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BALF editome profiling reveals A-to-l RNA editing associated
with severity and complications of Mycoplasma pneumoniae
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ABSTRACT Mpycoplasma pneumoniae is an important human respiratory pathogen
that causes mild-to-moderate community-acquired M. pneumoniae pneumonia (MPP),
particularly in children. RNA editing plays a vital role in pathogen infection and host
immune response, but it remains largely unknown how it could be involved in the
epigenetic regulation of host response to M. pneumoniae infection. In the present study,
we performed an epitranscriptomic analysis of adenosine to inosine (A-to-l) editing
in 39 bronchoalveolar lavage fluid (BALF) samples from the severe side (SS) and the
opposite side (OS) of patients with MPP. Our editome profiling identified 87 differential
RNA editing (DRE) events in 50 genes, especially missense editing events that recoded
C-C motif chemokine receptor-like 2 (CCRL2, p.K147R) and cyclin | (CCNI, p.R75G). The
expression of adenosine deaminase acting on RNA (ADAR) significantly increased on
SS compared to OS and positively correlated with the average RNA editing level and
individual DRE events. Meanwhile, functional enrichment analysis showed that DRE was
observed in genes primarily associated with the negative regulation of innate immune
response, type | interferon production, and cytokine production. Further comparison
of SS between complicated MPP (CMPP) and non-complicated MPP (NCMPP) revealed
RNA editing events associated with MPP complications, with a higher ADAR expression
in CMPP than NCMPP. By identifying DRE events as biomarkers associated with MPP
severity and complications, our editome profiling provides new insight into the potential
role played by A-to-l RNA editing in modulating the host’s immune system during M.
pneumoniae infection.

IMPORTANCE Our research investigates how Mycoplasma pneumoniae, a common
respiratory pathogen, influences how our cells modify their genetic instructions. By
studying RNA editing changes in bronchoalveolar lavage fluid from patients with M.
pneumoniae pneumonia, we aim to investigate how M. pneumoniae infection alters
epigenetics and contributes to the disease severity and complications. Understand-
ing such epigenetic alterations not only sheds light on the mechanisms underlying
M. pneumoniae infection but also holds potential implications for developing better
diagnostic tools and therapies. Ultimately, this work may facilitate the design of more
targeted treatments to alleviate the impact of respiratory infections caused by the
pathogen. Our findings may also offer broader insights into how microbial infections
reshape immune processes, highlighting the importance of RNA editing in host-patho-
gen interactions.
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ycoplasma pneumoniae is a unique pathogen that could infect humans and

animals to cause walking pneumonia and other respiratory disorders (1). In
addition to its small size and genome, the Mycoplasma genus is distinguished from other
prokaryotes by the lack of cell wall structure, which makes it insensitive to beta-lactam
antibiotics (2, 3). Although most of its infections are asymptomatic, it could cause
community-acquired pneumonia, especially in children. Up to 40% or more community-
acquired pneumonia in children was M. pneumoniae pneumonia (MPP), with up to 18%
of cases requiring hospitalization (4-6). Globally, MPP is recognized to have epidemic
peaks that recur every 3-7 years, with each outbreak lasting 1-2 years (4, 7-9). Neverthe-
less, the underlying mechanisms of MPP severity remain largely unelucidated, which is
essential for preventing and treating the disease.

Epigenetics plays a substantial role in the immune response to infection. RNA editing
catalyzed by adenosine deaminase acting on RNA (ADAR) converts adenosine to inosine
(A-to-1) in RNA and could potentially influence mRNA splicing, stability, translation
efficiency, and encoded protein function (10). RNA editing is a critical component of
the host immune response to viral and intracellular bacterial infections (11-13), whereas
its role in other microbial infections needs to be further explored. Although many M.
pneumoniae infections remain asymptomatic (14), recent studies suggest that, in some
cases, such infections can induce significant immune responses and have long-term
effects on host health (5, 15). The difference in molecular landscape and underlying
mechanisms related to such different outcomes remains elusive. A-to-l RNA editing
may play a critical role in modulating the host’s immune responses to infections (16).
Therefore, the involvement of A-to-I RNA editing in host immune response to MPP could
be of particular importance.

Our current study comprehensively investigated A-to-| RNA editome in bronchoalveo-
lar lavage fluid (BALF) samples collected from MPP children, providing new insight into
its potential role in host immune response and the development of diagnostic markers.

MATERIALS AND METHODS
Clinical data and sample collection

The inclusion criteria for children with MPP were based on expert consensus on
laboratory diagnostics and clinical practice of MPP in children in China as previously
described (17). In brief, the inclusion criteria for children with MPP were as follows: (i)
diagnosed with community-acquired pneumonia; (ii) confirmed to be positive with M.
pneumoniae infection by qPCR of nasopharyngeal aspirates; and (iii) unilateral pneumo-
nia on chest imaging, as this study specifically focused on cases of MPP characterized
by unilateral pneumonia. Patients were excluded for the following: (i) tested positive
for other pathogens in a range of diagnostic assays, including BALF cultures, viral
antigen detection, and immunological assays such as the purified protein derivative
test, interferon-gamma release assays, and T-cell spot tests on any samples from throat
swabs, nasopharyngeal aspirates, sputum, BALF, or blood; (ii) with pre-existing health
issues like immunodeficiency, chronic illnesses, or cardiac conditions, and those on
immunosuppressive medication; (i) without guardian consent for participation.

A total of 21 children diagnosed with MPP who, despite treatment with macrolide
antibiotics, had persistent fever or incomplete resolution of pulmonary symptoms on
radiographic imaging were subjected to fiberoptic bronchoscopy and chest imaging.
MPP in children often appears as unilateral lesions on chest imaging, which could
indicate pneumonia, lung consolidation, atelectasis, or pleural effusion. The sides
presenting these characteristics were used as the severe side (SS), while the other side
was used as the opposite side (OS). According to a previous study (18), we further
stratified the SS group into complicated MPP (CMPP) and non-complicated MPP (NCMPP)
subgroups. CMPP was defined by the presence of both local complications, such as
parapneumonic effusion, empyema, necrotizing pneumonia, and lung abscess, and
systemic complications, including bacteremia, metastatic infection, multi-organ failure,
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acute respiratory distress syndrome, disseminated intravascular coagulation, and, in rare
cases, death. Cases of MPP without such complications were classified as NCMPP.

BALF was sampled from the most severely affected lung lobe on SS and a comparable
lobe on OS during fiberoptic bronchoscopy after general anesthesia by administering
a combination of intravenous and inhalational agents. When the bronchoscope was
lodged in the target bronchus, 37°C normal saline was injected through the working
channel (1 mL/kg/time, <20 mL/time, and the total amount <5-10 mL/kg). Then, BALF
was obtained by negative pressure aspiration at 100-200 mmHg. Chest X-ray or CT was
used to determine the affected lobes, which allowed us to divide them into SS and OS.
We first performed lavage on the OS to obtain BALF, followed by lavage on the SS using
the same method. The collected BALF samples were promptly processed and stored
at —80°C for subsequent testing. All samples were subjected to bulk RNA sequencing,
ensuring consistent handling across all cases.

RNA-seq reads processing

The raw RNA-seq reads from our previous study (PRICA015679) (5) were included and
reanalyzed using a pipeline described in our previous study, and FASTQC was used to
assess the quality of RNA-Seq reads for quality control (QC) (19). After QC, 21 SS and
18 OS samples were included in our subsequent analysis. Reads that passed QC were
aligned to the human genome reference (UCSC hg38) with RNA STAR version 2.7.0e (20).
Following alignment, the generated BAM files were filtrated using SAMtools version 1.9
(21) to remove multi-mapped reads or optical duplicates. Subsequently, base quality
score recalibration was performed using the Genome Analysis Toolkit (GATK) version
4.1.3, following its guidelines (22).

