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Background: Excessive activation of M1 macrophages affects the chronic inflammatory response of the airways and leads to the
development of chronic obstructive pulmonary disease (COPD). Therefore, it needs to be closely monitored and investigated. MAPK
signaling pathway is involved in the activation of M1 macrophages, and N6-methyladenosine (m6A) is involved in the pathogenesis of
COPD. However, it is unknown whether activation of the MAPK signaling pathway is mediated by m6A in M1 macrophages in COPD.
Methods: The GEO data were analyzed using bioinformatics techniques to assess the differences between COPD and healthy
individuals in the levels of M1 macrophages, their secreted cytokines, and m6A regulators. The MAPK signaling pathway was
significantly enriched in the list of differentially regulated genes between COPD and healthy individuals. We further analyzed the
correlation between M1 macrophages, m6A, and the MAPK signaling pathway. Next, blood samples from COPD and healthy
individuals were collected and analyzed by using flow cytometry, ELISA, and RT-PCR. Western blotting was performed using CSE-
induced THP-1 cells. COPD and healthy mice were used for Me-RIP sequencing and flow cytometry experiments. Validation of the
results of the above bioinformatics analysis by molecular biology experiments and sequencing techniques.

Results: We found that GEO data and blood specimens from COPD patients showed increased M1 macrophages, higher levels of IL-6
and TNF-a, and higher mRNA expression of key mediators of the MAPK signaling pathway (p38, ERK, and JNK). Western blotting
showed increased expression of p38, ERK, and JNK in the CSE group. In contrast, the expression of m6A regulators was low. Also,
M1 macrophages in COPD mice were hyperactivated and had reduced m6A modifications of p38, ERK, and JNK compared with
control.

Conclusion: m6A may be involved in M1 macrophage hyperactivation by regulating the MAPK signaling pathway, thereby
influencing the development of COPD.

Keywords: chronic obstructive pulmonary disease, COPD, N6-methyladenosine, m6A, M1 macrophages, mitogen-activated protein
kinase signaling pathway, MAPK signaling pathway

Introduction

Chronic obstructive pulmonary disease (COPD) is a progressive disease that results in symptoms such as shortness of breath,
coughing, and mucus overproduction. The incidence of the disease has increased significantly since 1980 and is now the third
leading cause of death after cardiovascular diseases and stroke.! The progression of COPD is characterized by intense chronic
inflammation of the lungs.>* Macrophages play a role in the development of COPD, especially M1 macrophages.*> Activated
M1 macrophages are involved in the development of COPD by releasing various cytokines and chemokines such as interleukin-6
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(IL-6) and tumor necrosis factor-a (TNF-a). The mitogen-activated protein kinase (MAPK) is a family of protein kinases, and
they are involved in the development of COPD by affecting M1 macrophage activation and the production of inflammatory
cytokines.®™®

The role of epigenetic regulation in inflammation is emerging as an important area of research. The No6-
methyladenosine(m6A) is the most common epigenetic modification in eukaryotic RNA and represents the
methylation of the 6th nitrogen atom of adenine in the RNA molecule.” The methylation of m6A is primarily
regulated by three families of enzymes: m6A methyltransferase (writer), m6A demethylase (eraser), and m6A
RNA-binding proteins. In inflammatory diseases, the knockdown of m6A methyltransferase-like 3 (METTL3) and
mo6A RNA-binding protein YTH domain-containing family protein 2 (YTHDF2) promoted the upregulation of p38,
ERK, and JNK in M1 macrophages.'®!" Recently, Huang et al found that m6A regulators play a role in the
pathogenesis of COPD by analyzing data of small airway tissues from the GEO database.'*'* The expression of
m6A regulatory factors was significantly associated with key genes involved in the development of COPD.'?

In this study, we explored the potential contribution of M1 macrophages and the related m6A modifications in an
animal model of COPD and clinical samples from COPD patients through an integrated bioinformatics approach and
molecular biology experiments.

