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Introduction: Middle ear cholesteatoma is characterized by the hyperproliferation
of keratinocytes. In recent decades, N®-methyladenosine (m°®A) modification has
been shown to play an essential role in the pathogenesis of many proliferative
diseases. However, neither the m®A modification profile nor its potential role in the
pathogenesis of middle ear cholesteatoma has currently been investigated.
Therefore, this study aimed to explore m®A modification patterns in middle ear
cholesteatoma.

Materials and methods: An m®A mRNA epitranscriptomic microarray analysis was
performed to analyze m®A modification patterns in middle ear cholesteatoma
tissue (n = 5) and normal post-auricular skin samples (n = 5). Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were
performed to predict the potential biological functions and signaling pathways
underlying the pathogenesis of middle ear cholesteatoma. Subsequently, m°A
modification levels were verified by methylated RNA immunoprecipitation—-qPCR
(MeRIP-gPCR) in middle ear cholesteatoma tissue and normal skin samples,
respectively.

Results: A total of 6,865 distinctive m®A-modified mRNAs were identified,
including 4,620 hypermethylated and 2,245 hypomethylated mRNAs, as well as
9,162 differentially expressed mMRNAs, including 4,891 upregulated and
4,271 downregulated mRNAs, in the middle ear cholesteatoma group relative
to the normal skin group. An association analysis between methylation and gene
expression demonstrated that expression of 1,926 hypermethylated mRNAs was
upregulated, while expression of 2,187 hypomethylated mRNAs and
38 hypermethylated mRNAs was downregulated. Moreover, GO analysis
suggested that differentially methylated mRNAs might influence cellular
processes and biological behaviors, such as cell differentiation, biosynthetic
processes, regulation of molecular functions, and keratinization. KEGG pathway
analysis demonstrated that the hypermethylated transcripts were involved in
26 pathways, including the Hippo signaling pathway, the p53 signaling
pathway, and the inflammatory mediator regulation of transient receptor
potential (TRP) channels, while the hypomethylated transcripts were involved in
13 pathways, including bacterial invasion of epithelial cells, steroid biosynthesis,
and the Hippo signaling pathway.
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Conclusion: Our study presents m°®A modification patterns in middle ear
cholesteatoma, which may exert regulatory roles in middle ear cholesteatoma.
The present study provides directions for mRNA m°A modification-based research
on the epigenetic etiology and pathogenesis of middle ear cholesteatoma.
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1 Introduction

Acquired middle ear cholesteatoma is a benign collection of
keratinized squamous epithelial cells. It can progressively develop
and erode nearby bony structures, leading to facial paralysis, hearing
loss, vestibular dysfunction, and various intracranial complications
(Castle, 2018). The incidence of acquired middle ear cholesteatoma
has been reported to be 9.2 per 100,000 people in Europe, 6 per
100,000 people in America, and even higher in Asia (Aquino etal., 2011;
Kennedy and Singh, 2022). Four major theories, namely, squamous
metaplasia, epithelial migration, basal hyperplasia, and retraction
pocket theories, have been proposed for decades. However, the exact
pathogenesis of acquired cholesteatoma is not fully understood.

RNA modifications play a pivotal role in regulating gene expression
by adjusting RNA structure and function, and their dysregulation has
been associated with a wide range of developmental and physiological
abnormalities as well as various diseases (Tong et al., 2018). Currently,
more than 100 chemical modifications have been identified in RNA (Frye
et al, 2018). N°methyladenosine (m°A) modification is the most
prevalent and well-studied post-transcriptional RNA modification that
affects multiple aspects of RNA metabolism, including splicing,
processing, transport, transcription, and RNA stability (Liu and Pan,
2015; Meyer et al,, 2015; Xiao et al.,, 2016; Zaccara et al,, 2019; Zhou et al,,
2015). m°A RNA modification is dynamically and reversibly regulated by
the methyltransferase complex, demethylases, and many RNA-binding
proteins (Tong et al,, 2018; Xiao et al, 2016; Zaccara et al,, 2019). An
increasing number of studies have implicated m°A modification in a wide
range of processes, including early development (Roundtree et al,, 2017),
immunological response (Shulman and Stern-Ginossar, 2020; Tong et al.,
2018), cell differentiation, homeostasis, and response to stress (Shulman
and Stern-Ginossar, 2020). Moreover, its dysregulation is associated with
a variety of disorders and diseases, such as type 1 diabetes (Wang et al,,
2022), esophageal squamous cell carcinoma (Zou et al, 2021), and
rheumatoid arthritis (Wu et al, 2021). These findings indicate that
m°A modification plays an important role in the pathogenesis and
development of inflammatory and proliferative diseases. However, the
role of m°A modification in the pathogenesis of middle ear cholesteatoma
remains unclear, and studies directly addressing these factors in middle
ear cholesteatoma are lacking. Therefore, this study aimed to investigate
the patterns of m°A modification in middle ear cholesteatoma.

2 Materials and methods
2.1 Patients and samples
Five samples of acquired middle ear cholesteatoma tissues were

obtained from patients, who underwent cholesteatoma surgery
between January 2021 and December 2021, for m°A mRNA
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epitranscriptomic microarray analysis. Meanwhile, five normal
post-auricular skin samples were collected and used as controls.
Moreover, another 10 acquired middle ear cholesteatoma samples
and 10 normal post-auricular skin samples were collected to validate
the m°A modification level. All samples were immediately stored in
liquid nitrogen. This study was approved by the Ethics Committee of
The Second Xiangya Hospital, and written informed consent was
obtained from all participants.

