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Abstract
Piwi-interacting RNAs (piRNAs) are small non-coding RNAs involved in transposon silencing and linked to cancer 
progression. However, their role in Wilms tumors (WT) remains unexplored. We conducted a thorough analysis 
and characterization of piRNAs in serum liquid biopsies of WT patients. Our study examined their expression 
patterns and functional annotations related to WT pathogenesis, as well as their clinical potential for diagnosis 
and monitoring. We identified 307 piRNAs expressed in WT serum samples, with 4% classified as repeat-related 
and 96% as non-repeat-related. The most abundant repeat-related piRNAs originated from LINEs retrotransposon, 
while tRNA-derived piRNAs were the most prevalent among non-repeat-related piRNAs. Furthermore, a distinct 
profile of 34 piRNAs showed significant differential expression in WT patients compared to healthy controls—22 
downregulated and 12 upregulated. The target genes of differentially expressed piRNAs exhibited significant 
enrichment in biological pathways related to cytokine activity, inflammatory responses, TGF-beta signaling, p38 
MAPK, and ErbB signaling. These genes are also involved in DNA damage response, DNA methylation, cell cycle 
regulation, as well as kidney development and function. Low expression levels of several piRNAs, especially piR-
hsa-1,913,711, piR-hsa-28,190, piR-hsa-28,849, piR-hsa-28,848, and piR-hsa-28,318, showed significant diagnostic 
potential as non-invasive biomarkers for WT (AUC > 0.8, p < 0.05). Their expression levels also significantly correlated 
with adverse pathological features, including metastasis, anaplasia, and bilateral WT development. In conclusion, 
non-transposon-related piRNAs may serve as reliable biomarkers for WT and possess potential non-germline 
functions, particularly in regulating DNA methylation, cell growth, immune responses, and immune responses. 
Further studies are warranted to elucidate their functional significance.
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Introduction
Malignant renal tumors account for 5% of pediatric can-
cers, accounting for 14,000 diagnoses and 5,000 deaths 
annually [1]. Wilms tumor (WT) is the most common 
pediatric renal tumor, accounting for more than 85% of 
renal tumors [2, 3]. It is typically diagnosed incidentally 
between ages 3 to 5 years [4]. WTs are embryonal renal 
tumors that arise from blastemal cells failing to differ-
entiate and complete the mesenchymal-epithelial transi-
tion (MET) during early nephron development [5]. Most 
WT patients are typically treated with a combination of 
nephrectomy and chemotherapy, in addition to radia-
tion therapy for high-risk patients. Recent clinical studies 

focus on improve risk stratification, intensify treatment 
for high-risk patients, and reduce the chemotherapeutic 
dosages for those with favorable prognoses [6]. Therefore, 
identifying blood-borne biomarkers is crucial for early 
disease detection, risk assessment, and development of 
novel therapeutic targets.

High-throughput sequencing techniques have iden-
tified regulatory RNAs, particularly small non-coding 
RNAs (sncRNAs) in various cancer types; these include 
microRNAs, piRNAs, siRNAs, and snoRNAs, which 
have been shown to play critical roles in regulating gene 
expression at both transcriptional and translational lev-
els. They also contribute to cancer development and 
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progression and hold promise as diagnostic and prognos-
tic biomarkers [7].

PIWI-interacting RNAs (piRNAs), a newly identified 
class of small noncoding RNAs, are characterized by 
their specific length of 24–31 nucleotides and the pres-
ence of 2′-O-methyl modification at the 3′-end [8]. They 
were first discovered in germline cells, where they play 
a crucial role in transposon silencing and in maintain-
ing genome stability [9]. They interact with a subfamily 
of Argonaute proteins, specifically the PIWI proteins, to 
form the piRNA-induced silencing complex (piRISC). 
This complex guides piRNAs to target complementary 
RNA molecules or transposon sequences, thereby sup-
pressing their activity and safeguarding genomic integrity 
from transposon-induced abnormalities [10].

Although most information on piRNAs and their bio-
genesis has been primarily derived from studies con-
ducted on Drosophila and Caenorhabditis elegans (C. 
elegans) [11, 12], these findings are also relevant to other 
species, including humans. The biogenesis of piRNAs 
occurs through two principal pathways: the primary 
processing pathway and the ping-pong cycle amplifica-
tion. In the primary pathway, long single-stranded RNAs 
originating from piRNA clusters are processed into 
mature piRNAs, which typically feature uridine (U) at 
their 5′ end—a characteristic known as the 1U bias. This 
preference for uridine at the first position of 5′ uracil-
containing piRNAs is believed to enhance their ability 
to effectively target transposons for silencing. The endo-
nuclease Zucchini plays a crucial role in forming both 
ends of these piRNAs. The ping-pong cycle, on the other 
hand, amplifies piRNAs through a feedback mechanism 
involving the proteins Aubergine (Aub) and AGO3, which 
facilitate the cleavage of transposon or target transcripts 
to generate secondary piRNAs. Notably, these secondary 
piRNAs frequently exhibit a 10  A bias, which comple-
ments the primary piRNAs in this process [13].

PiRNAs primarily function in germline processes, such 
as silencing transposable elements and regulating gene 
expression during gametogenesis [9]. However, recent 
studies have revealed that they also play broader roles in 
somatic cells, including transcription suppression, trans-
lation modulation, mRNA stability regulation, stress 
response management, and protein interactions [13, 14].