Materials and Methods

Subject Characteristics

We included outpatients and inpatients from the Traditional Chinese Medicine Hospital affiliated with Xinjiang
Medical University between January and September 2022. All patients were diagnosed with COPD according to the
Global Initiative on Chronic Obstructive Pulmonary Disease (GOLD): FEV1/FVC after the use of bronchodilators <
70% and predicted FEV1 < 80% of patients. Patients with bronchial asthma, bronchiectasis, pulmonary fibrosis, lung
cancer, and tuberculosis were excluded. A total of 21 patients with COPD were obtained according to the above
criteria. According to the GOLD grading method, the samples were categorized into 3 disease stages. At the same
time, we recruited 21 healthy controls. The characteristics of the samples are shown in Table 1. More sample
characteristics can be found in the Excel file called Sample Information. This study was conducted in accordance
with the Declaration of Helsinki and approved by the Ethics Committee of Xinjiang Uygur Autonomous Region
Hospital of Traditional Chinese Medicine (Ethical approval number: 2022XE0109). Written informed consent was
obtained from each patient.

Animal Experiments
Six-week-old male C57 mice (Xinjiang Medical University Animal Center) were used. Mice were kept on a 12 h light/12
h dark cycle at 23 + 1°C with 50 £ 10% relative humidity under specific-pathogen-free circumstances, fed a non-purified
diet, and provided with water ad libitum at the animal facility of Xinjiang Medical University. The present study was
approved by the Xinjiang Medical University Institutional Review Board and Committee on Animal Experimentation
(License number: SYXK-2018-0003) and conducted in compliance with the University’s guidelines for the care and use
of laboratory animals.

Mice were acclimatized for 1 week before beginning the experiments. Mice were divided into two subgroups (n = 10
for each subgroup). Mice in the COPD group were exposed to smoke from four cigarettes without filters via a smoking

Table | The Sample Information

Ethnicity Average | Age Upper Age Average FEVI/FEC FEVI/FEC Smoke
Age Quartile Interquartile FEVI/FEC Upper Quartile Interquartile or Not
Spacing Spacing
Healthy person | 50.5+4.9 51 49 86.2+2.7 86 84 No
COPD 51.0+4.1 51 49 33.9+2.7 34 32 Yes
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machine as described previously.'* Mice were placed in a 60x40 x 30 cm® smoke box for 30 min, four times per day.
Mice were exposed to smoke 5 days per week for 14 weeks.'> Each cigarette yields 10 mg tar, 1.0 mg nicotine, and
11 mg CO. The total particulate matter concentration of 361.3 + 49.2 mg/m’/day.

Cell Culture and Treatment
A human monocyte leukemia cell line (THP-1) was obtained from the Cell Bank of the Type Culture Collection of the
Chinese Academy of Sciences. The cells were cultured at a density of 5x10° cells/mL in RPMI 1640 (Gibco, USA)
medium supplemented with 10% FBS (Gibco, USA) and 1% penicillin/streptomycin solution (Gibco, USA) at 37°C in
a 5% CO, incubator. THP-1 monocytes were cultured in 6-well plates treated with 100 nM phorbol 12-myristate 13-
acetate (PMA, Sigma-Aldrich, USA) for 24 h to transform into adherent macrophages.16

THP-1 cells were induced with 2% cigarette smoke extract (CSE) for 24 h.'” After cigarette smoke extract exposure,
non-adherent cells were discarded and adherent cells were incubated with 500 pL cold PBS for 5 min, then harvested by
scraping the adherent cells with a plastic scraper into 1.5 mL tubes before centrifugation at 427 RCF at 4°C. The
supernatant was removed and the cell pellet was stored at —80°C for protein expression analysis.

