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Background: With the continued advancement of RNA-seq (RNA-sequencing),
microRNA (miRNA) editing events have been demonstrated to play an important
role in different malignancies. However, there is yet no description of the miRNA
editing events in recurrent bladder cancer.

Objective: To identify and compare miRNA editing events in primary and
recurrent bladder cancer, as well as to investigate the potential molecular
mechanism and its impact on patient prognosis.

Methods: We examined the mRNA and miRNA transcriptomes of 12 recurrent
bladder cancer cases and 13 primary bladder cancer cases. The differentially
expressed mRNA sequences were analyzed. Furthermore, we identified the
differentially expressed genes (DEGs) in recurrent bladder cancer. The Gene
Ontology (GO) functional enrichment analyses on DEGs and gene set
enrichment analysis were performed. The consensus molecular subtype
(CMS) classification of bladder cancer was identified using the Consensus
MIBC package in R (4.1.0); miRNA sequences were then further subjected to
differentially expressed analysis and pathway enrichment analysis. MiRNA
editing events were identified using miRge3.0. miRDB  and
TargetScanHuman were used to predict the downstream targets of specific
differentially edited or expressed miRNAs. The expression levels of miR-154-5p
and ADAR were validated by RT-gPCR. Finally, survival and co-expression
studies were performed on the TCGA-BLCA cohort.
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Results: First, the mRNA expression levels in recurrent bladder cancer changed
significantly, supporting progression via related molecular signal pathways.
Second, significantly altered miRNAs in recurrent bladder cancer were
identified, with miR-154-5p showing the highest level of editing in recurrent
bladder cancer and may up-regulate the expression levels of downstream
targets HS3ST3Al1, AQP9, MYLK, and RAB23. The survival analysis results of
TCGA data revealed that highly expressed HS3ST3A1 and RAB23 exhibited poor
prognosis. In addition, miR-154 editing events were found to be significant to
CMS classification.

Conclusion: MiRNA editing in recurrent bladder cancer was detected and linked
with poor patient prognosis, providing a reference for further uncovering the
intricate molecular mechanism in recurrent bladder cancer. Therefore,
inhibiting A-to-I editing of miRNA may be a viable target for bladder cancer

treatment, allowing current treatment choices to be expanded and

individualized.

KEYWORDS

RNA sequencing, bladder cancer, tumor recurrence, microRNA editing, consensus
molecular subtype classification

1 Introduction

Bladder cancer (BC) is one of the most common urological
carcinomas, with significant morbidity in patients worldwide
(Richters et al., 2020). Most BCs are urothelial carcinomas
(Bladder Urothelial Carcinoma, BLCA), which are classified
into two clinical and prognostic subtypes: non-muscle-invasive
bladder cancers (NMIBCs) and muscle-invasive bladder cancers
(MIBCs). NMIBC accounts for about 75% of cases of BC (Babjuk
et al,, 2019). The biological mechanisms of bladder cancer are
exceedingly various  traits
heterochrony and heterotopy, high recurrence, multiple tumors,

complicated, with including
progression to invasive bladder cancer, and metastasis (van Rhijn
etal., 2009). As a result, unraveling novel molecular mechanisms of
BC progression and discovering novel tumor markers capable of
predicting survival and recurrence are urgently required.

RNA editing alters the nucleotide sequence of an RNA
molecule post transcription, which can occur in coding or
non-coding regions, increasing transcriptome variability and
proteome diversity (Eisenberg, 2021). Adenosine to inosine
(A-to-I) and cytidine to uridine (C-to-U) editing are two
types of RNA editing, with A-to-I being the most common
(Leong et al., 2019). A-to-I RNA editing is catalyzed by
members of the ADAR family of dsRNA binding proteins
(adenosine deaminases acting on RNA), which comprises
three constitutive isoforms in humans, labelled ADAR
(ADARI1), ADARBI1 (ADAR2), and ADARB2 (ADAR3). With
the development of RNA deep sequencing technologies (RNA-
seq), recent evidence indicates that most editing occurs on non-
coding RNAs (Li et al., 2009).

MicroRNAs (miRNAs) are endogenous non-coding RNA
molecules with 22 nucleotide sequences that play regulatory roles
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in developmental, physiological, and pathological processes,
including cancer (Saliminejad et al., 2019). The first step in
miRNA synthesis is RNA polymerase II, which catalyzes the
template strand to create pri-miRNA with a cap structure
(7MGpppG) and a polyadenylated tail (Lee et al., 2004). The
pre-miRNA is then processed by a multiprotein complex that
includes cofactor Pasha from RNA polymerase III nuclease
DROSHA (Denli et al, 2004), which is exported to the
cytoplasm via the nuclear pore complex and subsequently
cleaved into double-stranded miRNA duplexes by Dicer of
another RNA polymerase III nuclease. Double-stranded
miRNAs generate two types of mature miRNAs, one from the
5P chain and the other from the 3P chain, which combines with
Argonaute (AGO) family proteins into an RNA-induced
silencing complex (RISC) and directs their binding to mRNA
(Kobayashi and Tomari, 2016). Editing in pri-miRNA, pre-
miRNA, and mature miRNA can influence miRNA synthesis
and target identification, with far-reaching consequences
(Shevchenko and Morris, 2018). Let-7 pri-miRNA editing, for
example, impairs let-7 family miRNA biogenesis and increases
progenitor self-renewal capacity in blast crisis chronic myeloid
leukaemia (BC CML), resulting in malignant reprogramming of
progenitors into blast crisis leukaemia stem cells (BC LSCs)
(Zipeto et al., 2016). Research evidence shows that miR-589-
3p editing is nearly complete in normal brain tissue, but
continues to decline in glioblastoma due to a drop in ADAR
2 enzyme levels; this explains the increase of unedited miR-589-
3p. The switch from PCDH 9 (tumor suppressor) to ADAM 12,
which can encode metalloproteinase 12, promotes glioblastoma
invasion and development (Cesarini et al., 2018).

Researchers have gained a deeper understanding of miRNA
editing in recent years, with increasing evidence that miRNA
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editing is prevalent in different types of human cancers, including
liver hepatocellular carcinoma (LIHC), lung adenocarcinoma
(LUAD), kidney renal clear-cell carcinoma (KIRC), blast crisis
chronic myeloid leukaemia (BC CML), glioblastoma and thyroid
carcinoma (THCA), among others. (Liao et al, 2020).
Subsequent studies revealed that miRNA editing is linked to
cancer onset, progression, and prognosis (Gu et al, 2019
Romano et al., 2020), suggesting that it could be utilized as a
prognostic marker and therapeutic target (Voss et al., 2021).
However, miRNA editing is rarely documented in BC. Yumeng
Wang et al. (2017) discovered that miRNA editing changed
significantly in BC (Wang et al, 2017), but they did not
link with
prognosis. Because of the high recurrence rate of BC, we

investigate its recurrence, progression, and
believe it is critical to investigate the miRNA editing events
that occur between recurrent and primary BC.

In this study, we comprehensively analyzed and compared
the miRNA editing level of 12 recurrent BC and 13 primary BC
cases by RNA sequencing, including mRNA expression analysis,
miRNA expression analysis, and miRNA editing analysis. Our
findings indicate that the degree of miRNA editing in recurrent
BC is significantly higher and is associated with poor patient
survival. This finding could aid in the investigation of
pathogenesis and mechanisms,

and provide potential

biomarkers and novel therapeutic targets for BC.

2 Methods
2.1 Patient sample collection

The study was performed at the Urology Surgery Department
of Xuzhou Central Hospital, Xuzhou 221009, PR China. The
subjects were recruited from 2021.06 to 2021.08. Tissue samples
were acquired from bladder cancer patients who underwent
laparoscopic radical ~cystectomy, partial cystectomy, or
transurethral resection of bladder tumor. The tissues were
immediately cleaned with sterile normal saline following
surgery and stored at —80°C until detection. A total of
25 patients with bladder cancer were included, and all
protocols were approved by the Ethical Committee of the
Xuzhou Central Hospital (EC. XZXY-LI-20200708-024). All

subjects signed a written consent form.

2.2 mRNA sequencing experiments and
analysis

2.2.1 mRNA sequencing

Total RNA was extracted using the Quick-RNA MicroPrep
Kit (Zymo Research, CA, United States). The concentration and
integrity of mRNA were measured by Nanodrop2000
(Thermofisher, Waltham, MA). The cDNA library was
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prepared with the NEBNext Ultra RNA with Poly-A selection
kit and sequenced on an Illumina Hi-Seq 4000.

