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ABSTRACT

Sepsis is the leading cause of death in hospital intensive care units. In light of recent studies showing that
variations in N®-methyladenosine (m°®A) levels in different RNA transcripts influence inflammatory responses,
we evaluated the m°A profiles of rat aortic mRNAs and IncRNAs after lipopolysaccharide (LPS)-induced sepsis.
LC-MS-based mRNA modification analysis showed that global m6A levels were significantly decreased in aortic
tissue of rats injected intraperitoneally with LPS. This finding was consistent with downregulated expression of
METTL3 and WTAP, two members of the m°A writer complex, in LPS-exposed aortas. Microarray analysis of
m°A methylation indicated that 40 transcripts (31 mRNAs and 9 IncRNAs) were hypermethylated, while 223
transcripts (156 mRNAs and 67 IncRNAs) were hypomethylated, in aortic tissue from LPS-treated rats. On GO
and KEGG analyses, ‘complement and coagulation cascades’, ‘transient receptor potential channels’, and
‘organic anion transmembrane transporter activity’ were the major biological processes modulated by the
differentially m°A methylated mRNAs. In turn, competing endogenous RNA network analysis suggested that
decreased m°A levels in IncRNA-XR_343955 may affect the inflammatory response through the cell adhesion
molecule pathway. Our data suggest that therapeutic modulation of the cellular m®A machinery may be useful
to preserve vascular integrity and function during sepsis.

INTRODUCTION for aortic injury during sepsis remain insufficiently
characterized [4].

Organ damage and septic shock are two major

contributing factors to the high mortality associated with
sepsis, a syndrome characterized by a disproportionate
host immune response to infectious injury [1-3]. The
sepsis-related mortality rate is exacerbated by septic
shock, which causes circulatory failure, leading to organ
hypoperfusion and ultimately organ failure. Adequate
organ perfusion is largely dependent on normal diastolic
blood pressure, which is influenced by cardiac output and
thickness and elasticity of the aortic wall and peripheral
vessels. Although aortic dysfunction is known to
aggravate sepsis progression, the mechanisms responsible

Recent studies have uncovered approximately 100
different chemical modifications of RNAs that
potentially affect, without altering their specific
sequences, their folding and structure, stability, and
function. The N&-methyladenosine (m®A) modification
is the most abundant internal modification in mMRNAs
and occurs also in most non-coding RNA species,
including long non-coding RNAs  (IncRNAS).
Accumulating evidence indicates a relevant role for
mSA methylation in several gene expression steps,
affecting transcript stability, export, splicing, and
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translation [5, 6]. The m8A modification is reversible
and depends on the activity of methylases,
demethylases, and adapter proteins termed mCA
“writers”, “readers”, and ‘“erasers” that mediate
respectively the methylation, functional properties, and
demethylation of the target RNAs [7, 8].

Changes in the mSA profile of various RNAs were
shown to modulate many physiological and biological
processes and to contribute to the pathogenesis of
cardiovascular diseases [9, 10]. However, there is scarce
information about m®A alterations in mRNAs and
InNcRNAs during sepsis, particularly in vascular tissues
[11]. Therefore, we performed genome-wide screening
of méA modifications in INcRNAs and mRNAs from
aortic tissues of septic rats and inferred, through
bioinformatics analyses, the potential implications of
the observed changes. Our findings may help identify
new therapeutic targets to reduce the morbidity and
mortality associated with septic syndromes.

RESULTS

Sepsis decreases global MRNA m°PA levels in the rat
aorta

To evaluate potential changes in the m8A profile of aortic
RNA species following sepsis, an intraperitoneal injection
of lipopolysaccharide (LPS) was applied to rats to
establish a sepsis model. Twenty-four h after LPS
injection, mean arterial pressure (MAP) decreased by
30% relative to baseline. There was no significant change
in MAP in rats injected with saline (control). The aortic
tissues were carefully removed from rats after 24 hours of
LPS/saline injection. LC-MS-based mRNA modification
analysis was next used to detect global mSA levels in
aortic mRNA. The results showed that the abundance of
mSA sites was significantly decreased in the LPS group
compared with the control group (Figure 1).
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Figure 1. LC-MS-based analysis of sepsis-induced
alterations in m°®A levels in aortic mRNAs. Ctrl, control.

Microarray-based analysis of differentially m®A-
modified mMRNASs and IncRNAs

After antibody-based mSA labeling and immuno-
precipitation of total aortic RNA, microarray analysis
revealed that a total of 263 transcripts (187 mRNAs and
76 IncRNAS) in the LPS group had significantly altered
(fold change > 1.5; P < 0.05) mSA abundance compared
with the control group. Among these differentially méA-
modified transcripts, 84.8% (156 mRNAs and 67
IncRNAs) showed downregulated méA levels, whereas
the remaining 15.2% (31 mRNAs and 9 IncRNAS)
showed instead upregulated mbA levels. Based on mfA
fold-change ranking, information on 19 IncRNAs (the 9
hypermethylated and the top 10 hypomethylated ones)
and 20 mRNAs (top 10 hypo- and hypermethylated
MRNA transcripts) is provided in Supplementary Tables
1, 2. The mRNAs and IncRNAs with significantly
altered mPA profiles were then lined up for cluster
analysis according to the similarity of their m°®A
methylation levels and the closeness of their
relationship. Variations in m8A patterns between the
two groups are depicted in Figure 2 using volcano plots.