Flow Cytometry

A total of 2 mL of peripheral blood was drawn from the median elbow vein of the enrolled subjects and 100 pL of this blood
was used for flow cytometry. At the same time, a total of 200 pL of peripheral blood was drawn from the tail end of C57 mice
and 100 pL was used for flow cytometry. The gating strategy for human peripheral blood was as follows: SSC and CD14
were used to set a gate to circle the macrophage population, then CD68 and CD14 were utilized to set another gate to circle
the macrophage population, and CD14 and CD86 were used to circle the M1 macrophages.'® The gating strategy for
peripheral blood of C57 mice was as follows: SSC and CD45 were used to set a gate to circle the macrophage population,
then SSC and F4/80 were utilized to circle the macrophage population again and F4/80 and CD11C were used to locate the
M1 macrophages.'**° A total of 100 L of peripheral blood was inserted into the flow tube and 1 uL of antibody was added
to the negative control sample without any antibody. The following antibodies were used: PE/Dazzle 594 anti-human CD14
(Clone 63D3, BioLegend), Alexa Fluor 488 anti-human CD86 (Clone 2331 (FUN-1), BD), PE/Cyanine7 anti-human CD68
(Clone Y1/82A (RUO), BD), PE/Dazzle 594 anti-mouse F4/80 (Clone BMB, BioLegend), PE/Cyanine5 anti-mouse CD11c
(Clone N418, BioLegend) and FITC anti-mouse CD45 (Clone 30-F11, BioLegend). The red blood cell residue was dissolved
with 2 mL of red blood cell lysate (BD Bioscience). After 10 min, PBS solution was added to terminate the lysis of
erythrocyte residues. Finally, centrifugation at 427 RCF for 5 min was used to elute all dissolved residues, morphological
particles, and soluble proteins. The stained cells were analyzed by Beckman and DXFLEX flow cytometry and the results
were processed by Kaluza software. Approximately 50,000 cells were collected from each sample and M1 macrophages
were assessed as a percentage of total macrophages. At the same time, we have supplemented the detailed experimental
method evaluating human peripheral blood flow cytometry, subject information and other missing data.

Detection of Cytokines by ELISA

The serum was collected from blood samples of COPD and healthy individuals. The levels of TNF-a and IL-6 were
detected using an automated chemistry analyzer. The experiment was performed according to the instructions provided
by the manufacturers (Jianglai, China).

RNA Extraction and Quantitative Polymerase Chain Reaction Analysis

The total RNA was extracted using Trizol (Invitrogen, USA) in accordance with the manufacturer’s protocol. We
used the TagMan RNA-to-CT 1-Step Kit from Thermo Fisher (METTL3, METTLI4, and YTHDFI) and
PrimeScript RT Reagent Kit (p38, ERK, and JNK) from Takara. Real-time quantitative PCR was performed on
an ABI 7500 fast real-time PCR system (Thermo Fisher Scientific, USA) to determine the target RNA expression
levels. The PCR thermal cycling parameters of TagMan RNA-to-CT 1-Step Kit were as follows: 48°C for 15
min, 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min. The PCR thermal cycling parameters of
Prime Script RT Reagent Kit were as follows: 95°C for 3 min, 40 cycles of 60°C for 30 s, and 72°C for 10 s. The
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relative quantity of the target gene was calculated with the 272" method and normalized GAPDH. The
expression levels of METTL3, METTL14, and YTHDF1 were assessed by TaqgMan technology. Their primer
sequence has not been listed because of intellectual property protection. However, other primer sequences are
shown in Table 2.

Western Blotting

The THP-1 cells were lysed by cold RIPA buffer (87787, Thermo Fisher Scientific, USA). Total protein lysates (25 mg/lane)
were separated via 12% SDS-PAGE and then transferred to polyvinylidene fluoride membranes. The membranes were
subsequently blocked with 5% nonfat milk in Tris-Buffered Saline and Tween-20 (TBST, maintaining 20 mM Tris-HCL, 0.15
M NaCl, 0.05% Tween-20, pH 7.5) for 2 h at room temperature and further incubated overnight with rabbit anti-p38
(ab170099, Abcam, USA), rabbit anti- phosphorylated -p38 (ab195049, Abcam, USA), rabbit anti-JNK (ab179461,
Abcam, USA), rabbit anti- phosphorylated -JNK (ba124956, Abcam, USA), mouse anti- ERK (BSM-33337M, BIOSS,
USA), rabbit anti- phosphorylated -ERK (bs-1522R, BIOSS, USA), and mouse anti-GAPDH antibodies (ab8245, Abcam,
USA) at 4°C according to the manufacturer’s instructions. After washing with Tris-Buffered Saline and Tween 20 (TBST,
Beyotime Biotech. Shanghai, China) three times, the membranes were incubated with the secondary antibody
(150113,150077, Abcam, USA) and finally processed using enhanced chemiluminescence (ECL) reaction kit (Cell
Signaling Technology, USA) and quantification was performed using Image J.

Data Collection and Pre-Processing

The data used in this study included lung and tracheal tissue samples. The lung tissues included 98 COPD samples and
91 healthy samples, while tracheal tissue included 23 COPD samples and 112 healthy samples. The data were retained in
the GEO database (https://www.ncbi.nlm.nih.gov/geo/). The sequence number of lung tissues was GSE57148, and the

sequence number of tracheal tissues was GSE20257. All the data were analyzed through the R software and the limma
package (version 3.40.6).

