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Abstract

PiRNAs [P-element-induced wimpy testis (PIWI)-interacting RNAs] represent the most 
frequent but the least well-investigated subtype of small ncRNAs and are characterized 
by their interaction with PIWI proteins, a subclass of the Argonaute family. PiRNAs and 
PIWI proteins maintain integrity of the genomic structure and regulate gene expres-
sion in germline and somatic cells. The PIWI-piRNA pathway primarily constitutes a 
conserved immune-like surveillance process that recognizes self and nonself. This axis 
controls genome integrity of germline cells and nonaging somatic cells by silencing and 
suppressing propagation of transposable elements through epigenetic and posttranscrip-
tional mechanisms. However, mounting evidences indicate that the PIWI-piRNA path-
way has broader implications in both germinal and somatic cells in various physiological 
and pathological processes. It modulates mRNAs levels of expression, stability, turnover, 
and translation and interacts directly with many transcription factors and signaling 
pathways molecules. PIWI proteins and piRNAs play pivotal roles in germline stem cell 
maintenance and self-renewal, fertilization and development, genes and proteins expres-
sion, genome rearrangement, and homeostasis.

Keywords: piRNA, PIWI proteins, transposable element (TE), transcriptional and 
posttranscriptional silencing, piRNA cluster, heterochromatin, DNA methylation,  
ping-pong cycle, nuage

1. Introduction

Cancer is an extremely complex disorder characterized genetically, epigenetically, and his-

tologically by highly heterogeneous proliferative cellular subpopulations, including cancer 
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stem cells (CSCs) and progenies. These cells harbor chromosomal abnormalities, alterations 

of suppressor genes (TSG) and oncogenes, and aberrant transcriptomic profiles generated 
by genetic and epigenetic alterations [1, 2]. These cancer cells are in close relationship with 

a tumor microenvironment (TME), composed of immune and nonimmune stromal cells and 

modified extracellular matrix. Reciprocal interactions between tumor cells and TME are 
pivotal in cancer progression, allowing remodeling of TME and reprogramming of cancer 

cells that develop adaptive strategies to adjust their phenotype to unfavorable environmen-

tal conditions. Recently, CSCs were implicated in a new paradigm accounting for tumor 

heterogeneity [3]. CSCs have the property of self-renewal, lack senescence, maintain an 

undifferentiated state, and proliferate rapidly. These properties are controlled by epigenetic 
mechanisms that induce changes in gene expression profiling of tumor cells. Opposite to 
aging cells that increase genomic and chromosomal instability during adulthood, nonaging 

immortal cells, such as germline, somatic, and cancer stem cells, harbor a genomic instabil-

ity triggered by unrepaired mutations with either no or only limited number of genomic 

alterations [4]. Epigenetic abnormalities are early events in cancer progression, resulting from 

various environmental injuries, and associate heterogeneity of DNA methylation, posttran-

scriptional modifications of histones, and deregulation of noncoding RNAs (ncRNAs). Global 
DNA hypomethylation results in chromosomal instability, overexpression of oncogenes, and 
reactivation of transposable elements (TEs) [5]. Localized (genes promoters) or wide (>1 Mb) 

DNA hypermethylation initiates repression of TSGs and modification of epigenetic marks 
through histone alterations, resulting in occurrence of an aberrantly stemlike state of CSCs. 

These alterations of the genomic methylation during carcinogenesis allow reprogramming of 

atypical proliferative cells into highly malignant cells characterized by unlimited prolifera-

tion, epithelial-mesenchymal transition (EMT), invasion, and prometastatic properties [6].

Until recently, RNAs were considered as epigenetic regulators and mediators of gene expres-

sion, functioning as intermediates of translation in the flow of genetic information from DNA 
to proteins [7]. Large-scale genomic technologies have provided an astonishing insight into 

human genome and transcriptome. Next-generation sequencing techniques combined with 

bioinformatics have revealed that more than 50% of mammalian genomes were composed 

of TEs and that more than 98% of the human genome was actively transcribed [8]. However, 

only 1.1% of the genome encodes proteins, and a majority of genes are noncoding RNAs 

(ncRNAs) [9]. NcRNAs play pivotal roles in developmental and homeostatic processes, and 

their alterations are implicated in the pathogenesis of many diseases, by modulating expres-

sion of numerous genes at epigenetic, transcriptional, and posttranscriptional levels [10]. Most 

importantly, ncRNAs are frequently deregulated in cancer and have crucial roles in tumor ini-

tiation, progression, and metastatic spread. NcRNAs are classified into housekeeper ncRNAs 
(rRNAs, tRNAs, and snoRNAs) and regulatory ncRNAs. Regulatory ncRNAs are divided 

into several subfamilies, depending on their size, biogenesis, and biological functions. Small 

ncRNAs are composed of transcripts shorter than 200 nucleotides (nt), whereas long noncod-

ing RNAs (lncRNAs) comprise transcripts longer than 200 nt [11]. Small ncRNAs also differ 
by their precursor structure and their mechanisms of biogenesis. They comprise microRNAs 

(miRNAs), small interfering RNAs (siRNAs), and PIWI-interacting RNA (piRNAs) [12–15].