RNA editing analysis

Single nucleotide variants (SNVs) were called from the BAM files utilizing VarScan version
2.4.4 (23), followed by annotation using the Ensembl Variant Effect Predictor (VEP)
(24). Only A-to-G SNVs on the coding strands or T-to-C on the non-coding fulfilling
these criteria were retained: a base quality score of 25 or above, a total sequencing
depth of ten or more, an alternative allele depth of at least 2, and an alternative allele
frequency (AAF) of at least 1%. SNVs were excluded if they met any of these conditions
unless recorded as RNA editing sites in the REDIportal V2.0 database (25): (i) located
in homopolymeric regions of five or more nucleotides or simple sequence repeats; (ii)
located in mitochondrial DNA; (iii) located within six nucleotides of a splice junction; (iv)
located within one nucleotide of an insertion or deletion (Indel); (v) located within 4%
proximity to the read starts or ends; (vi) listed as known variants in the dbSNP database
Build 142; (vii) observed in over 90% of samples with an AAF of either 100% or between
40% and 60%.

Sorting intolerant from tolerant (SIFT) prediction
The SIFT web server (http://sift-dna.org) was utilized to predict the impacts of amino acid
alterations in proteins arising from missense A-to-1 RNA editing (26).

Gene expression quantification

The Bioconductor package Rsubread version 2.8.2 was used to calculate the pseudo
counts and normalized gene expression levels expressed as transcripts per million (TPM)
for RNA expression (27).

Function enrichment analysis

Gene ontology (GO) and Kyoko Encyclopedia of Genes and Genomes (KEGG) analyses
were conducted utilizing the DAVID Bioinformatics Resources online platform (https://
david.ncifcrf.gov/tools.jsp) and the Enrichr tool (https://maayanlab.cloud/Enrichr/) (28).
The significance cut-off of a false discovery rate (FDR) <0.05.
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RNA-binding protein (RBP) binding site prediction

For a better understanding of the potential functional impact of RNA editing, the
RBPmap online tool (http://rbpmap.technion.ac.il) was employed to predict potential
RBP binding sites that coincide with the locations of RNA editing (29).

DNA and RNA extraction

Genomic DNA and total RNA were extracted from collected BALF samples following
standard protocols. For DNA extraction, FastPure Cell/Tissue DNA Isolation Mini Kit-BOX1
(Vazyme, Cat: DC102-01) was used following the manufacturer’s instructions. Total RNA
was extracted using the RNAsimple Total RNA Extraction Kit (Tiangen, REF: DP419),
following the manufacturer’s instructions. The quality and quantity of the extracted DNA
and RNA were assessed using a Nanodrop spectrophotometer (Thermo Fisher Scientific)
and agarose gel electrophoresis.

Reverse transcription PCR (RT-PCR) was performed with 1 pg of total RNA. First-strand
cDNA synthesis was carried out using the HiScriptlll RT SuperMix for gPCR (+gDNA wiper)
cDNA synthesis kit (Vazyme, R323), following the manufacturer’s protocol.

PCR amplification for RNA editing site validation

To confirm the presence of RNA editing at specific loci, we designed primers flanking the
target editing sites (Table S1). The resulting DNA and cDNA were then subjected to PCR
amplification using the primers designed for the specific target regions.

PCR was carried out using the Phanta Max Super-Fidelity DNA Polymerase (Vazyme,
P505) according to the manufacturer’s protocol. The PCR products were analyzed using
agarose gel electrophoresis.

The PCR products were subsequently subjected to Sanger sequencing to confirm the
presence of A-to-| RNA editing events at the target sites.

Diagnostic performance analysis

To evaluate the diagnostic performance for predicting MPP severity and complications,
the editing levels of selected RNA editing events were subjected to the receiver
operating characteristic (ROC) curve analysis and used as independent variables to
construct classifiers in logistic regression implemented in SPSS (version 22). The status of
MPP severity and complications was used as the dependent variables. The values of the
area under the ROC curve (AUC) were calculated.

Statistical analysis

In statistical analysis, RNA editing levels between SS versus OS and NCMPP versus
CMPP were compared using the general linearized model (GLM) method and likelihood
ratio test to calculate the empirical P values (Pg ). Categorical data were subjected to
analysis via Fisher’s exact test. The correlation between levels of RNA editing and gene
expression was analyzed using the Pearson and Spearman rank correlation methods to
obtain the correlation coefficients (r) and P values.

RESULTS
Clinical characteristics of 21 MPP children

A total of 21 children who underwent fiberoptic bronchoscopy with MPP were prospec-
tively enrolled in the Respiratory Department of Children’s Hospital of Nanjing Medical
University from January to December 2021. Characteristics of these subjects, including
the age, hospitalization duration, absolute neutrophil count, C-reactive protein (CRP),
alanine aminotransferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase
(LDH) and creatine kinase-MB (CK-MB) levels, and counts of platelets and white blood
cells, are summarized in Table 1.
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TABLE 1 The clinical characteristics of 21 MPP children?

Hospitalization
Age (years) duration (days) WBC (x10°/L) CRP (mg/L) HB(g/L) PLT(x10°L) ALT(U/L) AST(U/L) LDH(U/L) CK-MB (U/L)

5 17 10.66 42 129 416 47 33 556 29
9.67 9 5.04 10 127 159 7 19 319 1
4 9 18.74 10 129 362 95 28 695 25
6.67 12 12.86 52 121 354 14 13 300 13
8.42 19 12.02 32 118 337 30 41 557 21
13.75 8 7.1 30 133 192 41 61 509 18
8.08 12 12.82 20 130 235 18 33 678 38
8.5 6 6.65 2.828 115 339 8 17 241 12
4.58 14 6.72 1 131 253 19 41 844 24
9.33 16 4.75 54 116 178 22 47 441 19
7 12 6.19 1 122 250 8 32 375 16
7 9 13.54 2.828 133 397 16 26 245 18
9.83 27 10.58 14 121 382 67 50 478 13
35 12 4,53 35 127 162 18 30 458 30
13.17 18 11.04 9 145 214 13 17 425 22
55 9 13.2 9 122 353 19 26 413 18
3.08 10 7.38 29 120 251 13 32 223 25
7.5 9 8.75 2.828 121 294 14 33 351 17
6 20 2.83 34 122 169 136 106 688 34
8.17 7 9.6 2.828 132 350 97 48 353 19
9.5 9 8.54 2.828 133 278 16 27 311 16

9ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK-MB, creatine kinase-MB; CRP, C-reactive protein; HB, hemoglobin; LDH, lactate dehydrogenase; PLT,
platelet; WBC, white blood cell.

A-to-1 RNA editing in BALF from MPP children

In total, 8,997 A-to-I RNA editing events with high confidence were identified in 1,356
genes in BALF samples from all children studied (Fig. 1A). The editing levels of these
events varied from 1% to 100% and were found throughout the human genome. Among
these events, 7,529 (83.7%) were shared between OS and SS. In comparison, 96 (1.1%)
and 1,372 (15.2%) were exclusively observed in OS and SS, respectively (Fig. 1B). As for
edited genes, 1,210 (89.2%) were shared between OS and SS, with 19 (1.4%) and 127
(9.4%) genes being uniquely edited in OS and SS, respectively (Fig. 1C). The top three
functional categories of these RNA editing events comprised 7,170 (77.4%) intronic, 887
(9.6%) 3’-untranslated region (3" UTR), and 439 (4.7%) missense variants (Fig. 1D). SIFT
predicted that 161 (38.3%) of the missense variants might influence the function of the
encoded proteins (Fig. 1E). Additionally, 33.6% of these edited events were located in Alu
repetitive elements (Fig. 1F). Examination of the sequences surrounding these candidate
editing sites revealed a pattern with guanine suppressed at the —1 upstream base and
preferred at one base downstream of the editing sites (positions indicated as 6 and 8 in
Fig. 1G).

Changes in BALF RNA editing associated with MPP severity

ADAR increased significantly in SS compared to OS (Fig. 2A), whereas ADARB1 and
ADARB2 showed no significant changes (Fig. 2B and C). The transcriptome-wide average
editing level significantly increased in SS compared to OS (Fig. 2D), positively correlated
with the ADAR expression level (Fig. 2E).