MeRIP-Seq

The mRNA mo6A was sequenced by MeRIP-seq at Novogene (Beijing, China). Briefly, a total of 300 pg RNAs was extracted
from lung tissues. The integrity and concentration of extracted RNAs were detected using an Agilent 2100 bioanalyzer
(Agilent) and simpliNano spectrophotometer (GE Healthcare), respectively. Fragmented mRNA (~100 nt) was incubated for
2 h at 4°C with the anti-m6A polyclonal antibody (Synaptic Systems) in the immunoprecipitation experiment. Then,
immunoprecipitated mRNAs or Input were used for library construction with the NEB Next Ultra RNA library preparation
kit for Illumina (New England Biolabs). The library preparations were sequenced on an [llumina Novaseq or HiSeq platform

Table 2 Primers of Reverse Transcription PCR Analysis for Genes

Gene Primer Primer Sequence (5’-3’)

P38 Forward primer ATTTCAGTCCATCATTCATGCG
Reverse primer GTAAAAACGTCCAACAGACCAA

ERK Forward primer TCTGCTACTTCCTCTACCAGAT
Reverse primer CAGGCCGAAATCACAAATCTTA

JNK Forward primer ACACCACAGAAATCCCTAGAAG
Reverse primer CACAGCATCTGATAGAGAAGGT

GAPDH Forward primer GAGAAGGCTGGGGCTCATTTGC
Reverse primer TGCTGATGATCTTGAGGCTGTTGTC
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with a paired-end read length of 150 bp according to the standard protocols. The sequencing was carried out with 3
independent biological replicates. The data have been uploaded to NCBI’s BioProject (PRINA853736).

Enrichment of M| Macrophages and Their Surface-Specific Proteins

A single sample gene set enrichment analysis (ssGSEA) was used to determine the immune cell types of the dataset.?!
The expression of each gene across all the samples was normalized using the Z-score. The genes were then ranked in
descending order based on the Z-score (mean of z-scores) for each sample (or set of samples). Associations were
represented by the normalized enrichment score (NES). Immune cell types were considered enriched in a sample or set of
the samples when FDR (q value) < 10%. After determining the immune cell scores in all the samples, the differences in
M1 macrophages and their surface characteristic proteins between COPD and healthy individuals were analyzed using
the method of two sample #-tests.

Identification of COPD Genes and Gene-Enriched Pathways
The differentially expressed genes of lung and tracheal tissues between COPD and healthy individuals were identified by
using the limma package (version 3.40.6). The KEGG enrichment analysis was performed in the ENRICHR database.

Analysis of m6A Regulator Changes in COPD and Healthy Individuals

A total of 18 broadly recognized m6A RNA methylated regulators were retrieved from the published literature.”** Then,
their mRNA expression data were obtained from the lung and the tracheal tissues, respectively. Thereafter, differential
expression analysis of 18 m6A RNA methylation regulators between COPD and healthy individuals was performed using
the #-test. The LASSO regression was used for feature selection and dimension reduction to excrete unimportant m6A
regulatory factors. M6A regulators were evaluated for their discriminatory properties against COPD and healthy samples
using the ROC curve analysis.

Correlation Analysis
Pearson’s analysis was used to analyze the correlation of the m6A regulator, M1 macrophages, and the MAPK signaling
pathway between the two groups. p < 0.05 was considered statistically significant.

Statistical Analysis

Data from bioinformatics were statistically analyzed using R software (version 3.6.2), and p < 0.05 was considered
statistically significant. Gene expression levels of the samples were statistically analyzed using the Student’s #-test of
GraphPad Prism 8 (GraphPad Software Inc, San Diego, CA, USA), and p < 0.05 was considered statistically significant.