2.2 Total RNA extraction

Total RNA was extracted using TRIzol reagent (Invitrogen,
USA), according to the manufacturer’s instructions. Next, the
RNeasy Mini Kit (QIAGEN, Germany) was used to purify the
RNAs. Total RNA from each sample was quantified using the
NanoDrop ND-1000 (Thermo, USA); the OD A260/A280 ratio
should be close to 2.0 for pure RNAs (ratios between 1.8 and
2.1 are acceptable), and the OD A260/A230 ratio should be more
than 1.8. The RNA integrity was assessed by denaturing agarose gel
electrophoresis, and the 28S and 18S ribosomal RNA bands should
be fairly sharp, intense bands. The intensity of the upper band
should be approximately twice the lower band intensity.

2.3 m®A immunoprecipitation

Total RNA (3-5ug) and an m°A spike-in control mixture were
immunoprecipitated using 2 pg anti-m°A rabbit polyclonal antibody
(Synaptic Systems, Gottingen, Germany, Cat. No. 202003), and the
reaction was incubated with head-over-tail rotation at 4°C for 2 h. Then,
20 puL of Dynabeads™ M-280 Sheep Anti-Rabbit IgG suspension
(Invitrogen, Carlsbad, CA, USA, Cat. No. 11203D) per sample was
blocked with freshly prepared 0.5% bovine serum albumin (BSA) at 4°C
for 2 h. The enriched RNA was eluted with 200 uL of elution buffer
(10 mM Tris-HCL, pH 7.4, 1 mM EDTA, 0.05% SDS, 40U proteinase K,
and 1 uL RNase inhibitor) at 50°C for 1 h. RNA was extracted using acid
phenol-chloroform and ethanol precipitations. qQPCR of the positive
and negative m°A spike-in controls was carried out to check the MeRIP
enrichment efficiency. CTA850 (positive control) was used to
determine the exogenous RNA, where m°A modification occurred,
and CTA650 (negative control) was used to identify the exogenous
RNA in the absence of m°A modification.

2.4 Labeling and microarray hybridization
The  immunoprecipitated  (IP)  fraction  containing

mC°A-modified RNAs was eluted from the IP magnetic beads,
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whereas the supernatant (Sup) fraction
m°A-unmodified RNA was recovered from the centrifuged
Sup. Then, IP and Sup RNAs were labeled with Cy5 and Cy3,
respectively, using the Arraystar Super RNA Labeling Kit (Arraystar,
Rockville, MD, USA, Cat. No. AL-SE-005). These cRNAs labeled

with a fluorescent dye were merged and hybridized in Human

containing  the

Arraystar mRNA and IncRNA Epitranscriptomic Arrays (8 x
60 K, Arraystar) that contained 35,175 mRNAs. The hybridized
arrays were washed, fixed, and scanned using the Agilent Scanner
G2505C (Agilent Technologies, Santa Clara, CA, USA).

In the experiment, 1 ug RNA was used for labeling. The specific
activity (pmol dyes per ug cRNAs) of the labeled RNA was obtained
using the following formula:

(pmol per pl dye)

Specific Activity = o ber K CRNA)

For two colors, if the yield was <825 ng and the specific activity
was <8.0 pmol Cy3 or Cy5 per ug cRNA, the hybridization step was
not carried out. For one color, if the yield was <1.65 ug and the
specific activity was <9.0 pmol Cy3 or Cy5 per pg cRNA, the
hybridization step was not carried out.

2.5 m°A mRNA epitranscriptomic microarray
analysis

Agilent Feature Extraction software (version 11.0.1.1) was used
to analyze the acquired array images. Raw intensities of IP (Cy5-
labeled) and Sup (Cy3-labeled) were normalized to the average of
log,-scaled spike-in RNA intensities. The “m°A quantity” was
calculated for the m°A modification amount based on IP (Cy5-
labeled) normalized intensities. The m°A quantity was calculated for
the m°A methylation amount of each transcript based on the IP
(Cy5-labeled) normalized intensities.

m6A quantity = IPCyS normalized intensit .

The m°A quantity was calculated based on the normalized
intensities of IP signals (the raw signals of Cy5-labeled IP RNA
were normalized with the average log,-scaled spike-in RNA intensities).

IPCyS normalized intensity = lOg 2(IPCy5 raw)

— Average [log Z(IPspikefin(;ﬁ mw)] .

Differentially m°A-modified mRNAs between Cy5-labeled IP and
Cy3-labeled Sup groups were identified using the fold change (FC) and
statistical ~ significance (p-value) thresholds. The percentage of
transcripts with m°A modifications was calculated based on the
normalized intensities of both Cy5-labeled IP and Cy3-labeled Sup
samples. The expression levels of mRNAs were calculated based on the
total normalized intensities of Cy5-labeled and Cy3-labeled RNAs.

2.6 Methylated RNA immunoprecipitation
coupled with quantitative real-time PCR
MeRIP-qPCR was performed to further validate the m°A

modification levels of differentially methylated mRNAs in
10 middle ear cholesteatoma tissue and 10 normal skin samples.
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TABLE 1 Primers for RT-qPCR validation.