GO and KEGG analysis of differentially methylated
MRNAs

We performed Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses
of the 31 m®A hypermethylated and the 156 mCA
hypomethylated mMRNAs obtained by microarray.
Among the enriched GO terms for the 31 m°A
hypermethylated mRNAs, ‘defense response’ in BP,
‘extracellular space’ in CC, and ‘calmodulin-dependent
protein kinase activity’ in MF had the highest
enrichment scores (Figure 3A, Supplementary Table 3).
In turn, the most enriched GO terms for the 156 m°®A
hypomethylated mRNAs included ‘interspecies
interaction between organisms’ in BP, ‘extracellular
space’ in CC, and ‘organic anion transmembrane
transporter activity’ in MF (Figure 3B, Supplementary
Table 4). Meanwhile, KEGG analysis of the 31 mfA
hypermethylated = mRNAs  revealed  significant
enrichment in ‘complement and coagulation cascades’,
‘inflammatory mediator regulation of transient receptor
potential (TRP) channels’, and ‘neuroactive ligand-
receptor interaction’ pathways (Figure 3C). Among the
156 m®A hypomethylated mRNAs, nine pathways were
enriched, with top scores retrieved for ‘chemokine
signaling pathway’ and ‘cytokine-cytokine receptor
interaction’ (Figure 3D, Supplementary Table 5).

M®A single-base site gPCR with MazF treatment

Based on information in the SRAMP database, we
performed motif analysis of mSA ACA sequences in the
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Figure 2. Overview of the m®A methylation map in aortic tissues. (A) Scatter plots showing differentially methylated IncRNAs. (B)
Scatter plots showing differentially methylated mRNAs. (C) Hierarchical clustering analysis of IncRNAs with significantly altered m®A levels. (D)
Hierarchical clustering analysis of mMRNAs with significantly altered m°®A levels. Ctrl, control.
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differentially meA methylated IncRNAs and mRNAs
detected by microarray and verified the presence of meA-
modified sites by gRT-PCR using the MazF enzyme
treatment method. Five INcRNAs and five mRNAs with
high-confidence m°A-modified sites were thus selected
for validation using m®A single-base site qPCR (Table 1).
Consistent with microarray data, this analysis confirmed
significant downregulation of mSA in the IncRNA
XR_343955. In contrast, no significant alterations in m°A
levels were detected for the other four candidate
IncRNAs. Among the five mRNAs considered, significant
mbA  downregulation was detected for both
ENSRNOT00000010760 (consistent with microarray
data) and ENSRNOTO00000078131 (contrary to micro-
array results), while no significant alterations were
observed in the other three mRNAs (Figure 4).
ceRNA network construction and functional
enrichment analysis of target mRNAs

Based on m®A single-base site gPCR results, we
constructed a competing endogenous RNA (ceRNA)
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network to identify putative miRNAs and mRNAs
regulated by IncRNA-XR_343955. By confining the
number of miRNA-IDs to 1000, 59 miRNA binding
sites and 118 targeted mRNAs were predicted (Figure
5A). To assess the potential biological functions of
INcRNA XR_343955, the 118 mRNAs thus retrieved
were analyzed with GO and KEGG. For this mRNA set,
the GO terms with the highest enrichment were ‘cell
surface receptor signaling pathway’ in BP, ‘membrane
part’ in CC, and ‘immunoglobulin receptor activity’ in
MF (Figure 5B). In turn, KEGG analysis of the 118
mRNAs indicated cumulative enrichment in 27
pathways, of which the top 10 are shown in Figure 5C.

Expression analysis of méA effector proteins

We next used gRT-PCR to detect mRNA levels of key
proteins regulating the méA modification, namely méA
writers (METTL3, METTL14, and WTAP), readers
(YTHDF 1 and YTHDF 3), and an eraser (FTO), in
aortic samples from control and LPS-treated rats.
Compared to control, in the LPS group the expression
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Figure 3. Functional enrichment analysis of differentially methylated mRNAs. (A) Top ten GO terms for hypermethylated mRNAs.
(B) Top ten GO terms for hypomethylated mRNAs. (C) Top ten KEGG pathways for hypermethylated mRNAs. (D) Top ten KEGG pathways for

hypomethylated mRNAs.

www.aging-us.com

21613

AGING



Table 1. Targeted IncRNAs and mRNAs from microarray predicted by SRAMP.