Furthermore, piRNAs have emerged as significant play-
ers in the development and progression of various human 
cancers, including gastric, hepatocellular, renal cell, pan-
creatic, bladder, and breast carcinomas [15–19]. Dys-
regulation of piRNA expression has been shown to affect 
gene expression and promote tumor growth, highlight-
ing their potential as valuable diagnostic and therapeutic 
targets in oncology [20]. Many piRNAs are implicated in 
key cancer processes such as proliferation, apoptosis, and 
metastasis, and may serve as potential biomarkers [15, 

20]. For example, piRNA-823 promotes angiogenesis in 
multiple myeloma [21], while piR-8041 induces apopto-
sis in glioblastoma [22]. Additionally, piR-55,490 inhibits 
lung carcinoma growth via the mTOR pathway [23], and 
piR-651 promotes apoptosis in non-small cell lung cancer 
(NSCLC) [24]. In breast cancer, piR-21,285 modulates 
tumor development through epigenetic mechanisms 
[25], with upregulated piR-4987, piR-20,365, piR-20,485, 
and piR-20,582 serving as potential biomarkers [26].

Moreover, piRNAs have been linked to negative clini-
copathological features in various cancers, including clin-
ical stage, metastasis, and relapse [15, 27]. Specifically, 
high levels of piR-823 correlate with the TNM stage in 
the serum of renal cell carcinoma [28]. Increased expres-
sion levels of piR-32,051, piR-39,894, and piR-43,607 are 
strongly associated with metastasis, advanced clinical 
stage, and poor survival in ccRCC [29]. Similarly, piR-
4987 is also associated with tumor metastasis in breast 
cancer [26]. Due to their small size and stability, piRNAs 
can pass through the cell membrane and be detected in 
human body fluids such as blood or urine, making them 
promising non-invasive biomarkers for various cancers 
[30]. For instance, serum levels of piR-54,265 may serve 
as a valuable biomarker for the early detection and clini-
cal monitoring of colorectal cancer. Its levels significantly 
decrease following surgery, but exhibit a notable increase 
upon tumor recurrence [31].

In this context, our previous research, which focused 
on profiling abnormal expression of miRNAs in serum 
biopsies of WT patients [32], identified a significant pro-
portion of sequences annotated as piRNAs alongside 
miRNAs. Consequently, the present study aims to ana-
lyze expression signatures of piRNAs in WT patients 
compared to healthy controls, assessing their potential 
as non-invasive biomarker for diagnosing or monitoring 
this pediatric renal tumor. Additionally, we investigated 
the differential expression of piRNAs across various 
pathological subtypes of WT and performed functional 
annotation of this class of small noncoding RNAs to elu-
cidate their roles in biological processes beyond germline 
functions. This study represents the first evidence of the 
involvement of piRNAs in WT pathogenesis, paving the 
way for further exploration into the regulatory functions 
of piRNAs in WT development.

Materials and methods
Study design and data source
This study builds upon our previously published analy-
sis of small non-coding RNAs in WT patients [32]. The 
patient cohort, sample collection, RNA extraction, and 
sequencing procedures were conducted as described 
in our prior work [32], and no additional sample collec-
tion or sequencing was performed for this study. Briefly, 
serum samples were obtained from 37 children (10 
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healthy controls, 14 with favorable histology [FH-WT], 
and 13 with unfavorable histology [UnFH-WT]) from 
the Biorepository at Children Cancer Hospital Egypt 
(CCHE), 57,357. RNA was extracted from these samples 
using the miRNeasy Mini Kit (Qiagen), and small RNA 
sequencing libraries were prepared using the NEBNext 
Multiplex Small RNA Library Prep Set for Illumina. 
Sequencing was performed on the Illumina MiSeq plat-
form, as detailed in our prior publication [32].

NGS data processing and piRNA annotation
For this study, we utilized previously processed sequenc-
ing data from our prior work [32]. Briefly, raw sequencing 
reads underwent quality control using FastQC [33] and 
adapter trimming with Cutadapt [34]. High-quality reads 
were aligned to the GRCh38 reference genome using 
Bowtie 2 [35]. Within this database, miRBase served as 
a reference for miRNAs, piRBase for piRNAs, and Gene-
Cards for other small RNAs. The resulting BAM files con-
taining sncRNAs were then quantified for each sample 
using FeatureCounts [36], with the following parameters: 
--minOverlap 15, --fracOverlap 0.95, and --fracOverlap-
Feature 0.95 resulting in full small RNA count tables. Dif-
ferential expression analysis of small ncRNAs between 
WT patients and healthy controls was conducted using 
the R/Bioconductor DESeq2 package [37], with sig-
nificance determined by an absolute log2 fold change 
(log2FC ≥ 1 or ≤-1) and an adjusted p-value ≤ 0.05.

In the current study, we specifically focused on piRNA 
analysis, utilizing previously generated and normalized 
small RNA count tables. Differential expression results 
from our original dataset were used to identify piRNAs 
differentially expressed in WT vs. healthy controls and 
between WT subtypes. The raw sequencing data has 
been deposited in the NCBI BioProject database under 
accession ID PRJNA1112148. A schematic representation 
of the piRNA characterization and expression analysis 
workflow is provided in Figure. 1.