Gene name Primer sequence

CD27 F:5' GGCACTGTAACTCTGGTCTTC 3’
R:5" ACTGACATAAGGTAAGTGGGTG 3’
CSMD1 F:5' GAAACTCGATGTCTGGCTGG 3’
R:5' CACTGCCATTAGTGAATCCG 3’
USP44 F:5' GGTCAGGACGTAATAACCGAGAG 3/
R:5" GCGGACAAGTCATAGATAAAGCAT 3/
TIALI F:5' CCTAATCATCTTATTCAGCCTATCC 3’
R:5' GCCTTCCTTTCGCCACTCT 3’
MUCI2 F:5' CAGCATACAAGCAATGACCCA 3’

R:5' GGACTCAAATCCCCAACAAAC 3/

F, forward; R, reverse.

First, total RNA was fragmented, and the fragmented RNA was
divided into two parts. Then, the large portion of fragmented RNA
was immunoprecipitated with the anti-m°A antibody, while the
portion input RNA
immunoprecipitation. The RT-qPCR analysis of IP sample RNAs

small was saved as without
and the input RNA was subsequently performed. The PrimeScript
RT reagent kit (TaKaRa, Tokyo, Japan, Cat. No. RR037A) was used
to generate cDNA, and the Arraystar SYBR” Green qPCR Master
Mix (Arraystar, Rockville, MD, USA, Cat. No. ASMR-006-5) was
used for quantification. Three replicates were tested for each sample.
Data were normalized to the input RNA. CTA850 (positive control)
and CTA650 (negative control) were used for gPCR normalization.

The specific amplification primer pairs are listed in Table 1.

2.7 Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes pathway analyses

To preliminarily investigate the potential biological function and
molecular pathways of differentially m°A-modified mRNAs in middle
ear cholesteatoma, GO classification and KEGG pathway analyses were
performed on the presumptive target genes of differentially
m°A-modified mRNAs. GO analysis elucidates the functions of
differentially m°A-modified mRNAs by associating them with
certain enriched gene ontological functions and GO terms (http://
www.geneontology.org), while KEGG pathway analysis identifies the
possible molecular pathways of differentially m°A-modified mRNAs
involved in cholesteatoma by associating them with certain enriched
biological pathways. The statistical significance is calculated by Fisher’s
exact test based on the p-value and enrichment score (~logjo()). A
p-value <0.05 indicates that the function or pathway is significant for
the physiological or pathological process.

2.8 Statistical analysis
Differentially m°A-modified mRNAs between two comparison

groups were identified by filtering them using the FC and statistical
significance (p-value) thresholds (FC >3 or <1/3, p <0.05).
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FIGURE 1

Overview of the m®A methylation landscape and mRNA expression profile. (A) Volcano plot showing differentially m®A-modified mRNAs. (B) Volcano

plot showing differentially expressed mRNAs. (C) Scatter plot showing differentially m®A-modified mRNAs. (D) Scatter plot showing differentially
expressed mRNAs. (E) Hierarchical clustering revealing a distinct mRNA methylation pattern between the middle ear cholesteatoma and normal skin
samples. (F) Hierarchical clustering revealing a distinct mRNA expression pattern between the middle ear cholesteatoma and normal skin samples.
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FIGURE 2

Four-quadrant diagram of mRNAs with significant differences in both m°A methylation and mRNA expression. The red dots represent
hypermethylated—upregulated mRNAs, the green dots represent hypermethylated—downregulated mRNAs, and the blue dots represent

hypomethylated—downregulated mRNAs.

Hierarchical clustering was performed using R software. GO analysis
was performed using the topGO package in the R environment for
statistical computing and graphics, and pathway analysis was carried
out using Fisher’s exact test. The statistical significance of the
enrichment was calculated by Fisher’s exact test based on the
p-value and —logor,) transformed as the enrichment score. A
p-value <0.05 was considered to be statistically significant.

3 Results

3.1 Differentially methylated or expressed
transcripts in cholesteatoma

In this study, 35,175 mRNAs were detected using microarray
analysis. Compared with the normal skin group, 6,865 mRNAs were
significantly differentially methylated in the cholesteatoma group,
including 4,620 hypermethylated (FC =3, p <0.05) and
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2,245 hypomethylated mRNAs (FC <1/3, p <0.05) (Figures 1A,
C). In addition, we identified 9,162 mRNAs differentially expressed
in the cholesteatoma group compared to the normal skin group,
including 4,891 upregulated mRNAs (FC >3, p <0.05) and
4,271 downregulated mRNAs (FC <1/3, p <0.05) (Figures 1B, D).
Hierarchical clustering identified the interrelationships between the
samples and showed distinct m°A modification patterns as well as
expression patterns of mRNAs between cholesteatoma and normal
skin groups (Figures 1E, F).