2.2.2 mRNA-seq analysis
Kallisto (https://pachterlab.github.io/kallisto/) was used for

of the mRNA
package used to

pseudo counts.

DESeq2  bioconductor

alignment raw

was evaluate
differential gene expression with |fold change| >2 and p < 0.
05 genes with >1 count per million (Love et al., 2014) (R 4.1.0).
After Benjamini-Hochberg correction for multi-testing, any gene
with a p-value less than False Discovery Rate (FDR) was judged
significantly differentially expressed under the test conditions as
compared to the controls. Further pathway enrichment analysis
was performed with EnrichR and clusterprofiler (Yu et al., 2012).
The gene set enrichment analysis (GSEA) was performed with
javaGSEA2-3.0 (Subramanian et al., 2005).

2.2.3 Bladder cancer CMS classification

The expression matrices of each bladder cancer sample were
extracted, organized, and then used for CMS classification
analysis. The consensus MIBC (Kamoun et al., 2020) package
based on R (4.1.0) was used to identify the CMS classification of
each bladder cancer sample and then used for the downstream
analysis.

2.3 MicroRNA sequencing experiments
and analysis

2.3.1 Small RNA sequencing and data analysis

A small RNA-seq library was constructed with NEBNext
Multiplex Small RNA Library Prep Kit for Illumina (#7560S).
Small RNA-seq data were analyzed with the sRNAnalyzer
pipeline (Wu et al.,, 2017). Adapter sequences were input to
the pipeline to remove adapter contamination. The cleaned
reads were then mapped to the human miRNA database to
generate a count matrix, and thereafter DEseq2 was used to
identify differentially expressed miRNA. p-value less than
0.05 denoted significantly expressed miRNA. The miRNA
targets were predicted using the R package ‘Multimir’
(1.10.0). Finally, EnrichR was used to perform the pathway
enrichment analysis.

2.3.2 MiRNA A-to-I| editing and
downstream analysis

miRge3.0 (Patil and Halushka, 2021) was used to evaluate
the miRNA editing events in bladder cancer samples after the
adapters were trimmed. Using the default parameters, the A-to-
I editing ratio and locations were determined. Percentage A-to-
I editing (%) was calculated by dividing the number of edited
miRNAs by the total number of miRNAs expressed with a read
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count greater than equal to 10. An A-to-I ratio >2% was
employed as the filtering cutoff to remove any potential
editing noise. MiRNA target prediction tools, including
miRDB (http://mirdb.org/) and TargetScanHuman (https://
www.targetscan.org/vert_80/), were used to predict the
downstream targets of specific differentially edited or
expressed miRNAs.

2.4 Real-time quantitative PCR (RT-gPCR)

Real-time quantitative PCR (RT-qPCR) was performed to
validate the expression of specific mature miRNAs using pre-
designed stem-loop primers (Suzhou GENEWIZ Co., Ltd.).
cDNA was synthesized from 10ng of total RNA using
miScript II RT kit (Qiagen) according to the manufacturer’s
instructions. For mRNA, 1 ug of total RNA was used as a
template to synthesize cDNA using the First Strand cDNA
Kit K1622) the
manufacturer’s relative amount of each

Synthesis (Invitrogen

protocol. The
substrate was calculated by the 2-AACT method (Livak and
Schmittgen, 2001). The small endogenous nuclear RNA U6 and

GAPDH were used as controls for the normalization of mature

according  to

miRNAs and mRNAs. The sequences of the primers used
supplied by GENEWIZ were as follows: U6 Forward, 5'-
CTCGCTTCGGCAGCACA -3’ and reverse, 5'- AACGCT
TCACGAATTTGCGT -3'; has-miR-154-5p F-primer, 5'-
GGTGTGTAGGTTATCCGTGTTG -3'; human GAPDH
Forward, 5'- GCGAGATCCCTCCAAAATCAA -3’ and
reverse, 5'- GTTCACACCCATGACGAACAT -3'; human
ADAR F-primer, 5'- GCGACCAGACCATTGATTCC -3’ and
reverse, 5'- TGGTACCTGAGCTGTCTGTG -3'.

2.5 The cancer genome atlas survival
analysis of specific genes

The TCGA bladder cancer cohort was used for the survival
analysis in this study. Moreover, UALCAN, CbioPortal, and
GEPIA (Chandrashekar et al, 2017; Tang et al, 2017)
(1.0 and 2.0) were used for pan-cancer analysis and
expression analysis of targets of differentially expressed/edited
miRNAs. Survival and co-expression analyses were performed
using the GEPIA web interface.

2.6 Statistical analysis

The False Discovery Rate (FDR) correction was used to get
the p-adj value in all expression matrix data (RNA-seq, small-
RNA-seq). Data (mean * SE) were assessed with a Student’s
t-test, and a p-value < 0.05 was considered statistically
significant.
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3 Results
3.1 Patient information

Table 1 shows the clinicopathological characteristics of enrolled
patients. All patients in this study had urothelial carcinoma. A total of
25 patients, 1 female and 24 males, with ages ranging from 58 to
92 were enrolled, with 12 samples having NMIBC and 13 samples
having MIBC. Patients were divided into two groups based on their
clinical diagnosis: the primary bladder cancer group (1 = 13) and the
recurrent bladder cancer group (1 = 12). All patients had laparoscopic
radical cystectomy (LRC, n = 6) or partial cystectomy (PC, n = 3), as
well as transurethral resection of bladder tumor (TURBT, n = 16),
including 11 cases of low pathological grade (LG) and 14 cases of high
pathological grade (HG).

3.2 ldentification of differentially
expressed genes

We performed differential expression analysis (DEA) with the R
packages of DESeq2 bioconductor to identify the differentially
expressed genes (DEGs) between the primary BC group and
recurrent BC. The selection criteria were | Log2Foldchange | >
1 and P-FDR < 0.05. The volcano plot was created using the R
ggplot2 package (Figure 1A). The top 30 significantly differentially
expressed genes in recurrent BC and primary BC were identified and
plotted on a heatmap (Figure 1B); red indicates high-expression
genes in the heatmap. Recurrent tumors were efficiently
differentiated from primary tumors using Principal Component
Analysis (PCA) (Figure 1C). Gene set enrichment analysis (GSEA)
was performed to confirm the differences in pathways between
recurrent BC and primary BC. The results revealed a positive
correlation between gene expression levels of “Epithelial-
Mesenchymal Transition (EMT)” and “Inflammatory Response”
and recurrent BC. In contrast, genes associated with the “Myc target
v2” and “P53 pathways” were negatively correlated with recurrent
BC (Figure 1D).

3.3 Gene ontology functional enrichment
analyses for DEGs

EnrichR and clusterprofiler were used to conduct GO
functional enrichment analyses to determine gene function in
the primary bladder cancer group versus the recurrent bladder
cancer group. The gene ontology includes biological process
(BP), cellular components (CC), and molecular functions
(MF). The top 10 most significant GO terms from each group
were displayed. The GO enrichment analysis showed that genes
up-regulated in recurrent BC were predominantly involved in
BC, CC, and MF (Figure 2A). However, genes down-regulated in
recurrent BC were mostly found in CC (Figure 2B). Up-regulated
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TABLE 1 Patients information.

