commercial ELISA kits (Total PAI-1 kit
from Elabscience, China and active PAI-1 kit from Molecular
Innovations, Inc).

Statistical Analysis

All statistical analyses were performed at least 3 independent
biological or experimental replicates (for cell n>3, for mice >6).
Statistical tests were carried out using GraphPad Prism soft-
ware (version 7.0). Data were tested for normality and equal
variance. Data were normally distributed, parametric tests
(2-tailed unpaired Student t tests) were used to determine
statistical significance and presented as mean+SEM. For the
data that were not normally distributed, nonparametric tests
(the Mann-Whitney U test) were performed and shown as
median£SD. Data are presented with a value of A<0.05 con-
sidered statistically significant.
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RESULTS

METTL3 Increases PAl-1 Expression and
Suppresses Fibrinolysis In Vitro

Since METTLS3 plays critical role in lots of biological pro-
cesses, we suspected that METTLS3 could have additional
functions in endothelial cells. We generated METTL3
stable knockdown HUVECs (Figure 1A and 1B) followed
by RNA-seq analysis. We identified 315 differentially
expressed genes (183 genes were downregulated, and
132 genes were upregulated; Figure 1C). Gene ontology
enrichment analysis revealed that genes associated with
cell migration and blood coagulation systems were down-
regulated (Figure 1D), whereas upregulated genes were
enriched in matrix organization and epithelium morpho-
genesis (Figure 1D). Consistent with our gene ontology
analysis, METTL3 promoted endothelial cell migration.
Furthermore, blood coagulation system-related genes
including ITGA2, SLC7A11, TFP, and SERPINE 2 were
reduced (Figure IA in the Data Supplement). PAI-1 was
significantly decreased in METTL3 KD HUVECs (Fig-
ure 1E). Quantitative PCR (gPCR) (Figure 1F), Western
blot (Figure 1G), and immunofluorescence (Figure IB in
the Data Supplement) analysis showed that METTL3
knockdown impaired expression of PAI-1. PAI-1 is the
principal inhibitor of tPA and u-PA and plays pivotal role
in the regulation of fibrinolysis.?" Our data showed that
METTL3 knockdown had little effect on tPA and u-PA
expression (Figure IC in the Data Supplement) and ele-
vated PAI-1 levels in endothelial cells impaired fibrinolytic
ability (Figure ID through IF in the Data Supplement).

To identify the role of METTLS in fibrin formation and
fibrinolysis, fibrin formation and fibrinolysis assays???*3?
were carried out in shMETTL3 HUVECs and scramble
HUVECs. As shown in Figure 1H, the final peak turbidi-
ties of clots and the time to reach the maximum turbidity
were similar in shAMETTL3 and scramble HUVECs, but
knockdown of METTL3 enhanced fibrinolysis compared
with the scramble HUVECs (Figure 1H).

In addition, we upregulated METTL3 expression via
the gain-of-function analysis. Overexpression of METTL3
resulted in upregulation of PAI-1 in HUVECs (Figure 1l
and 1J; Figure |G in the Data Supplement) and inhib-
ited fibrinolysis (Figure 1K). Moreover, overexpression
of METTLS3 in shMETTL3 HUVECs also restored the
gene expression of PAI-1(Figure 1L and 1M; Figure IH
and Il in the Data Supplement) and impaired fibrinolysis
(Figure 1N) in METTL3 knockdown HUVECs. Therefore,
these results showed that METTL3 could promote PAI-1
expression and suppress fibrinolysis in vitro.

METTL3 Regulates m°fA Level of JUN mRNA
and Promotes JUN Protein Expression

To investigate the potential mechanism of METTL3
regulating the expression of PAI-1, we carried out
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Figure 1. METTL3 (methyltransferase-like protein 3) increases PAI-1 (plasminogen activator inhibitor-1) expression and
suppresses fibrinolysis in vitro.