Among these RNA editing events, 87 differential RNA editing (DRE) sites were
observed in 50 genes (Fig. 2F; Table S2). Principal component analysis (PCA) using these
DRE sites separated SS and OS samples well, with PC1 accounting for 52.8% of the total
variation (Fig. 2G). The top three functional categories of these DRE sites included 38
(43.7%) intronic, 31 (35.6%) 3" UTR, and 10 (11.5%) non-coding transcript exonic variants,
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FIG 1 A-to-l RNA editing identified from BALF transcriptome of MPP children. (A) Circos plot of transcription gene expression (outer circle) and A-to-I RNA
editing sites (inner circle) in the MPP children BALF. (B and C) The A-to-I RNA editing events (B) and genes (C) between OS and SS. (D) Functional types of variants
resulted from A-to-I RNA editing. (E) About 38.3% of missense variants are predicted by SIFT to be possibly deleterious to the encoded proteins. (F) 33.6% of RNA

editing events are in Alu repetitive elements. (G) The motif of sequence motif surrounding the A-to-I RNA editing sites. Six nucleotides upstream and downstream

of the editing sites are shown.

with a notably increased proportion of 3" UTR variants compared to that in the overall
RNA editing variants (Fig. 2H). Further analysis revealed a subset of DRE events positively
correlated with the ADAR expression level (Fig. 2I).

MPP severity-associated BALF RNA editing was mainly involved in immune-
and virus-related gene functions and pathways

Gene function enrichment showed that the BALF DRE observed between SS and OS of
MPP patients was mainly involved in immune and virus-related biological processes,
such as the negative regulation of the innate immune response, type | interferon
production, and cytokine production (Fig. 3A), and KEGG pathways, such as the NOD-like
receptor signaling pathway, the NF-kappa B signaling pathway, the chemokine signaling
pathway, Epstein-Barr virus infection, and hepatitis B (Fig. 3B).

Proteins recoded by missense RNA editing associated with MPP severity

We subsequently investigated missense RNA editing associated with MPP severity,
potentially recoding protein and influencing protein structure and stability (30). Two
missense DRE events were observed in C-C motif chemokine receptor-like 2 (CCRL2,
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p.K147R) and cyclin | (CCNI, p.R75G). The editing levels (CCRL2:chr3:46408483 and
CCNI:chr4:77058527) and gene expression levels were significantly increased in SS (Fig.
4A through D). Among them, CCRL2 p.K147R was located in its trans-membrane domain,
whereas CCNI p.R75G was predicted to be deleterious in its cyclin-like domain. In
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addition, a strong positive correlation with the gene expression was observed for the
CCRL2 missense editing (Fig. 4E) but not for the CCNI missense editing (data not shown).

Sanger sequencing was used to validate the presence of A-to-l RNA editing
events at the target sites. The results showed that the CCRL2:chr3:46408483 and
CCNI:chr4:77058527 variants were detected at the RNA level but not at the DNA level,
and the editing levels were higher in SS than OS (Fig. 4F through I).

ROC curves were used to assess further the potential of CCRL2:chr3:46408483
and CCNI:chr4:77058527 as biomarkers for diagnosing MPP severity. The classifiers
constructed by combining these two missense editing sites showed an AUC value of
0.844 (Fig. 4J). These results indicate that RNA editing of CCRL2:chr3:46408483 and
CCNI:chr4:77058527 could serve as biomarkers for MPP severity prediction.

MPP severity-associated 3’ UTR DRE in BALF might contribute to gene
expression regulation

We then focused on the potential cis-regulatory effects of 3 UTR RNA editing. Our
study identified 31 3" UTR DRE events in 14 genes (Table S2), with 16 (51.6%) in 8
genes predicted to exert cis-regulation (Fig. 5A and B; Table S3). Furthermore, nine
of these differentially edited genes (64.3%) exhibited differential gene expression (Fig.
5C; Table S4). The top 10 significantly differentially edited 3 UTR variants ranked by P
values are shown in Table 2. Notably, one of the most pronounced differential editing
was found in the complement C5a receptor 1 (C5ART), C-X-C motif chemokine ligand
8 (CXCL8), DExD/H-box helicase 58 (DDX58), and apolipoproteins L6 (APOL6) genes. All
the RNA editing (C5AR1:chr19:47321817, CXCL8:chr4:73742713, DDX58:chr9:32456455,
and APOL6:chr22:35660551) and edited gene expression levels except the expression of
DDX58 and APOLE6 significantly increased in SS (Fig. 5D through K). The mRNA expression
and site editing levels of C5ART and CXCL8 genes also showed a significant cis-regulated
association (Fig. 5L and M). The top 10 cis-regulated DRE events ranked by the Spearman
correlation coefficient are shown in Table 3.

Hyper-edited genes with MPP severity-associated RNA editing

Our findings also underscored the significant role of genes possessing multiple RNA
editing sites in the BALF of SS. A total of 38 genes, which constituted 100% of the
differentially edited genes, were identified to harbor two or more editing sites, as
detailed in Table 4. The top three were LYN proto-oncogene, Src family tyrosine kinase
(LYN) with 259 editing sites, dedicator of cytokinesis 4 (DOCK4) with 202 editing sites,
and AC099489.1 with 145 editing sites. All the top 10 genes showed increased expression,
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FIG 4 The two genes with missense DRE. (A and B) CCRL2:chr3:46408483 editing level (A) and gene expression level (B). (C and D) CCNI:chr4:77058527 editing
level (C) and gene expression level (D). (E) The Sperman correlation of CCRL2:chr3:46408483 editing level and gene expression level. (F and G) The Sanger
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DNA (1) levels. (J) ROC curves are generated using a combination of CCN/:chr4:77058527 and CCRL2:chr3:46408483.

especially lipopolysaccharide-induced TNF factor (LITAF), and LYN expression significantly
increased in SS (P=0.001 and P = 0.008, respectively) (Table 5).

RNA editing in BALF associated with MPP severity might influence RBP
binding activity

To assess the possible impact of RNA editing on the binding of RBPs, the RBPmap
database was used to predict the binding sites of RBPs that overlapped with the DRE
sites. Figure 6 shows the top RBPs sorted by the frequency of their overlapping DRE sites,
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TABLE 2 The top 10 3’ UTR events with the most significant differential editing”

Event_id NT change Knownssite  Pgim Average editing
Correlation between RNA editing and gene expression level (%)
PSpearman Ppearson 0s SS
DDX58:chr9:32456455 c¥667A > G TRUE 1.61e-05 0.064 0.239 8.8 30.0
C5AR1:chr19:47321817  c.*987A>G TRUE 5.28e-04 5.06e-05 3.41e-05 1.4 8.4
CXCL8:chr4:73742731 Cc¥267A>G TRUE 8.12e-04 2.19e-07 1.51e-04 7.5 184
APOL6:chr22:35660551 Cc¥955A>G TRUE 9.77e-04 0.037 0.088 68.0 84.1
ADGRE2:chr19:14734257 c*1979A>G TRUE 0.001 0.449 0.795 45.7 65.5
ERO1A:chr14:52643092  c*478A>G TRUE 0.001 0.155 0.073 20.1 38.5
DDX58:chr9:32456367 c*¥755A>G TRUE 0.002 0.359 0.998 314 58.3
SGTB:chr5:65667685 c¥2561A>G TRUE 0.003 0.012 0.130 1.3 4.5
GBP4:chr1:89183779 c*¥1475A>G TRUE 0.004 0.291 0.021 64.7 40.6
APOL6:chr22:35660685  c.*1089A >G TRUE 0.004 0.614 0.709 33.0 511

PgLm: the differential editing level between OS and SS. Known site: the RNA editing site has been found in the database. TRUE: known.

with the top three being heterogeneous nuclear ribonucleoprotein A0 (HNRNPAO), RNA
binding motif single-stranded interacting protein 3 (RBMS3), and DAZ-associated protein
1 (DAZAPT).