Patients information

10.3389/fgene.2022.984279

Category Number Gender Age Pathologic tumor staging Grade Surge RNA-seq

RE RE1 M 70 MIBC HG LRC miRNA + mRNA
RE RE2 M 92 MIBC HG LRC miRNA + mRNA
RE RE3 M 87 MIBC HG PC miRNA + mRNA
RE RE4 M 74 MIBC HG TURBT miRNA

RE RE5 M 77 MIBC HG PC miRNA

RE RE6 M 66 MIBC HG TURBT miRNA

RE RE7 M 67 NMIBC LG TURBT miRNA

RE RES8 M 86 NMIBC LG TURBT miRNA

RE RE9 M 64 MIBC HG TURBT miRNA

RE RE11 F 68 MIBC HG LRC miRNA + mRNA
RE RE13 M 71 NMIBC LG LRC miRNA

RE RE15 M 58 MIBC HG TURBT miRNA + mRNA
NEW NEW1 M 78 MIBC HG TURBT miRNA

NEW NEW2 M 71 MIBC HG TURBT miRNA

NEW NEW3 M 64 MIBC HG TURBT miRNA

NEW NEW4 M 72 NMIBC HG TURBT miRNA

NEW NEWS5 M 58 MIBC HG TURBT miRNA

NEW NEW6 M 69 NMIBC LG TURBT miRNA + mRNA
NEW NEW?7 M 57 NMIBC LG TURBT miRNA + mRNA
NEW NEWS M 71 NMIBC LG PC miRNA + mRNA
NEW NEW9 M 81 NMIBC LG TURBT miRNA + mRNA
NEW NEW11 M 59 NMIBC LG LRC miRNA + mRNA
NEW NEW12 M 67 NMIBC LG TURBT miRNA

NEW NEW13 M 68 NMIBC LG TURBT miRNA

NEW NEW14 M 58 NMIBC LG LRC miRNA

NEW, primary bladder cancer; RE, recurrent bladder cancer; F, female; M, male; NMIBC, non-muscle invasive bladder cancer; MIBC, muscle-invasive bladder cancer; LG, low pathological

grade; HG, high pathological grade; TURBT, transurethral resection of the bladder tumor; LRC, laparoscopic radical cystectomy; PC, partial cystectomy.

DEGs were enriched mainly in muscle structure development of
BPs, the supramolecular fiber of CCs, and cytoskeletal protein
binding of MFs, while down-regulated DEGs were enriched
mainly in intermediate filament and intermediate filament
cytoskeleton of CCs. Subsequently, we used a cnplot to show
the GO terms enrichment results for the DEGs (Figures 2C,D).
Among them, MYH11, ACTCI, ACTN2, TPMI1, TNNT2,
TNNI3, MYOCD, and AKAP6, which were up-regulated in
recurrent BC, were enriched in 6 GO terms of BPs. FAM83H,
KRTAP5-8, KRTAP5-9, and KRTAP5-10, down-regulated in
recurrent BC, were enriched in 3 GO terms of CCs.

3.4 Differential expression analysis of
miRNA-seq

MiRNA is an extensively existing non-coding single-

stranded RNA, which regulates gene expression at the post-
transcriptional level by inhibiting the translation of messenger
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RNA (mRNA) or promoting mRNA degradation. To analyze the
differential changes in miRNA expression levels in primary and
recurrent BC, We performed differential expression analysis on
the miRNA-seq sequencing results of 12 cases of recurrent
bladder cancer and 13 cases of primary bladder cancer and
plotted the top 15 differentially expressed miRNAs on a heat
map (Figure 3). The cluster analysis revealed significant
differences in miRNA expression between recurrent and
primary BC. In recurrent BC, miR-3085-3p and miR-31-5p
were significantly down-regulated, while miR-223-3p and
miR-146-3p were up-regulated.

3.5 Identification and analysis of miRNAs'
A-to-Il editing events between primary and
recurrent bladder cancer

We identified and compared miRNAs A-to-I editing events
in recurrent and primary BC, and the A-to-I editing ratio in three
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FIGURE 1

Description of mRNA-seq analysis results of 5 recurrent vs. 5 primary tumors. (A) A Volcano plot showing the differentially expressed genes
(DEG) in recurrent versus primary bladder tumors (Re: Recurrent, New: Primary), DEG: | Log2Foldchange | > 1, P-FDR < 0.05. (B) A Heatmap showing
the top 30 significantly differentially expressed genes in the recurrent versus primary bladder tumors. (C) The PCA analysis showing that most
recurrent tumors were separated from the primary tumors. (D) Gene set enrichment analysis (GSEA) showing that gene expression levels of
"EMT" and “Inflammatory Response” were positively correlation with the recurrent tumors, while genes of "Myc target v2" and "P53 pathways” were

negatively correlated with the recurrent tumors.

types of miRNAs was displayed using bar plots (Figures 4A-C).
The bar plots showed that Hsa-Mir-8-P2a_3p, Hsa-Mir-154-
P13_5p, and Hsa-Mir-154-5p had A-TO-I editing in primary
and recurrent BC, with hyper edited in recurrent BC
(p-value<0.05). Hsa-Mir-154-5p exhibited the most significant
difference. Subsequently, we identified the editing sites for miR-
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154-5p. Both miR-154-P13-5p and miR-154-P7-5p underwent
A-to-I editing at the fifth base, and the editing site was located
within the seed region (Figure 4D).

To rule out the effect of miRNA expression level, we
investigated the raw count level of miR-154-5p in both
primary and recurrent tumors and validated it by RT-qPCR.
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The results showed that the miR-154-5p expression level was
slightly up-regulated in recurrent BC (p-value = 0.2567) (Figures
4E,F). This part of the analysis indicated that differential levels of
miRNA editing might not be a function of differential expression.

In previous studies, ADAR enzymes were found to mediate
A-to-I RNA editing (Eisenberg and Levanon, 2018; Yao et al.,
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2019). ADAR-mediated A-to-I RNA editing can affect miRNA-
controlled pathways by interfering with miRNA maturation steps
as well as with miRNA targeting (Nishikura, 2016). To further
investigate the causes of miRNA editing events in bladder cancer,
we compared the expression levels of the ADAR (ADARI) gene
in recurrent and primary BC using RT-qPCR. Surprisingly, the
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expression level of ADAR did not change significantly in
recurrent BC (Slightly down-regulated in recurrent BC,
p-value = 0.2072) (Figure 4G). One possible reason is that we
only examined the expression of the ADAR gene and did not
verify the changes in ADAR enzyme expression in BC. Second,
the regulation of A-TO-I editing by ADAR is a complex process
that may be influenced by the physiological environment as well
as competitive inhibition of ADAR2 (Buchumenski et al., 2017;
Vesely and Jantsch, 2021).

3.6 A-to-I editing of miR-154-5p may
regulate the expression level of the
subsequent miRNA targets

Since the role of miRNA in translational repression is
conferred by sequence complementarity between the miRNA
seed region and the complementary seed region in the target
mRNA, editing in the seed region can determine changes in
miRNA target repertoires by even a single nucleotide
substitution (Choudhury et al., 2012; Cesarini et al., 2018).
We used miRDB and TargetScanHuman to identify the top four
targets of miR-154-5p, HS3ST3Al, AQP9, MYLK, and
RAB23 and compared their expression level in recurrent BC
and primary BC. The results showed that all four targets were
differentially expressed in recurrent and primary BC, with
recurrent BC having significantly higher expression levels
(p-value after FDR <0.001) (Figure 5A).
Subsequently, we analyzed other reported miR-154-5p target
genes, including RSF1 and RUNX2 (Zhao et al., 2017). Our

correction
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results showed that the expression levels of miR-154-5p and
RSF1 were up-regulated in recurrent bladder cancer while
RUNX2 was down-regulated, and the differences were
insignificant (Figure 5A). Because there was no significant
difference in the expression level of miR-154-5p (Figures
4E,F), we hypothesized that the expression level of the miR-
154-5p targets might be regulated by editing of mir-154-5p in
addition to the expression level of miR-154-5p. Next, we
downloaded samples expressing low and high levels of
HS3ST3A1 [n (low) = 101, n (high) = 98], AQP9 [n (low) =
99, n (high) = 101], MYLK [n (low) = 101, n (high) = 101], and
RAB23 [n (low) = 101, n (high) = 101] in bladder cancer cohorts
from the TCGA database for survival analysis (high expression;
> 50% vs. low expression <50%). The survival analysis showed
that BC patients expressing high levels of HS3ST3A1 and
RAB23 had a poor prognosis (HS3ST3A1 p < 0.005,
RAB23 p < 0.005, by log-rank test) (Figures 5B-E).