Retrieval of piRNA sequences and identification of their 
genomic origins
The piRNA sequences were retrieved from the RNA 
Central database [38], and the nucleotide bias at the first 
and tenth positions in piRNA sequences was assessed. 
The chromosomal locations of the identified set of piR-
NAs were examined in relation to regions of transpo-
son repeats, pseudogenes, non-coding RNAs (lncRNAs, 
miRNAs, tRNAs, rRNAs, and others), as well as introns 
and exons (CDS, 3’/5’ UTR), to identify the genomic ori-
gins of the candidate piRNAs using the piRBase [39] and 
piRNAquest V.2 [40] databases. piRNAs were consid-
ered repeat related if they originated from transposable 
elements (TE, SINE and LTR), transposons or simple 
repeats, and otherwise considered non-repeat related.

Differential expression analysis of Circulating piRNA in 
Wilms tumor
The visualization of the DEpiRNA was accomplished 
using the ggplot2 R package [41] for volcano and lollipop 
plots, while the complex Heatmap R package [42] was 
employed to generate a heatmap of piRNA expression 
levels across all samples.

Identification of validated and predicted target genes of 
differentially expressed piRNA in Wilms tumor
The databases TarpiD [43] and piRNAdb [44], which 
comprise putative and validated piRNA targets, were 
used to identify the experimentally validated target genes 
of DEpiRNA in WT patients. Their nucleotide sequences 
were used to avoid naming discrepancies.

The miRanda software [45], a widely used algorithm 
for predicting miRNA-mRNA interactions, was used to 
identify potential targets of DEpiRNA in WT. This was 
done by analyzing sequence complementarity between 
piRNA and mRNA transcripts obtained from GENCODE 
Release 46 (​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​e​n​c​​o​d​e​​g​e​n​e​​s​.​​o​r​g​​/​h​u​​m​a​n​/​​r​e​​l​
e​a​s​e​_​4​6​.​h​t​m​l). The current study employed a rigorous 
selection process to identify the most promising piRNA 
targets based on their alignment score (sc ≥ 170) and 
binding energy (en ≤ -20.0 kcal mol− 1), ensuring that only 
the most relevant targets were included in the functional 
analysis. The piRNA-target duplexes identified through 
miRanda predictions underwent additional filtration 
based on the level of sequence complementarity within 
the primary (2–11 nts) and secondary seed site (12–21 
nts). The filtration criteria required that the primary seed 
site exhibit a minimum of 7 consecutive Watson-Crick 
base pairs, while the secondary seed site contain at least 6 
consecutive Watson-Crick base pairs.

Functional enrichment analysis of differentially expressed 
piRNA in Wilms tumor
The Enrichr platform [46], a comprehensive gene set 
enrichment analysis web server, was used to perform 
functional and pathway enrichment analyses of target 
genes of DEpiRNA in WT. For enrichment analyses, we 
employed the Gene Ontology (GO) [47], Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway [48], and 
WikiPathways [49] libraries using the enrichR package in 
R /Bioconductor. The results were subsequently visual-
ized using the ggplot2 R package [41]. Gene sets exhibit-
ing nominal p-values of < 0.05 and q values of < 0.25 were 
deemed statistically significant. Enriched terms were 
then filtered and ranked based on a p-value threshold of 
< 0.05. The interaction network of DEpiRNA and their 
target genes was created using Cytoscape software ver-
sion 3.10.3 [50], incorporating the CluePedia plugin ver-
sion 1.5.10 [51] for pathway insights based on integrated 
experimental and in silico data.

https://www.gencodegenes.org/human/release_46.html
https://www.gencodegenes.org/human/release_46.html
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Statistical analysis
Receiver operating characteristic (ROC) curve analysis 
[52] was performed to assess the diagnostic efficacy of 
the DEpiRNA using Python scikit-learn library [53]. The 
area under the ROC curve (AUC) value provided a quan-
titative measure of piRNA’ performance in distinguish-
ing between groups. Additionally, the Spearman’s rank 
correlation coefficient test [54] was used to analyze the 
relationship between piRNA expression and WT clinico-
pathological characteristics.

Results
Abundance of Circulating piRNA in the serum of Wilms 
tumor patients
In our previous analysis of WT-miRNome [32], we found 
that approximately 14% of total sequenced reads were 
annotated as small non-coding RNAs. The most abun-
dant class of scnRNA reads in both WT serum samples 
and control subjects was piRNA, which accounted for 
77.7% (3,589,379 reads) of the aligned reads, followed by 
miRNAs at 20.6% (951,982 reads). Each sample obtained 
an average of 97,010 reads for piRNA, ranging from 6,958 

Fig. 1  Workflow of the piRNA sequencing analysis pipeline. It includes the following steps: Raw Data Processing, Read Alignment, Count Matrix Genera-
tion, piRNA characterization, Differential Expression Analysis, target prediction, Functional Enrichment Analysis, and Statistical Analysis. This diagram was 
designed using Draw.io online diagram software
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to 369,956 reads. After analyzing reads mapped to the 
piRBase database, we identified a comprehensive catalog 
of 307 piRNA that are commonly expressed in WT and 
control serum samples. The fraction distribution of reads 
mapped to different ncRNAs was previously published 
[32] and shown in Figure S1.

