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Abstract

Background
Wilms’ tumor, also called nephroblastoma, is the most common pediatric renal malignancy. The
pathogenesis of Wilms’ tumor has been attributed to several genetic and epigenetic factors. However, the
most pervasive internal mRNA modi�cation that affects almost every process of RNA metabolism, RNA
N6-Methyladenosine (m6A) methylation, has not been characterized in Wilms’ tumor.

Methods
Wilms’ tumor (WT) and adjacent non-cancerous (NC) tissue samples were obtained from 23 children with
nephroblastoma, and the global m6A levels were measured by mass spectrometry. Analyses by m6A-
mRNA epitranscriptomic microarray and mRNA microarray were performed, and m6A-related mRNAs
were validated by quantitative real-time PCR for input and m6A-immunoprecipitated RNA samples from
WT and NC tissues. Gene ontology analysis and KEGG pathway analysis were performed for differentially
expressed genes, and expression of RNA methylation-related factors was measured by quantitative real-
time PCR.

Results
The total m6A methylation levels in total RNA of WT samples and NC samples were (0.21 ± 0.01)% and
(0.22 ± 0.01)%, respectively, with no statistically signi�cant difference. Fifty-nine transcripts were
differentially m6A-methylated between the WT and NC groups, which showed distinct m6A modi�cation
patterns. Gene ontology analysis indicated that m6A-modi�ed genes were enriched in cancer-associated
pathways, including the mTOR pathway, and conjoint analysis of the unique methylation and gene
expression patterns in WT samples suggested an association with metabolic pathways.The mRNA levels
of the m6A-related “reader” genes, YTHDF1, YTHDF2 and IGF2BP3, were statistically higher in WT
samples than in NC samples.

Conclusion
This is the �rst study to determine the m6A modi�cation pro�les in Wilms’ tumor. Our data provide novel
information regarding patterns of m6A modi�cation that correlate with carcinogenesis in Wilms’ tumor.

Background
Wilms’ tumor, also called nephroblastoma,, is one of the most common malignant, solid tumors in
children, with an annual incidence rate of 1 case per 100,000 children. Nephroblastoma has a complex
etiology that is poorly understood. Although the molecular mechanisms of nephroblastoma remain
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undiscovered, increasing evidence suggests that genetic and epigenetic characteristics play an important
role in the disease process[1].

Recently, RNA modi�cation has increasingly been evaluated as a novel mechanism for regulating gene
expression. Over 100 forms of modi�cation of RNA have been discovered, and N6-methyladenosine
(m6A) has emerged as one of the most prevalent epitranscriptomic markers in eukaryotes. In mammals,
this modi�cation in�uences different aspects of RNA metabolism, resulting in mRNA stability and
splicing [2, 3] and translation e�ciency [4], as well as effects on noncoding RNA such as microRNA
processing [5]. Evidence suggests that m6A modi�cation affects biological processes, including cell
apoptosis, in�ammation, cell autophagy and tumorigenesis. Research has demonstrated that m6A
participates in colorectal cancer[6], hepatocellular carcinoma[7], and breast cancer[8]. However, the
relationship between m6A and nephroblastoma has not been studied, and the m6A-methylation pro�le of
nephroblastoma remains elusive. In the present study, we provide the �rst transcriptome-wide m6A pro�le
of nephroblastoma. Our results characterize a novel mechanism underlying nephroblastoma that will
facilitate further understanding of disease pathogenesis.

Methods

Clinical tissue specimens
Wilms’ tumor (WT) and adjacent non-cancerous (NC) tissue samples were obtained from children with
nephroblastoma undergoing tumor resection at the Department of Surgery in the A�liated Children’s
Hospital of the Capital Institute of Pediatrics. The 23 patients were recruited from September 2017 to
April 2019 and did not receive chemotherapy prior to surgical resection. The tissue samples were
immediately frozen in liquid nitrogen and stored at − 80°C until further analysis.