A, Human umbilical vein endothelial cells (HUVECSs) were infected with control (scrambled) lentivirus or METTL3 shRNA lentivirus, and the mRNA
level of METTL3 was analyzed by gPCR (n=3, data are mean+SEM). B, The protein level of METTL3 in shAMETTL3 HUVECs was measured

by Western blot (n=3, data are meantSEM). C, Volcano plots showed differentially expressed transcripts in shAMETTL3 HUVECS vs control
HUVEC:s, including 183 downregulated genes and 132 upregulated genes (fold change >2 and adjusted /<0.05). D, Top gene ontology (GO)
biological process categories enriched in downregulated and upregulated genes (blue color represents downregulated genes and red color
represents upregulated genes). E, Heat map of top 20 differentially expressed genes in shsMETTL3 HUVECs. F and G, The mRNA level (F) and
protein level of PAI-1 (G) were determined in control and shMETTL3 HUVECs (n=3, data are meant+SEM). H, Fibrin formation and fibrinolysis
were shown in shMETTL3 HUVECs and control cells (n=3, data are mean+SEM). I and J, The expression of PAI-1 was detected by Western
blot (I) and quantitative real-time PCR (qPCR) (J) in METTLS overexpressed and control cells (empty vector: EV, n=3, data are meanSEM). K,
Fibrin formation and fibrinolysis were shown in METTL3 overexpressed and control cells (n=3, data are meantSEM). L and M, The expression of
METTL3 and PAI-1 in shMETTL3 HUVECs infected WT METTL3 (shMETTL3+OE METTL3) and control cells (sShMETTL3+EV) were measured
by western blot (L) and gPCR (M) (n=3, data are mean=SEM). N, Fibrinolysis was shown in shMETTL3 HUVECs infected WT METTL3
(ShMETTL3+OE METTLS) and control lentivirus (ShMETTL3+EV) (Abs indicates absorbance, n=3, data are meantSEM).
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MeRIP-seq in HUVECs. MeRIP-seq analysis revealed
that mPA peaks in HUVECs significantly enriched in the
RRACH motif (Figure 2A) and predominantly localized
coding sequences (CDS), 3" untranslated regions (3
UTRs), and stop codons (Figure 2B and 2C). mRNAs of
many genes (59.82%) contain a single m°A peak (Fig-
ure llA in the Data Supplement). Overall, the results of
our m°A MeRIP-seq analysis were consistent with the
published mPA features,?*3* which indicated that we suc-
cessfully performed m°fA MeRIP-seq and analysis in
HUVECSs. m°A track of individual transcripts showed that
hypomethylation sites in PAI-17 mRNA (Figure 1IB in the
Data Supplement) but m°A peaks were enriched near
the proximal 3" UTR of JUN mRNA (Figure 2D). m°A
enrichment in 3 UTR of JUN mRNA was validated by
MeRIP-gPCR assay in HUVECs (Figure 2E). Colorimet-
ric quantification assay revealed that METTL3 silencing
decreased the global m°A modification level (Figure IIC
in the Data Supplement).

To verify m®A-modified JUN mRNA is regulated by
METTL3, we performed MeRIP-gPCR in shMETTL3

METTLS3 Inhibits Fibrinolysis

and scramble HUVECs. The results showed that
knockdown of METTL3 reduced the m°A modifica-
tion of JUN mRNA 3 UTR (Figure 2F). This evidence
suggested that JUN mRNA is the potential target
of METTL3. Then, we examined whether METTL3
regulated RNA and protein expression of JUN in
HUVECs. Intriguingly, METTL3 knockdown had little
effect on the abundance of JUN mRNA (Figure 2G)
but reduced protein levels of JUN (Figure 2H).
METTL3 overexpression increased JUN protein lev-
els (Figure 21) without changing JUN mRNA levels
(Figure 2J). Moreover, overexpression of METTL3
in shAMETTL3 HUVECs restored JUN protein levels
(Figure 11D in the Data Supplement). JUN regulates
gene expression by interacting with specific target
DNA sequences.®® We analyzed METTL3 knockdown
HUVECs RNA-seq data combining PROMO?®® and
found that >30% of the top 50 differential expres-
sion genes in METTL3 knockdown HUVECs were
regulated by JUN (Figure IIE and IIF in the Data
Supplement).
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Figure 2. METTL3 (methyltransferase-like 3) regulates N6-methyla
expression.

