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Male infertility, accounting for approximately 50% of global infertility cases,
is a growing concern in reproductive medicine. A fundamental cause lies
in disrupted spermatogenesis—a complex, highly regulated process involving
mitotic proliferation, meiotic division, and spermiogenic remodeling. Among
the key regulatory pathways, PIWI-interacting RNAs (piRNAs) and their
associated PIWI proteins have emerged as essential players in maintaining
germline genome integrity and ensuring successful sperm development.
However, their clinical relevance remain underexplored. This review provides
a comprehensive synthesis of the piRNA pathway’s multifaceted roles across
the full spectrum of spermatogenesis. We describe how piRNAs, together
with PIWI proteins, silence transposable elements (TEs), guide chromatin
remodeling, regulate mRNA translation, and protect sperm from environmental
insults. We detail the stage-specifc functions of piRNA machinery during
spermatocytogenesis, spermatidogenesis, and spermiogenesis, supported by
evidence from gene knockout models and cross-species studies. Particular
emphasis is placed on piRNA biogenesis, including the primary processing
pathway, the ping-pong amplifcation cycle, and terminal modifcations
mediated by enzymes such as PNLDC1 and TDRKH. Genetic disruptions
in key piRNA pathway genes—including MOV10L1, PNLDC1, SPOCD1, and
TDRKH—have been linked to clinical phenotypes such as non-obstructive
azoospermia and severe oligozoospermia. We explore how these mutations
impair piRNA maturation, compromise TE silencing, and trigger germ cell
arrest, highlighting their diagnostic and therapeutic relevance. In addition,
we discuss emerging applications of piRNAs as non-invasive biomarkers in
seminal plasma, with altered piRNA profles correlating with reduced sperm
count and motility. Beyond pathogenesis, the piRNA pathway presents a
promising frontier for reproductive interventions. We examine translational
strategies targeting piRNA-associated proteins (e.g., RNF8-MIWI interaction
modulators) and the potential for piRNA-guided gene silencing in germ
cells. Moreover, we consider the impact of environmental toxins and
epigenetic stressors on piRNA dynamics, suggesting new angles for fertility
preservation. In summary, this review positions the piRNA pathway as a
central regulator of male reproductive health. By integrating molecular
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biology with clinical genetics, we provide a roadmap for leveraging piRNA
biology in the diagnosis, management, and treatment of male infertility.
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1 Introduction
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2 piRNAs biogenesis and mechanism
of action

2.1 piRNA biogenesis
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2.2 PIWI proteins and associated factors in
the piRNA pathway
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3.1.1 piRNA pathway protects genomic stability
during spermatocytogenesis
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FIGURE 1

Stage-Specifc Regulatory Network of the piRNA/PIWI Pathway During Spermatogenesis. This Fgure illustrates the major murine piRNAs and pathway
proteins involved in prospermatogonia before birth and across three postnatal spermatogenic stages: prospermatogonia (GTSF1, TDRD9 and UHRF1),
spermatocytogenesis (ADAD2, HEN1, MOV10L1, PNLDC1, RNF17, TDRD5, TEX15, piR-003399 and piR-020492), spermatidogenesis (DDX4, DDX43,
GTSF1, PRMT5, RNF17, SPOCD1, TDRD6, TDRD7, UBB, UHRF1, piR-01011, piR major-a and piR major-b), and spermiogenesis (CAF1, RNF8, pil7, pil8,
pi6, pi9 and piR-32362259). The lower panel depicts temporal expression patterns of PIWI proteins and piRNAs in humans and mice. In mice, MILI and
pre-pachytene piRNAs appear in prospermatogonia and persist until spermiogenesis; MIWI2 is transiently expressed during prospermatogonia; MIWI
expression begins postnatally and continues through spermatogenesis; pachytene piRNAs emerge at meiotic prophase | and remain until sperm
maturation. In humans, PIWIL1 and PIWIL2 are expressed throughout postnatal spermatogenesis; PIWIL4 and pre-pachytene piRNAs are active from
prospermatogonia through spermiogenesis; pachytene piRNAs follow the same temporal pattern as in mice.
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FIGURE 2