MiRNAs and siRNAs are generated from double-stranded precursors, whereas piRNAs are 

processed from long single-stranded precursors. The endoribonuclease Dicer is pivotal in 
the maturation of miRNAs and siRNAs, but not in the piRNAs processing [16]. Regulatory 
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functions of small ncRNAs are insured by Argonaute (AGO) protein family, which is a very 
well-conserved master component of RNA silencing complexes in all organisms [17]. The least 

well-investigated small ncRNAs are the piRNAs, which were first identified in 2006 in mouse 
and rat germ cells as ncRNAs interacting with PIWI proteins, a subclass of the Argonaute 

proteins [18–21]. PiRNAs actually constitute the largest and most diverse class of ncRNAs 

[16]. PiRNAs and PIWI proteins were initially implicated in epigenetic regulation of germline 

cells and their overexpressions have been more recently observed in various cancers through 

aberrant DNA methylation.

This review will provide an overview of the PIWI-piRNA pathway, focusing mainly on ori-

gin, biochemical properties, biogenesis, functions, and mechanisms of action in germline and 

somatic tissues. Furthermore, we will discuss emerging implications of piRNAs in carcino-

genesis and highlight their potential clinical utilities as diagnostic/prognostic biomarkers and 

therapeutic tools.

2. The PIWI-piRNA pathway

RNA interference (RNAi) is a widely conserved small-RNA-mediated gene-silencing mecha-

nism involved in crucial homeostatic events of most eukaryotes [22–24]. Small regulatory 

RNAs of 20–32 nt, such as endogenous siRNAs, miRNAs, and piRNAs, modulate transcrip-

tional and posttranscriptional repression through complementary RNA or DNA recognition 
by interacting with well-conserved proteins of 95 kDa belonging to the Argonaute family that 
cleave their targets [25, 27]. AGO proteins include a PAZ domain [P-element-induced wimpy 
testis (PIWI)-AGO-Zwille] located in the N terminal region, which binds small ncRNAs 
and a PIWI domain in the C-terminal region that functions as double-strand-specific RNA 
endonuclease [28]. Based on sequence homology and functional domains in different species, 
the AGO family of proteins is divided into three subfamilies: AGO proteins (homologous to 
Arabidopsis thaliana AGO1), PIWI proteins (homologous to Drosophila melanogaster Piwi), and 

WAGO (worm-specific Argonaute clade). The number of AGO family proteins varies consid-

erably between species. Eight different proteins were present in humans, whereas 27 proteins 
were identified in C. elegans and only one protein was observed in fission yeast [29]. AGO 
proteins interact functionally with siRNAs and miRNAs, which are small single-stranded 

RNAs of 20–22 nt in length processed in a Dicer-dependent manner from double-stranded 
precursors, to induce posttranscriptional gene silencing in the cytoplasm [30–32]. Conversely, 

PIWI proteins are implicated in biogenesis of piRNAs and in their main function through 

transcriptionally and posttranscriptionally repressing TEs in the nucleus and the cytoplasm 
[33]. PIWI proteins and piRNAs edify ribonucleoproteins named PiRNA-induced silenc-

ing complexes (pi-RISCs). Pi-RISCs specificity is determined by piRNA sequence, whereas 
Argonaute PIWI protein mediates its effector function. PiRNAs associate with PIWI proteins 
and guide piRISCs to recognize complementary targets and achieve RNA silencing at tran-

scriptional and posttranscriptional levels (Figure 1). Cytoplasmic PIWI-piRNA complexes 

silence their targets posttranscriptionally via piRNA-directed cleavage and the “ping-pong” 

amplification cycle, whereas nuclear PIWI proteins and piRNAs silence gene transcription-

ally through epigenetic changes, including DNA methylation, implementation of H3K9me3 
repressive marks, interactions with Mael and HP1 proteins, and repression of Pol II.
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PiRNAs are small single-stranded ncRNAs of 25–33 nt identified in various organisms rang-

ing from sponges to higher vertebrates [34]. Experimental and bioinformatics studies have 

shown that piRNAs are the most abundant small ncRNAs expressed in mammalian species 