denosine (m°A) level of JUN mRNA and promotes protein

A, Sequence motif identified m°A peaks in human umbilical vein endothelial cells (HUVECs). The total height of the letters depicts the
information content of the position, in bits. B, Pie chart depicted the fraction of m®A peaks distribution in 5 transcript segments. C, Metagene
profiles of m°A peak distribution. Each transcript was divided into 3 rescaled nonoverlapping segments: 5" UTR, CDS, and 3" UTR. D, The
abundance of m®A in JUN mRNA was analyzed by m®A-seq. E, m®A modification of JUN mRNA in HUVECs was detected by m®A-RIP-gPCR

(n=4, data are meant+SEM). F, m°A level of JUN mRNA in shMETTL3 HUVECs and control cells was measured by m°A-RIP-gPCR (n=3, data
are meantSEM). G, Quantitative real-time PCR (QPCR) analysis of JUN mRNA expression in shMETTL3 HUVECs and control cells (n=3, data
are meantSEM). H and I, JUN protein levels in shsMETTL3 HUVECs (H) and METTL3 overexpressed HUVECs (I) were shown by Western blot
(n=3, data are meant+SEM). J, The expression of JUN mRNA in METTL3 overexpressed HUVECs and control cells was detected by gqPCR
(Empty vector: EV, n=3, data are meantSEM).
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METTL3 Regulates Fibrinolysis In Vitro via JUN-
PAI-1 Axis

JUN-mediated PAI-1 upregulation has been reported
in PMA-induced HepG2 cells3” The PAI-1 promoter
contains a consensus JUN-binding site®® (Figure 3A).
Utilization of a chromatin immunoprecipitation dem-
onstrated that JUN bound to the PAI-1 promoter area
in HUVECs (Figure 3A). Thus, we hypothesized that
loss of JUN downregulated gene expression of PAI-1.

METTLS3 Inhibits Fibrinolysis

Indeed, knockdown of JUN significantly reduced PAI-1
expression (Figure 3B). Consistent with qPCR results,
the protein expression of PAI-1 decreased upon JUN
knockdown (Figure 3C, Figure IllIA in the Data Supple-
ment). JUN depletion promoted fibrinolysis in vitro (Fig-
ure 3D). Alternatively, overexpression of JUN increased
PAI-1 expression both at protein (Figure 3E, Figure I11B
in the Data Supplement) and mRNA levels (Figure 3F).
The ability of fibrin degradation was decreased in JUN
overexpressed HUVECs (Figure 3G).
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Figure 3. METTL3 (methyltransferase-like protein 3) regulates fibrinolysis in vitro via Jun proto-oncogene (JUN)-PAI-1

(plasminogen activator inhibitor-1) axis.

A, Schematic diagram showed the JUN-binding position in PAI-1 promoter (left) and JUN binding to PAI-1 promoter was determined by ChIP-
PCR (right). ACTB (B-actin) was used as a negative control to show immunoprecipitation specificity. Input: sheared chromatin was prepared
before immunoprecipitation and used as a positive control for PCR. B and C, The expression of JUN and PAI-1 in shJUN HUVECs were
detected by quantitative real-time PCR (qPCR; B) and Western blot (C) (n=3, data are median+SD). D, Fibrin formation and fibrinolysis were
shown in shJUN HUVECSs and control cells (n=3, data are meantSEM). E and F, The expression of JUN and PAI-1 in JUN overexpressed
HUVECs and control cells were analyzed by Western blot (E) and gPCR (F) (empty vector: EV, n=3, data are mean+SEM). G, Fibrin formation
and fibrinolysis were shown in JUN overexpressed and control cells (=3, data are mean=SEM). H and I, The expression of METTL3 and PAI-1
in shMETTL3 HUVECs infected with WT JUN (shMETTL3+OE JUN) and control lentivirus (shMETTL3+EV) were measured by Western blot
(H) and gPCR (I) (n=3, data are meantSEM). J, Fibrinolysis was shown in shMETTL3 HUVECs infected WT JUN (shMETTL3+OE JUN) and