3.2 Association between m®A modification
and mRNA expression

We identified three modes of intersection of differentially
expressed mRNAs and differentially m°A-modified mRNAs. The
expression of 1,926 hypermethylated mRNAs was upregulated,
whilst the expression of 2,187 hypomethylated mRNAs was

05 frontiersin.org
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GO classification of differentially methylated mRNAs. (A) Top 10 enriched GO items of differentially hypermethylated mRNAs. (B) Top 10 enriched

GO items of differentially hypomethylated mRNAs.

downregulated, and 38 hypermethylated were
downregulated (Figure 2). However, no intersection between

hypomethylation and upregulation was observed (Figure 2).

transcripts

3.3 Potential functions and pathways of
differentially methylated mRNAs

Hypermethylated mRNAs were enriched in 1,337 GO terms and
26 KEGG pathways. GO analysis showed that hypermethylated
mRNAs were widely distributed in the cytoplasm, cytosol, and
endomembrane system and were involved in cellular processes,

regulation of molecular function, and cell

keratinization,
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differentiation by binding to proteins, kinases, and enzymes
(Figure 3A). KEGG pathway enrichment analysis showed that
hypermethylated mRNAs were primarily associated with primary
immunodeficiency, the Hippo signaling pathway, the p53 signaling
pathway, transcriptional dysregulation in cancer, and inflammatory
mediator regulation of transient receptor potential (TRP) channels,
among others (Figures 4A, C).

Hypomethylated mRNAs were enriched in 1,079 GO terms and
13 KEGG pathways. GO analysis revealed that hypomethylated
mRNAs were mainly distributed in the cytoplasm, intracellular
organelles, and intracellular membrane-bound organelles. These
mRNAs participate in the regulation of cellular processes,
biosynthetic processes, developmental processes, and primary
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FIGURE 4

KEGG pathway analysis of differentially methylated mRNAs. (A) Top 10 enriched pathways of differentially hypermethylated mRNAs. (B) Top
10 enriched pathways of differentially hypomethylated mRNAs. (C) Top 10 enriched pathways of differentially hypermethylated mRNAs. (D) Top

10 enriched pathways of differentially hypomethylated mRNAs.

metabolic processes by binding to multiple signaling molecules and
regulators (Figure 3B). KEGG analysis showed that hypomethylated
mRNAs were mainly related to 13 pathways, including bacterial
invasion of epithelial cells, steroid biosynthesis, Fc gamma
R-mediated phagocytosis, ubiquitin-mediated proteolysis, and the
PPAR signaling pathway (Figures 4B, D).

3.4 Validation of differentially m®A-modified
mMRNAs using MeRIP-gPCR

To wvalidate the microarray results, five differentially
m°A-modified mRNAs (ENST00000537824, ENST00000266557,
ENST00000258499, ENST00000436547, and ENST00000536621)
were selected for MeRIP-qPCR (Table 2). The results were
consistent ~ with  the microarray data: two mRNAs
(ENST00000537824 and ENST00000266557) were significantly
hypermethylated in middle ear cholesteatoma (p <0.05), while

Frontiers in Genetics

the m°A modifications of ENST00000258499, ENST00000436547,
and ENST00000536621 were significantly decreased (p <0.05)
(Figure 5).

4 Discussion

Middle ear cholesteatoma is a pathological condition
associated with active proliferation of epithelial cells under
inflammation, which can result in various complications by
gradually expanding to the middle ear and temporal bone
(Kuo, 2015; Yamamoto-Fukuda et al, 2018). m®A RNA
modification is the most predominant and well-studied mRNA
modification that regulates gene expression at the post-
transcriptional level, participating in a variety of physiological
and pathological processes (Tong et al., 2018; Xiao et al., 2016;
Zaccara et al., 2019). However, the potential role of m°A in
cholesteatoma development has not been studied extensively.
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TABLE 2 m°A methylation levels of proliferation-related or inflammation-related genes in the microarray analysis.

Transcript ID Gene symbol Fold change Regulation

ENST00000266557 cD27 3.270 Hyper 0.0009
ENST00000537824 CSMDI 4559 Hyper 0.0020
ENST00000258499 USP44 0.001 Hypo 0.0000
ENST00000436547 TIALI 0.023 Hypo 0.0004
ENST00000536621 MUCI2 0.002 Hypo 0.0000
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FIGURE 5
mCA methylation levels of key immunity-related genes verified by MeRIP-gPCR. (A) TIALL, (B) CSMD1, (C) USP44, (D) MUC12, and (E) CD27.n =
10 per group; **p <0.01, ***p <0.001, and ****p <0.0001.

Therefore, in this study, we analyzed m°A modification patterns 2,245 hypomethylated mRNAs were identified in cholesteatoma
in middle ear cholesteatoma. compared with normal skin samples. Mounting evidence suggests

Microarray analysis data demonstrated a distinct m°A  that aberrant m°A modification levels contribute to diverse diseases,
modification pattern in middle ear cholesteatoma and normal such as diabetes, esophageal squamous cell carcinoma, and
skin samples. A total of 4,620 hypermethylated mRNAs and  rheumatoid arthritis (Wang et al, 2022; Zou et al, 2021; Wu
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et al., 2021). The differential m°A modification pattern in our study
indicated that m°A modification of mRNAs may play a significant
role in the pathogenesis and development of cholesteatoma.
Potential biological functions and signaling pathways enriched
with differentially m°A-modified mRNAs were explored in this
study. GO analysis showed that differentially methylated mRNAs
were associated with cellular processes, cell differentiation,
biosynthetic processes, cell

cycle, regulation of molecular

function, and keratinization. Accumulating evidence has

demonstrated that m°A modification is crucial for the
development, differentiation, activation, and homeostasis of cells,
indicating that the dysregulation of m°A can result in the
pathogenesis and development of some diseases (Ge et al., 2022).
KEGG pathway enrichment analysis showed that hypermethylated
mRNAs were primarily associated with the Hippo signaling
pathway, the p53 signaling pathway, and inflammatory mediator
regulation of TRP channels, whereas hypomethylated modified
mRNAs were mainly related to bacterial invasion of epithelial
cells and the Hippo signaling pathway.