Exploring the PiRNA landscape in serum of Wilms tumor
Our examination of the nucleotide bias at the first and 
tenth positions in piRNA sequences revealed that piRNA 
of WT patients did not show a strong preference for uri-
dine (U) at the 1st position and adenine (A) at the 10th 
position (Fig. 2A and Table S2). However, there was a sig-
nificant increase in the proportion of cytosine (C) at the 
first position, and Uracil (U) at the 10th position within 
the WT-piRNA compared to those of healthy controls. 
In contrast, the proportions of bases A and G at the first 
position did not show significant differences between the 
two groups.

By analyzing the length distribution of piRNA reads in 
WT serum samples, we observed that the putative piRNA 
displayed a length range of 24–34 nucleotides (nts), with 
the highest frequency at 31 nts. Notably, the proportion 

of piRNA reads with 29 nts in length showed a significant 
increase in WT samples compared to healthy controls 
(Fig. 2B and Table S3).

Genomic diversity of PiRNA origins in Wilms tumor
The piRNA have been found to be derived from both 
genic and non-genic loci across all human chromosomes. 
The analysis of piRNA expression across all chromo-
somes indicated a predominant expression pattern of 
piRNA on chromosomes 1, 6, 11, 16 and 17 in all samples 
(Fig. 2C), suggesting that these chromosomes serve as the 
primary loci for piRNA expression.

Furthermore, the identified piRNA were categorized 
as “repeat-related piRNA” if they originated from trans-
posable elements (SINEs, TEs or LTRs), transposons, or 
simple repeats, and “non-repeat-related piRNA” if they 
originated from other genomic regions. Each WT sample 
had an average of 2986.54 (4%) reads for repeat-related 
piRNA and 83956.78 (96%) reads for non-repeat-related 
piRNA) Fig.  2D). Our findings revealed that repeat-
derived piRNA originate from different types of Transpo-
son elements (TE), including Long interspersed nuclear 
elements (LINE), Short interspersed nuclear elements 

Fig. 2  Characterization of circulating piRNA in WT serum samples. (a) Nucleotide bias at the 1st and 10th positions of piRNA sequences. (b) Length distri-
bution of piRNA reads in WT and healthy controls. (c) Chromosomal distribution of piRNA expression across all human chromosomes. (d) Categorization 
of identified piRNA into repeat-related and non-repeat-related piRNA, including their origins from various transposon elements and translation machin-
ery molecules. Statistical significance was assessed using the Mann-Whitney U test, with significant p-values (p < 0.05) indicated in the figure
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(SINE), Long terminal repeat elements (LTR), DNA 
repeat elements and simple repeats (micro-satellites). 
Among these, the retrotransposon LINE-derived piRNA 
were the most abundant category, showing the highest 
frequency of repeat-related piRNA reads. In addition 
to repeat-related piRNA, our study found that approxi-
mately 16.7% of WT-piRNA reads originate from non-
genic loci, including intronic and intergenic regions, 
and about 79.2% of piRNA reads originate from trans-
lation machinery molecules, including tRNAs, rRNAs, 
and snRNAs (U5) (Fig. 2D and Table S4). Among these, 
tRNA-derived piRNA reads are the most prevalent in 
WT patients and healthy controls, highlighting their 
potential role in regulating WT gene expression. This 
observation suggests a potential link between the dys-
regulation of translation machinery and WT progression.

Dysregulation of PiRNA expression in the circulation of 
Wilms tumor patients
Our research identified a distinct expression profile of 
34 piRNA that showed significant differential expres-
sions in the serum samples of WT patients compared 
to those of healthy individuals, with 12 piRNA upregu-
lated and 22 piRNA downregulated. The log2 fold change 
of downregulated piRNA varied from − 1.105147303 
to -5.34046587, with the most substantial downregula-
tion observed in piR-hsa-28,318 and piR-hsa-12,206, 
which originate from chromosome 9 and 20, respectively. 
Conversely, the log2 fold change of upregulated piRNA 
ranged from 1.024895846 to 1.77670514, with the most 
significant upregulation seen in piR-hsa-57,648 and piR-
hsa-115,220, which originate from chromosome 6 and 
1, respectively. The fold changes of all expressed piRNA 
and their statistical significance in WT were depicted in 
a volcano plot (Fig. 3A) and summarized in Table 1. The 
individual piRNA that showed significant differential 
expression in WT samples were visualized in a lollipop 
plot (Fig.  3B). A heatmap representing the z-scores of 
DEpiRNA (Fig. 3C) illustrates significant expression dif-
ferences between WT and control serum samples.

The analysis of piRNA expression in serum samples 
across WT histopathological subtypes showed no signifi-
cant differences between WTs with favorable histology 
(anaplastic WTs) and those with unfavorable histology 
(non-anaplastic WTs). However, there was a marked dif-
ference in the number of exclusively expressed piRNA in 
each histopathological type. A total of 22 piRNA were 
found to be abnormally expressed only in non-anaplastic 
WTs, and 2 exhibited dysregulations solely in anaplastic 
WTs. Additionally, 12 piRNA were commonly expressed 
across both histopathological types of WT (Figure S2).