control lentivirus (shMETTL3+EV) (n=8, data are mean+SEM).
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To further validate whether METTL3 regulates
PAI-1 expression and fibrinolysis by targeting JUN,
we performed the rescue experiment and found that
overexpression of JUN increased protein and mRNA
levels of PAI-1 in shMETTL3 HUVECs (Figure 3H and
3l; Figure 11IC and 11D in the Data Supplement). Fibrin
polymerization assays showed that overexpression
of JUN could inhibit fibrinolysis in METTL3-deleted
HUVECs (Figure 3J). Taken together, these results
revealed that METTLS3 inhibited fibrinolysis by upregu-
lating JUN-PAI-1 axis.

METTL3 Enhances the Translation of JUN
Through YTHDF1

We explored the regulatory mechanism for how METTL3-
mediated m°A modification regulates the translation
of JUN. As previously reported, mSA modification was
discriminatively bonded by specific m®A reader proteins
to influence RNA fate and cell biological function.®® The
YTHDF domain family proteins preferentially bind to
m°A in mRNA“° YTHDF1 enhances the translation of
targeted mSA mRNA.*"~*3 Therefore, we used shRNA to
repress YTHDF 1 expression in HUVECs (Figure 4A and
4B). Knockdown of YTHDF1 decreased JUN protein
expression without JUN mRNA level but reduced PAI-1
level (Figure 4C and 4D, Figure IVA in the Data Supple-
ment). Knockdown of YTHDF1 could promote fibrinolysis
(Figure 4E). In addition, knockdown of YTHDF2 had no
significant effect on JUN and PAI-T mRNA in HUVECs
(Figure IVB in the Data Supplement). Taken together, our

METTLS3 Inhibits Fibrinolysis

results indicated that METTL3 regulated JUN protein
expression and PAI-1 expression by modulating transla-
tion in an m®A-YTHDF1-dependent manner.

METTL3 Promotes Fibrin Deposition in
Endotoxin-Treated Mice

Since the expression of PAI-1 is increased in lipopolysac-
charide-stimulated HUVECs,***5 we investigated whether
elevated expression of PAI-1 is associated with METTL3
and JUN. We treated HUVECs with lipopolysaccharide
and found that the expression of METTL3 (Figure VA and
VB in the Data Supplement) and JUN (Figure VC and VD
in the Data Supplement) were increased in lipopolysac-
charide-stimulated HUVECs. Furthermore, we stimulated
shMETTL3 HUVECs with lipopolysaccharide and found
that knockdown of METTLS3 prevented lipopolysaccha-
ride-induced expression of PAI-1 in HUVECs (Figure VE
and Figure VF in the Data Supplement). These results
confirmed that METTL3 was upregulated and promoted
PAI-1 expression in lipopolysaccharide-treated HUVECs.

Next, we explored whether METTL3 is associated with
the upregulation of PAI-1 in lipopolysaccharide-treated
mice. We treated wild-type (WT) mice with lipopolysaccha-
ride and observed that fibrin (Figure VIA and VIB in the
Data Supplement) and microthrombi (Figure VIC in the
Data Supplement) were increased in the livers and lungs of
endotoxemia mice. Consistent with the results described in
previous reports,*®* elevated plasma total PAI-1 and active
PAI-1 levels were increased in lipopolysaccharide-treated
mice (Figure VID in the Data Supplement). Subsequently,
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Figure 4. METTL3 (methyltransferase-like protein 3) enhances the translation of Jun proto-oncogene (JUN) through YTHDF1

(YTH-domain family protein 1).