A-to-l RNA editing in BLAF associated with complications in MPP

Due to the significant RNA editing alterations observed in SS, we sought to further
delineate the association of complications with RNA editing in SS. Consequently, we
stratified the SS group into NCMPP and CMPP subgroups. Upon analysis, our study
discovered that there was also a significant alteration in the expression of ADAR between
NCMPP and CMPP (Fig. 7A). Eighty-two DRE events were identified in 60 genes between
NCMPP and CMPP (Table S5), among which 19 genes were also differentially edited
between OS and SS (Fig. 7B). Gene function enrichment showed that these 19 shared
DRE genes were mainly involved in mast cell and immune-related biological processes
such as regulation of mast cell activation, degranulation, and adaptive immune response
(Fig. 70), and KEGG pathways such as chemokine signaling pathway, PPAR signaling
pathway (Fig. 7D). Among these 19 shared genes, three including acyl-CoA synthetase
long-chain family member 1 (ACSL1), cathepsin S (CTSS), and interleukin 1 receptor-asso-
ciated kinase 3 (IRAK3) genes showed significantly increased expression, which were
positively associated with MPP severity and complications (Fig. 7E through J).

ROC curves were used to further assess the potential application of ACSL7
(chr4:184824208/184823799), CTSS (chr1:150732881/150732178/150732032), and IRAK3
(chr12:66194142/66194056/66194058) editing sites as biomarkers for diagnosing MPP

TABLE 3 The top 10 cis-regulated events with the most significant differential editing

Site_id Consequence NT change AA change PGLm Pspearman Average editing level
(%)
(0} SS
CXCL8:chr4:73742731 3’UTR Cc¥267A> G No 8.12e-04 2.19e-07 7.5 18.4
CCRL2:chr3:46408483 Missense c440A>G p.K147R 0.005 1.87e-05 74 20.1
TNFAIP3:chr6:137878768 Synonymous c1323A>G p.E441 0.002 3.11e-05 0.6 2.8
C5AR1:chr19:47321817 3’UTR c¥987A>G No 5.28e-04 5.06e-05 1.4 8.4
PTK2B:chr8:27425209 Intron c.551+2826A>G No 0.019 7.11e-05 7.5 15.8
MTND2P28:chr1:630318 Exon n.679A > G No 0.003 1.87e-04 58.1 73.0
ITGAX:chr16:31359000 Intron c431-700A> G No 0.005 5.67e-04 1.7 22.6
SGK1:chr6:134170115 3’UTR c*¥153A>G No 0.008 7.46e-04 4.7 12.3
LINC-PINT:chr7:131100079 Intron n.1524 + 7641A > G No 0.020 0.001 20.3 347
EGR3:chr8:22689300 3’UTR c*¥1173A>G No 0.016 0.001 25 6.1
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TABLE 4 Enrichment of differential A-to-I RNA editing genes with multiple editing sites

Edited_sites P value®
1 Two or more
Differentially_edited <0.001
No 592 (45%) 726 (55%)
Yes 0 (0%) 38 (100%)

“Pearson’s chi-squared test.

complications. The classifier constructed by combining these editing sites showed an
AUC value of 1.00 (Fig. 7K). These results indicate that the editing levels of these sites
could be potential biomarkers for predicting MPP complications.

DISCUSSION

Before our current study, there was limited understanding of the underlying epigenetic
alterations and mechanisms of RNA editing related to MPP severity. Through a systematic
investigation of A-to-l RNA editing in BALF samples of MPP, our study underlined a
potentially significant involvement of A-to-l RNA editing in modulating the immune
response related to MPP severity.

Our findings showed that ADAR expression, along with the mean level of A-to-1 RNA
editing, increased significantly with MPP severity. This suggests that upregulated RNA
editing activity, emphasizing the interplay between RNA editing machinery and host
defense mechanisms, is a crucial component of the innate immune response against
MPP of varying severity. ADAR, an enzyme renowned for its function in post-transcrip-
tional RNA modification (31, 32), demonstrates a significant upregulation in response
to pathogenic invasion. The promoted expression of ADAR might enhance the host’s
resistance to pathogenic infections by reshaping the transcriptome for anti-pathogenic
responses, possibly by changing the secondary structure of RNA and regulating the
immunogenicity of both cellular self-RNA and pathogenetic RNAs (33-37). Our findings
suggest the vital role of ADAR in modulating the host’s innate and adaptive immune
responses to counteract pathogenic infections effectively.

Missense RNA editing alters the amino acid sequences, potentially enhancing
protein diversity or influencing protein structure, stability, and functions (30). Our
study observed significantly upregulated missense RNA editing of two genes, CCRL2
(chr3:46408483) and CCNI (chr4:77058527), in SS. CCRL2 encodes a chemokine receptor-
like protein, a seven-transmembrane domain receptor located within a CC chemokine
receptor cluster on human chromosome 9 (38-40). Chemokine signaling is crucial for
guiding immune cell migration to inflammatory sites (41-44). CCRL2 is highly expressed
in primary neutrophils and monocytes, with an increased expression upon neutrophil

TABLE 5 Top 10 genes with the largest counts of A-to-I RNA editing events®

Gene Number of With significantly ~ Gene expression level (TPM) P value®

detected different A-to-1 RNA

editing events editing level (0} SS
LYN 259 Yes 78.8 176.6 0.008
DOCK4 202 Yes 17.4 33 0.017
AC099489.1 145 Yes 23.8 36.6 0.068
LITAF 141 Yes 113.9 2385 0.001
PSTPIP2 114 Yes 29.7 65.9 0.036
GK 112 Yes 130.4 2163 0.115
ACSL1 106 Yes 87.2 177 0.019
FNDC3B 103 Yes 59.8 1124 0.015
AZIN1-AS1 102 Yes 85 23.1 0.056
RBM47 102 Yes 256 36.1 0.058

“Transcripts per million (TPM) represents a relative expression level.
Shows the difference P-values for gene expression between OS and SS calculated using edgeR.
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FIG 6 RNA editing in BALF associated with MPP severity might influence RBP binding activity. (A) Word cloud showing RBPs with binding sites overlapping MPP

severity-associated DREs. (B) Top 10 RBPs with the most frequent binding sites overlapping MPP severity-associated DREs.

stimulation and during monocyte differentiation into macrophages (44). Additionally,
CCRL2 regulates immune responses in inflammation-related diseases, such as experi-
mental autoimmune encephalitis and inflammatory arthritis (45-48). The correlations
between levels of CCRL2 RNA editing and gene expression might be critical for bet-
ter understanding the potential effects of RNA editing in gene expression regulation
involved in responses to MPP of varying severity, warranting further investigation into
the functional roles of RNA editing in MPP.

The RNA editing in 3"-UTR can result in alterations in the targeting, maturation of
microRNA, and interaction with RBPs (49-51). Among the genes with 3"-UTR DRE, C5AR1
is the receptor of C5A, a key pro-inflammatory mediator, an anaphylatoxin (52), and
a component of the complement pathway involved in innate and adaptive immune
responses (53). It could promote inflammation and/or repair processes in ischemic
stroke (54). Additionally, COVID-19 patients with critical conditions exhibited extensive
activation of the C5a-C5aR1 pathway (55). The CXCL8 gene encodes a member of the CXC
chemokine family and a major mediator of pro-inflammatory responses (56, 57). It serves
as a chemoattractant, directing neutrophils to the site of infection (57-59). Products
from bacteria and viruses could trigger CXCL8 expression during inflammation (56, 58).
Excessive CXCL8 might lead to pulmonary inflammation (60, 61) and cystic fibrosis (62).
Therefore, our findings of such 3" UTR RNA editing changes associated with MPP severity
could align with the role of these genes in anti-infection defense and immune regulation.