Results
MI Macrophages, Inflammatory Factors and MAPK Signaling Were Involved in COPD

By analyzing the sequencing data from the GEO database, we found that the number of M1 macrophages and the levels
of their surface-specific proteins (IL-1f, TLR2, TLR4 and CD86) were significantly higher in lung and tracheal tissue
samples of COPD patients compared to healthy controls (Figure 1A and B). Activation of M1 macrophages was closely
associated with the activity of TNF-o and IL-6 (Fig. S1). We further explored the differentially expressed genes (DEGs)
between COPD and healthy samples. A total of 4638 DEGs were obtained from lung tissues and 1788 DEGs from
tracheal tissues. A total of 768 DEGs were in common between lung and tracheal tissues (Figure 2A and B). These 768
DEGs were subjected to enrichment analysis, with the top-ranked genes pertaining to the MAPK signaling pathway
(Figure 2C and D). The correlation analysis between M1 macrophages and the MAPK signaling pathway showed
a positive correlation in lung and tracheal tissues (Fig. S2). These results suggest that the MAPK signaling pathway may
play a role in COPD by activating the inflammatory response of M1 macrophages. In COPD patients, we found
a significant decrease in lung function, an increased number of CD86" and CD14" M1 macrophage-like cells and an
augmented secretion of IL-6 and TNF-a (Figure 3A and B, Fig. S3 and Table 2). RT-PCR results showed that mRNA

International Journal of Chronic Obstructive Pulmonary Disease 2023:18 hetps: 2199
Dove


https://www.dovepress.com/get_supplementary_file.php?f=420471.docx
https://www.dovepress.com/get_supplementary_file.php?f=420471.docx
https://www.dovepress.com/get_supplementary_file.php?f=420471.docx
https://www.dovepress.com
https://www.dovepress.com

Hu et al Dove

A Lung tissues B Lung tissues
group . . .. L .- . .- L . - GeneName
L @ Coatrol ® Control
° o . S o
10
o8 .
s 7
Z o6 g
T
|
02 ke
00 mide swn P ., A ——-»—-a._&n% T ke ik
Y o S R RS S S |
! ARGI CDI63 CDSO CD86 CLECTA ILI0 ILI3 ILIA ILIB IL4 IL6 NOS2 PPARG RETNLBTLR2 TLRS
Beell Macophage I Macrophage M2 Monocyte  Neutrophil ~ NKeell  TeellCD4+  TeeCDS* Teell reulatory Myelod dendsic el Tracheal tissues
Tracheal tissues 0 e S o " —————— — — — T T T Group
" " - - Group ® Control
025- $ + + ® Control ® CcopD
® com 8
020{ .
g oS | | \ g 6 ff
£ ool | . i 4 8> Z o, ) L. :
Jasbbis ,
0.00- - - = -
o .
Beell MurophageMI Mucrophage M2 Monocyte  Newrophil ~ NKel  TeellCD4+  TeellCDS+ Teellregulatory Myeloid dendrtc cell ILIB CDS6 CDI63 TLR2 ARGI ILI0 ILI3 CLECTA PPARG IL4 NOS2 ILIA TLR4 CDSO RETNLB IL6

Figure | The proportion of activated M| macrophages and the level of secreted cytokines in COPD were analyzed by using GEO data. (A) Violin plots showing different
immune cells in lung and tracheal tissues of COPD patients and healthy controls. (B) Box plots showing different inflammatory cytokines in lung and airway tissues of COPD
patients and healthy controls (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.000] compared with healthy controls).
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Figure 2 The relationship between the MAPK signaling pathway and M| macrophages in COPD was analyzed by using GEO data. (A) Volcano plots showing the
differentially expressed genes in lung and tracheal tissues of COPD patients and healthy controls. (B and C) Differentially expressed genes in lung and tracheal tissues and
enriched pathways for co-differentially expressed genes. (D) Differentially expressed genes related to the MAPK signaling pathway in lung and tracheal tissues.

expression levels of p38, ERK, and JNK were significantly higher in blood specimens from COPD patients compared
with healthy controls (Figure 3C). Western blotting confirmed that CSE induced significantly higher levels of p38, ERK,
and JNK protein expression in THP-1 cells compared to controls (Figure 3D).
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Figure 3 Increased M| macrophage activity during COPD is associated with elevated expression levels of key factors involved in the MAPK signaling pathway. (A and B)
Flow cytometry and ELISA results of 21 blood samples from COPD patients and healthy controls. (C) RT-PCR results of 8 blood samples each from COPD patients and
healthy controls. (D) Western blotting results of CSE-induced THP-1 cells (4 replicates each in control and CSE groups). ***p < 0.00] compared with healthy controls.