A and B, The decreased expression of YTHDF1 in shYTHDF1 HUVECs was confirmed by quantitative real-time PCR (qPCR; A) and Western
blot (B) (n=8, data are mediantSD). C and D, The expression of JUN and PAI-1 (quantitative real-time PCR) in shYTHDF1 HUVECs were
measured by gPCR (C) and Western blot (D) (n=3, data are mediantSD). E, Fibrin formation and fibrinolysis were shown in shYTHDF1

HUVECSs and control cells (=3, data are mean+SEM).
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we assessed the expression of METTL3/meA/JUN/ PAI-1
axis in the vasculature of lipopolysaccharide-treated mice.
The relative levels of m®A modification were increased in
vein and artery (Figure VIE in the Data Supplement). We
found that expression of METTL3/JUN/PAI-1 in endotox-
emia mice also increased in the vein (Figure VIF and VIG
in the Data Supplement) and artery (Figure VIH and VIl in
the Data Supplement). Overall, these data indicated that
elevated METTLS3 is associated with increased fibrin depo-
sition in endotoxin-treated mice.

To further elucidate the role of endothelium-resi-
dent METTLS3 in fibrin deposition of endotoxin-treated
mice. Mettl3- floxed mice were crossed with Tie2-Cre
mice*® to obtain Mett/3"* Tie2-Cre ¢/ mice (referred
to as Mettl3 *° hereafter) and Mett/3"*t Tie2-Cre /2
mice (referred to as Mettl3 € hereafter). Western
blot confirmed the protein expression of METTL3 was
decreased in liver and lung endothelial cells isolated
from Mettl3 “P mice (Figure VIIA in the Data Supple-
ment). Furthermore, we found that the protein expres-
sion of JUN and PAI-1 were also downregulated in
liver and lung endothelial cells of Mett/3® mice (Figure
VIIB and VIIC in the Data Supplement). This observa-
tion indicates that Mettl3 can regulate PAI-1 expres-
sion in mouse endothelial cells.

PAI-1 is the principal inhibitor of the fibrinolytic sys-
tem. A prominent increase in PAI-1 results in an antifi-
brinolytic state in endotoxemia, further widespread fibrin
deposition leads to organ dysfunction.*® We then tested
whether endothelial METTL3 mediates lipopolysaccha-
ride-induced fibrin deposition via regulating the expres-
sion of PAI-1. Immunohistochemistry and immunoblot
analysis revealed that the Mett/3 %P mice alleviated fibrin
deposition in livers and lungs during endotoxemia (Fig-
ure BbA and 5B). Hematoxylin and eosin staining of liver
and lung sections showed that occlusion of vascular
was reduced in Mettl3 ¥° mice compared with Mett/3
Con mice during endotoxemia (Figure 5C). The coagu-
lation and fibrinolytic systems are highly regulated and
inter-related through mechanisms that ensure balanced
hemostasis.®® Therefore, we asked whether the impaired
coagulation activation led to the decreased fibrin depo-
sition in lipopolysaccharide-treated Mettl3 *P mice.
However, we found the levels of thrombin antithrombin
complexes in plasma of lipopolysaccharide challenged
Mett/3P mice showed no significant change (Figure VIID
in the Data Supplement). This suggested that reduced
fibrin in the livers and lungs of Mettl3 “P endotoxemia
mice was not due to impaired coagulation activation.
Furthermore, ELISA demonstrated that plasma active
PAI-1 levels, but not total PAI-1 levels, were decreased
in lipopolysaccharide-treated Mettl3*P mice (Figure 5D).
PAI-1 exists in many forms in plasma, including active
PAI-1, latent PAI-1, and PAI-1/tPA (u-PA) complex.®’
PAI-1 active forms are mainly derived from endothelial
cells and hepatocytes.®® Although platelets are a major

Arterioscler Thromb Vasc Biol. 2021;41:2877-2889. DOI: 10.1161/ATVBAHA.121.316414
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source of PAI-1, only 3% to 5% of the PAI-1 antigen
released from platelets was active.’5* To further exclude
the effect of platelets on the decreased active PAI-1 in
Mettl3*P endotoxemia mice, we used a hematology ana-
lyzer to count blood cells number in Mett/3 ¥° mice and
observed no significant difference in platelet number
between Mettl3 P and Mett/3 " mice (Table Il in the
Data Supplement). This result could explain the finding
that knockdown of Mettl3 in endothelial cells impaired
active PAI-1 production without affected total PAI-1
levels in lipopolysaccharide-treated Mettl3 P mice. In
summary, these findings revealed that the absence of
endothelial METTL3 decreased PAI-1 expression and
alleviated fibrin deposition in endotoxin-treated mice.