The detection of RNA editing using high throughput sequencing might be influenced
not only by the editing level but also by the gene expression level. RNA editing could
be easier to detect in genes with high expression levels. Conversely, low expression
levels may affect the detection of RNA editing. This variability poses a challenge when
interpreting DRE results across various conditions or treatments. Future studies should
also consider employing additional methodologies, such as control samples with known
editing profiles and target sequencing, to validate the observed RNA editing sites more
rigorously.

In our analysis of RBPs, many DRE sites overlapped with binding sites of HNRNPAO,
a type | interferon (IFN)-repressed host factor in HIV-1-infected cells (63). Knockdown
hnRNPAO increased the viral particle yield, consequently enhancing viral infectivity.
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FIG 7 A-to-l RNA editing in BLAF associated with complications in MPP. (A) The expression of ADAR. (B) The shared DRE genes in OS versus SS and NCMPP
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combination of ACSLT (chr4:184824208/184823799), CTSS (chr1:150732881/150732178/150732032), and IRAK3 (chr12:66194142/66194056/66194058).

Conversely, overexpression of hnRNPAO notably reduced the overall viral mRNA and
protein levels (63). Additionally, RBMS3 belongs to the c-myc gene single-strand binding
protein family. RBMS3 is a post-transcription regulator involved in immune evasion by
regulating PD-L1, and reduced RBMS3 levels enhance auranofin-induced anti-tumor
T-cell responses (64). Our findings thus suggested that DRE in the BALF from children
with MPP of varying severity could potentially influence RBP binding activity to the RNA
of DRE genes and in turn regulate the host immune response.

Furthermore, our study revealed that ADAR expression also significantly increased
with MPP complications. The observed enrichment of genes with DRE in immune
response, particularly the involvement of mast cells and adaptive immunity, underscores
the complexity of the host’s response to infection, suggesting a possible link between
RNA editing and MPP complications. ACSL1, CTSS, and IRAK3 were identified as key target
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genes, and the combination of multiple DRE sites in these genes showed a promising
diagnostic performance for MPP complications. Such findings further emphasized that
RNA editing could be worth investigating in identifying epigenetic biomarkers and
therapeutic targets related to MPP severity and complications, and further research is
needed to validate these findings comprehensively.

Our study has several limitations. First, while we performed BALF culture to identify
potential co-infections, bacterial isolates were excluded as co-infections, which led to
the unavailability of antibiotic susceptibility data. This exclusion could limit the broader
understanding of how bacterial pathogens might have interacted with M. pneumoniae
in MPP, especially given the patients’ prior failure of macrolide therapy. Additionally,
the methods used in our current study limited cytological analysis of BALF. Although
standard in many histopathological examinations, HE staining did not allow for blood
cell differentiation or detailed analysis of major cell types such as neutrophils, lympho-
cytes, or macrophages. A more detailed cytological assessment is needed to explore the
inflammatory or immune cell profiles in response to M. pneumoniae infection.

In conclusion, our current study thoroughly profiled BALF A-to-l RNA editome and
revealed dynamic changes related to the severity and complications of MPP.

ACKNOWLEDGMENTS

This study was supported in part by grants from the National Natural Science
Foundation of China (nos. 82302492, 31671311, 82070987, and 82270008), the “Six
Talent Peak” Plan of Jiangsu Province (no. SWYY-127), the Innovative and Entrepreneu-
rial Doctorate of Jiangsu Province (JSSCBS20230197), the Young Project of Jiangsu
Province Natural Science (BK20230189), the Wuxi Science and Technology Develop-
ment Fund Project (K20231035), the Fundamental Research Funds for the Central
Universities (JUSRP123077), the Start-Up Research Grants in Medical Colleges (no.
1286010241222110), the Jiangsu University Students Innovation and Entrepreneurship
Project (202410295116Y), the Wuxi Municipal Bureau on Science and Technology
(K20221033), the Top Talent Support Program for Young and Middle-Aged People of
Wuxi Health Committee (BJ2023089), and the Wuxi Taihu Lake Talent Plan (grant no.
DJTD202304).

Y-YJ. and J.-H.C. designed and wrote the manuscript. FL. was responsible for
grouping and defining endpoints. Y.G. and F.L. collected the clinical samples, conduc-
ted the tests, and performed the statistical analyses. The other authors participated
in discussions associated with the manuscript and revised the manuscript. All authors
contributed to the article and approved the submitted version.

AUTHOR AFFILIATIONS

'Laboratory of Genomic and Precision Medicine, Wuxi School of Medicine, Jiangnan
University, Wuxi, Jiangsu, China

?Joint Primate Research Center for Chronic Diseases, Institute of Zoology of Guangdong
Academy of Science, Jiangnan University, Wuxi, Jiangsu, China

*MOE Medical Basic Research Innovation Center for Gut Microbiota and Chronic Diseases,
Wuxi School of Medicine, Jiangnan University, Wuxi, Jiangsu, China

“‘Department of Respiratory Medicine & Clinical Allergy Center, Affiliated Children’s
Hospital of Jiangnan University (Wuxi Children’s Hospital), Wuxi, Jiangsu, China
*Department of Ophthalmology, Affiliated Hospital of Jiangnan University, Wuxi, Jiangsu,
China

®Department of Respiratory Medicine, Children’s Hospital of Nanjing Medical University,
Nanjing, Jiangsu, China

AUTHOR ORCIDs

Yun-Yun Jin @ http://orcid.org/0000-0002-7255-2248
Jian-Huan Chen @ http://orcid.org/0000-0001-8714-2543

March 2025 Volume 10  Issue 3

mSphere

10.1128/msphere.01012-2415


https://doi.org/10.1128/msphere.01012-24

Research Article

Feng Liu  http://orcid.org/0000-0003-2875-1909

AUTHOR CONTRIBUTIONS

Yun-Yun Jin, Data curation, Formal analysis, Writing — original draft, Writing - review and
editing | Na Zhang, Validation.

DATA AVAILABILITY

The data set associated with this study (BioProject accession PRJCA015679) is publicly
available in the CNCB-NGDC (China National Center for Bioinformation) repository
(https://ngdc.cncb.ac.cn/). The permanent URL for the data set is https://ngdc.cncb.ac.cn/
bioproject/browse/PRJICA015679.

ETHICS APPROVAL

This research received clearance from the Ethics Committee of the Children’s Hospi-
tal at Nanjing Medical University (approval numbers: 202012089-1 and 201801126-1).
Participants’ legal guardians or next of kin provided written consent for their involve-

mSphere

ment in the study.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Captions (mSphere01012-24-s0001.docx). Captions for supplemental tables.

Supplemental Tables (mSphere01012-24-s0002.xlsx). Tables S1-S5.

REFERENCES

1.

Kutty PK, Jain S, Taylor TH, Bramley AM, Diaz MH, Ampofo K, Arnold SR,
Williams DJ, Edwards KM, McCullers JA, Pavia AT, Winchell JM, Schrag SJ,
Hicks LA. 2019. Mycoplasma pneumoniae among children hospitalized
with community-acquired pneumonia. Clin Infect Dis 68:5-12. https://do
i.org/10.1093/cid/ciy419

Kenri T. 2023. Genetic manipulation of Mycoplasma pneumoniae.
Methods Mol Biol 2646:347-357. https://doi.org/10.1007/978-1-0716-30
60-0_29

Citti C, Baranowski E, Dordet-Frisoni E, Faucher M, Nouvel L-X. 2020.
Genomic islands in mycoplasmas. Genes (Basel) 11:836. https://doi.org/1
0.3390/genes11080836

Gao L-W, Yin J, Hu Y-H, Liu X-Y, Feng X-L, He J-X, Liu J, Guo Y, Xu B-P,
Shen K-L. 2019. The epidemiology of paediatric Mycoplasma pneumo-
niae pneumonia in North China: 2006 to 2016. Epidemiol Infect
147:€192. https://doi.org/10.1017/50950268819000839

Zhu'Y, Luo Y, Li L, Jiang X, Du Y, Wang J, Li H, Gu H, Li D, Tang H, Qin H,
Xu C, Liu'Y, Zhao D, Guo Y, Liu F. 2023. Immune response plays a role in
Mycoplasma pneumoniae pneumonia. Front Immunol 14:1189647. https:
//doi.org/10.3389/fimmu.2023.1189647