Enrichment of differentially expressed piRNA in cellular 
processes and pathways associated with Wilms tumor 
pathogenesis and kidney function
We used the TarpiD and piRNAdb databases to iden-
tify the validated target genes of DEpiRNA in WT. In 
the TarpiD database, piR-hsa-993 targets the IL4 gene. 
According to the piRNAdb database, piR-hsa-26,039 tar-
gets GCFC2, piR-hsa-24,360 targets both CXorf21 and 
ERG28, and piR-hsa-28,318 targets both LINC01431 
and SEZ6L. These genes are significantly enriched in 
immune response processes (Fig.  4A), including immu-
noglobulin regulation (GO:0002889), T-helper 2 cell 
differentiation (GO:0045064), and acute inflammatory 
response (GO:0002674). They are also involved in molec-
ular functions (Fig. 4B) related to Growth Factor Activ-
ity (GO:0008083) and Cytokine Activity (GO:0005125). 
In line with this, the KEGG and WikiPathways analyses 
highlight their enrichment in pathways related to cyto-
kines and Inflammatory Response (WP530) and IL19 
Signaling (WP5422) (Fig. 4C, D).

Furthermore, we used the miRanda algorithm to pre-
dict potential target genes for all DEpiRNA in WT. The 
results indicated that the 22 downregulated piRNA were 
predicted to target a total of 10,669 genes, while the 12 
upregulated piRNA were predicted to target a total of 
3,775 genes. For functional enrichment analysis, we 
selected the top 25 target genes with the highest align-
ment score of ≥ 170 and the lowest binding energy of ≤ 
-20.0  kcal mol− 1, resulting in a selection of 458 target 
genes for downregulated piRNA and 207 target genes for 
upregulated piRNA.

The GO analysis (Table S5) indicated that the pre-
dicted target genes are significantly enriched in biological 
processes related to kidney development, such as ure-
teric bud morphogenesis and branching (GO:0060675, 
GO:0001658), as well as cellular processes related to 
DNA methylation (GO:0044030), endothelial cell pro-
liferation (GO:0001938), and the regulation of reac-
tive oxygen species metabolic processes (GO:2000378). 
The WikiPathway and KEGG analyses (Table S6) indi-
cated that these predicted target genes of DEpiRNA are 
enriched in critical signaling pathways, such as TGF-
beta signaling, p38 MAPK, ErbB signaling, and focal 
adhesions, which are involved in WT pathogenesis. In 
addition to these major pathways these targets showed 
significant enrichment in pathways related to specific 
renal conditions and functions (e.g., collecting duct acid 
secretion, mineral absorption, nephrotic syndrome, and 
the mesenchymal-epithelial transition (MET) in type 
1 papillary renal cell carcinoma). Furthermore, they 
are also involved in immune response pathways (IL-5, 
IL-3, IL-2 signaling pathways, and B cell receptor sig-
naling) and in controlling G1/S cell cycle, DNA damage 
response, and infectious diseases.
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We further filtered GO biological processes, KEGG 
pathways, and WikiPathways associated with kidney 
development and carcinogenesis. Our findings revealed 
that a total of 13 upregulated piRNA and their associated 
23 target genes, along with 11 downregulated piRNA and 
their corresponding 25 target genes, are involved in these 
kidney-related functions. The relationships between 
these pathways and their associated genes are illustrated 
in Fig.  5A, while the interactions between these genes 
and DEpiRNA are depicted in Fig. 5B.

These networks revealed the regulatory roles of several 
piRNA in critical genes, including MYC, BCL2, STAT5A, 
PAX2, IL1R1, COL4A5 and MAP2K6, which are key 

components of cancer-related pathways, such as TGF-
beta signaling, p38 MAPK, ErbB signaling, focal adhe-
sions, and other pathways associated with DNA damage 
and immune responses.

Correlations between PiRNA expression levels and 
pathological characteristics of Wilms tumor
The Spearman rank correlation test was employed to 
evaluate the association between piRNA expression in 
WT serum samples and clinicopathological features 
of WT. Low levels of piR-hsa-28,190 were significantly 
associated with the presence of initial lung metasta-
sis in WT patients (r = -0.3933, p = 0.042344). Similarly, 

Fig. 3  Differential expression analysis of piRNA in WT serum samples. (a) Volcano plot displays all expressed piRNA in serum samples, illustrating the log2 
fold change (FC) against the adjusted p-value (-log10). In this plot, red dots represent downregulated piRNA, while blue dots indicate upregulated piRNA. 
(b) Lollipop plot visualizing individual DEpiRNA that display significant variations according to log2 fold change and adjusted p-values. The size of the 
red circles corresponds to the level of significance, as indicated by the adjusted p-values. (c) Heatmap displays the expression levels of piRNA in WT and 
control samples. Labels denote “F” for favorable WTs, “UF” for unfavorable WTs, and “C” for healthy controls. Red color represents upregulated piRNA, while 
blue signifies downregulated ones. Visualization of the DEpiRNA was performed using the ggplot2 R package for volcano plots and lollipop plots, and 
the complex Heatmap R package for heatmap
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decreased expression of piR-hsa-1,913,711 showed a 
significant association with an increased incidence of 
anaplasia (r = 0.4378, p = 0.022388). Reduced levels of 
piR-hsa-28,849 (r = 0.5826, p = 0.0014), piR-hsa-28,848 
(r = 0.5826, p = 0.0014), and piR-hsa-28,318 (r = 0.3908, 
p = 0.0439) were strongly correlated with the devel-
opment of bilateral WTs. No significant links were 
identified between piRNA expression and other clinico-
pathological factors, such as tumor stage, patient age, or 
gender. The detailed correlations between piRNA expres-
sion and clinicopathological features are summarized in 
Table S7.