3.7 MiRNA editing events in BC are
associated with consensus molecular
subtype classification

Bladder cancers are classified into six CMS classes: luminal
papillary (LumP), luminal nonspecified (LumNS), luminal
unstable (LumU), stroma-rich, basal/squamous (Ba/Sq),
and neuroendocrine-like (NE-like) (Kamoun et al., 2020).
Using the single-sample mRNA classifier from the
Consensus MIBC package based on R (4.1.0), we identified
the CMS classification of five recurrent and five primary BC;
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Overview of miRNA editing events of 12 recurrent tumors vs. 13 primary tumors. (A—C) Bar plots showing miRNA editing A-to-I ratio levels of
three different miRNAs in both primary and recurrent tumors, with hyper edited in recurrent BC (p-value<0.05). Hsa-Mir-154-5p exhibited the most
significant difference.*: p-value < 0.05. (D) Identification of edited mature miR-154. The 5" end of the mature miRNA is counted as +1, and the editing
site is indicated by the number highlighted in red. The seed region is characterised by highlighted in brown. (E) A Bar plot showing the raw count
level of mir-154-5p in both primary and recurrent tumors. (F,G) RT-gPCR result for miR-154-5p and ADAR. In recurrent tumors, miR-154-5p
expression levels were slightly upregulated (p-value = 0.2567), while ADAR expression levels were downregulated (p-value = 0.2072).

LumP had the most samples (60%). The remaining 40% were
stroma-rich (20%), Ba/Sq (10%), and LumU (10%)
(Figure 6A). The results of CMS prediction of all ten
samples were shown in a radar plot (Figure 6B). We then
examined miR-154 editing events in 10 samples (Table 2). Five
of the 6 CMS LumP samples showed miR-154 editing events.
However, miR-154 editing events were not found in other
CMS types (Table 3). Therefore, we hypothesize that miR-154
editing events are associated with CMS typing of bladder

cancer.
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4 Discussion

With the advancement of sequencing technology, more and
more miRNA editing events have been identified in various
cancers. In 2014, Jing Gong et al. confirmed 14 A-to-I editing
loci through systematic analysis of 410 human smRNA-seq
datasets, 11 of which were significantly different in the liver,
breast, and lung cancers, and 4 of the 11 loci were up-regulated,
while 7 were down-regulated in tumor tissues (Gong et al., 2014).
Yishay Pinto extensively documented miRNA editing in
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miRNA editing events are associated with CMS classification in bladder tumors. (A) Individual CMS classification results of 5 recurrent and

5 primary tumors. (B) Overview of CMS prediction of all 10 samples.

32 cancer types and 10,593 human samples of normal controls in
2018 and presented a list of 58 miRNA editors with high
confidence, and 24% of loci exhibited significant differences in
tumor tissues compared to normal tissues (Pinto et al., 2018).
Similarly, Yumeng Wang et al. analyzed 8595 TCGA samples
from 20 major cancer types and found widespread A
(Adenosine)-to-I (Creatinine) editing in bladder uroepithelial
carcinoma, and edited miR-381 was associated with tumor stage.
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In contrast, miR-379 and miR-411 were associated with tumor
subtype, but none was linked to bladder cancer recurrence and
prognosis (Wang et al, 2017). Because bladder cancer is
characterized by heterochrony, heterotopy, high recurrence,
multiple tumors, progression to invasive bladder cancer, and
metastasis, miRNA editing research can help further elucidate the
molecular mechanisms of bladder cancer and serve as a biomarker to
predict bladder cancer progression, recurrence, and patient prognosis.
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TABLE 2 Overview of all miRNA editing events of 10 cases with mRNA-
seq results.

miRNA: Position Sample A-to-Ipercentage
Hsa-Mir-154-P13_5p:5 Rel5 4.78
Hsa-Mir-154-P9_3p:4 Rel5 1.16
Hsa-Mir-589_3p*:6 Rell 63.64
Hsa-Mir-154-P13_5p:5 Rell 7.67
Hsa-Mir-34-P3c_5p:16 Rell 3.77
Hsa-Mir-154-P9_3p:4 Rell 2.9
Hsa-Mir-154-P13_5p:5 New8 6.25
Hsa-Mir-27-P1_5p*:1 New8 5.88
Hsa-Mir-154-P9_3p:4 New8 1.75
Hsa-Mir-8-P2a_3p:5 New8 0.51
Hsa-Mir-154-P13_5p:5 New?7 11.76
Hsa-Mir-154-P9_3p:4 New?7 5
Hsa-Mir-8-P2a_3p:5 New7 0.4
Hsa-Mir-154-P13_5p:5 New6 20
Hsa-Mir-1301_3p:5 New6 6.45
Hsa-Mir-8-P2a_3p:5 New6 0.8
Hsa-Mir-154-P13_5p:5 Newll 12.22
Hsa-Mir-154-P9_3p:4 Newll 233
Hsa-Mir-10-P2b_5p:1 Newll 0.72

TABLE 3 miR-154 editing events in 10 cases that have mRNA-seq
results; 5 of the 6 LumP cases have miR-154 editing events.

Total Case LumP Mir-154-editing
10 6 5

Others miR-154 editing

4 0

In this study, we performed RNA sequencing on tissue
specimens from 25 BC patients (12 recurrent BC and 13 primary
BC) and performed a comprehensive analysis of mRNAseq and
miRNAseq to determine miRNA editing in bladder cancer. First,
differential changes in mRNA expression levels between primary BC
and recurrent BC were discovered using mRNAseq differential
expression and enrichment analysis, which supported tumor
progression via associated signalling pathways. Second, we
screened three highly edited miRNA loci in recurrent BC and
found that miRNA editing might influence the expression levels
of downstream targets. Survival analysis revealed that changes in
downstream target expression levels were associated with a worse
patient prognosis. Finally, we discovered that miRNA editing events
appeared to correspond with CMS classification of bladder cancer.

The mRNAseq sequence analysis revealed significant
differences between recurrent and primary BC, which may
contribute to cancer progression and recurrence through

Frontiers in Genetics

12

10.3389/fgene.2022.984279

changes in associated pathways. We screened the top
30 differential genes from mRNAseq of 10 cases (5 primary
LG NMIBC and 5 recurrent HG MIBC), and the gene set
enrichment analysis (GSEA) results revealed that Epithelial-
(EMT)"

Response” were up-regulated in recurrent BC, while “Myc

Mesenchymal — Transition and  “Inflammatory

target v2" and “P53 pathways " were down-regulated in
recurrent BC. EMT is a complicated process that involves
transitions from an epithelial to a mesenchymal phenotype,
resulting in functional changes in cell migration and invasion.
Similarly, in previous work, EMT was found to be up-regulated in
multiple carcinogeneses, contributing to cancer progression and
metastasis (Yang et al., 2020). In BC, EMT promotes muscle
infiltration, recurrence, and metastasis via a variety of
mechanisms (Wang et al, 2021; Na et al, 2022). The
inflammatory response has been proven to be important in
various stages of tumor formation, including tumorigenesis,
growth, progression, and metastasis (Greten and Grivennikov,
2019). By investigating the kinetics of inflammatory response
during BBN-induced bladder carcinogenesis in mice, Marina
Degoricija et al. discovered that up-regulated IFNy genes and
immunosuppressive genes mediated tumor immune escape,
leading to bladder cancer invasion and progression (Degoricija
et al,, 2019). P53 pathways are tumor suppressor pathways, and
gene mutations result in impaired P53 function (Whibley et al.,
2009; Herndndez Borrero and El-Deiry, 2021). Soonbum Park
et al. found that knocking down the P53 tumor suppressor gene
resulted in a shift from non-muscle-invasive to muscle-invasive
BC, as well as an increase in cancer-related molecular pathways,
including pro-inflammatory pathways (Park et al, 2021).
Moreover, increased Myc target v2 expression promotes
tumor cell progression and invasion (Schulze et al, 2020).
However, Myc target v2 was shown to be down-regulated in
recurrent MIBC in our investigation, which is consistent with the
findings of Fragkoulis et al. in NMIBC (LG) and MIBC (HG)
(Fragkoulis et al.,, 2021). Further GO functional enrichment
analyses revealed that up-regulated DEGs were primarily
(BP),
supramolecular fiber (CC), and cytoskeletal protein binding

associated with muscle structure development
(MF), whereas down-regulated DEGs were associated with
intermediate filament and intermediate filament cytoskeleton
of CCs. Based on mRNA sequence analysis, we discovered
differentially altered mRNAs in recurrent bladder cancer that
promoted cancer invasion and progression via related pathways,
providing support for previous findings in BC.