Hu J, Ye Y, Chen X, Xiong L, Xie W, Liu P. 2022. Insight into the patho-
genic mechanism of Mycoplasma pneumoniae. Curr Microbiol 80:14. http
s://doi.org/10.1007/s00284-022-03103-0

Jain S, Williams DJ, Arnold SR, Ampofo K, Bramley AM, Reed C,
Stockmann C, Anderson EJ, Grijalva CG, Self WH, et al. 2015. Community-
acquired pneumonia requiring hospitalization among U.S. children. N
Engl J Med 372:835-845. https://doi.org/10.1056/NEJMoa1405870
Otheo E, Rodriguez M, Moraleda C, Dominguez-Rodriguez S, Martin MD,
Herreros ML, Vézquez C, Folgueira MD, Pérez-Rivilla A, Jensen J, et al.
2022. Viruses and Mycoplasma pneumoniae are the main etiological
agents of community-acquired pneumonia in hospitalized pediatric
patients in Spain. Pediatr Pulmonol 57:253-263. https://doi.org/10.1002/
ppul.25721

Yamazaki T, Kenri T. 2016. Epidemiology of Mycoplasma pneumoniae
infections in Japan and therapeutic strategies for macrolide-resistant M.

March 2025 Volume 10  Issue 3

10.

11.

12.

13.

14.

15.

16.

17.

pneumoniae. Front Microbiol 7:693. https://doi.org/10.3389/fmicb.2016.
00693

Chen J, Liu H-F, Qiao L-B, Wang F-B, Wang L, Lin Y, Liu J. 2021. Global
RNA editing identification and characterization during human
pluripotent-to-cardiomyocyte differentiation. Mol Ther Nucleic Acids
26:879-891. https://doi.org/10.1016/j.0mtn.2021.10.001

Wei Z-Y, Wang Z-X, Li J-H, Wen Y-S, Gao D, Xia S-Y, Li Y-N, Pan X-B, Liu Y-S,
Jin Y-Y, Chen J-H. 2023. Host A-to-I RNA editing signatures in intracellular
bacterial and single-strand RNA viral infections. Front Immunol
14:1121096. https://doi.org/10.3389/fimmu.2023.1121096

Vlachogiannis NI, Verrou K-M, Stellos K, Sfikakis PP, Paraskevis D. 2021.
The role of A-to-l RNA editing in infections by RNA viruses: possible
implications for SARS-CoV-2 infection. Clin Immunol 226:108699. https://
doi.org/10.1016/j.clim.2021.108699

Yuan J, Xu L, Bao H-J, Wang J-L, Zhao Y, Chen S. 2023. Biological roles of
A-to-1 editing: implications in innate immunity, cell death, and cancer
immunotherapy. J Exp Clin Cancer Res 42:149. https://doi.org/10.1186/s
13046-023-02727-9

Kashyap S, Sarkar M. 2010. Mycoplasma pneumonia: clinical features and
management. Lung India 27:75-85. https://doi.org/10.4103/0970-2113.6
3611

Guo Z-Q, Gu S-Y, Tian Z-H, Du B-Y. 2024. A comprehensive review of
Mycoplasma pneumoniae infection in chronic lung diseases: recent
advances in understanding asthma, COPD, and bronchiectasis. Front
Med (Lausanne) 11:1437731. https://doi.org/10.3389/fmed.2024.143773
1

Jin Y-Y, Liang Y-P, Pan J-Q, Huang W-H, Feng Y-M, Sui W-J, Yu H, Tang X-D,
Zhu L, Chen J-H. 2024. RNA editing in response to COVID-19 vaccines:
unveiling dynamic epigenetic regulation of host immunity. Front
Immunol 15:1413704. https://doi.org/10.3389/fimmu.2024.1413704
Expert Committee on Rational Use of Medicines for Children Pharma-
ceutical Group, National Health and Family Planning Commission. 2020.
Expert consensus on laboratory diagnostics and clinical practice of
Mycoplasma pneumoniae infection in children in China (2019) (in

10.1128/msphere.01012-24 16


https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA015679
https://ngdc.cncb.ac.cn/
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA015679
https://doi.org/10.1128/msphere.01012-24
https://doi.org/10.1093/cid/ciy419
https://doi.org/10.1007/978-1-0716-3060-0_29
https://doi.org/10.3390/genes11080836
https://doi.org/10.1017/S0950268819000839
https://doi.org/10.3389/fimmu.2023.1189647
https://doi.org/10.1007/s00284-022-03103-0
https://doi.org/10.1056/NEJMoa1405870
https://doi.org/10.1002/ppul.25721
https://doi.org/10.3389/fmicb.2016.00693
https://doi.org/10.1016/j.omtn.2021.10.001
https://doi.org/10.3389/fimmu.2023.1121096
https://doi.org/10.1016/j.clim.2021.108699
https://doi.org/10.1186/s13046-023-02727-9
https://doi.org/10.4103/0970-2113.63611
https://doi.org/10.3389/fmed.2024.1437731
https://doi.org/10.3389/fimmu.2024.1413704
https://doi.org/10.1128/msphere.01012-24

Research Article

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

March 2025 Volume 10

Chinese). Zhonghua Er Ke Za Zhi 58:366-373. https://doi.org/10.3760/c
ma.j.cn112140-20200304-00176

de Benedictis FM, Kerem E, Chang AB, Colin AA, Zar HJ, Bush A. 2020.
Complicated pneumonia in children. Lancet 396:786-798. https://doi.or
9/10.1016/50140-6736(20)31550-6

Tao J, Ren C-Y, Wei Z-Y, Zhang F, Xu J, Chen J-H. 2021. Transcriptome-
wide identification of G-to-A RNA editing in chronic social defeat stress
mouse models. Front Genet 12:680548. https://doi.org/10.3389/fgene.20
21.680548

Dobin A, Gingeras TR. 2015. Mapping RNA-seq reads with STAR. Curr
Protoc Bioinformatics 51:11. https://doi.org/10.1002/0471250953.bi1114
s51

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R, 1000 Genome Project Data Processing Subgroup.
2009. The Sequence Alignment/Map format and SAMtools. Bioinformat-
ics 25:2078-2079. https://doi.org/10.1093/bioinformatics/btp352

Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, Del Angel G, Levy-
Moonshine A, Jordan T, Shakir K, Roazen D, Thibault J, Banks E, Garimella
KV, Altshuler D, Gabriel S, DePristo MA. 2013. From FastQ data to high
confidence variant calls: the Genome Analysis Toolkit best practices
pipeline. Curr Protoc Bioinformatics 43:11. https://doi.org/10.1002/0471
250953.bi1110s43

Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD, Lin L, Miller CA,
Mardis ER, Ding L, Wilson RK. 2012. VarScan 2: somatic mutation and
copy number alteration discovery in cancer by exome sequencing.
Genome Res 22:568-576. https://doi.org/10.1101/gr.129684.111
McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GRS, Thormann A, Flicek P,
Cunningham F. 2016. The Ensembl Variant Effect Predictor. Genome Biol
17:122. https://doi.org/10.1186/5s13059-016-0974-4

Mansi L, Tangaro MA, Lo Giudice C, Flati T, Kopel E, Schaffer AA,
Castrignano T, Chillemi G, Pesole G, Picardi E. 2021. REDIportal: millions
of novel A-to-l RNA editing events from thousands of RNAseq
experiments. Nucleic Acids Res 49:D1012-D1019. https://doi.org/10.109
3/nar/gkaa916

Sim N-L, Kumar P, Hu J, Henikoff S, Schneider G, Ng PC. 2012. SIFT web
server: predicting effects of amino acid substitutions on proteins.
Nucleic Acids Res 40:W452-W457. https://doi.org/10.1093/nar/gks539
Liao Y, Smyth GK, Shi W. 2014. featureCounts: an efficient general
purpose program for assigning sequence reads to genomic features.
Bioinformatics 30:923-930. https://doi.org/10.1093/bioinformatics/btt65
6