Circulating dysregulated piRNA as potential non-invasive 
biomarkers for Wilms tumor detection
Based on the results of the ROC curve analysis, we 
found that 14 downregulated piRNA and 12 upregulated 
piRNA exhibited high specificity and sensitivity for dis-
tinguishing WT, with AUC values ranging from 0.7148 to 
0.9481 and p < 0.05. Among the upregulated piRNA, piR-
hsa-28,190 exhibited the highest AUC value of 0.9296, 
with a p-value of 0.0000781. In contrast, among the 
downregulated piRNA, piR-hsa-1,913,711 showed the 
highest AUC value of 0.9481, with a p-value of 0.0000377. 
These findings suggest that these piRNA may function 
as prospective biomarkers for WT detection due to their 
robust discriminatory ability. The ROC curves for signifi-
cantly dysregulated piRNA with the highest AUC values 
are shown in Fig. 6A and B and summarized in Table S8.

Discussion
In our previous study [32] on investigating miRNA 
expression patterns in WT serum samples, we found that 
over 77% of small RNA reads were identified as piRNA. 
Consequently, this abundance of piRNA in WT samples 
prompted us to conduct a thorough bioinformatics anal-
ysis and characterization of the WT-piRNome to clarify 
their role in WT pathogenesis and evaluate their poten-
tial as biomarkers for diagnosis and targeted therapy. 
This study is the first to investigate piRNA dysregulation 
in the serum of WT patients, suggesting the regulatory 
role of piRNA in WT pathogenesis.

piRNA are generally characterized by a 1U bias, and 
recent studies in Drosophila have clarified the mecha-
nisms behind this phenomenon [55]. This bias arises 
through a two-step gating process: initially, 1 A and 1G 
piRNA are excluded during piRNA biogenesis, and sub-
sequently, 1 C piRNA are filtered out during piRISC for-
mation due to interactions with Piwi’s stem loop. In the 
serum of healthy controls, the expected predominance 
of 1U piRNA is observed, but this pattern is disrupted in 
WT patients, where a significant increase in 1 C piRNA 
is detected, with no significant changes in 1G or 1  A 
piRNA. This finding suggests a broader issue with PIWI 
loading and the formation of functional piRISC com-
plexes. In contrast to the 1U bias, the 10 A bias was not 
observed in either WT patients or controls, which aligns 
with the absence of the ping-pong cycle during second-
ary piRNA biogenesis, typically seen in germline cells. 
Additionally, WT patients exhibited a slightly larger 
piRNA pool in their serum, further suggesting defects in 
piRNA biogenesis and PIWI loading.

Our analysis showed a predominant expression pat-
tern of WT-piRNA on chromosomes 1, 6, 11, 16, and 17 
across all samples, suggesting these chromosomes may 
be primary loci for expression. These findings are consis-
tent with a previous study [56], where the top 100 piRNA 

Table 1  Differential expression profiles of piRNA in the serum of 
WT patients compared to healthy controls
piRBase Id log2FoldChange p-value Adjusted

p-value
piR-hsa-28,318 -5.34046587 3.27E-09 6.24E-07
piR-hsa-12,206 -5.215886646 5.42E-07 5.18E-05
piR-hsa-26,039 -4.532419859 5.18E-05 0.001041
piR-hsa-1823 -4.19153802 0.004378 0.02424
piR-hsa-26,872 -3.458270472 0.00238 0.015589
piR-hsa-1849 -3.419378179 0.006588 0.031491
piR-hsa-28,849 -3.404696639 0.000889 0.008487
piR-hsa-1361 -3.150200426 0.012918 0.04988
piR-hsa-3178 -3.144981842 0.009941 0.041277
piR-hsa-28,848 -3.124585935 0.009553 0.040546
piR-hsa-28,319 -3.016459647 0.001276 0.010719
piR-hsa-28,019 -2.649275192 0.000255 0.003747
piR-hsa-17,444 -2.610043613 0.000345 0.00471
piR-hsa-24,360 -2.584572467 0.000861 0.008429
piR-hsa-24,775 -2.561868282 0.002219 0.014873
piR-hsa-993 -2.425464371 0.00613 0.03002
piR-hsa-25,780 -1.484140016 0.000149 0.002478
piR-hsa-137,673 -1.288976322 0.001602 0.012488
piR-hsa-148,659 -1.273711987 0.011758 0.046786
piR-hsa-1,913,711 -1.223420061 1.5E-06 8.73E-05
piR-hsa-2106 -1.20836314 0.000927 0.00852
piR-hsa-163,380 -1.105147303 2.32E-06 9.86E-05
piR-hsa-27,622 1.024895846 0.003141 0.01846
piR-hsa-27,623 1.024895846 0.003141 0.01846
piR-hsa-727,554 1.026404197 0.009736 0.040869
piR-hsa-128,116 1.117549048 0.013188 0.04988
piR-hsa-26,508 1.141890501 0.000393 0.005182
piR-hsa-27,621 1.310886452 0.000242 0.003705
piR-hsa-28,190 1.436338019 4.39E-06 0.000165
piR-hsa-1243 1.458615974 0.001212 0.010524
piR-hsa-27,620 1.656706986 9.32E-05 0.001695
piR-hsa-1242 1.685662678 0.00255 0.016238
piR-hsa-115,220 1.701160868 0.005079 0.026217
piR-hsa-57,648 1.77670514 0.007834 0.035295
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in a cellular model of kidney development were mapped 
to chromosomes 1, 2, 11, and 17 across all cell lines 
examined. Similar patterns were observed in neuroblas-
toma cell lines, where the highest number of piRNA were 
found on chromosomes 1, 2, 6, 11, and 17 [57].