Notably, we found that both hypermethylated and
hypomethylated mRNAs were enriched in some biological
processes and signaling pathways. For instance, hypermethylated
mRNAs were enriched in inflammatory mediator regulation of TRP
channels, whereas hypomethylated modified mRNAs were enriched
in bacterial invasion of epithelial cells, indicating that
hypermethylated mRNAs and hypomethylated mRNAs were
jointly involved in the inflammatory response of cholesteatoma.
Indeed, recent studies have shown that TRP channels are associated
with infections (Pinho-Ribeiro et al., 2018; Scheraga et al., 2020).
Moreover, we found that the Hippo signaling pathway was present
in the enrichment results for both hypermethylated and
hypomethylated mRNAs. This signaling pathway is involved in
cell growth, differentiation, proliferation, and apoptosis and plays
a key role in organ size control, tissue regeneration, and tumor
development (Ahmad et al, 2022). The yes-associated protein
(YAP) acts as a downstream negative regulator of the Hippo
pathway, controlling cell proliferation, differentiation, and cancer
metastasis (Cunningham and Hansen, 2022). Interestingly, studies
have found that the expression and nuclear translocation of YAP
increased in middle ear cholesteatoma, which was involved in the
proliferation and formation of cholesteatoma (Akiyama et al., 2017;
Yamamoto-Fukuda et al, 2020). Therefore, it is necessary to
elucidate the role of the Hippo pathway in the pathophysiology
of middle ear cholesteatoma. The p53 signaling pathway is also
closely related to cell proliferation and apoptosis. For example,
APOBEC3B promotes the proliferation and migration of cervical
cancer cells and inhibits their apoptosis via the p53 pathway (Wei
etal, 2022). In addition, previous studies showed that the expression
of p53 protein increased in the cholesteatoma epithelium and may
contribute to the reaction via cellular hyperproliferation (Fukuda
et al., 2021). Based on these findings, m°A may participate in
cholesteatoma pathogenesis through proliferation-related and
inflammation-related pathways.

Excessive proliferation of squamous epithelial cells and local
inflammatory response are the two major clinical features of middle
ear cholesteatoma, which are closely related to its occurrence and
development. Therefore, in our study, we selected certain

proliferation-related or inflammation-related genes from a large
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number of genes with differential m°A modification differences
for further analysis. Although the genes selected in this study
have not currently been explored in middle ear cholesteatoma,
they could provide directions and targets for the subsequent
search for the non-pharmaceutical treatment of middle ear
cholesteatoma. Ubiquitin-specific peptidase 44 (USP44) is a
member of a family of deubiquitinating enzymes that play an
important role in cell proliferation (Lou et al, 2022). In this
study, we found that USP44 was
downregulated in cholesteatoma compared to that in the control,

hypomethylated and

indicating that USP44 may play an essential role in cholesteatoma
development. Zhang et al. showed that the expression level of
USP44 was markedly decreased in colorectal cancer, and
USP44 overexpression inhibited proliferation and enhanced
apoptosis in colorectal cancer cells (Huang et al., 2020). A recent
study demonstrated that USP44 overexpression inhibited the
proliferation and migration of clear cell renal cell carcinoma cell
lines; inversely, USP44 knockdown exerted opposite effects (Zhou
etal,, 2020). As a deubiquitinating enzyme, cylindromatosis (CYLD)
was significantly downregulated in cholesteatoma and may be
involved in cholesteatoma epithelial hyperplasia (Byun et al,
2010). Moreover, a study revealed that the level of CYLD
expression in acquired cholesteatoma is significantly correlated
with the clinicopathological characteristics, including wound
healing, infection, and recurrence in cholesteatoma patients
(Miyake et al., 2020). These studies suggest that deubiquitinating
enzymes may be involved in the formation of cholestomas.
However, currently, there are no relevant studies assessing the
role of USP44 in the development of cholesteatoma. Therefore,
we hypothesized that the hypermethylation of USP44 results in its
downregulation in cholesteatoma, which may participate in the
This
presupposition and the specific mechanism will be investigated in

hyperproliferation of keratinocytes in cholesteatoma.
future studies.

Moreover, T-cell intracellular antigen 1-related/like protein (TIAR/
TIALI) and MUCI2 were significantly hypomethylated in our
microarray results, accompanied by downregulation. TIALL is a
DNA/RNA-binding protein involved in the transcriptional and post-
transcriptional regulation of gene expression and plays a vital role in
human physiology and pathology (Sinchez-Jiménez and Izquierdo,
2015; Izquierdo et al., 2011). A previous study showed that knockdown
of TIALI results in increased cell proliferation, tumor growth, and
invasion, Moreover, the TIAL1 protein was shown to be downregulated
in many tumors of epithelial origin, including skin, breast, and colon
(Izquierdo et al,, 2011). As for MUCI2, it is a member of the mucin
family and participates in cancer progression, owing to its capacity to
transduce intracellular signaling (Gao et al., 2020; Matsuyama et al,
2010). Gao et al. (2020) showed that
MUCI2 increased cell growth and invasion, whereas deficiency of

overexpression  of

MUCI2 exerted opposite effects on renal cell carcinoma cells. In
contrast, MUCI2 was significantly downregulated in colorectal
cancer tissues, and low MUCI2 expression was accompanied by
worse disease-free survival in patients with stage IT or III colorectal
cancer (Matsuyama et al, 2010). It has been confirmed that the
abundant mucin in the perimatrix of cholestomas, associated with
its inflammatory response, may play a potential role in the proliferation
of keratinized epithelial cells and bone destruction (Nagai et al., 1992;
Nagai et al., 1993; Nagai et al., 2006). However, whether TIAL1 and
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MUCI2 are involved in the pathogenesis of cholesteatoma requires
further investigation.