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z,
Koplev S, Jenkins SL, Jagodnik KM, Lachmann A, McDermott MG,
Monteiro CD, Gundersen GW, Ma’ayan A. 2016. Enrichr: a comprehensive
gene set enrichment analysis web server 2016 update. Nucleic Acids Res
44:W90-W97. https://doi.org/10.1093/nar/gkw377

Paz |, Kosti I, Ares M Jr, Cline M, Mandel-Gutfreund Y. 2014. RBPmap: a
web server for mapping binding sites of RNA-binding proteins. Nucleic
Acids Res 42:W361-W367. https://doi.org/10.1093/nar/gku406

Nishikura K. 2010. Functions and regulation of RNA editing by ADAR
deaminases. Annu Rev Biochem 79:321-349. https://doi.org/10.1146/an
nurev-biochem-060208-105251

Malik TN, Doherty EE, Gaded VM, Hill TM, Beal PA, Emeson RB. 2021.
Regulation of RNA editing by intracellular acidification. Nucleic Acids Res
49:4020-4036. https://doi.org/10.1093/nar/gkab157

Jimeno S, Prados-Carvajal R, Fernandez-Avila MJ, Silva S, Silvestris DA,
Endara-Coll M, Rodriguez-Real G, Domingo-Prim J, Mejias-Navarro F,
Romero-Franco A, Jimeno-Gonzalez S, Barroso S, Cesarini V, Aguilera A,
Gallo A, Visa N, Huertas P. 2021. ADAR-mediated RNA editing of
DNA:RNA hybrids is required for DNA double strand break repair. Nat
Commun 12:5512. https://doi.org/10.1038/s41467-021-25790-2
Liddicoat B.J., Chalk AM, Walkley CR. 2016. ADAR1, inosine and the
immune sensing system: distinguishing self from non-self. Wiley
Interdiscip Rev RNA 7:157-172. https://doi.org/10.1002/wrna.1322
Liddicoat Brian J, Piskol R, Chalk AM, Ramaswami G, Higuchi M, Hartner
JC, Li JB, Seeburg PH, Walkley CR. 2015. RNA editing by ADAR1 prevents
MDAS5 sensing of endogenous dsRNA as nonself. Science 349:1115-
1120. https://doi.org/10.1126/science.aac7049

Mannion NM, Greenwood SM, Young R, Cox S, Brindle J, Read D, Nelldker
C, Vesely C, Ponting CP, McLaughlin PJ, Jantsch MF, Dorin J, Adams IR,
Scadden ADJ, Ohman M, Keegan LP, O’Connell MA. 2014. The RNA-
editing enzyme ADAR1 controls innate immune responses to RNA. Cell
Rep 9:1482-1494. https://doi.org/10.1016/j.celrep.2014.10.041

Issue 3

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

53.

54.

55.

mSphere

Samuel CE. 2019. Adenosine deaminase acting on RNA (ADAR1), a
suppressor of double-stranded RNA-triggered innate immune
responses. J Biol Chem 294:1710-1720. https://doi.org/10.1074/jbc.TM1
18.004166

Yang S, Deng P, Zhu Z, Zhu J, Wang G, Zhang L, Chen AF, Wang T, Sarkar
SN, Billiar TR, Wang Q. 2014. Adenosine deaminase acting on RNA 1
limits RIG-1 RNA detection and suppresses IFN production responding to
viral and endogenous RNAs. J Immunol 193:3436-3445. https://doi.org/
10.4049/jimmunol.1401136

Bufano M, Laffranchi M, Sozzani S, Raimondo D, Silvestri R, Coluccia A.
2022. Exploring CCRL2 chemerin binding using accelerated molecular
dynamics. Proteins 90:1714-1720. https://doi.org/10.1002/prot.26348
Islam S, Moni MA, Urmi UL, Tanaka A, Hoshino H. 2021. C-C Chemokine
receptor-like 2 (CCRL2) acts as coreceptor for human immunodeficiency
virus-2. Brief Bioinformatics 22. https://doi.org/10.1093/bib/bbaa333
Yoshimura T, Oppenheim JJ. 2011. Chemokine-like receptor 1 (CMKLR1)
and chemokine (C-C motif) receptor-like 2 (CCRL2); two multifunctional
receptors with unusual properties. Exp Cell Res 317:674-684. https://doi.
org/10.1016/j.yexcr.2010.10.023

Nourshargh S, Alon R. 2014. Leukocyte migration into inflamed tissues.
Immunity 41:694-707. https://doi.org/10.1016/j.immuni.2014.10.008
Vesperini D, Montalvo G, Qu B, Lautenschldger F. 2021. Characterization
of immune cell migration using microfabrication. Biophys Rev 13:185-
202. https://doi.org/10.1007/512551-021-00787-9

Guak H, Krawczyk CM. 2020. Implications of cellular metabolism for
immune cell migration. Immunology 161:200-208. https://doi.org/10.11
11/imm.13260

Schioppa T, Sozio F, Barbazza |, Scutera S, Bosisio D, Sozzani S, Del Prete
A. 2020. Molecular basis for CCRL2 regulation of leukocyte migration.
Front Cell Dev Biol 8:615031. https://doi.org/10.3389/fcell.2020.615031
Del Prete A, Bonecchi R, Vecchi A, Mantovani A, Sozzani S. 2013. CCRL2, a
fringe member of the atypical chemoattractant receptor family. Eur J
Immunol 43:1418-1422. https://doi.org/10.1002/€ji.201243179

Mazzon C, Zanotti L, Wang L, Del Prete A, Fontana E, Salvi V, Poliani PL,
Sozzani S. 2016. CCRL2 regulates M1/M2 polarization during EAE
recovery phase. J Leukoc Biol 99:1027-1033. https://doi.org/10.1189/jlb.
3MA0915-444RR

Del Prete A, Martinez-Munoz L, Mazzon C, Toffali L, Sozio F, Za L, Bosisio
D, Gazzurelli L, Salvi V, Tiberio L, Liberati C, Scanziani E, Vecchi A,
Laudanna C, Mellado M, Mantovani A, Sozzani S. 2017. The atypical
receptor CCRL2 is required for CXCR2-dependent neutrophil recruitment
and tissue damage. Blood 130:1223-1234. https://doi.org/10.1182/bloo
d-2017-04-777680

Salvi V, Sozio F, Sozzani S, Del Prete A. 2017. Role of atypical chemokine
receptors in microglial activation and polarization. Front Aging Neurosci
9:148. https://doi.org/10.3389/fnagi.2017.00148

Kawahara Y, Zinshteyn B, Sethupathy P, lizasa H, Hatzigeorgiou AG,
Nishikura K. 2007. Redirection of silencing targets by adenosine-to-
inosine editing of miRNAs. Science 315:1137-1140. https://doi.org/10.11
26/science.1138050

Tomaselli S, Bonamassa B, Alisi A, Nobili V, Locatelli F, Gallo A. 2013.
ADAR enzyme and miRNA story: a nucleotide that can make the
difference. Int J Mol Sci 14:22796-22816. https://doi.org/10.3390/ijms14
1122796

Sternburg EL, Karginov FV. 2021. Analysis of RBP regulation and co-
regulation of mRNA 3’ UTR regions in a luciferase reporter system.
Methods Mol Biol 2170:101-115. https://doi.org/10.1007/978-1-0716-07
43-5_7

Guo RF, Ward PA. 2005. Role of C5a in inflammatory responses. Annu Rev
Immunol 23:821-852. https://doi.org/10.1146/annurev.iimmunol.23.021
704.115835

Feng Y, Zhao C, Deng Y, Wang H, Ma L, Liu S, Tian X, Wang B, Bin Y, Chen
P, Yan W, Fu P, Shao Z. 2023. Mechanism of activation and biased
signaling in complement receptor C5aR1. Cell Res 33:312-324. https://d
0i.0rg/10.1038/s41422-023-00779-2