piRNA were initially believed to primarily function in 
the regulation of transposable elements and to be mainly 
derived from these regions within clusters, particu-
larly in germline cells [58, 59]. However, recent research 
has revealed a more complex picture regarding the ori-
gins and functions of piRNA. In somatic cells, piRNA 
are found to frequently originate from both genic and 
non-genic regions across all human chromosomes. In 
neuroblastoma, only 17.8% of piRNA originate from 
transposable elements; however, approximately 18% 
are derived from protein-coding genes (5’ UTR, CDS, 
3’ UTR), and 24% have intronic origins, while 15% are 
associated with transfer RNAs (tRNAs) [57]. In epithelial 

ovarian cancers, over 50% of piRNA are derived from var-
ious PCGs regions including both, and nearly one-third 
of piRNA are originate from other non-coding RNAs 
such as, tRNAs, lncRNAs, rRNAs, and srpRNAs). In 
contrast, the smallest proportion of piRNA comes from 
repeats or pseudogenes when compared to their over-
all genomic origins [60]. Consistent with these results, 
serum samples from our study also exhibit similar find-
ings. Only 4% of all detected piRNA in serum samples of 
WT patients and healthy controls are derived from vari-
ous types of transposable elements, 16.7% from intronic 
sequences and intergenic regions, and 79.2% from trans-
lation machinery molecules (such as tRNA, rRNA and 
snRNAs, etc.,). This diversity in piRNA origins indicates 
their involvement in complex regulatory roles, including 
gene expression, protein synthesis, translation, and the 
maintenance of genomic stability, extending beyond their 
initially proposed function in transposon silencing.

Fig. 4  Functional enrichment analysis of validated target genes of DEpiRNA in WT. (a, b) The top GO terms (Biological processes and Molecular functions) 
of the six validated target genes linked to four DEpiRNA: piR-hsa-993, piR-hsa-26039, piR-hsa-24360, and piR-hsa-28318) in WT. (c, d) The top KEGG and 
WikiPathways related to these six validated target genes influenced by DEpiRNA in WT. The top enriched terms for the input gene set are ranked based 
on their p-values. The GO, KEGG, and WikiPathways analyses were conducted using the enrichR package and visualized using the ggplot2 R package
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Our findings also highlight that most piRNA are 
derived from tRNAs, consistent with prior observations 
in both germline and somatic tumor cells. For instance, 
previous study demonstrated that defects in tRNA pro-
cessing can induce replication stress and disrupt piRNA 
transcription in mutant ovaries, underscoring the con-
nections between piRNA, tRNA processing, epigenetic 
regulation, and transposable element control [61]. Simi-
larly, in tumor cells, HIWI2-associated piRNA in MDA-
MB-231 breast cancer cells were shown to primarily 

originate from tRNAs, rather than retrotransposons or 
hypermethylated CpG islands [62].

Furthermore, the expression of piRNA have been found 
to be altered in various malignancies such as breast, pros-
tate, and renal cell carcinomas [19, 26, 29, 63]. In renal 
cancer, deep sequencing profiling of piRNA showed that 
19 piRNA were differentially expressed in benign kidney 
tissues compared to those in clear cell renal cell carci-
noma, while 46 piRNA were linked to metastasis, high-
lighting their potential to distinguish tumor subtypes 

Fig. 6  ROC curve analysis of piRNA as potential non-invasive biomarkers for WT. (a) ROC curves for significantly downregulated piRNA in WT, with the 
highest AUC values. (b) ROC curves for significantly upregulated piRNA, with the highest AUC values for detecting WT. The vertical axis represents sen-
sitivity, while the horizontal axis represents 1 - specificity. The central diagonal line represents the reference (no discrimination), while the colored lines 
represent the ROC curves for downregulated and upregulated piRNA. The ROC curves were visualized using the Python scikit-learn library. The AUC values 
ranged from 0.7148 to 0.9481 (95% CI: 0.95), indicating good discriminatory ability

 

Fig. 5  Interaction network of DEpiRNA and their predicted target genes in WT. (a) Network of the DEpiRNA target genes and their enrichment in various 
GO biological processes, KEGG, and WikiPathways. In this network, small circles represent the target genes of piRNA, while large colored circles indicate 
the most highly enriched terms of biological processes, KEGG pathways, and WikiPathways mediated by the piRNA targets. This network was constructed 
using Cytoscape software, incorporating the CluePedia plugin for pathway insights based on integrated experimental and in silico data. (b) Interaction 
network of DEpiRNA and their potential targets, as identified by the miRanda algorithm and visualized in Cytoscape. Upregulated piRNA are shown in 
blue and their targets in light blue, while downregulated piRNA are in orange with corresponding targets in light orange

 



Page 12 of 15Mohamed et al. Cancer Cell International          (2025) 25:163 

and indicate disease progression [29]. In the context of 
WT, our research uncovered a distinct piRNA expression 
profile comprising 34 piRNA with significant differential 
expression in serum samples of WT patients compared 
to healthy controls, with 22 downregulated and 12 upreg-
ulated piRNA.