However, our study has some limitations. First, the number of
validated clinical specimens was small. Second, all candidates have
not been explored at the cellular level and with animal models, and
their specific role and mechanism in middle ear cholesteatoma have
not been explored. In the future, we will validate a large number of
clinical samples. Moreover, further mechanistic studies on cell lines
and animal models would be conducted to investigate the exact
mechanism of these proliferation-related or inflammation-related
genes in the pathogenesis of middle ear cholesteatoma.

In conclusion, our study first identified m°A modification
patterns in middle ear cholesteatoma and explored the potential
biological functions and pathways associated with its pathogenesis.
Our study suggests that m°A modification may serve as a biological
marker and a putative target for the diagnosis and treatment of
cholesteatoma.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Materials; further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by the Second Xiangya Hospital Ethics Committee. The
patients/participants provided their written informed consent to
participate in this study.

References

Ahmad, U. S., Uttagomol, J., and Wan, H. (2022). The regulation of the Hippo
pathway by intercellular junction proteins. Life (Basel) 12 (11), 1792. doi:10.3390/
life12111792

Akiyama, N., Yamamoto-Fukuda, T. Yoshikawa, M., and Kojima, H. (2017).
Evaluation of YAP signaling in a rat tympanic membrane under a continuous
negative pressure load and in human middle ear cholesteatoma. Acta oto-
laryngologica 137 (11), 1158-1165. doi:10.1080/00016489.2017.1351040

Aquino, J. E. A. P. d., Cruz Filho, N. A,, and Aquino, J. N. P. d. (2011). Epidemiology
of middle ear and mastoid cholesteatomas: Study of 1146 cases. Braz.
J. otorhinolaryngology 77, 341-347. doi:10.1590/5s1808-86942011000300012

Byun, J. Y., Yune, T. Y., Lee, J. Y,, Yeo, S. G., and Park, M. S. (2010). Expression of
CYLD and NF-kappaB in human cholesteatoma epithelium. Mediat. Inflamm. 2010,
796315. doi:10.1155/2010/796315

Castle, J. T. (2018). Cholesteatoma pearls: Practical points and update. Head neck
pathology 12, 419-429. doi:10.1007/s12105-018-0915-5

Cunningham, R,, and Hansen, C. G. (2022). The Hippo pathway in cancer: YAP/TAZ
and TEAD as therapeutic targets in cancer. Clin. Sci. 136 (3), 197-222. (London,
England : 1979). doi:10.1042/CS20201474

Frye, M., Harada, B. T., Behm, M., and He, C. (2018). RNA modifications modulate
gene expression during development. Science 361 (6409), 1346-1349. doi:10.1126/
science.aaul646

Fukuda, A., Kano, S., Nakamaru, Y., Morita, S., Hoshino, K., Fujiwara, K., et al. (2021).
Notch signaling in acquired middle ear cholesteatoma. Otol. Neurotol. 42 (9),
€1389-e1395. doi:10.1097/mao.0000000000003245

Gao, S. L, Yin, R,, Zhang, L. F., Wang, S. M,, Chen, J. S., Wu, X. Y., et al. (2020). The
oncogenic role of MUCI12 in RCC progression depends on c-Jun/TGF-p signalling.
J. Cell. Mol. Med. 24 (15), 8789-8802. doi:10.1111/jcmm.15515

Frontiers in Genetics

10

10.3389/fgene.2023.1188048

Author contributions

WL contributed to the conception of the study; L] performed the
experiment; SX performed the data analyses and wrote the
manuscript; JH, JF, TY, and JR helped perform the analysis with
constructive discussions. All authors contributed to the article and
approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (grant numbers 82071036 and 82000973)
and the Natural Science Foundation of Hunan Province (grant
numbers 2019JJ50967 and 2022]J30821).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Ge, F, Li, Z, Hu, J, Pu, Y., Zhao, F., and Kong, L. (2022). METTL3/m(6)A/
IFIT2 regulates proliferation, invasion and immunity in esophageal squamous cell
carcinoma. Front. Pharmacol. 13, 1002565. doi:10.3389/fphar.2022.1002565

Huang, T. Zhang, Q., Ren, W, Yan, B, Yi, L, Tang, T, et al. (2020).
USP44 suppresses proliferation and enhances apoptosis in colorectal cancer cells by
inactivating the Wnt/B-catenin pathway via Axinl deubiquitination. Cell. Biol. Int. 44
(8), 1651-1659. doi:10.1002/cbin.11358

Izquierdo, J. M., Alcalde, J., Carrascoso, I, Reyes, R., and Ludefia, M. D. (2011).
Knockdown of T-cell intracellular antigens triggers cell proliferation, invasion and
tumour growth. Biochem. ]. 435 (2), 337-344. doi:10.1042/bj20101030

Kennedy, K. L., and Singh, A. K. (2022). “Middle ear cholesteatoma,” in StatPearls
(Treasure Island (FL): StatPearls Publishing Copyright © 2022, StatPearls
Publishing LLC.).