Methylation of mMRNA for Key Factors of the MAPK Signaling Pathway May Activate
MI Macrophages and Be Involved in COPD Development

Analysis of DEGs showed that levels of several m6A regulators were significantly different between COPD patients
and healthy controls. In lung tissues of COPD patients, nine genes were upregulated and three genes were down-
regulated. In the tracheal tissues of COPD patients, seven genes were downregulated (Figure 4A). In lung tissues, the
levels of METTL14 were increased whereas the levels of METTL3 and YTHDF1 were decreased. In tracheal tissues,
the levels of METTL3 were decreased. We further analyzed the association of m6A regulators with COPD by feature
selection and dimension reduction techniques. We found that 13 m6A regulators in lung tissues and 10 m6A regulators
in tracheal tissues were associated with COPD (Figure 4B and C). According to the least absolute shrinkage and
selection operator (LASSO) regression, we analyzed the ROC curve of risk model through the scoring formula
M6A4Score = Y coef; - expr;. The results showed that the AUC was greater than 85% in both lung and tracheal
tissues, indicating that m6A modifiers correctly classified COPD and healthy samples (Figure 4D). By using RT-PCR,
we found that the expression of METTL14 and YTHDF1 was significantly decreased in blood samples of COPD
patients compared to healthy controls. In contrast, the expression levels of METTL3 were not significantly different
(Figure 4E). Validation indicates that m6A is involved in COPD.

Correlation analysis showed that m6A regulators were negatively associated with M1 macrophages and the MAPK
signaling pathway in lung and tracheal tissues of COPD patients (Figure 5A and B). We performed Me-RIP sequencing
analysis on mouse lung tissues, showing that 740 upregulated genes were significantly associated with mo6A
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Figure 4 Involvement of m6A regulators in COPD. (A) Box plots were obtained by analyzing the GEO data, which shows the transcriptomic differences of 18 mé6A
regulators in COPD and healthy samples. (B) Least Absolute Shrinkage and Selection Operator (LASSO) coefficient curves for the 18 méA regulators in the GEO dataset.
(C) 10-fold cross-validation in LASSO regression adjusting for parameter selection in GEO data. The partial likelihood bias is compared to log()), with A being the tuning
parameter. The partial likelihood bias values are shown in the figure, the error bars represent the standard error (SE). The vertical dashed lines indicate the optimal values
using the minimum and (1-SE) criteria. (D) ROC curves and AUC values were used to assess the ability of m6A modulators in the GEO data to discriminate between COPD
and healthy samples. (E) RT-PCR results of 8 blood samples each from COPD patients and healthy controls. *p < 0.05, compared with healthy controls. ns, p=0.2357.

modifications and 1373 downregulated genes were associated with m6A modifications in COPD samples compared with
the healthy controls. By using the KEGG enrichment analysis, we showed that many differentially methylated mRNAs
were enriched in the MAPK signaling pathway (Figure 6A and B). The m6A mRNA modifications of p38, ERK, and
JNK were significantly reduced in the lung tissues of COPD mice compared with controls (Figure 6C). The proportion of
M1 macrophages in the blood of COPD mice was significantly increased, which was consistent with the results in the
peripheral blood of patients with COPD (Figure 6D).

Discussion

Our analysis of GEO data and RT-PCR results from the peripheral blood of COPD patients revealed that m6A
modifications were significantly decreased in COPD patients compared with healthy controls. The m6A modifications
in M1 macrophages might play a role in COPD pathogenesis. The activation of M1 macrophages involves a variety of
pathways, including the MAPK signaling pathway.*® In inflammatory conditions, the MAPK signaling pathway over-
activates M1 macrophages while stimulating the secretion of large amounts of inflammatory cytokines, which may
contribute to the development of COPD.**” The expression of p38, ERK, and JNK is influenced by a variety of factors,
with m6A RNA methylation being one of the most common post-transcriptional modifications documented in a variety
of inflammatory diseases.”® Consistent with our findings, m6A regulators may be involved in the inflammatory response
induced by M1 macrophage hyperactivation by regulating the MAPK signaling pathway, thereby participating in the
development of COPD.'%2%-3
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Figure 5 Correlations between méA regulators, the MAPK signaling pathway, and M| macrophages were analyzed by using GEO data. (A) Correlation between m6A
regulators and M| macrophages in lung and tracheal tissues. (B) Correlation between méA regulators and the MAPK signaling pathway in lung and tracheal tissues.