MiRNAs are differentially expressed in primary and
recurrent BC. Based on miRNA sequencing, we found that in
recurrent BC, miR-3085-3p and miR-31-5p were significantly
down-regulated while miR-223-3p and miR-146-3p were up-
regulated. MiR-31-5p has been shown to exert tumor suppressive
effects in bladder cancer by modulating downstream targets,
including RAB27A and KRT6A. RAB27A and KRT6A promote
proliferation and adhesion of bladder tumors and negatively

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.984279

Qin et al.

correlate with miR-31-5p expression levels (Bi et al., 2018; Chen
et al., 2022). In our results, miR-31-5p was down-regulated in
recurrent BC, possibly impairing its tumor suppressive effect.
MiR-3085-3p can promote catabolism by decreasing stromal
gene expression, enhancing IL-1 signaling and reducing TGFp
signaling , which has been shown to play a role in cartilage
development, homeostasis and breakdown during osteoarthritis
(Le et al, 2020). However, miR-3085-3p has not yet been
reported in BC. In recurrent BC, we observed a significant
up-regulation of miR-146-3p and miR-223-3p. In contrast to
our results, by comparing bladder carcinoma tissue and adjacent
non-tumor tissue, Guo et al. found that miR-233-3p expression
was down-regulated in BC tissues and that low expression was
associated with poor patient prognosis and noted that miR-223-
3p might bind to the 3’-UTR of nuclear receptor coactivator
1 messenger RNA to inhibit its protein translation in bladder
carcinoma cells (Guo et al, 2017). Interestingly, Xue et al.
performed a transcriptome analysis of low-grade, high-grade
uroepithelial cancer tissue and found that miR-223-3p
expressed highly in high-grade BC and positively correlated
with M2 macrophage infiltration, which is similar to our
study results (Xue et al, 2019). Similarly, by analyzing the
differential changes in bladder cancer miRNAs, Baumgart
et al. found that miR-146b-5p and miR-223-3p were up-
regulated in BC, with miR-146b-5p being significantly
associated with high-grade tumors (Baumgart et al., 2019). In
conclusion, we identified differentially expressed miRNAs in
recurrent BC. However, the regulation of tumors by miRNAs
is a complex series of processes, and further studies are needed to
determine their specific roles.

A-to-I miRNA editing was significantly altered in recurrent BC,
which may regulate the expression levels of downstream targets and
correlate with patient prognosis. We discovered three highly edited
miRNAs in recurrent BC, namely Hsa-Mir-8-P2a_3p, Hsa-Mir-154-
P13_5p, and Hsa-Mir-154-5p, with Hsa-Mir-154-5p showing the
most significant difference (p < 0.05). Subsequently, we identified the
editing sites for miR-154-5p and found that the editing sites were
located within the seed region. Mounting evidence shows that miR-
154-5p promotes cell apoptosis and inhibits tumor growth, invasion,
and metastasis in cancers such as Nasopharyngeal Carcinoma, Retino
Blastoma, and Osteo Sarcoma (Chen et al., 2020; Liu et al., 2020; Tian
et al,, 2020). Since the levels of miR-154-5P expression did not differ
significantly between primary and recurrent BC, we propose that the
high editing of miR-154-5p may result in differential expression of
downstream targets. We evaluated the expression levels of the top four
targets downstream of miR-154-5p (HS3ST3A1, AQP9, MYLK, and
RAB23) and found that their expression was significantly higher in
recurrent BC (p-value after FDR correction <0.001). Then we
analyzed the expression levels of previously reported miR-154
targets, including RSF1 and RUNX2. Our results showed that
RSF1 was up-regulated in recurrent BC while RUNX2 was down-
regulated. The differences were not significant. In contrast to our
study, Zhao et al. showed that miR-154 expression was significantly
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down-regulated in bladder cancer and negatively correlated with
RSF1 and RUNX2 expression levels (Zhao et al., 2017). This may
be due to the editing of the miR-154-5p seed region resulting in
differential expression of its downstream targets. Just as Warnefors
et al. found that miRNA editing causes dramatic changes in target
specificity or expression levels in mammalian studies, which is
consistent with our findings (Warnefors et al, 2014). Previous
research has linked aberrant expression of HS3ST3Al, AQPY,
MYLK, and RAB23 to cancer formation, invasion, and prognosis.
The gene HS3ST3A1 encodes Heparan sulfate glucosamine 3-O-
sulfotransferase 3A1, which is involved in a late modification step
acetyl sulfate  (HS)
HS3ST3A1 expression is higher in lung cancer compared to
normal tissue (Nakano et al., 2012), however, in HER2+ patients
with breast cancer, high levels of HS3ST3A expression are associated
with survival (Mao et al, 2016);
AQP9 encodes the aquaporin 9, which is involved in processes

during Heparan biosynthesis.

reduced recurrence-free

related to cell migration, angiogenesis, and tumor growth (Nico
and Ribatti, 2011). Furthermore, in renal clear cell carcinoma
(KIRC), shorter survival was found in the AQP9 high expression
group than in the low expression group (Jing et al,, 2021). Elsewhere,
Ning X et al. discovered MYLK overexpression in bladder cancer and
linked it to prognosis (Ning and Deng, 2017). In a study by Jiang Y
et al, RAB23 was shown to be over-expressed in bladder cancer, and
there was a significant correlation between RAB23 and depth of
tumor invasion (p = 0.0027) (Jiang et al.,, 2016). Our survival analysis
revealed that BC patients expressing high levels of HS3ST3A1 and
RAB23 had a poor prognosis (HS3ST3A1 p < 0.005, RAB23 p < 0.005,
by log-rank test). Of note, we first identified highly edited miRNA loci
in recurrent BC using miRNA sequencing analysis, A-to-I editing
analysis, downstream analysis and survival analysis and found that the
expression levels of miRNA downstream targets were potentially
largely regulated by miRNA editing and correlated with prognosis.

In addition, we discovered that miRNA editing appears to be
linked to the CMS classification of bladder cancer. The six CMS
classes of BC include LumP, LumNS, LumU, stroma-rich, Ba/Sq,
and NE-like (Kamoun et al., 2020). By extracting and organizing
the expression matrices of each bladder cancer sample, we found
that 5 of the 6 samples of CMS LumP samples had miR-154
editing events. However, miR-154 editing events were not
detected in other CMS types. Therefore, we hypothesized a
link between miR-154 editing events and CMS classification of
bladder cancer. Of note, in a study by Aurélie Kamoun et al,, the
FGFR3 signature was robustly and specifically in LumP tumors
(p < 0.001), implying that FGFR3-targeted therapies warrant
investigation in patients with this consensus class of tumors
(Kamoun et al., 2020). More and more research is indicating that
molecular subtypes may play an important part in the decision-
making process of individualized BC treatment (Robertson et al.,
2020; Chu et al,, 2021). We believe that the finding of this study
have some reference value and can help us understand the
potential mechanism of bladder cancer classification and guide
individualized treatment.
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However, there are some limitations to our study. Because
A-to-I miRNA editing is a series of complex processes, and
although the significantly edited miRNA has been proven in
recurrent bladder cancer, we have not deeply explored the causes
of this phenomenon. Furthermore, although we first identified
miRNA editing events in recurrent bladder cancer and
hypothesized that miRNA editing would potentially affect the
expression levels of its downstream targets. However, miRNA
editing and deregulated expression of the target genes could be
two independent events. We need to perform follow-up
experiments to verify the specific effects of miRNA editing on
its downstream targets. Finally, a larger sample volume is
required to confirm the association between miRNA editing
and bladder cancer CMS classification.

5 Conclusion

This work discovered the differentially edited miRNA in
primary and recurrent bladder cancer. miR-154-5p was
significantly edited in the recurrent bladder cancer and linked
with patient prognosis, indicating that A-to-I editing of miR-154-
5p could be a promising target for bladder cancer treatment. This
can help in overcoming the limits of current therapeutic
miR-154
potentially significant to bladder cancer CMS classification.

approaches.  Furthermore, editing events are
These findings serve as a foundation for further research into

complex molecular pathways in recurrent bladder cancer.

Data availability statement

RNA-seq data has been deposited to GEO (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE212139;
number: GSE212139.