Written informed consent was obtained from all guardians of study participants prior to sample
collection.
The study was approved by the Ethics Committee for clinical research of the Capital Institute of
Pediatrics, the methods in our work were also approved by the Ethics Committee for clinical research of
the Capital Institute of Pediatrics (NO.KSDWLL2017024).
All methods were carried out in accordance with relevant guidelines and regulations.

Histological analysis
The WT and NC tissues were �xed in formaldehyde overnight and embedded in para�n. Five-micrometer-
thick sections were cut, stained with hematoxylin-eosin, and examined for in�ltrating cells and
in�ammation using a light microscope (Nikon Instruments, Japan).

LC-MS/MS analysis of m6A levels
The m6A levels in WT and NC samples were evaluated by the CloudSeq company (CloudSeq Biotech,
Shanghai, China). Brie�y, Total RNA was isolated and mRNA was puri�ed using the NEBNext® Poly(A)
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mRNA Magnetic Isolation Module (New England Biolabs Biotech, USA). The mRNA was then digested
and centrifuged. The supernatant after centrifugation was analyzed by liquid chromatography and mass
spectrometry/mass spectrometry (LC-MS/MS), with the nucleosides separated by reverse phase high-
performance liquid chromatography. The quantitation of modi�cations was based on nucleoside-to-base
ion mass transitions. The m6A levels were calculated as the ratio of m6A to A.

Methylated RNA immunoprecipitation (MeRIP)
Total RNA was isolated from tissue specimens using TRIzol reagent (Invitrogen, USA) according to the
manufacturer’s protocol. Total RNA (3 µg) and m6A spike-in control mixture suspended in IP buffer (50
mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% NP-40 and 40 U/µl RNase Inhibitor) were incubated with 2 µg
anti-m6A antibody at 4°C for 2h. The reaction mixture was then incubated for an additional 2h at 4°C with
Dynabeads M-280 Sheep Anti-Rabbit IgG (Thermo Scienti�c). The beads were rinsed 3 times with IP
buffer and 2 times with wash buffer (50 mM Tris-HCl pH 7.4, 50 mM NaCl, 0.1% NP-40 and 40 U/µL
RNase Inhibitor) at room temperature to remove unbound antibody. Then, the enriched RNA was eluted
from the beads in elution buffer at 42°C and puri�ed using the RNeasy Mini Kit (Qiagen).

Microarray hybridization
RNA or immunoprecipitated RNA samples from adjacent NC (n = 3) and WT (n = 5) tissues samples were
labeled with Cy5 �uorescent dye using the Super RNA Labeling Kit (Arraystar) and were puri�ed using a
RNeasy Mini Kit. Cy5 labeled cRNAs were fragmented and hybridized to a mouse m6A epitranscriptomic
microarray (8×60K, Arraystar) that contained 44,122 mRNA degenerate probes. The hybridized arrays
were scanned using an Agilent Scanner G2505C.

RNA puri�cation and quantitative real-time PCR (qRT-PCR)
The mRNA level of m6A-related genes, METTL14, METTL3, WTAP, ALKBH5, FTO, YTHDF1, YTHDF2, and
IGF2BP3, and mTOR pathway-related genes, STK1, CAB39L, AKT1S1, PDPK1, STRADA, BRAF, PIK3CB,
EIF4E2, and PTEN, were analyzed by quantitative real-time PCR (qRT-PCR). Brie�y, total RNA was isolated
from tissue specimens using TRIzol reagent (Invitrogen, USA) according to the manufacturer’s protocol.
The quality and quantity of isolated RNA were veri�ed using a NanoDrop ND-1000 (Thermo Fisher
Scienti�c, USA). One microgram of total RNA was reverse-transcribed to generate the �rst-strand cDNA,
and then quantitative real-time PCR was run in triplicate with the PrimeScript™ RT Reagent kit (Takara,
Dalian, China) as described by the manufacturer. RT-PCR was conducted using SYBR Premix Ex Taq™
(Takara) on a 7900HT system. β-actin was used as an internal control to normalize the data.