Kuo, C. L. (2015). Etiopathogenesis of acquired cholesteatoma: Prominent theories
and recent advances in biomolecular research. Laryngoscope 125 (1), 234-240. doi:10.
1002/lary.24890

Liu, N, and Pan, T. (2015). Probing RNA modification status at single-nucleotide
resolution in total RNA. Methods Enzymol. 560, 149-159. doi:10.1016/bs.mie.2015.03.005

Lou, Y., Ye, M., Xu, C,, and Tao, F. (2022). Insight into the physiological and
pathological roles of USP44, a potential tumor target (Review). Oncol. Lett. 24 (6), 455.
doi:10.3892/01.2022.13575

Matsuyama, T., Ishikawa, T., Mogushi, K., Yoshida, T., Tida, S., Uetake, H., et al.
(2010). MUC12 mRNA expression is an independent marker of prognosis in stage IT
and stage III colorectal cancer. Int. J. Cancer 127 (10), 2292-2299. d0i:10.1002/ijc.25256

Meyer, K. D,, Patil, D. P., Zhou, J., Zinoviev, A., Skabkin, M. A., Elemento, O., et al.
(2015). 5 UTR m(6)A promotes cap-independent translation. Cell. 163 (4), 999-1010.
doi:10.1016/j.cell.2015.10.012

frontiersin.org


https://doi.org/10.3390/life12111792
https://doi.org/10.3390/life12111792
https://doi.org/10.1080/00016489.2017.1351040
https://doi.org/10.1590/s1808-86942011000300012
https://doi.org/10.1155/2010/796315
https://doi.org/10.1007/s12105-018-0915-5
https://doi.org/10.1042/CS20201474
https://doi.org/10.1126/science.aau1646
https://doi.org/10.1126/science.aau1646
https://doi.org/10.1097/mao.0000000000003245
https://doi.org/10.1111/jcmm.15515
https://doi.org/10.3389/fphar.2022.1002565
https://doi.org/10.1002/cbin.11358
https://doi.org/10.1042/bj20101030
https://doi.org/10.1002/lary.24890
https://doi.org/10.1002/lary.24890
https://doi.org/10.1016/bs.mie.2015.03.005
https://doi.org/10.3892/ol.2022.13575
https://doi.org/10.1002/ijc.25256
https://doi.org/10.1016/j.cell.2015.10.012
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1188048

Xie et al.

Miyake, S., Miwa, T., Yoneda, G., Kanemaru, A, Saito, H., Minoda, R, et al. (2020).
Relationship between clinicopathological characteristics and CYLD expression in patients
with cholesteatoma. PloS one 15 (10), €0240216. doi:10.1371/journal. pone.0240216

Nagai, T., Kawano, ], and Suganuma, T. (1992). Sialomucin in middle ear
cholesteatoma perimatrix. Acta oto-laryngologica 112 (4), 686-690. doi:10.3109/
00016489209137460

Nagai, T., Suganuma, T., Ide, S, and Morimitsu, T. (1993). Histochemical
demonstration of mucin in lymphatic vessels of human middle ear cholesteatoma.
Eur. Arch. Otorhinolaryngol. 250 (4), 233-236. doi:10.1007/BF00171531

Nagai, T., Suganuma, T, Ide, S., Shimoda, H., and Kato, S. (2006). Confirmation of
mucin in lymphatic vessels of acquired cholesteatoma. Eur. Arch. Otorhinolaryngol. 263
(4), 361-364. doi:10.1007/s00405-005-1012-4

Pinho-Ribeiro, F. A., Baddal, B., Haarsma, R, O’Seaghdha, M., Yang, N. J., Blake, K. J.,
et al. (2018). Blocking neuronal signaling to immune cells treats streptococcal invasive
infection. Cell. 173 (5), 1083-1097.€22. €1022. doi:10.1016/j.cell.2018.04.006

Roundtree, I. A, Evans, M. E,, Pan, T., and He, C. (2017). Dynamic RNA modifications in
gene expression regulation. Cell. 169 (7), 1187-1200. doi:10.1016/j.cell.2017.05.045

Sanchez-Jiménez, C., and Izquierdo, J. M. (2015). T-cell intracellular antigens in
health and disease. Cell. Cycle 14 (13), 2033-2043. doi:10.1080/15384101.2015.1053668

Scheraga, R. G., Abraham, S., Grove, L. M., Southern, B. D., Crish, J. F., Perelas, A.,
et al. (2020). TRPV4 protects the lung from bacterial pneumonia via MAPK molecular
pathway switching. J. Immunol. 204 (5), 1310-1321. doi:10.4049/jimmunol.1901033

Shulman, Z., and Stern-Ginossar, N. (2020). The RNA modification N(6)-
methyladenosine as a novel regulator of the immune system. Nat. Immunol. 21 (5),
501-512. doi:10.1038/s41590-020-0650-4

Tong, J., Flavell, R. A., and Li, H. B. (2018). RNA m(6)A modification and its function
in diseases. Front. Med. 12 (4), 481-489. d0i:10.1007/s11684-018-0654-8