DISCUSSION

METTL3-mediated mRNA m°A modification plays
pivotal roles in several biological processes including
embryonic development'* and embryonic neural stem
cell self-renew.®® METTL3 also binds chromatin to reg-
ulate heterochromatin in mouse embryonic stem cells.®®
METTL3-mediated m°PA modification determines cell
fate during embryogenesis®” Endothelial-specific
METTL3-mediated m°A regulates hematopoietic stem
cell development through Notch signaling' and angio-
genesis via Wnt signaling.'® In this study, we reported
that the knockdown of METTL3 in endothelial cells
promoted fibrinolysis by decreasing the expression of
PAI-1. Furthermore, MeRIP-seq showed that hypometh-
ylation sites in PA/-7 mRNA and mPA peaks signifi-
cantly enriched in JUN mRNA. KIAA1429, recruiter and
guider of methyltransferase complex, regulated JUN
mRNA stability in an m®A-independent manner.®® Here,
we revealed that knockdown of METTL3 decreased
the m®A level of JUN mRNA and reduced JUN pro-
tein level but had little effect on JUN mRNA. Our study
suggested that METTL3 regulated JUN translation in
an m°A-dependent manner. In further investigations,
we confirmed that METTL3-m®A-JUN regulated PAI-1
transcription in HUVECs.

mRNA mPA modification is recognized by many m®A
reader proteins. YT521-B homology (YTH) domain-
containing proteins are the extensively studied read-
ers including YTHDF1-3 and YTHDC2% YTHDF1
increases the translation efficiency of targeted m°A
mRNA by interacting with translation initiation machin-
ery and ribosome.*' YTHDF2 recruits CCR4-NOT dead-
enylation machinery to its targets resulting in a decrease
in RNA stability and RNA degradation.®®¢'" YTHDF3
encourages protein synthesis interacting with YTHDF1
and affects RNA decay via YTHDF2.52 YTHDC2 pro-
motes the translation efficiency and also decreases
mRNA enrichment.®® Besides, other reader proteins also
can recognize m°A sites, including the IGF2BP1-3 (insu-
lin-like growth factor 2 mRNA-binding protein family),"’
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Figure 5. METTL3 (methyltransferase-like protein 3) promotes fibrin deposition in endotoxin-treated mice.

A and B, Fibrin in livers and lungs of LPS-treated Mett/3 " (n=6, 3 males and 3 females) and Mett/3*® mice (n=6, 3 males and 3 females) was
detected by immunohistochemistry (A) and Western blot (B). Data are mean£SEM and the black arrow indicates fibrin. C, Thrombus in livers
and lungs of LPS-treated Mett/3 ¢ and Mett/3*® mice (n=6, 3 males and 3 females) was confirmed by HE-staining. Data are mean+SEM, and
the black arrow indicates thrombus. D, The levels of total and active PAI-1 in Mettl3 ©" (n=11, 6 males and 5 females) and Mett3 ¥° mice (n=7,
4 males and 3 females) with stimulation of LPS were detected by ELISA, data are meant+SEM.

HNRNP (heterogeneous nuclear ribonucleoprotein)
protein family* PPRC2A (proline-rich coiled-coil 2A)5°
and elF3 (eukaryotic initiation factor3).°® Knockdown
of METTL3 had little effect on JUN mRNA abundance
but reduced JUN protein level; therefore, we focused on
YTHDF1 that regulates translation. However, whether
other reader proteins binding to m°A modified transcripts
in HUVECs needs further investigation.