Accession

Ethics statement

The studies involving human participants were reviewed and
approved by The Ethical Committee of the Xuzhou Central
(EC. XZXY-LI-20200708-024). The patients/
participants provided their written informed consent to

Hospital

References

Babjuk, M., Burger, M., Compérat, E. M., Gontero, P., Mostafid, A. H., Palou, J.,
et al. (2019). European association of Urology guidelines on non-muscle-invasive
bladder cancer (TaTl and carcinoma in situ) - 2019 update. Eur. Urol. 76 (5),
639-657. doi:10.1016/j.eururo.2019.08.016

Baumgart, S., Meschkat, P., Edelmann, P., Heinzelmann, J., Pryalukhin, A., Bohle,
R, etal. (2019). MicroRNAs in tumor samples and urinary extracellular vesicles as a
putative diagnostic tool for muscle-invasive bladder cancer. J. Cancer Res. Clin.
Oncol. 145 (11), 2725-2736. doi:10.1007/s00432-019-03035-6

Frontiers in Genetics

14

10.3389/fgene.2022.984279

participate in this study. Written informed consent was
obtained from the individual(s) for the publication of any
potentially identifiable images or data included in this article.

Author contributions

JQ, XL, XW, and GW designed the study and drafted the
manuscript. QL, YD, KP, LH, LX, YZ, ZH, RL, QL, LC, and FM
were responsible for the collection and analysis of the
experimental data. ZS and CH revised the manuscript
critically for important intellectual content. All authors read
and approved the final manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (82004110), the Jiangsu Province Key
Research and Development Program (BE2020758,
BE2019637); the Xuzhou Medical Outstanding Talents
[Xuzhou Health Education Research (2017) No. 22]; the
Jiangsu Medical Innovation Team (CXTDA2017048); the Key
Projects of Xuzhou Science and Technology Plan (KC19075,
KC21184) and the Xuzhou clinical medicine expert team project
(2018TD004)

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.

Bi, J., Liu, H., Cai, Z., Dong, W, Jiang, N., Yang, M., et al. (2018). Circ-
BPTF promotes bladder cancer progression and recurrence through the
miR-31-5p/RAB27A axis. Aging 10 (8), 1964-1976. doi:10.18632/aging.
101520

Buchumenski, I, Bartok, O., Ashwal-Fluss, R., Pandey, V., Porath, H. T,
Levanon, E. Y., et al. (2017). Dynamic hyper-editing underlies temperature
adaptation in Drosophila. PLoS Genet. 13 (7), €1006931. doi:10.1371/journal.
pgen.1006931

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE212139
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE212139
https://doi.org/10.1016/j.eururo.2019.08.016
https://doi.org/10.1007/s00432-019-03035-6
https://doi.org/10.18632/aging.101520
https://doi.org/10.18632/aging.101520
https://doi.org/10.1371/journal.pgen.1006931
https://doi.org/10.1371/journal.pgen.1006931
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.984279

Qin et al.

Cesarini, V., Silvestris, D. A., Tassinari, V., Tomaselli, S., Alon, S., Eisenberg, E.,
et al. (2018). ADAR2/miR-589-3p axis controls glioblastoma cell migration/
invasion. Nucleic Acids Res. 46 (4), 2045-2059. doi:10.1093/nar/gkx1257

Chandrashekar, D. S., Bashel, B., Balasubramanya, S. A. H., Creighton, C. J.,
Ponce-Rodriguez, I., Chakravarthi, B., et al. (2017). Ualcan: A portal for facilitating
tumor subgroup gene expression and survival analyses. Neoplasia (New York, NY)
19 (8), 649-658. doi:10.1016/j.ne0.2017.05.002

Chen, J., Ma, C,, Zhang, Y., Pei, S., Du, M., Zhang, Y., et al. (2020). MiR-154-5p
suppresses cell invasion and migration through inhibiting KIF14 in nasopharyngeal
carcinoma. Onco. Targets. Ther. 13, 2235-2246. doi:10.2147/OTT.S242939

Chen, Y., Ji, S,, Ying, J., Sun, Y., Liu, J., and Yin, G. (2022). KRT6A expedites
bladder cancer progression, regulated by miR-31-5p. Cell cycleGeorget. Tex) 21 (14),
1479-1490. doi:10.1080/15384101.2022.2054095

Choudhury, Y., Tay, F. C,, Lam, D. H,, Sandanaraj, E., Tang, C., Ang, B. T,, et al.
(2012). Attenuated adenosine-to-inosine editing of microRNA-376a* promotes
invasiveness of glioblastoma cells. J. Clin. Invest. 122 (11), 4059-4076. doi:10.1172/
JC162925

Chu, C. E,, Sjostrom, M., Egusa, E. A., Gibb, E. A,, Badura, M. L., Zhu, J,, et al.
(2021). Heterogeneity in NECTIN4 expression across molecular subtypes of
urothelial cancer mediates sensitivity to enfortumab vedotin. Clin. Cancer Res.
27 (18), 5123-5130. doi:10.1158/1078-0432.CCR-20-4175

Degoricija, M., Korac-Prlic, J., Vilovic, K., Ivanisevic, T., Haupt, B., Palada, V.,
et al. (2019). The dynamics of the inflammatory response during BBN-induced
bladder carcinogenesis in mice. J. Transl. Med. 17 (1), 394. doi:10.1186/s12967-019-
02146-5

Denli, A. M., Tops, B. B., Plasterk, R. H., Ketting, R. F., and Hannon, G. J. (2004).
Processing of primary microRNAs by the Microprocessor complex. Nature 432
(7014), 231-235. doi:10.1038/nature03049

Eisenberg, E., and Levanon, E. Y. (2018). A-to-I RNA editing - immune protector
and transcriptome diversifier. Nat. Rev. Genet. 19 (8), 473-490. doi:10.1038/s41576-
018-0006-1

Eisenberg, E. (2021). Proteome diversification by RNA editing. Methods Mol. Biol.
2181, 229-251. doi:10.1007/978-1-0716-0787-9_14

Fragkoulis, C., Ntoumas, G., Glykas, I, Papadopoulos, G., Stathouros, G.,
Kostopoulou, A., et al. (2021). Expression of proto-oncogene c-Myc in patients
with urinary bladder transitional cell carcinoma. Curr. Urol. 15 (4), 231-233. doi:10.
1097/CU9.0000000000000053

Gong, J., Wu, Y., Zhang, X,, Liao, Y., Sibanda, V. L., Liu, W,, et al. (2014).
Comprehensive analysis of human small RNA sequencing data provides insights
into expression profiles and miRNA editing. RNA Biol. 11 (11), 1375-1385. doi:10.
1080/15476286.2014.996465

Greten, F. R,, and Grivennikov, S. I. (2019). Inflammation and cancer: Triggers,
mechanisms, and consequences. Immunity 51 (1), 27-41. doi:10.1016/j.immuni.
2019.06.025

Gu, T., Fu, A. Q., Bolt, M. J., and White, K. P. (2019). Clinical relevance of
noncoding adenosine-to-inosine RNA editing in multiple human cancers. JCO Clin.
Cancer Inf. 3, 1-8. doi:10.1200/CCI.18.00151

Guo, ], Cao, R, Yu, X,, Xiao, Z., and Chen, Z. (2017). MicroRNA-223-3p inhibits
human bladder cancer cell migration and invasion. Tumour Biol. 39 (2),
1010428317691678. doi:10.1177/1010428317691678

Hernandez Borrero, L. J., and El-Deiry, W. S. (2021). Tumor suppressor p53:
Biology, signaling pathways, and therapeutic targeting. Biochim. Biophys. Acta. Rev.
Cancer 1876 (1), 188556. doi:10.1016/j.bbcan.2021.188556

Jiang, Y., Han, Y., Sun, C,, Han, C,, Han, N., Zhi, W,, et al. (2016). Rab23 is
overexpressed in human bladder cancer and promotes cancer cell proliferation and
invasion. Tumour Biol. 37 (6), 8131-8138. doi:10.1007/s13277-015-4590-9

Jing, J., Sun, J., Wu, Y., Zhang, N, Liu, C., Chen, S., et al. (2021). AQP9 is a
prognostic factor for kidney cancer and a promising indicator for M2 TAM
polarization and CD8+ T-cell recruitment. Front. Oncol. 11, 770565. doi:10.
3389/fonc.2021.770565

Kamoun, A., de Reyni¢s, A., Allory, Y., Sjédahl, G., Robertson, A. G., Seiler, R.,
et al. (2020). A consensus molecular classification of muscle-invasive bladder
cancer. Eur. Urol. 77 (4), 420-433. doi:10.1016/j.eururo.2019.09.006

Kobayashi, H., and Tomari, Y. (2016). RISC assembly: Coordination between
small RNAs and Argonaute proteins. Biochim. Biophys. Acta 1859 (1), 71-81.
doi:10.1016/j.bbagrm.2015.08.007