Our functional enrichment analysis of the validated 
target genes (IL4, GCFC2, CXorf21, ERG28, LINC01431, 
SEZ6L) associated with four DEpiRNA (piR-hsa-993, 
piR-hsa-26039, piR-hsa-24360, and piR-hsa-28318) 
revealed significant enrichment in essential biological 
processes and vital pathways related to cytokine activ-
ity and inflammatory responses. Several previous studies 
emphasized the presence of highly immunosuppressive 
and inflammatory microenvironments in WT by detect-
ing various inflammatory immune cells and inflamma-
tory protein markers, particularly localized in the stroma 
of WT [64, 65]. These findings highlight the intricate 
interplay between these piRNA targets and the immune 
landscape of WT.

Furthermore, the GO and pathway analyses revealed 
that the predicted target genes of DEpiRNA are involved 
in vital kidney functions, such as renal absorption and 
morphogenesis and branching of ureteric buds. Recent 
research has indicated that both metanephric blas-
tema cells and ureteric bud tip cells are involved in the 
development of nephrogenic rests and WT [66]. Pre-
vious study found that expression level of some piRNA 
(piRNA-42775, piRNA-36743 and piRNA-43108) were 
associated with proteinuria and renal function [67]. DNA 
methylation defects are commonly observed epigenetic 
anomalies in most WT cases [68]. The enrichment of the 
DEpiRNA targets in regulating DNA methylation indi-
cates their potential role in mediating epigenetic modifi-
cations in WT.

The WikiPathway and KEGG analyses indicated that 
these predicted target genes of DEpiRNA are enriched 
in critical signaling pathways, such as TGF-beta signal-
ing, p38 MAPK, ErbB signaling, and Focal adhesions, 
which are involved in WT pathogenesis. TGF-β1 was 
found to promote epithelial–mesenchymal transition 
(EMT), which enhances the migration and invasive prop-
erties of tumor cells in vivo [69]. Its overexpression was 
linked to tumor invasion and WT progression [70]. The 
p38 was found to be highly expressed and activated in the 
embryonic kidneys of rats, where it plays a crucial role 
in kidney development and nephrogenesis [71]. Numer-
ous studies revealed that alterations in the ERBB signal-
ing pathway are closely associated with the progression 
of various cancers and promote the transformation of 
tumor cells [72]. Additionally, a prior study indicated that 
CCT4 may play a role in WT development by activating 
the ERBB signaling pathway [73]. Focal adhesion kinase 
(FAK) was found to be implicated in the progression of 

various pediatric renal tumors [74] and its inhibition led 
to decreased cell survival, proliferation, migration, and 
invasion in the primary WT model [75]. Collectively, all 
these findings suggest that piRNA may play a critical role 
not only in transposon silencing but also in regulating 
various cellular processes and pathways involved in WT 
pathogenesis.

In addition, piRNA have been found to be associated 
with adverse tumor characteristics, including clinical 
stage and metastasis, across various cancers [26, 29]. In 
this study, the findings of the Spearman rank correlation 
test indicated a significant relationship between piRNA 
expression levels and adverse pathological features of 
WT, such as the incidence of anaplasia, tumor metasta-
sis, and bilateral WT tumors. Reduced expression of piR-
hsa-28,190 was associated with WT metastasis, while 
lower expression levels of piR-hsa-1,913,711 were cor-
related with the occurrence of anaplasia. Additionally, 
decreased expression of piR-hsa-28,849, piR-hsa-28,848, 
and piR-hsa-28,318 was correlated with the develop-
ment of bilateral WT tumors. These results suggest that 
reduced expression of these piRNA may be indicative of 
WT progression and disease severity.

Serum piRNA have emerged as promising biomark-
ers for the detection of various malignancies, including 
gastrointestinal, lung, and colorectal cancers [64–67]. 
In the present study, several DEpiRNA exhibited high 
specificity and sensitivity for WT, highlighting their 
potential as non-invasive diagnostic biomarkers. Nota-
bly, piR-hsa-28,190 and piR-hsa-1,913,711 demonstrated 
the highest diagnostic performance, with AUC values 
exceeding 0.9, underscoring their strong potential as 
minimally invasive and highly reliable biomarkers for 
WT diagnosis.

To further validate these findings, future studies should 
focus on large-scale, multicenter clinical trials to assess 
the reproducibility and reliability of these biomarkers 
across diverse patient cohorts. Additionally, functional 
studies are needed to elucidate the molecular mecha-
nisms underlying their association with WT progression. 
Implementing piRNA-based detection in clinical prac-
tice could significantly enhance early WT detection and 
improve patient outcomes through more personalized 
and targeted therapeutic strategies.

Conclusion
Our thorough analysis of the WT-piRNome has revealed 
a distinct piRNA expression profile in the serum sam-
ples of WT patients compared to healthy controls, with 
many piRNA showing promise as reliable non-invasive 
biomarkers for WT detection and progression. Beyond 
their established roles in genome stability and transpo-
son silencing, these piRNA may influence key cellular 
processes and pathways involved in WT pathogenesis. 
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However, their expression in WT tissue biopsies has not 
yet been investigated. Therefore, further validation of 
these non-transposon-related piRNA in a larger cohort 
of WT serum and tissue samples is needed to evaluate 
their efficacy as clinical biomarkers. Furthermore, explor-
ing their regulatory function may offer valuable insights 
into WT pathogenesis.
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