ShiY, Jin'Y, Li X, Chen C, Zhang Z, Liu X, Deng Y, Fan X, Wang C. 2021.
C5aR1 mediates the progression of inflammatory responses in the brain
of rats in the early stage after ischemia and reperfusion. ACS Chem
Neurosci 12:3994-4006. https://doi.org/10.1021/acschemneuro.1c00244
Carvelli J, Demaria O, Vély F, Batista L, Chouaki Benmansour N, Fares J,
Carpentier S, Thibult M-L, Morel A, Remark R, André P, Represa A,
Piperoglou C, Explore COVID-19 IPH group, Explore COVID-19 Marseille
Immunopole group, Cordier PY, Le Dault E, Guervilly C, Simeone P,
Gainnier M, Morel Y, Ebbo M, Schleinitz N, Vivier E. 2020. Association of

10.1128/msphere.01012-2417


https://doi.org/10.3760/cma.j.cn112140-20200304-00176
https://doi.org/10.1016/S0140-6736(20)31550-6
https://doi.org/10.3389/fgene.2021.680548
https://doi.org/10.1002/0471250953.bi1114s51
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1002/0471250953.bi1110s43
https://doi.org/10.1101/gr.129684.111
https://doi.org/10.1186/s13059-016-0974-4
https://doi.org/10.1093/nar/gkaa916
https://doi.org/10.1093/nar/gks539
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1093/nar/gku406
https://doi.org/10.1146/annurev-biochem-060208-105251
https://doi.org/10.1093/nar/gkab157
https://doi.org/10.1038/s41467-021-25790-2
https://doi.org/10.1002/wrna.1322
https://doi.org/10.1126/science.aac7049
https://doi.org/10.1016/j.celrep.2014.10.041
https://doi.org/10.1074/jbc.TM118.004166
https://doi.org/10.4049/jimmunol.1401136
https://doi.org/10.1002/prot.26348
https://doi.org/10.1093/bib/bbaa333
https://doi.org/10.1016/j.yexcr.2010.10.023
https://doi.org/10.1016/j.immuni.2014.10.008
https://doi.org/10.1007/s12551-021-00787-9
https://doi.org/10.1111/imm.13260
https://doi.org/10.3389/fcell.2020.615031
https://doi.org/10.1002/eji.201243179
https://doi.org/10.1189/jlb.3MA0915-444RR
https://doi.org/10.1182/blood-2017-04-777680
https://doi.org/10.3389/fnagi.2017.00148
https://doi.org/10.1126/science.1138050
https://doi.org/10.3390/ijms141122796
https://doi.org/10.1007/978-1-0716-0743-5_7
https://doi.org/10.1146/annurev.immunol.23.021704.115835
https://doi.org/10.1038/s41422-023-00779-2
https://doi.org/10.1021/acschemneuro.1c00244
https://doi.org/10.1128/msphere.01012-24

Research Article

56.

57.

58.

59.

60.

March 2025 Volume 10

COVID-19 inflammation with activation of the C5a-C5aR1 axis. Nature
New Biol 588:146-150. https://doi.org/10.1038/541586-020-2600-6
Sechet E, Telford E, Bonamy C, Sansonetti PJ, Sperandio B. 2018. Natural
molecules induce and synergize to boost expression of the human
antimicrobial peptide B-defensin-3. Proc Natl Acad Sci U S A 115:E9869-
E9878. https://doi.org/10.1073/pnas.1805298115

Pease JE, Sabroe I. 2002. The role of interleukin-8 and its receptors in
inflammatory lung disease: implications for therapy. Am J Respir Med
1:19-25. https://doi.org/10.1007/BF03257159

Mukaida N. 2003. Pathophysiological roles of interleukin-8/CXCL8 in
pulmonary diseases. Am J Physiol Lung Cell Mol Physiol 284:L.566-L577.
https://doi.org/10.1152/ajplung.00233.2002

Russo RC, Garcia CC, Teixeira MM, Amaral FA. 2014. The CXCL8/IL-8
chemokine family and its receptors in inflammatory diseases. Expert Rev
Clin Immunol 10:593-619. https://doi.org/10.1586/1744666X.2014.8948
86

Darif D, Hammi |, Kihel A, El Idrissi Saik |, Guessous F, Akarid K. 2021. The
pro-inflammatory cytokines in COVID-19 pathogenesis: what goes
wrong? Microb Pathog 153:104799. https://doi.org/10.1016/j.micpath.20
21.104799

Issue 3

61.

62.

63.

64.

mSphere

Chang Y-J, Liu CY-Y, Chiang B-L, Chao Y-C, Chen C-C. 2004. Induction of
IL-8 release in lung cells via activator protein-1 by recombinant
baculovirus displaying severe acute respiratory syndrome-coronavirus
spike proteins: identification of two functional regions. J Immunol
173:7602-7614. https://doi.org/10.4049/jimmunol.173.12.7602

Mishra A, Suman KH, Nair N, Majeed J, Tripathi V. 2021. An updated
review on the role of the CXCL8-CXCR1/2 axis in the progression and
metastasis of breast cancer. Mol Biol Rep 48:6551-6561. https://doi.org/
10.1007/511033-021-06648-8

Roesmann F, Sertznig H, Klaassen K, Wilhelm A, Heininger D, Hef3 S,
Elsner C, Marschalek R, Santiago ML, Esser S, Sutter K, Dittmer U, Widera
M. 2024. The interferon-regulated host factor hnRNPAO modulates HIV-1
production by interference with LTR activity, mRNA trafficking, and
programmed ribosomal frameshifting. J Virol 98:€00534-24. https://doi.0
rg/10.1128/jvi.00534-24

Zhou Y, Liang Z, Xia Y, Li S, Liang J, Hu Z, Tang C, Zhao Q, Gong Q,
Ouyang Y. 2023. Disruption of RBMS3 suppresses PD-L1 and enhances
antitumor immune activities and therapeutic effects of auranofin
against triple-negative breast cancer. Chem Biol Interact 369:110260. htt
ps://doi.org/10.1016/j.cbi.2022.110260

10.1128/msphere.01012-24 18


https://doi.org/10.1038/s41586-020-2600-6
https://doi.org/10.1073/pnas.1805298115
https://doi.org/10.1007/BF03257159
https://doi.org/10.1152/ajplung.00233.2002
https://doi.org/10.1586/1744666X.2014.894886
https://doi.org/10.1016/j.micpath.2021.104799
https://doi.org/10.4049/jimmunol.173.12.7602
https://doi.org/10.1007/s11033-021-06648-8
https://doi.org/10.1128/jvi.00534-24
https://doi.org/10.1016/j.cbi.2022.110260
https://doi.org/10.1128/msphere.01012-24

	BALF editome profiling reveals A-to-I RNA editing associated with severity and complications of Mycoplasma pneumoniae pneumonia in children
	MATERIALS AND METHODS
	Clinical data and sample collection
	RNA-seq reads processing
	RNA editing analysis
	Sorting intolerant from tolerant (SIFT) prediction
	Gene expression quantification
	Function enrichment analysis
	RNA-binding protein (RBP) binding site prediction
	DNA and RNA extraction
	PCR amplification for RNA editing site validation
	Diagnostic performance analysis
	Statistical analysis

	RESULTS
	Clinical characteristics of 21 MPP children
	A-to-I RNA editing in BALF from MPP children
	Changes in BALF RNA editing associated with MPP severity
	MPP severity-associated BALF RNA editing was mainly involved in immune- and virus-related gene functions and pathways
	Proteins recoded by missense RNA editing associated with MPP severity
	MPP severity-associated 3′ UTR DRE in BALF might contribute to gene expression regulation
	Hyper-edited genes with MPP severity-associated RNA editing
	RNA editing in BALF associated with MPP severity might influence RBP binding activity
	A-to-I RNA editing in BLAF associated with complications in MPP

	DISCUSSION