Statistical analysis
All data from independent experiments are presented as means ± s.d. Statistical

analyses were conducted using SPSS 22.0. The paired Student’s t-test was performed between WT and
NC samples. One-way analysis of variance (ANOVA) was used to assess differences among three or more
groups. Differences with p < 0.05 were de�ned as signi�cant.
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Results

Global RNA m6A modi�cation patterns differ in WT and NC
samples
To determine the global effect on m6A RNA modi�cation in Wilms’ tumor, we collected 23 tumor (WT)
and adjacent non-tumorous control (NC) tissue from patients undergoing tumor resection.
Histopathologic analysis con�rmed that the cancer cells are densely arranged in tubular shape with small
size, deep staining of the nuclei, and sparse cytoplasm. Representative images were shown in Fig. 1A.

To determine the global m6A levels in NC and WT samples, we performed LC-MS/MS. The total m6A
methylation levels in total RNA of WT samples and NC samples were (0.21 ± 0.01, n = 23)% and (0.22 ± 
0.01, n = 23)%, respectively. The WT samples exhibited relatively lower total m6A levels than the NC
samples (Fig. 1B). Hower, these was no statistically signi�cant difference between the two groups. To
evaluate transcript-speci�c m6A changes in the WT group, we performed microarray hybridization.
Immunoprecipitated m6A-methylated RNAs were isolated from WT and NC group, and the methylated
RNAs were pro�led using microarray with probes for 41,246 mRNAs. The results showed that 59
transcripts were differentially m6A-methylated between the WT and NC groups (fold change > 1.5, p < 
0.05). Nine of the transcripts were signi�cantly hypermethylated and 50 of the transcripts were
signi�cantly hypomethylated in WT samples. The hierarchical clustering and the scatter plot of the
microarray hybridization data are shown in Fig. 2A and B.

We further evaluated potential differences in the expression levels among all m6A-methylated genes in
nephroblastoma. A total of 1335 m6A-methylated transcripts were differentially expressed between the
WT and NC groups (fold change > 1.2, p < 0.05). These results suggest that WT samples tend to have
lower levels of m6A methylation and higher expression of m6A-hypomethylated genes.

Abnormal m6A-modi�ed genes are enriched in cancer
related pathways
To determine the function of the 1335 genes that are differentially m6A-methylated in WT, we performed
protein-protein interaction (PPI) network analysis using Cytoscape software. Network analysis of 117 key
differentially expressed genes was carried out using STRING software (https://string-db.org/), with the
con�dence value set at 0.9, and the degree ≥ 5 (Fig. S1). These results suggest that the m6A-methylated
genes that are highly expressed in WT may be functionally related.

To explore the pathological and physiological roles of m6A-modi�ed genes in the WT group, we analyzed
the functions of the 1335 differentially expressed m6A-methylated transcripts (fold change > 1.2, p < 0.05)
by gene ontology (GO) and KEGG pathway analyses. The GO analysis identi�ed “GTPase activity” and
“identical protein binding” as the main biological process. “Cytosol” and “extracellular exosome” were
signi�cantly enriched GO terms in the cellular component category, and “positive regulation of gene
expression” and “protein transport” were major functions (Fig. 3A). The KEGG pathway analysis revealed
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that among the enriched pathways, the differently methylated genes in the WT group were enriched in the
“Wnt signaling pathway”, “mTOR signaling pathway”, and “Proteoglycans in cancer”. These results
suggest that differentially m6A-modi�ed RNAs and/or m6A-modi�ed genes with differential expression
may participate in the occurrence and development of cancer developmental processes (Fig. 3B).