High PAI-1 concentrations are indeed associated with
various thrombotic disorders.?” Sepsis, defined as organ
dysfunction resulting from a dysregulated host response
to infection, is accompanied by coagulation dysfunction.
Upregulated PAI-1 expression leads to disseminated

2886  December 2021

intravascular  coagulation, circulatory hypoperfusion,
and organ dysfunction in septic patients. And PAI-1 is
a significant predictor of disease severity and all-cause
mortality in sepsis.®® Here, we found that METTL3-
mSA-JUN-PAI-1 increased in the blood vessel of lipo-
polysaccharide-treated WT mice. Furthermore, we used
Tie2-Cre mice to obtain endothelial knockdown of Mett/3
mice. Tie2-Cre mouse models exhibit various extent of
Cre activity in the hematopoietic lineage.®® For example,
>85% circulating blood cells show Cre activity in Tg
(Tek-cre)'*™ mice.”® Using Tg (Tek-cre)>™ allele mice to
knockdown Mettl3 may lead to a decrease in the number
of monocytes due to METTLS3 affects hematopoietic cell

Arterioscler Thromb Vasc Biol. 2021;41:2877-2889. DOI: 10.1161/ATVBAHA.121.316414
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Figure 6. Model of METTL3 (methyltransferase-like protein 3) promotes fibrin deposition by increasing the expression of PAI-1

(plasminogen activator inhibitor-1).

A, In nuclear, the N6-methyladenosine (m®A) methyliransferase METTL3 mediates m°A methylation at JUN mRNA. After exporting JUN to
cytoplasm, YTHDF1 (YTH-domain family protein 1) recognizes m®A-modified mRNA enhanced translation. Further, the transcription factor JUN
binds to PAI-1 DNA promoter and initiates its transcription. B, Overexpression of METTL3 increases the methylated modification and translation
of JUN mRNA, further facilitating the transcriptional effect of JUN on PAI-1. The increased expression of PAI-1 strengthens its inhibitory effect
on fibrinolysis, which ultimately results in fibrin deposition and breaks the hemostatic balance.

differentiation.” Monocytes are the primary hematopoi-
etic cells that express TF in endotoxemia mice.” There-
fore, TF levels from monocytes maybe decreased, which
lead to less fibrin deposition in endothelial Mettl3 knock
down mice generated by Tg (Tek-cre)'*™ allele. However,
we used the Tg (Tek-cre)**" allele to generate Mettl3 <P
mice in our study. And we found that no significant
changes in the circulating blood cell count in Mettl3 P
and Mettl3 ¢ mice generated by Tg (Tek-cre)™ allele.
Consistent with previous reports that with the Tg (Tek-
cre)™™ allele, only a little circulating cell show Cre activ-
ity in the adult mouse.*85°

In the lipopolysaccharide-induced septic mouse
model, PAI-1 deficiency could ameliorate fibrin deposi-
tion.”™ Our study revealed that knockdown of endothe-
lial METTL3 decreased plasma active PAI-1 levels and
alleviated lipopolysaccharide-induced fibrin deposition.
Fibrinolytic system is regulated by various cofactors,
receptors, and inhibitors.>® We found that plasma throm-
bin antithrombin complex levels remain unchanged in
endotoxemia Mett/3 P mice. However, whether other
molecules might regulate fibrin deposition in lipopoly-
saccharide-treated Mett/3 “P mice require further inves-
tigation. In summary, our results showed knockdown

Arterioscler Thromb Vasc Biol. 2021;41:2877-2889. DOI: 10.1161/ATVBAHA.121.316414

of METTLS3 in HUVECs decreased PAI-1 expression
and promoted fibrinolysis in vitro. Moreover, METTL3
regulated JUN/PAI-1 expression in an m°A-YTHDF1-
dependent manner (Figure 6). Endothelial cell-specific
knockdown of Mettl3 alleviated fibrin deposition in lipo-
polysaccharide-induced endotoxemia mice by reducing
the levels of active PAI-1, which might provide novel
insight into the treatment of thrombotic disease.
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