GeneSymbol Transcript ID Transcript type RNA length Position Regulation Fold change P-value

LOC103693543 XR_595034 IncRNA 1931 1359 hyper 1.835972714  0.000829838
LOC103690224 XR_593937 IncRNA 1386 914 hypo 0.436711298  0.000951609
LOC102554997 XR_343955 IncRNA 1787 1482 hypo 0.60799908 7.56021E-05
Leprel2 XR_353597 IncRNA 2222 1781 hypo 0.630825555  0.000655905
LOC103693720 XR_595701 IncRNA 1332 1021 hypo 0.639273802  0.000238771
Tnfrsf26 ENSRNOT00000066943 protein_coding 2294 416 hyper 2.335986528  0.013354003
Fibcdl ENSRNOT00000012927 protein_coding 4057 2519 hyper 1.587756196  0.014968993
Kngl ENSRNOT00000078131 protein_coding 1905 1377 hyper 1.532870761  0.011963925
Colgalt2 ENSRNOT00000030109 protein_coding 1875 1730 hypo 0.411387391 0.03636713
Mettl7b ENSRNOT00000010760 protein_coding 1264 654 hypo 0.415309496  0.012844316

of both METTL3 and WTAP was significantly
downregulated, while that of YTHDF 1, YTHDF 3,
METTL14, and FTO remained essentially unchanged
(Figure 6). These data suggest that the predominant
mSA demethylation pattern observed for aortic RNA
during sepsis is due, at least in part, to downregulation
of the METTL3 methylase and the adapter protein
WTAP.

DISCUSSION

The m8A modification of eukaryotic RNA has a wide-
ranging effect on RNA homeostasis [9]. Therefore,
alterations in RNA mfA methylation status can lead to
cell dysfunction and disease [12]. Recent studies have

revealed that the mSA modification not only has a
strong and intricate relationship with cardiovascular
disease but may regulate also the inflammatory
response arising during different physiopathological
conditions [13, 14]. Although the clinical significance
of m8A profiling in sepsis patients has been recently
suggested [11], there is a clear need for studies
addressing the specific m®A alterations occurring in
tissues and organs affected by sepsis. More extensive
data exist for the role of the mSA modification in
cardiovascular disease. Using clinical human samples,
primary cardiomyocyte cultures, and preclinical pig and
mouse models, Prabhu et al. found that increased levels
of mSA during ischemia/hypoxia, resulting from
downregulated FTO expression, are associated with

l Ctl
% LPS

Methyvlation of Relative IncRNAs and mRNAs

Figure 4. Confirmatory analysis of microarray results. M°A single-base site qPCR was used to validate the top five differentially
methylated aortic IncRNAs and mRNAs identified through microarray in the LPS and Ctrl groups. Ctrl, control.
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impaired cardiomyocyte contractile function [13].
Consistently, Song et al. showed increased
representation of mSA sites in mouse heart mRNAs
following ischemia/reperfusion. Interestingly, this
phenomenon was associated with increased expression
of METTL3, a component of the m8A writer complex,
and autophagy activation [15]. The impact of abnormal
mbA  expression patterns on inflammation was
highlighted by Zhang et al., who reported that the méA
reader protein YT521-B homology domain family 2
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(YTHDF2) activates the LPS-induced inflammatory
response in preosteoblast MC3T3-E1 cells by regulating
the MAPK signaling pathway [16]. In turn, Feng et al.
reported that knockdown of METTL3 inhibited
inflammation by allowing the expression of an
alternatively spliced isoform of MyD88 in human dental
pulp cells [17].

To explore potential changes in the mfA methylation
profiles of aortic RNA species during sepsis-induced
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Figure 5. LncRNA-XR_343955-based ceRNA network. (A) XR_343955-associated ceRNA network. Red circles represent miRNAs, blue
circles represent mRNAs, and green circles represent IncRNAs. (B) Histogram representation of GO functional classification of predicted
MRNAs. (C) Histogram representation of KEGG pathway enrichment for predicted mRNAs.
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vascular injury, we established a sepsis model by
intraperitoneally injecting LPS into Wistar rats. We
found that both global levels of m°A and the expression
of m®A writer complex proteins were significantly
decreased in aortic tissue of LPS-treated rats. These
results suggest that sepsis-induced changes in the méA
profile of aortic RNA species may be related to the
vascular injury associated with septic syndromes.

GO and KEGG analysis of the minor fraction of
mRNAs with upregulated mSA levels revealed their
enrichment in  coagulation processes. Although
coagulation and inflammation represent basic host
responses against infection, lack of resolution of these
processes may cause damage to host cells and tissues. In
sepsis, increased coagulation activity and decreased
fibrinolysis caused by inflammation lead to fibrin
deposition in the microcirculation. This in turn causes
disseminated intravascular coagulation (DIC), ultimate-
ly leading to organ dysfunction [18, 19]. In patients
with sepsis complicated by severe coagulopathy and/or
DIC, organ dysfunction and mortality are significantly
increased [20]. Over the past few decades, diverse
anticoagulants such as serine protease inhibitors,
recombinant human activated protein C, and tissue
factor pathway inhibitor have been used as adjunctive
therapies for patients with sepsis. However, two meta-
analyses, conducted in 2003 and 2016, showed that
anticoagulation was not beneficial in reducing mortality
and was in turn associated with increased bleeding
complications [21, 22]. Aiding the search for safer and
more effective anti-DIC therapies, our results suggest
that global or mRNA-specific therapeutic modulation of
mSA methylation dynamics may be useful to regulate
hemostasis and prevent or attenuate sepsis-induced DIC
and organ failure.