Among the altered m6A-modi�ed KEGG pathways enriched in WT, the mTOR signaling pathway has been
established to be associated with carcinogenesis signaling[9, 10]. Closer examination suggested that
STK11, CAB39L, AKT1S1, PDPK1, STRADA, BRAF, PIK3CB, EIF4E2, and PTEN were altered m6A-modi�ed
genes within the mTOR signaling pathway. Among the 9 genes, STK11, CAB39L, AKT1S1, STRADA,
PIK3CB, EIF4E2 and PTEN were hyper-methylated, PDPK1and BRAF were hypo-methylated. To validate
the result of microarray data for these genes, we conducted gene-speci�c m6A qPCR assays for the 9
genes. The results suggest that these 9 mRNAs were uniformly hypomethylated in WT, though statistical
differences were observed for PDPK1, STRADA, PIK3CB and PTEN (Fig. 4A). Then we analyzed the total
mRNA expression levels of these 9 genes by qPCR (Fig. 4B). The results showed that PDPK1 and PIK3CB
were signi�cantly lowly expressed (Fold Change > 1.5, P < 0.05), and EIF4E2 was signi�cantly highly
expressed (Fold Change > 1.5, P < 0.05) in WT. Overall, these results suggest that m6A modi�cation may
function in the process of WT development by changing the regulation of the mTOR signaling pathway
and other cancer-related signaling pathways.

Conjoint analysis of MeRIP and RNA in WT and NC samples

For a more comprehensive analysis of the mRNA expression pro�le in the WT group, we also pro�led
mRNA expression using microarray with probes for 41,246 mRNAs. There were 2091 mRNAs with
differential expression levels between the WT and NC groups, of which 615 mRNAs were upregulated and
1167 mRNAs were downregulated (Fold Change > 1.5, P < 0.05). The hierarchical clustering and scatter
plot of the microarray hybridization data are shown in Fig. 5A and 5B. The abnormally regulated genes
were selected for gene ontology and KEGG pathway analyses. The results suggest that the dysregulated
genes in WT were signi�cantly enriched in “small molecular metabolic process”, “regulation of biology
quality”, and “transport”. Moreover, pathway analysis showed that “proteoglycans in cancer”, “PPAR
signaling pathway” and “PI3K-Akt signaling pathway” were signi�cantly altered in WT (Fig. 5C and 5D).

To further clarify the correlation between altered mRNAs and m6A-modi�ed mRNAs, we performed
conjoint analysis of the differently expressed methylated RNAs and differently expressed RNAs (Fold
Change > 1.5, P < 0.05 for mRNA and fold change > 1.2, p < 0.05 for m6A). A total of 120 m6A hyper-
methylated mRNAs were identi�ed, among which 51 transcripts were signi�cantly downregulated (hyper-
down), and 59 transcripts were signi�cantly upregulated (hyper-up). We also detected a total of 668 hypo-
methylated m6A mRNAs, with 212 transcripts obviously upregulated (hypo-up) and 456 transcripts
obviously downregulated (hypo-down, Fig. 5E). The ranking of the top three genes in each quadrant of
Fig. 5E is listed in Table S1.

The m6A “readers” YTHDF1, YTHDF2 and IGF2BP3 are
upregulated in WT tissues
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We speculated that the altered m6A abundance in the WT group could potentially be the result of altered
m6A modi�cation-related genes. To evaluate this possibility, we detected the expression of m6A
methylase complex subunits and m6A demethylase by mRNA qPCR. The “writer” METTL3, METTL14 and
WTAP were only slightly upregulated while the “eraser” FTO and ALKBH5 were downregulated; however,
these differences were not signi�cant (P > 0.05, Fig. 6). More importantly, expression of the m6A “readers”
YTHDF1, YTHDF2 and IGF2BP3 was statistically greater in the WT group than in the NC group (1.5 fold,
1.2 fold and > 2.0 fold, respectively, p < 0.05. Figure 6). These results are consistent with the possibility
that the overall levels of hypomethylation in the WT tissues are associated with higher expression of m6A
“readers”.