Le, L, Niu, L., Barter, M. ], Young, D. A, Dalmay, T., Clark, I. M,, et al. (2020).
The role of microRNA-3085 in chondrocyte function. Sci. Rep. 10 (1), 21923. doi:10.
1038/s41598-020-78606-6

Lee, Y., Kim, M., Han, J., Yeom, K. H., Lee, S., Baek, S. H., et al. (2004). MicroRNA
genes are transcribed by RNA polymerase II. EMBO J. 23 (20), 4051-4060. doi:10.
1038/sj.emboj.7600385

Frontiers in Genetics

10.3389/fgene.2022.984279

Leong, W. M., Ripen, A. M., Mirsafian, H., Mohamad, S. B., and Merican, A. F.
(2019). Transcriptogenomics identification and characterization of RNA editing
sites in human primary monocytes using high-depth next generation sequencing
data. Genomics 111 (4), 899-905. doi:10.1016/j.ygeno0.2018.05.019

Li, J. B., Levanon, E. Y., Yoon, J. K., Aach, J., Xie, B., Leproust, E., et al. (2009).
Genome-wide identification of human RNA editing sites by parallel DNA capturing
and sequencing. Sci. (New York, NY) 324 (5931), 1210-1213. doi:10.1126/science.
1170995

Liao, Y., Jung, S. H,, and Kim, T. (2020). A-to-I RNA editing as a tuner of
noncoding RNAs in cancer. Cancer Lett. 494, 88-93. doi:10.1016/j.canlet.2020.
08.004

Liu, Z.,, Huang, Y., Zhang, F., Tang, H., and Wang, Y. (2020). Autophagy-related
gene 7 deficiency caused by miR-154-5p overexpression suppresses the cell viability
and tumorigenesis of retinoblastoma by increasing cell apoptosis. Ann. Transl. Med.
8 (21), 1451. doi:10.21037/atm-20-6009

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods (San Diego, Calif. 25 (4), 402-408. doi:10.1006/meth.2001.1262

Love, M. I, Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15 (12), 550.
doi:10.1186/s13059-014-0550-8

Mao, X., Gauche, C., Coughtrie, M. W., Bui, C., Gulberti, S., Merhi-Soussi, F., et al.
(2016). The heparan sulfate sulfotransferase 3-OST3A (HS3ST3A) is a novel tumor
regulator and a prognostic marker in breast cancer. Oncogene 35 (38), 5043-5055.
doi:10.1038/0nc.2016.44

Na, L., Wang, Z., Bai, Y., Sun, Y., Dong, D., Wang, W., et al. (2022). WNT7B
represses epithelial-mesenchymal transition and stem-like properties in bladder
urothelial carcinoma. Biochim. Biophys. Acta. Mol. Basis Dis. 1868 (1), 166271.
doi:10.1016/j.bbadis.2021.166271

Nakano, T., Shimizu, K., Kawashima, O., Kamiyoshihara, M., Kakegawa, S.,
Sugano, M, et al. (2012). Establishment of a human lung cancer cell line with high
metastatic potential to multiple organs: gene expression associated with metastatic
potential in human lung cancer. Oncol. Rep. 28 (5),1727-1735. doi:10.3892/0r.2012.
1972

Nico, B., and Ribatti, D. (2011). Role of aquaporins in cell migration and edema
formation in human brain tumors. Exp. Cell Res. 317 (17), 2391-2396. doi:10.1016/
j.yexcr.2011.07.006

Ning, X., and Deng, Y. (2017). Identification of key pathways and genes
influencing prognosis in bladder urothelial carcinoma. Onco. Targets. Ther. 10,
1673-1686. doi:10.2147/OTT.S131386

Nishikura, K. (2016). A-to-I editing of coding and non-coding RNAs by ADARs.
Nat. Rev. Mol. Cell Biol. 17 (2), 83-96. d0i:10.1038/nrm.2015.4

Park, S., Rong, L., Owczarek, T. B., Bernardo, M. D., Shoulson, R. L., Chua, C. W.,
et al. (2021). Novel mouse models of bladder cancer identify a prognostic signature
associated with risk of disease progression. Cancer Res. 81 (20), 5161-5175. doi:10.
1158/0008-5472.CAN-21-1254

Patil, A. H., and Halushka, M. K. (2021). miRge3.0: a comprehensive microRNA
and tRF sequencing analysis pipeline. Nar. Genom. Bioinform. 3 (3), 1qab068.
doi:10.1093/nargab/1qab068

Pinto, Y., Buchumenski, I., Levanon, E. Y., and Eisenberg, E. (2018). Human
cancer tissues exhibit reduced A-to-I editing of miRNAs coupled with elevated
editing of their targets. Nucleic Acids Res. 46 (1), 71-82. doi:10.1093/nar/gkx1176

Richters, A., Aben, K. K. H., and Kiemeney, L. (2020). The global burden of
urinary bladder cancer: an update. World J. Urol. 38 (8), 1895-1904. doi:10.1007/
$00345-019-02984-4

Robertson, A. G., Groeneveld, C. S., Jordan, B., Lin, X., McLaughlin, K. A,, Das,
A, et al. (2020). Identification of differential tumor subtypes of T1 bladder cancer.
Eur. Urol. 78 (4), 533-537. doi:10.1016/j.eururo.2020.06.048

Romano, G., Saviana, M., Le, P., Li, H., Micalo, L., Nigita, G., et al. (2020). Non-

coding RNA editing in cancer pathogenesis. Cancers 12 (7), E1845. doi:10.3390/
cancers12071845

Saliminejad, K., Khorram Khorshid, H. R., Soleymani Fard, S., and Ghaffari, S. H.
(2019). An overview of microRNAs: Biology, functions, therapeutics, and analysis
methods. J. Cell. Physiol. 234 (5), 5451-5465. doi:10.1002/jcp.27486

Schulze, A., Oshi, M., Endo, I, and Takabe, K. (2020). MYC targets scores are
associated with cancer aggressiveness and poor survival in ER-positive primary
and metastatic breast cancer. Int. J. Mol. Sci. 21 (21), E8127. d0i:10.3390/
ijms21218127

Shevchenko, G., and Morris, K. V. (2018). All I's on the RADAR: role of ADAR in
gene regulation. FEBS Lett. 592 (17), 2860-2873. doi:10.1002/1873-3468.13093

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A, et al. (2005). Gene set enrichment analysis: a knowledge-based approach for

frontiersin.org


https://doi.org/10.1093/nar/gkx1257
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.2147/OTT.S242939
https://doi.org/10.1080/15384101.2022.2054095
https://doi.org/10.1172/JCI62925
https://doi.org/10.1172/JCI62925
https://doi.org/10.1158/1078-0432.CCR-20-4175
https://doi.org/10.1186/s12967-019-02146-5
https://doi.org/10.1186/s12967-019-02146-5
https://doi.org/10.1038/nature03049
https://doi.org/10.1038/s41576-018-0006-1
https://doi.org/10.1038/s41576-018-0006-1
https://doi.org/10.1007/978-1-0716-0787-9_14
https://doi.org/10.1097/CU9.0000000000000053
https://doi.org/10.1097/CU9.0000000000000053
https://doi.org/10.1080/15476286.2014.996465
https://doi.org/10.1080/15476286.2014.996465
https://doi.org/10.1016/j.immuni.2019.06.025
https://doi.org/10.1016/j.immuni.2019.06.025
https://doi.org/10.1200/CCI.18.00151
https://doi.org/10.1177/1010428317691678
https://doi.org/10.1016/j.bbcan.2021.188556
https://doi.org/10.1007/s13277-015-4590-9
https://doi.org/10.3389/fonc.2021.770565
https://doi.org/10.3389/fonc.2021.770565
https://doi.org/10.1016/j.eururo.2019.09.006
https://doi.org/10.1016/j.bbagrm.2015.08.007
https://doi.org/10.1038/s41598-020-78606-6
https://doi.org/10.1038/s41598-020-78606-6
https://doi.org/10.1038/sj.emboj.7600385
https://doi.org/10.1038/sj.emboj.7600385
https://doi.org/10.1016/j.ygeno.2018.05.019
https://doi.org/10.1126/science.1170995
https://doi.org/10.1126/science.1170995
https://doi.org/10.1016/j.canlet.2020.08.004
https://doi.org/10.1016/j.canlet.2020.08.004
https://doi.org/10.21037/atm-20-6009
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/onc.2016.44
https://doi.org/10.1016/j.bbadis.2021.166271
https://doi.org/10.3892/or.2012.1972
https://doi.org/10.3892/or.2012.1972
https://doi.org/10.1016/j.yexcr.2011.07.006
https://doi.org/10.1016/j.yexcr.2011.07.006
https://doi.org/10.2147/OTT.S131386
https://doi.org/10.1038/nrm.2015.4
https://doi.org/10.1158/0008-5472.CAN-21-1254
https://doi.org/10.1158/0008-5472.CAN-21-1254
https://doi.org/10.1093/nargab/lqab068
https://doi.org/10.1093/nar/gkx1176
https://doi.org/10.1007/s00345-019-02984-4
https://doi.org/10.1007/s00345-019-02984-4
https://doi.org/10.1016/j.eururo.2020.06.048
https://doi.org/10.3390/cancers12071845
https://doi.org/10.3390/cancers12071845
https://doi.org/10.1002/jcp.27486
https://doi.org/10.3390/ijms21218127
https://doi.org/10.3390/ijms21218127
https://doi.org/10.1002/1873-3468.13093
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.984279