GO analysis of aortic mMRNAs with upregulated meA
levels demonstrated that several transcripts, many of
which encode cation channels, were enriched in ion
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channel activity in the BP category. In turn, GO
analysis of mMRNAs with downregulated m°®A
expression demonstrated that numerous transcripts,
many of those encoding proteins with organic anion
transmembrane transporter activity, were associated
with ion transmembrane transporter activity in the MF
category.

The cations related to vascular function are primarily
calcium (Ca?*) ions. Intracellular Ca?* plays an
important role in the modulation of vascular smooth
muscle cell (VSMC) elasticity by affecting contraction
and cell signaling [23-26]. In vascular endothelial cells
(VECs), Ca?* levels also influence the production of
nitric oxide, a key regulator of vasoconstriction and
diastolic function [27, 28]. The large number of cation
channel mRNAs with increased mSA abundance
detected in aortic tissue during sepsis may be partly
responsible for the abnormal intracellular Ca®
dynamics associated with septic vascular injury. Our
KEGG analysis of mRNAs with upregulated mSA
modification revealed in turn significant enrichment in
the pathway related to inflammatory mediator
regulation of TRP channels. This finding is consistent
with the results of the GO analysis, since several
members of the TRP protein family are Ca?*-selective
channels. TRP channels are highly sensitive to various
physical and chemical stimuli, and inflammation can
lead to an influx of a large amount of Ca?* into cells by
activating TRP channels. In primary human
osteoarthritis ~ fibroblast-like  synoviocytes, LPS
stimulation leads to increased expression of TRP
ankyrin 1 (TRPAL), enhanced TRPA1-mediated Ca?*
influx, and synthesis of pro-inflammatory factors [29].
In acute lung injury, TRP vanilloid 4 (TRPV4)-
dependent Ca?* influx contributes to LPS-induced
macrophage activation, a process associated with the
calcineurin-NFATc3 pathway [30]. These studies
suggest that during inflammation the intracellular Ca?*
concentration can be affected via TRP channel activity.
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Figure 6. Expression analysis of m°®A effector proteins by qPCR.
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Based on our high-throughput sequencing results, we
speculate that increased mSA levels in mRNAs coding
for cation channels, particularly TRP channels,
contribute to dysregulated Ca?* dynamics in sepsis and
impaired VEC and VSMC function.

Our results showed decreased mCA levels in several
aortic mMRNAs related to organic anion transmembrane
transporter activity. The anions involved in the
regulation of vascular function are primarily chloride
ions. Although the volume of healthy cells remains
relatively stable, cell volume changes often occur
during physiological and pathophysiological processes
such as proliferation, migration, differentiation, and
apoptosis [31]. When the cells swell, CI- together with
Na* and water flow out through the "CI- channels",
"Ca?*-activated CI- channels", or "transporters"”, and a
swollen cell can return to normal size. During sepsis,
inflammatory  factors cause the swelling and
dysfunction of VSMCs and VECs, and changes in the
ClI- channels affect water drainage and vascular function
[32, 33]. Our analysis of microarray data shows méA
levels of solute carrier family (SLC) gene were
significantly decreased in aortic tissue during sepsis.
The phylogenetically ancient SLC26 gene family
encodes multifunctional anion exchangers and anion
channels transporting a broad range of substrates,
including CI-, HCO?, sulfate, oxalate, I, and formate. It
has been reported that SLC 26 member 7 (SLC26A7)
was identified as a chloride—bicarbonate anion
exchanger and/or as a ClI- channel in the kidney and
stomach [34, 35], whose gene mutations cause
congenital deafness and dyshormonogenic goiter [36].
Alterations in ClI- channels can affect intracellular water
content, vascular tone and arterial blood pressure. These
findings may be related to the impairment of vascular
function in sepsis. The mfA modification provides a
new research direction for vascular function protection.

Our results showed also significantly altered m°A levels
in 76 aortic IncRNAs after LPS-induced sepsis.
Although most studies on the m8A modification have
focused on its regulatory role in mRNA function, recent
evidence suggests that the m°A methylation regulates
also the synthesis and function of IncRNAs [37].
Consistent with our microarray results, single-base site
gPCR confirmed significant downregulation of m®A
sites in INcCRNA XR_343955 in the aorta of LPS-treated
rats. GO and KEGG analyses of 118 predicted mRNAs
detected via the ceRNA network for XR_343955
revealed significant enrichment of these transcripts in
pathways involving cell adhesion molecules (CAMs).
CAMs such as ICAM-1, E-selectin, and VCAM-1 play
key roles in the vascular inflammation process by
mediating the adhesion of circulating leukocytes to the
vascular endothelium before extravasation into the

vascular wall [38-41]. During sepsis, secretions of pro-
inflammatory HMGB1 by endothelial cells can
upregulate the expression of CAMs to promote the
inflammatory response by recruiting leukocytes [42,
43]. Therefore, inhibiting the expression of CAMs in
VECs is considered a promising treatment for vascular
inflammatory diseases. Our results suggest that
XR_343955 may regulate CAMs through a ceRNA
mechanism, and such capacity may be in turn
influenced by sepsis-related changes in XR 343955’s
méA profile.