Discussion
Nephroblastoma, also called Wilms’ tumor, is one of the most common solid tumors in children, with an
annual incidence rate of 1 case per 100,000 children[11]. It is a prototypical embryonal malignancy of
young children and infants[12]. The pathogenesis of nephroblastoma remains undiscovered, though
increasing evidence suggests that changes of the epitranscriptome may be a key characteristic of
pathogenesis. Epitranscriptomic modi�cations may be targeted to mRNAs, lncRNAs and miRNAs.
According to MODOMIC, a comprehensive database resource for systems biology of RNA modi�cation,
172 different RNA chemical modi�cations have been found to date in all living organisms, including m6A,
which is the most abundant and reversible modi�cation, as well as m5C and m7G, Am, Gm and
others[13]. Recent studies have demonstrated that various types of cancers, including cervical cancer,
hepatocellular carcinoma and glioblastoma, are associated with abnormal m6A abundance[14–16]. We
characterized the speci�c m6A methylation changes and related signaling pathways in Wilms’ tumor
through experimental and bioinformatics analyses. To our knowledge, this is the �rst study to focus on
the m6A modi�cation pro�le on Wilms’ tumor.

Our results demonstrate that there is a tendency toward hypomethylation of global m6A levels in WT
tissues, and that differentially m6A-methylated genes are enriched in cancer-related pathways. Notably,
abnormally m6A-modi�ed genes were shown to be enriched in the mTOR pathway. The mTOR pathway is
a signal regulatory system that performs a variety of important biological functions[17, 18]. Recently, the
mTOR pathway has been shown to be associated with various cancer processes [19, 20], and genes in
this pathway, such as PTEN and BRAF1, also function in the process of Wilms’ tumor[21, 22]. We
demonstrated by MeRIP-qPCR that �ve m6A-modi�ed genes in the mTOR pathway (STK11, CAB39L,
AKT1S1, EIF4E2, and PTEN) were hypomethylated in the WT group compared with the NC group, and the
mRNA levels of AKT1S1 and EIF4E2 were upregulated in the WT group. These results indicate complex
regulatory mechanisms of m6A that involve established cancer signaling pathways.

For further mechanistic insight, we analyzed m6A-modifying enzymes in Wilms’ tumor. Ao Lin et al. has
recently demonstrated that polymorphisms of the m6A methylase METTL3 are related with Wilms tumor
susceptibility in Chinese children[23], and Rui-Xi Hua et al.'s work suggests that SNPs in the m6A
demethylase ALKBH5 may exert a weak in�uence on susceptibility to Wilms’ tumor[24]. These studies
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analyzed only the possible relation between the WT and m6A “writers” and “erasers”, though effects on
“readers” in Wilms’ tumor remained undetermined prior to our analysis. In our study, m6A "writers", such
as METTL3, METTL14 and WTAP, were not altered, and m6A "erasers", including FTO and ALKBH5, also
showed comparable levels between WT and NC. In contrast, YTHDF1, YTHDF2 and IGF2BP3, which are
the m6A “readers”, were signi�cantly elevated in the WT group. The reason for differences between the
results of our study and those of Ao Lin et al. and Rui-Xi Hua et al. are unknown; however, prior studies
suggest that the speci�c role of m6A modi�cation in the expression of particular genes largely depends
on the function of downstream m6A “readers” [25]. Han D et al. demonstrated that durable neoantigen-
speci�c immunity is regulated by mRNA m6A methylation of YTHDF1: Ythdf1-de�cient mice show an
elevated antigen-speci�c CD8+ T cell antitumor response[26]. Furthermore, Shi Y et al. demonstrated that
YTHDF1 is associated with poor prognosis in patients with non-small cell lung cancer progression[27];
Paris J, Morgan M et al. demonstrated that YTHDF2 promotes cancer stem cell targeting that
compromises acute myeloid leukemia progression[28]; and Qiang Wang et al demonstrated that IGF2BP3
directly recognizes and binds to HDGF mRNA and enhances its stability, promoting tumor
angiogenesis[29]. Finally, our results imply that elevated m6A “readers” may be associated with the
progression of Wilms’ tumor, thus extending the understanding of m6A-modifying enzymes in cancer.