Integrated Mechanisms of piRNA Biogenesis and Gene Silencing Pathways. I. Primary piRNA Processing Pathway: Long single-stranded piRNA
precursors, transcribed from piRNA clusters, are exported to the cytoplasm and processed into primary piRNA intermediates. These intermediates
undergo 3"-to-5" trimming by exonucleases to generate mature piRNA lengths. Subsequently, the 3"-ends of piRNAs are 2°-O-methylated by the HEN1
methyltransferase, stabilizing the piRNA molecules. The mature primary piRNAs are then loaded onto PIWI proteins, forming functional piRNA-PIWI
complexes. These complexes recognize and bind complementary transposon RNAs in the cytoplasm, initiating downstream silencing mechanisms. II.
Ping-Pong Amplifcation Cycle: The PIWI-piRNA complex binds and cleaves complementary transposon-derived RNAs in the cytoplasm, generating
secondary piRNA fragments with a characteristic 10-nt overlap at their 5°ends. These secondary piRNAs are loaded onto PIWI, forming a
self-amplifying loop that exponentially enriches piRNA populations targeting active transposons, ensuring robust silencing of transposable elements. I1I.
Transcriptional Silencing in the Nucleus: Nuclear PIWI-piRNA complexes (e.g., PIWI in fies, MIWI2 in mammals) mediate epigenetic silencing through:
(1) Histone Modifcation: Recruitment of histone methyltransferases depositing H3K9me3 marks, promoting heterochromatin assembly; (2) DNA
Methylation: Guidance of DNA methyltransferases to target loci, establishing CpG methylation at transposon promoters; (3) Heterochromatin
Formation: Cooperative action of H3K9me3-bound HP1 proteins and DNA methylation stabilizes condensed chromatin states, blocking transcriptional
machinery access. IV. Post-Transcriptional Silencing in the Cytoplasm: Cytoplasmic PIWI/piRNA complexes bind transposon mRNAs, leading to:
Endonucleolytic cleavage (“slicing”) of target RNAs, or Translational repression via recruitment of RNA degradation or inhibition factors.
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3.1.3 Key players MOV10L1, GTSF1, TEX15 and
TDRD?9 in piRNA-mediated regulation
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3.2 piRNA pathway in spermatidogenesis
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FIGURE 3

Biological Functions of piRNAs and Major Molecular Mechanisms during spermatogenesis. This schematic illustrates the molecular interactions of
PiRNAs during spermatogenesis: |. Transcriptional Silencing: TEX15 interacts with MILI to recruit epigenetic silencing complexes (e.g., DNMT3A/3L),
targeting LINE1 retrotransposons; SPOCDL1 bridges MIWI2 (PIWIL4) with DNMT3L, directing de novo DNA methylation at transposon loci to enforce
transcriptional silencing; Il. Post-transcriptional Silencing: PNLDC1 and TDRKH localize MIWI to chromatoid bodies, facilitating LINE1 RNA cleavage and
chromatin compaction in nucleosome; Ill. piRNA Biogenesis Initiation: MOV10L1 binds to single-stranded piRNA precursors on mitochondria,
recruiting MILI and MIWI to initiate primary piRNA processing; IV. Suppression of the Ping-Pong Cycle by ADAD2: ADAD2 activates RNF17 in
cytoplasmic P bodies, inhibiting the amplifcation of secondary piRNAs via the ping-pong cycle in nuage; V. Translational Activation by MIWI/piRNA
Complexes: MIWI/piRNA recruits HUR, elF3, elF4G3 and PABPC1 to AREs in target mRNAs (e.g., Plectin, Agfgl), promoting translation essential for

acrosome formation in chromtoid bodies.
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3.4 Interplay between piRNAs and
hormones during spermatogenesis
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TABLE 3 Functions of piRNAs at Diferent Stages of Spermatogenesis.
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4.2 Genetic and epigenetic alterations in
key piRNA biogenesis genes
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FIGURE 4

Genetic Defects in piRNA Pathway Genes and Their Implications in Male Infertility. This schematic summarizes the roles of key piRNA biogenesis genes
(PNLDC1, MOV10L1, TDRKH, TEX15, and SPOCD1) in male infertility, integrating genetic, molecular, clinical, and therapeutic perspectives. I. Genetic
Mutations: Pathogenic and likely pathogenic variants in these fve key piRNA biogenesis genes are linked to male infertility. Il. Molecular Mechanisms:
(1) PNLDCI1: Loss of piRNA trimming activity impairs piRNA maturation, leading to LINE1/IAP transposon reactivation and aberrant DNA methylation. (2)
MOV10L1: Defective piRNA processing results in mRNA translation errors and chromosomal instability due to unsilenced retrotransposons. (3) TDRKH:
Impaired piRNA amplifcation destabilizes meiotic piRNA pools. (4) TEX15: Failed recruitment of epigenetic silencing complexes (e.g., MILI) permits
transposon mobilization, disrupting chromatin integrity. (5) SPOCD1: Compromised piRNA-guided DNA methylation at transposon loci reactivates

retroelements. 1. Clinical Phenotypes: Shared outcomes include non-obstructive azoospermia (NOA), oligo/azoospermia, spermatogenic arrest,
abnormal sperm morphology, reduced motility and elevated FSH levels. IV. Therapeutic Potential: Genetic defects in PNLDC1, MOV10L1, TDRKH,
TEX15, and SPOCD1 present actionable targets for male infertility treatment. (1) PNLDC1: Pharmacological modulation may restore piRNA maturation,
ofering potential for non-hormonal contraceptives or spermatogenic rescue. (2) MOV10L1: Correcting its function could re-establish piRNA
biogenesis, improving sperm quality (3) TDRKH: Gene-editing strategies (e.g., CRISPR). to restore transposon silencing may address azoospermia (4)
TEX15: Epigenetic regulators (e.g., DNMT inhibitors). could compensate for defective transposon repression. (5) SPOCD1: DNA methyltransferase
enhancers might mitigate transposon activity in non-obstructive azoospermia.
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