In mammalian cells, dynamic and reversible mtA
modification is governed by the activity of mSA
methyltransferases and adapter proteins (i.e. mSA
writers: METTL3, METTL14, and WTAP) and m®A
demethylases (i.e. m®A erasers: FTO and ALKBHS5),
which install and remove, respectively, méA marks in
target RNAs. Another regulatory layer is further
established by specific RNA-binding proteins (i.e.
readers: YTHDF1/3) which bind to the m®A motif to
affect RNA function. Using gRT-PCR, we detected that
the expression of METTL3 and WTAP in the aorta was
significantly downregulated during sepsis, while that of
YTHDF 1, YTHDF 3, METTL14, and FTO did not
change significantly. Downregulation of the mfA
writers METTL3 and WTAP in aortic tissue during
sepsis is thus consistent with both LC-MS data, which
suggested a decrease in global m®A demethylase
activity for the mRNA pool, and with microarray
results, which showed decreased m®A levels in 84.8%
of the mRNA/IncCRNA transcripts with significantly
altered m®A status. Dysregulated expression of m°®A
effectors has shown to contribute to cancer
pathogenesis. For example, upregulated METTL3
expression was shown to promote gastric cancer and
hepatocellular carcinoma progression by promoting,
respectively, epithelial to mesenchymal transition and
posttranscriptional silencing of SOCS2 [44, 45].
Therefore, it is plausible that downregulation of
METTL3 and WTAP may modulate aortic damage
during sepsis.

The mSA modification is an important modification of
RNA, which has received extensive attention. However,
it is difficult to quickly and efficiently study the
relationship between m®A modification of RNA and
diseases by relying on traditional biological
experiments. Microarray analysis is a powerful tool that
can reveal the differential expression profile of mSA-
related RNAs underlying specific  phenotypic
differences. In addition, bioinformatics analysis
methods and computational models could be effective
ways to identify potential RNAs functions and RNA-
disease associations. This might greatly decrease the
time and cost of biological experiments. In our study,
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microarray analysis was performed, followed by
bioinformatics analysis using a computer model. This
can help researchers quickly and efficiently identify
méA-related RNAs associated with damage of aorta
tissues during sepsis. However, our study has some
potential limitations. First, differentially expressed
méA-related RNAs are mainly detected in the aorta
tissues. Therefore, it is impossible to distinguish
whether these changes occurs in vascular smooth
muscle cells or vascular endothelial cells. Second, the
sample size of microarray analysis was relatively small.
Last, there were variations in differentially meA
methylated IncRNAs and mRNAs detected by
microarray and m8A single-base site gPCR, which may
be due to the methodological differences.

In conclusion, we detected differential abundance of
mBA bases in numerous rat aortic mRNAs and
IncRNAs, as well as altered expression of méA writer
proteins, following LPS-induced sepsis. GO and
KEGG analyses indicated that the differentially m6A-
modified mRNAs were mainly related to ‘complement
and coagulation cascades’, ‘TRP channels’, and
‘organic anion transmembrane transporter activity’.
In turn, ceRNA network analysis suggested the
involvement of IncRNA-XR_343955 in the
inflammatory response through regulation of CAM-
related pathways. These findings suggest that
therapeutic modulation of the cellular m8A machinery
may be valuable to treat coagulation defects, attenuate
inflammatory responses, and preserve vascular
integrity in the setting of sepsis.

MATERIALS AND METHODS
Animals

Eight-week-old male Wistar rats (250-350 g) were
purchased from Charles River Laboratories (Beijing,
China). Experimental procedures involving the use of
animals complied with both ARRIVE guidelines
(Consort Group, 2010) as well as with relevant national
laws on animal protection, and the protocol was
approved by the Ethics Committee on Animal Research
at Peking University Health Science Center (Ethics No.
LA2020343). Following adaptation to standard
laboratory conditions for one week, the experimental
rats were randomly allocated to one of two groups: the
LPS-induced sepsis group (n = 4) received an
intraperitoneal injection of 10 mg/kg LPS (Escherichia
coli 055:B5; Sigma-Aldrich, USA; 5 mg of LPS
dissolved in 1 mL of 0.9% saline); the control group (n
= 4) was intraperitoneally injected with 0.9% saline (2
ml/kg). MAP was noninvasively measured 24 h after
the LPS/saline injection. The aortic tissue (n = 4/group)
were carefully removed from the anaesthetized rats,

immediately frozen in liquid nitrogen and stored at
-80° C until analysis.

RNA extraction and quality control

Total RNA from aortic tissues (n = 4 per group) was
isolated and assessed as previously described [46].
Briefly, total RNA was isolated from the aortic tissues
using TRIzol Reagent according to the manufacturer’s
instruction (Invitrogen, USA). The quantity and purity
of the total RNA samples were measured by a
NanoDrop ND-1000 (ThermoFisher, USA).