Wang, Y., Xu, L,, Luo, S., Sun, X,, Li, J., Pang, H,, et al. (2022). The m6A methylation
profiles of immune cells in type 1 diabetes mellitus. Front. Immunol. 13, 1030728.
doi:10.3389/fimmu.2022.1030728

Frontiers in Genetics

11

10.3389/fgene.2023.1188048

Wei, Z., Gan, J., Feng, X, Zhang, M., Chen, Z., Zhao, H., et al. (2022). APOBEC3B is
overexpressed in cervical cancer and promotes the proliferation of cervical cancer cells
through apoptosis, cell cycle, and p53 pathway. Front. Oncol. 12, 864889. doi:10.3389/
fonc.2022.864889

Wu, S, Li, X. F, Wu, Y. Y, Yin, S. Q, Huang, C, and Li, J. (2021). N°
-methyladenosine and rheumatoid arthritis: A comprehensive review. Front.
Immunol. 12, 731842. doi:10.3389/fimmu.2021.731842

Xiao, W., Adhikari, S., Dahal, U., Chen, Y. S., Hao, Y. J., Sun, B. F,, et al. (2016).
Nuclear m(6)A reader YTHDCI regulates mRNA splicing. Mol. Cell. 61 (4), 507-519.
doi:10.1016/j.molcel.2016.01.012

Yamamoto-Fukuda, T., Akiyama, N., Takahashi, M., and Kojima, H. (2018).
Keratinocyte growth factor (KGF) modulates epidermal progenitor cell kinetics
through activation of p63 in middle ear cholesteatoma. J. Assoc. Res. Otolaryngol. 19
(3), 223-241. doi:10.1007/s10162-018-0662-z

Yamamoto-Fukuda, T., Akiyama, N., and Kojima, H. (2020). LICAM-ILK-YAP
mechanotransduction drives proliferative activity of epithelial cells in middle ear
cholesteatoma. Am. J. pathology 190 (8), 1667-1679. doi:10.1016/j.ajpath.2020.
04.007

Zaccara, S., Ries, R. ., and Jaffrey, S. R. (2019). Reading, writing and erasing mRNA
methylation. Nat. Rev. Mol. Cell. Biol. 20 (10), 608-624. d0i:10.1038/s41580-019-0168-5

Zhou, J., Wan, J., Gao, X., Zhang, X,, Jaffrey, S. R., and Qian, S. B. (2015). Dynamic
m(6)A mRNA methylation directs translational control of heat shock response. Nature
526 (7574), 591-594. doi:10.1038/naturel15377

Zhou, J., Wang, T., Qiu, T., Chen, Z., Ma, X,, Zhang, L., et al. (2020). Ubiquitin-
specific protease-44 inhibits the proliferation and migration of cells via inhibition of
JNK pathway in clear cell renal cell carcinoma. BMC Cancer 20 (1), 214. doi:10.1186/
512885-020-6713-y

Zou, ., Zhong, X., Zhou, X, Xie, Q., Zhao, Z., Guo, X,, et al. (2021). The M6A
methyltransferase METTL3 regulates proliferation in esophageal squamous cell
carcinoma. Biochem. Biophys. Res. Commun. 580, 48-55. doi:10.1016/j.bbrc.2021.
05.048

frontiersin.org


https://doi.org/10.1371/journal.pone.0240216
https://doi.org/10.3109/00016489209137460
https://doi.org/10.3109/00016489209137460
https://doi.org/10.1007/BF00171531
https://doi.org/10.1007/s00405-005-1012-4
https://doi.org/10.1016/j.cell.2018.04.006
https://doi.org/10.1016/j.cell.2017.05.045
https://doi.org/10.1080/15384101.2015.1053668
https://doi.org/10.4049/jimmunol.1901033
https://doi.org/10.1038/s41590-020-0650-4
https://doi.org/10.1007/s11684-018-0654-8
https://doi.org/10.3389/fimmu.2022.1030728
https://doi.org/10.3389/fonc.2022.864889
https://doi.org/10.3389/fonc.2022.864889
https://doi.org/10.3389/fimmu.2021.731842
https://doi.org/10.1016/j.molcel.2016.01.012
https://doi.org/10.1007/s10162-018-0662-z
https://doi.org/10.1016/j.ajpath.2020.04.007
https://doi.org/10.1016/j.ajpath.2020.04.007
https://doi.org/10.1038/s41580-019-0168-5
https://doi.org/10.1038/nature15377
https://doi.org/10.1186/s12885-020-6713-y
https://doi.org/10.1186/s12885-020-6713-y
https://doi.org/10.1016/j.bbrc.2021.05.048
https://doi.org/10.1016/j.bbrc.2021.05.048
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1188048

	Analysis of mRNA m6A modification and mRNA expression profiles in middle ear cholesteatoma
	1 Introduction
	2 Materials and methods
	2.1 Patients and samples
	2.2 Total RNA extraction
	2.3 m6A immunoprecipitation
	2.4 Labeling and microarray hybridization
	2.5 m6A mRNA epitranscriptomic microarray analysis
	2.6 Methylated RNA immunoprecipitation coupled with quantitative real-time PCR
	2.7 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway analyses
	2.8 Statistical analysis

	3 Results
	3.1 Differentially methylated or expressed transcripts in cholesteatoma
	3.2 Association between m6A modification and mRNA expression
	3.3 Potential functions and pathways of differentially methylated mRNAs
	3.4 Validation of differentially m6A-modified mRNAs using MeRIP–qPCR

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