Previous studies found that reducing the m6A regulatory enzymes METTL3 and YTHDF2 promoted the mRNA
expression of p38, ERK, and JNK, thus activating the inflammatory response of macrophages.'®'' By analyzing GEO
data, peripheral blood flow cytometry, and ELISA results from COPD patients, we found that activated M1 macrophages
and released inflammatory cytokines were significantly increased in COPD patients. The mRNA expression of p38, ERK,
and JNK was found to be significantly up-regulated in the peripheral blood of COPD patients, meanwhile, the protein
expression levels of p38, ERK, and JNK were significantly up-regulated in CSE-induced THP-1 cells. Overall, these
findings suggest that p38, ERK, and JNK in M1 macrophages can effectively participate in the pathologic process of
COPD.

Writers and erasers synergistically regulate the dynamic and reversible modification of m6A, whereas readers perform
biological functions by recognizing m6A modification sites. Writers, erasers and readers collaborate to adapt the level of
m6A methylation to the overall state of the organism.>’ The m6A-modified, methyltransferase-dependent, writers are
a complex consisting of three core components: METTL3, methyltransferase-like 14 (METTLI14), and the cofactor
Wilms tumor 1-associated protein (WTAP). Erasers can mediate m6A demethylation modifications, including Fat Mass
and Obesity-associated (FTO) proteins and ALKB homolog 5 (ALKBHS). Recognition of m6A modifications is
mediated by m6A-binding proteins. The main reader proteins identified to date include YTH domain-containing proteins,
such as YTHDFI1. A decrease in writers, an increase in erasers and a decrease in readers may ultimately result in
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Figure 6 Decreased mRNA methylation modifications of key factors of the MAPK signaling pathway. (A) MeRIP-seq results showing volcano maps of differentially expressed
genes altered by méA regulatory factors in lung tissues of COPD mice and healthy mice. (B) MeRIP-seq results show 20 pathways enriched for genes differentially regulated
by m6A regulators in lung tissues of COPD mice and healthy mice. (C) MeRIP-seq results show the IGV track of the regional distribution of mMRNA modifications associated
with key factors of the MAPK signaling pathway. (D) Flow cytometry results of blood samples obtained from mice. ***p < 0.001 compared with healthy controls.

a reduction of the m6A modifier. RT-PCR findings showed that gene expression of the m6A regulatory enzymes
METTL14 and YTHDF1 was dramatically down-regulated in the peripheral blood of patients with COPD, with
a decrease in METTL14 resulting in the inability to form the writers’ complex. The decrease in YTHDF1 resulted in
the unrecognized or reduced recognition of m6A modifications, ultimately in the reduction of the m6A modification.
MeRIP-seq results indicated that m6A modifications of p38, ERK and JNK were markedly reduced, pointing out that
mo6A modifications exerted a negative regulatory effect on the MAPK signaling pathway.

In conclusion, we found that reduced levels of m6A modification of p38, ERK and JNK may increase their
expression, thereby over-activating M1 macrophages and promoting the secretion of inflammatory cytokines, which
are ultimately involved in the development of COPD. We hypothesized that reduced levels of m6A modifications of p38,
ERK, and JNK might be associated with reduced METTL14 and YTHDF1. We speculate that the activity of the
METTL14-m6A-YTHDF1 axis can regulate the modification of key factors of the MAPK signaling pathway, upregulat-
ing the mRNA expression of p38, ERK, and JNK in COPD. We propose a novel mechanism of macrophage m6A-RNA
methylation in patients with COPD. This suggests that m6A can be involved in the pathogenesis of COPD through the
over-activation of M1 macrophages, thus providing a potential therapeutic target for the treatment of COPD.

Our study is also associated with limitations. Firstly, we did not clearly demonstrate that the increase in IL-6 and
TNF-0 was directly caused by activated M1 macrophages. Secondly, we found altered expression levels of methyl-
transferases, methylated reading proteins, and key factors of the MAPK signaling pathway in clinical samples of COPD.
Even so, the precise mechanisms by which m6A regulators could regulate the activation of M1 macrophages through the
MAPK signaling pathway were not discussed in detail. In addition, our study was characterized by a limited sample size.

In the future, novel studies are needed to validate these findings.
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Conclusion

Our results revealed that reduced levels of m6A modifications of p38, ERK and JNK may be associated with M1
macrophage hyperactivation, ultimately leading to an augmented expression of inflammatory factors involved in COPD.
This study provides a new direction for screening potential therapeutic targets for COPD.
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