LC-MS/MS-Based mMRNA mfA  modification
detection

The mRNA was isolated and purified from total RNA
using the NEBNext Poly(A) mRNA Magnetic Isolation
Module (NEB, USA) and a Qubit RNA HS Assay kit
(Thermo Fisher, USA). The mRNA was then
hydrolyzed into single dephosphorylated nucleosides
with an enzyme mix. The pretreated nucleoside solution
was deproteinized using a Sartorius 10,000-Da MWCO
spin filter. LC-MS/MS analysis was performed on an
Agilent 6460 QQQ mass spectrometer with an Agilent
1260 HPLC system in multi-reaction monitoring
(MRM) detection mode (n = 4/ group).

Detection of m8A-modified MRNAs and IncRNAs by
microarray hybridization

Sample preparation and microarray hybridization
procedures were based on Arraystar’s standard kit
assays and protocols (Arraystar, USA). In this study, up
to 27770 mRNAs and 10582 IncRNAs could be
detected in a single array using the probes contained in
Arraystar’s Rat mRNA and IncRNA Epitranscriptomic
Array (mBA). In brief, purified total RNA from aortic
tissue of LPS-treated and control rats was immuno-
precipitated with polyclonal anti-m8A antibody (Cat
202003Synaptic Systems, USA). The méA-tagged RNAs
were eluted from the immunoprecipitated (IP) magnetic
beads and the unmodified RNAs were eluted from the
supernatant (Sup). The IP and Sup RNA fractions were
then labeled with Cy5 and Cy3, respectively, as CRNAs
in separate reactions using the Arraystar Super RNA
Labeling Kit. The labeled cRNAs were then combined
and hybridized onto an Arraystar Rat mRNA and
INcRNA  Epitranscriptomic ~ Microarray  (4x44K,
Arraystar, USA) and scanned in two-color channels
with an Agilent Scanner G2505C (Agilent, USA).

Microarray data analysis

Agilent Feature Extraction software (version 11.0.1.1)
was used to analyze the acquired array images. The
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raw intensities of the IP (immunoprecipitation, Cy5-
labeled) and Sup (supernatant, Cy3-labeled) RNA
fractions were normalized using the average of the
log2-scaled spike-in RNA intensities. Following
spike-in  normalization, the probe signals that
displayed present (P) or marginal (M) QC flags in at
least 4 out of 8 samples were retained as “All Targets
Values” in an Excel sheet for further “m®A
methylation level” analyses. The “mSA methylation
level” was calculated as follows:

%Modified — modified RNA _ IP
Total RNA IP + Sup
IP

Cy5 normalized intensity

IPCy5 normalized intensity + Supr3 normalized intensity

Differentially mSA-methylated RNAs between two
comparison groups were identified by filtering by fold
change (> 1.5) and statistical significance (P < 0.05)
thresholds (n = 4 for each group).

MBA single-base site quantitative real-time PCR

The methylated INcRNAs and mRNAs were quantified
by mPA single-base site qPCR with the MazF treatment
method according to KangChen’s standard protocols
(KangChen Biotech., China). In brief, the MazF
treatment mixture was dispensed into a 10 pl volume
with 1 pg of total RNA from each aortic tissue sample (n
= 4 per group) and 20 U mRNA interferase-MazF
(Takara, Japan) at 37° C for 30 min. One microgram of
nondigested total RNA was reserved. The digested
mRNA and the nondigested total RNA samples were
subjected to reverse transcription using SuperScript™ |11
Reverse Transcriptase (Invitrogen, USA) for qPCR with
a QuantStudio5 Real-time PCR System (Applied
Biosystems, USA). Target IncRNAs and mRNAs were
analyzed by SRAMP (http://www.cuilab.cn/sramp) to
identify ACA motifs and m°8A modification sites [47, 48].
The primers were designed using Primer 5.0
(Supplementary Table 6). Relative expression levels were
calculated using the 2-2A¢t method, and the test genes
were calibrated with MazF- as follows:

%MazF- = (2 A—Ctyy e, )/ (2 A —Ctyye ) x100%

The experiments were carried out three times in
independent determinations.

Competing endogenous RNA network construction
and functional enrichment analysis

Candidate IncRNAs verified by mfA single-base site
gPCR were analyzed for ceRNA network construction

using a previously described protocol [49].
Differentially méA-methylated mRNAs as well as target
MRNAs predicted by the ceRNA network were
classified into GO terms based on the GO database
(http://www.geneontology.org). The KEGG
(http://www.genome.jp/keqg) database was also
interrogated to determine the biochemical pathways
enriched by these mRNAs. Hierarchical clustering was
performed using R software.

Analysis of méA methylation regulators

To verify the expression of mSA writer, eraser, and
reader proteins, qPCR experiments were performed as
previously described [50]. We selected 6 representative
proteins involved in méA modification and binding, for
which primers sequences are listed in Supplementary
Table 7. The experiments were carried out three times
in independent determinations.