Qin et al.

interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S. A. 102
(43), 15545-15550. doi:10.1073/pnas.0506580102

Tang, Z., Li, C,, Kang, B., Gao, G., Li, C,, and Zhang, Z. (2017). GEPIA: a web
server for cancer and normal gene expression profiling and interactive analyses.
Nucleic Acids Res. 45 (W1), W98-w102. doi:10.1093/nar/gkx247

Tian, Q., Gu, Y., Wang, F,, Zhou, L., Dai, Z., Liu, H., et al. (2020). Upregulation of
miRNA-154-5p prevents the tumorigenesis of osteosarcoma. Biomed.
Pharmacother. = Biomedecine Pharmacother. 124, 109884. doi:10.1016/j.biopha.
2020.109884

van Rhijn, B. W., Burger, M., Lotan, Y., Solsona, E., Stief, C. G., Sylvester, R. J.,
et al. (2009). Recurrence and progression of disease in non-muscle-invasive bladder
cancer: from epidemiology to treatment strategy. Eur. Urol. 56 (3), 430-442. doi:10.
1016/j.eururo.2009.06.028

Vesely, C., and Jantsch, M. F. (2021). An I for an A: Dynamic regulation of
adenosine deamination-mediated RNA editing. Genes 12 (7), 1026. doi:10.3390/
genes12071026

Voss, G., Edsjo, A., Bjartell, A., and Ceder, Y. (2021). Quantification of
microRNA editing using two-tailed RT-qPCR for improved biomarker
discovery. RNA (New York, NY) 27 (11), 1412-1424. doi:10.1261/rna.
078867.121

Wang, H., Mei, Y., Luo, C., Huang, Q., Wang, Z., Lu, G. M,, et al. (2021). Single-
cell analyses reveal mechanisms of cancer stem cell maintenance and epithelial-
mesenchymal transition in recurrent bladder cancer. Clin. Cancer Res. 27 (22),
6265-6278. doi:10.1158/1078-0432.CCR-20-4796

Wang, Y., Xu, X,, Yu, S,, Jeong, K. J., Zhou, Z., Han, L., et al. (2017). Systematic
characterization of A-to-I RNA editing hotspots in microRNAs across human
cancers. Genome Res. 27 (7), 1112-1125. doi:10.1101/gr.219741.116

Frontiers in Genetics

16

10.3389/fgene.2022.984279

Warnefors, M., Liechti, A., Halbert, J., Valloton, D., and Kaessmann, H. (2014).
Conserved microRNA editing in mammalian evolution, development and disease.
Genome Biol. 15 (6), R83. doi:10.1186/gb-2014-15-6-r83

Whibley, C., Pharoah, P. D., and Hollstein, M. (2009). p53 polymorphisms:
cancer implications. Nat. Rev. Cancer 9 (2), 95-107. doi:10.1038/nrc2584

Wu, X, Kim, T. K, Baxter, D., Scherler, K., Gordon, A., Fong, O,, et al. (2017).
sRNAnalyzer-a flexible and customizable small RNA sequencing data analysis
pipeline. Nucleic Acids Res. 45 (21), 12140-12151. doi:10.1093/nar/gkx999

Xue, Y., Tong, L., LiuAnwei Liu, F., Liu, A., Zeng, S., Xiong, Q., et al. (2019).
Tumor-infiltrating M2 macrophages driven by specific genomic alterations are
associated with prognosis in bladder cancer. Oncol. Rep. 42 (2), 581-594. doi:10.
3892/0r.2019.7196

Yang, J., Antin, P., Berx, G., Blanpain, C., Brabletz, T., Bronner, M., et al. (2020).
Guidelines and definitions for research on epithelial-mesenchymal transition. Nat.
Rev. Mol. Cell Biol. 21 (6), 341-352. doi:10.1038/s41580-020-0237-9

Yao, L., Wang, H., Song, Y., Dai, Z,, Yu, H,, Yin, M,, et al. (2019). Large-scale
prediction of ADAR-mediated effective human A-to-I RNA editing. Brief.
Bioinform. 20 (1), 102-109. doi:10.1093/bib/bbx092

Yu, G, Wang, L. G, Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package
for comparing biological themes among gene clusters. Omics a J. Integr. Biol. 16 (5),
284-287. doi:10.1089/0mi.2011.0118

Zhao, X., Ji, Z., Xie, Y., Liu, G, and Li, H. (2017). MicroRNA-154 as a prognostic
factor in bladder cancer inhibits cellular malignancy by targeting RSF1 and RUNX2.
Oncol. Rep. 38 (5), 2727-2734. doi:10.3892/0r.2017.5992

Zipeto, M. A, Court, A. C,, Sadarangani, A., Delos Santos, N. P., Balaian, L., Chun, H.
J., etal. (2016). ADARI activation drives leukemia stem cell self-renewal by impairing let-
7 biogenesis. Cell stem Cell 19 (2), 177-191. doi:10.1016/j.stem.2016.05.004

frontiersin.org


https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1016/j.biopha.2020.109884
https://doi.org/10.1016/j.biopha.2020.109884
https://doi.org/10.1016/j.eururo.2009.06.028
https://doi.org/10.1016/j.eururo.2009.06.028
https://doi.org/10.3390/genes12071026
https://doi.org/10.3390/genes12071026
https://doi.org/10.1261/rna.078867.121
https://doi.org/10.1261/rna.078867.121
https://doi.org/10.1158/1078-0432.CCR-20-4796
https://doi.org/10.1101/gr.219741.116
https://doi.org/10.1186/gb-2014-15-6-r83
https://doi.org/10.1038/nrc2584
https://doi.org/10.1093/nar/gkx999
https://doi.org/10.3892/or.2019.7196
https://doi.org/10.3892/or.2019.7196
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1093/bib/bbx092
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.3892/or.2017.5992
https://doi.org/10.1016/j.stem.2016.05.004
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.984279

	Identification and analysis of microRNA editing events in recurrent bladder cancer based on RNA sequencing: MicroRNA editin ...
	1 Introduction
	2 Methods
	2.1 Patient sample collection
	2.2 mRNA sequencing experiments and analysis
	2.2.1 mRNA sequencing
	2.2.2 mRNA-seq analysis
	2.2.3 Bladder cancer CMS classification

	2.3 MicroRNA sequencing experiments and analysis
	2.3.1 Small RNA sequencing and data analysis

	2.3.2 MiRNA A-to-I editing and downstream analysis
	2.4 Real-time quantitative PCR (RT‐qPCR)
	2.5 The cancer genome atlas survival analysis of specific genes
	2.6 Statistical analysis

	3 Results
	3.1 Patient information
	3.2 Identification of differentially expressed genes
	3.3 Gene ontology functional enrichment analyses for DEGs
	3.4 Differential expression analysis of miRNA-seq
	3.5 Identification and analysis of miRNAs’ A-to-I editing events between primary and recurrent bladder cancer
	3.6 A-to-I editing of miR-154-5p may regulate the expression level of the subsequent miRNA targets
	3.7 MiRNA editing events in BC are associated with consensus molecular subtype classification

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