Conclusions
In summary, our study shows that global m6A levels in Wilms’ tumor are signi�cantly increased. m6A
modi�cation-related enzymes were detected, and m6A "readers" were shown to be increased signi�cantly.
Bioinformatics analysis was performed to understand the possible role of m6A modi�cation in Wilms’
tumor. Finally, our results suggest that m6A methylation may be involved in Wilms’ tumor by regulating a
variety of signi�cant signal transduction pathways, such as the mTOR signaling pathway. Collectively,
these results suggest that m6A modi�cation may be a potential target for further research.
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Figure 1

Global RNA m6A modi�cation patterns differ in WT and NC samples. (A)Nephroblastoma tissue and
adjacent non-cancerous tissue were analyzed for histopathology. (B) The total m6A methylation levels in
total RNA of WT samples and NC samples were (0.21±0.01, n=23)% and (0.22±0.01, n=23)%, respectively.
The WT samples exhibited relatively lower total m6A levels than the NC samples.
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Figure 2

Global m6A modi�cation changes in WT compared with NC tissues. (A) Cluster analysis of the altered
m6A-methylated mRNAs (red: higher methylation level in WT, green: lower methylation level in WT). n = 3
in the control group and n =5 in WT. (B) Volcano plot: hypermethylation (red dot) and hypomethylation
(green dot) in WT and NC (fold change >1.5, p<0.05).
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Figure 3

Gene ontology enrichment and pathway analyses of differentially altered m6A-modi�ed mRNA between
WT and NC. Pathway analysis was performed for the 1335 differentially expressed m6A-methylated
transcripts. (A) Signi�cantly enriched gene ontology terms for the differentially methylated genes. (B)
Enrichment patterns for the top 10 signi�cantly enriched pathways were shown.

Figure 4



Page 17/19

The expression of mTOR signaling pathway related genes in WT group (n=23) compared with NC group
(n=23). (A) Methylated RNA immunoprecipitation was performed using a m6A antibody and was
followed by qPCR for 9 speci�c mTOR signaling pathway-related genes. Fold change was calculated by
normalizing the % (MeRIP/Input) of WT. (B) qPCR was performed to detect mRNA levels for these 9
genes. qPCR was conducted in triplicate. *P<0.05 compared with NC sample.

Figure 5

Conjoint analysis of MeRIP and RNA in WT and NC samples. (A) Microarray analysis was conducted to
determin mRNA expression characteristic between WT and NC. Cluster analysis of the altered mRNAs
(red: increased expression in WT, green: decreased expression in WT). n = 3 in the control group and n =5
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in WT. (B) Volcano plot: upregulated (red dot) and downregulated (green dot) of WT and NC (fold change
>1.5, p<0.05). Gene ontology enrichment and pathway analysis of differentially expressed mRNAs
between WT and NC. (C) Signi�cantly enriched gene ontology terms for the differently expressed genes.
(D) The top 10 signi�cantly enriched pathways are shown. (E) Conjoint analysis of the differently
expressed methylated RNAs and total mRNAs. The four quadrant graph shows the distribution of
transcripts with signi�cant changes in m6A modi�cation and corresponding mRNA expression (fold
change>1.5, P<0.05 for mRNA and fold change >1.2, p<0.05 for m6A).

Figure 6

Analysis of m6A modifying enzyme levels by real time PCR in WT and NC. The expression levels of
selected mRNA "writers" METTL14, METTL3, and WTAP; "erasers" ALKBH5 and FTO; and "readers"
YTHDF1, YTHDF2, and IGF2BP3 was analyzed. The m6A “readers” YTHDF1, YTHDF2 and IGF2BP3
expression was statistically greater in the WT group ( n=23) than in the NC group ( n=23). P<0.05.
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