Statistical analysis

For gRT-PCR, microarray, and m®A single-base site
gPCR data, differences in transcript expression and
methylation levels between the LPS and control
groups were evaluated using unpaired, two-sided t-
test. Fisher’s exact test was applied to evaluate the
significance of the GO terms and KEGG pathway
identifiers for mRNAs with differential methylation
levels as well as for mMRNAs predicted by the ceRNA
network. The analysis was performed using the limma
package on R software, with the recommended cut off
of P <0.05.
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SUPPLEMENTARY MATERIALS

Supplementary Tables

Please browse Full Text version to see the data of Supplementary Tables 3, 4.

Supplementary Table 1. Representative IncRNAs with hyper and hypo methylated levels detected from the
microarray.

Gene symbol Type Transcript ID Regulation Fold change P-value

Meaf6 IncRNA XR_354272 hyper 1.966019111 0.01467847
LOC103693543 IncRNA XR_595034 hyper 1.835972714 0.000829838
LOC102555010 IncRNA XR_340306 hyper 1.688267079 0.01523474
AABR07039229.2 IncRNA  ENSRNOTO00000074259 hyper 1.682498671 0.048551969
LOC102556135 IncRNA XR_350748 hyper 1.658944828 0.000797307
AABR07021402.1 INcRNA  ENSRNOT00000090174 hyper 1.626112636 0.019536885
uc.330 IncRNA uc.330+ hyper 1.616793536 0.016221101
LOC102549661 IncRNA XR_352581 hyper 1.577837212 0.011426804
LOC103692564 IncRNA XR_592894 hyper 1.510683227 0.000297507
LOC102556412 IncRNA XR_348274 hypo 0.370266005 0.049209238
LOC102546594 IncRNA XR_348260 hypo 0.432740801 0.001772264
LOC103690224 IncRNA XR_593937 hypo 0.436711298 0.000951609
LOC102552157 IncRNA XR_590526 hypo 0.45356657 0.002292597
AABR07019437.5 IncRNA  ENSRNOT00000087221 hypo 0.480443241 0.000178429
AC119007.3 IncRNA  ENSRNOT00000087227 hypo 0.486092398 0.008012194
AABR07064635.1 INcRNA  ENSRNOT00000089798 hypo 0.495855561 0.00151292
LOC690414 INcRNA  ENSRNOT00000080985 hypo 0.514737661 0.002069805
LOC102551164 IncRNA XR_345350 hypo 0.526489467 0.001429385
LOC102549203 IncRNA XR_589036 hypo 0.53133633 0.002272893
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Supplementary Table 2. Top 10 of mRNAs with hyper and hypo methylated levels detected from the

microarray.

Gene symbol Type Transcript_ID Regulation  Fold change P-value
Tnfrsf26 protein_coding  ENSRNOT00000066943 hyper 2.335986528 0.013354003
LOC680875 protein_coding  ENSRNOT00000014191 hyper 2.282145316 0.000014416
LOC498265 protein_coding  ENSRNOT00000087487 hyper 1.947873812 0.010762036
Camkk2 protein_coding NM_031338 hyper 1.873342652 0.000250081
Bglap protein_coding  ENSRNOTO00000026530 hyper 1.744746614 0.029775398
Card9 protein_coding ENSRNOT00000091484 hyper 1.742329345 0.001289323
Camkk2 protein_coding  ENSRNOTO00000001774 hyper 1.732207697 0.000690433
Cnga4 protein_coding  ENSRNOT00000023751 hyper 1.728732275 0.00227076
Ptk2b protein_coding  ENSRNOTO00000030007 hyper 1.7237998 0.00437514
F12 protein_coding  ENSRNOTO00000081920 hypo 1.716093098 0.005435311
RatNP-3b protein_coding  ENSRNOT00000086035 hypo 0.220025431 0.027104865
Np4 protein_coding ENSRNOT00000035128 hypo 0.234536087 0.011583228
ler3 protein_coding  ENSRNOT00000080822 hypo 0.295087289 0.04831935
Slpil3 protein_coding ENSRNOTO00000076624 hypo 0.301422747 0.015878463
Slpi protein_coding NM_053372 hypo 0.336563105 0.017869355
Zscan25 protein_coding ENSRNOT00000075888 hypo 0.336781044 0.032036893
Hpx protein_coding ENSRNOT00000024710 hypo 0.361684614 0.000014263
Regla protein_coding ENSRNOT00000057869 hypo 0.36352292 0.001119911
Nrli2 protein_coding  ENSRNOTO00000003934 hypo 0.373077429 0.000243927
Fabpl protein_coding ENSRNOTO00000008840 hypo 0.38156521 0.035722264
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Supplementary Table 3. Top30 GO terms of GO analysis on hypermethylated mRNAs.

Supplementary Table 4. Top30 GO terms of GO analysis on hypomethylated mRNAs.

Supplementary Table 5. The detailed information of enriched pathway on hyper and hypomethylated mRNAs.

IIDSthway Definition Regulation  Fisher-P value  Enrichment score Genes
004610 Complement and hyper 1.85625E-05 4731363 BDKRBL/F12//KNG1//SERPING1
coagulation cascades
Inflammatory mediator
004750 regulation of TRP . 0.0230158 1637974 BDKRBL/KNG1
channels YPer
004080 Neuroact_lve Ilgand- 0.03544862 1.450401 BDKRB1//KNG1//LTB4R
receptor interaction hypel’
004062 Chem‘;';'tr;zz)g/”a“”g hypo 0.001848041 2.733288 CCL20//CCL27//CCL3/ELMOL/STATLINVAV3
Mo04060 Cytokine-cytokine 0.003188302 2.496441 CCL20//CCL27//CCL3/ICXCLLT/IL18RAP/ILLFL0/IL22
receptor Interaction
Viral protein
004061 interaction with 0.003329375 2.477637 CCL20//CCL27//CCL3//IL18RAP
cytokine and cytokine
receptor
005150 Staphy:;);::cct(i:z; aureus 0.005536582 2.256758 CAMP//DEFAL0//NP4/RATNP-3B
NOD-like receptor
Mo04621 . 0.0102476 1.989378 CAMP//DEFAL0//NP4/RATNP-3B//STATL
signaling pathway
Mo05321 Inflammatory bowel 0.01216042 1.915051 IL18RAP//IL22//STATL
disease (IBD)
rno00062 Fatty acid elongation 0.02118827 1.673904 ELOVL1/PPT2
003320 PPAR signaling 002309338 1636513 FABPL/PLINS//SLC27AS
pathway
Mo05323 Rheumatoid arthritis 0.03087388 1510409 ATP6V1G2//CCL20//CCL3
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Supplementary Table 6. Sequence of primers used for m°A single-base site qPCR analysis of IncRNAs and mRNAs
methylation levels.

Gene names Type Sequence Product size (bp)

F:5> GCTGAGCAAAGGTGCCACT 3’

XR_595701 INCRNA R:5° GAAGCCGCCATCTTTCATCT?’ %

F:5 TTTCCTAACGAGGCTCACAG3’

KR _343955 INCRNA R:5’ ATTGGAATTGGTAGGGTATCG3’ 153

F:5> CCAGCAGATGGGATGATTT3’

XR_593937 IncRNA R:5’ AGAAGTCCAAGGATCAGGGT3’ 193

F:5> ATCTCATCCTGCCGCTCCTT3’

XR_595034 IncRNA R:5’ TCTTCCGCCTCCAGCACTTA 3° 276

F:5" GGGCTCTGAACCAGTACCAAA3’

KR _353597 INCRNA R:5° TCCAGGAGAAGGGCATCCTT3’ 289

F:5° TTCTCAGAAGCCAGAGTTAGAGTC3’
ENSRNOT00000012927 MRNA R:5> GGATAACCTGTGCAGGTGTTG3’ 192

F:5° CTTAGCAATGGACACCAGAAAY

ENSRNOT00000078131 mMRNA R:5" ACCATGACCAAGACCATAACCS® 141

F:5° GCTGTCCTGAGGGCAGAGTC3’

ENSRNOT00000066343 MRNA R:5’ TGACGGGAGTAGCGAATGAA3’ 184

F:5 CCTTTCCTCCGTGAAGACTGT3’

ENSRNOT00000010760 MRNA R:5> CAATTGTGTTATGAATATCCACGTA3’ o

F:5> GCCAGGCTATCTGAGCGACA3’

ENSRNOTO00000030109 mMRNA R:5’ GAGAGGTCGGCGGTGGTAGTS’ 155

Supplementary Table 7. Sequence of primers used for gRT-PCR analysis of mRNA levels.

Gene names Sequence Product Size (bp)

F:5° GCTCTCTGCTCCTCCCTGTTCTA3'
R:5> TGGTAACCAGGCGTCCGATAZY’

F:5 TTGACTACAGTGGCTACCTTT?’
METTL3 R:5> CCTTGGCTGTTGTGGTATT3’ 220

F:5> GAGTATGTTTGCGAAAGTGGG3’
METTL 14 R:5> TTGTCTTTCCAGGATTGTTCTT 3° 84

F:5° GAAAAACTAAAGCAGCAACAGD’

WTAP R:5° CGTAAACTTCCAGGCACTC3’ 267

F:5> GCCAGGAGGAAGAGGAGGTA 3’
YTHDFL R:5> AGACAGCACCAAGCATACAGC 3 131

F:5> GCCATGCGAAGGGAGAGAA3Y’
YTHDF3 R:5> AGCTTCAGGACACAAAGTGCT?’ 218

FTO F:5° GAGCGGGAAGCTAAGAAA 3 100
R:5> GCTGCCACTGCTGATAGAA 3’

GAPDH(RAT) 124

METTL3, methyltransferase like 3; METTL14, methyltransferase like 14; WTAP, Wilms-tumour-1 associated protein; YTHDF1,
YT521-B homology domain family 1; YTHDF3, YT521-B homology domain family 3; FTO, fat mass and obesity-associated
protein.
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