[35]. They are derived from long single-strand RNA precursors in a Dicer-independent 
manner. The human genome comprises more than 30,000 piRNAs in which 80% originate 

from intergenic sequences and 20% from introns and exons of pre-mRNAs [36]. Unlike 

miRNAs and endosiRNAs, production of piRNAs is not carried out in a precise manner 

and single strands of long primary precursor transcripts generate numerous piRNAs 

without a conserved sequence [37]. They comprise Uracil at their 5′ end and methylated 

2′-O group at their 3′ end [38, 39]. PiRNAs were first identified in Drosophila melanogaster 

and were named repeat-associated small-interfering RNAs (rasiRNAs) because of their 

repetitive elements and TEs suppressing activity. RasiRNAs were later found to interact 

with Argonaute PIWI proteins and ultimately renamed piRNAs in 2006 [40–42]. PiRNAs 

were further investigated in Caenorhabditis elegans, zebrafish, mice, and more recently in 
humans. Their vast number present in numerous locations of the genome suggests that 

piRNAs may have potential crucial implications in the control of major biological pro-

cesses. Indeed, PIWI-piRNA complexes silence TEs and control expression and activity 

of genes and proteins. They are also instrumental in genome rearrangement, germ stem 

cell maintenance, reproduction and fertility regulation, embryogenesis, and homeostasis 

[26, 43–48]. At the opposite of miRNAs and endosiRNAs, piRNAs function only through 

binding with PIWI proteins and harbor tissue-specific expression in various organs such as 
prostate and thyroid [49].

PIWI proteins were also initially identified in Drosophila melanogaster in which they play cru-

cial roles in germline stem cell maintenance and self-renewal [50]. These proteins contain 

Figure 1. Biogenesis of piRNA and PIWI-piRNA pathways and their function in maintaining genome integrity through 

transposable element (TE) in germline cells at transcriptional and posttranscriptional level. In Drosophila ovaries, the 
primary pathway (in the nucleus) operates in both germline and surrounding somatic cells, whereas the “ping-pong” 

cycle (in the cytoplasm) operates only in germline cells. In the nucleus, PIWI-piRNA complex can regulate HP1, H3K9 
methylation, and DNA methylation to influence transposons.
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three functional domains: the PIWI-Argonaute-Zwille (PAZ) domain recognizing the 3′ end 

of the RNA, the middle domain (MID) providing a binding pocket for the 5′ end of guide 

strand RNA, and the PIWI domain containing catalytic residues that cleave target transcripts 

[47]. Unlike proteins of the AGO subclass, PIWI proteins comprise posttranslationally dimeth-

ylated arginine-rich motifs that allow interactions with Tudor proteins. These last proteins 

have pivotal role in functional activities of PIWI proteins by providing a scaffold for edifica-

tion of higher-order molecular complexes located in Drosophila germ cells and mouse testis 

perinuclear granules named “nuage,” similar to P-bodies [51–53]. The PIWI protein family 

is conserved in numerous organisms, including jellyfish, sponge, planaria, zebrafish (Ziwi, 
Zili), Caenorhabditis elegans (Prg1, Prg 2), Drosophila melanogaster (Piwi, Aub, Ago3), mouse 

(MIWI, MILI, MIWI2), and human (PIWIL1, PIWIL2, PIWIL3, PIWIL4) [51] (Table 1). PIWIL3 

is observed only in human, and its functions are actually largely unknown. PIWI proteins 

expression is identified in a majority of organs such as liver, lung, heart, brain, pancreas, 
and kidney [54, 55]. PIWI proteins and piRNAs were first implicated in development, dif-
ferentiation, and maintenance of germline cells [18, 56, 57]. However, mounting evidence has 

revealed that the PIWI-piRNA pathway is also instrumental in controlling gene expression 

both in germinal and somatic cells [58].

This pathway has pivotal roles at all steps of oogenesis and spermatogenesis, but also in 

somatic cells such as ovary and testis of Drosophila [15]. This axis also controls, although at 

lower levels of expression, numerous biological processes implicated in homeostasis, includ-

ing brain maturation [59] pancreatic function [55], fat metabolism [60], and regeneration [61]. 

Indeed, this pathway was initially studied in gonads and implicated in gene silencing of ger-

minal cells [43]. Loss of function studies performed in zebrafish, Drosophila, Caenorhabditis, 

and mice have confirmed that the PIWI-piRNA pathway is involved in germline develop-

ment, spermatogenesis, and maintenance of germline stem cells. Mutations in this pathway 

resulted in expansive TEs mobility, genomic instability, and sterility [44]. PIWI proteins 

have nonredundant functions in cell compartments. Drosophila PIWI proteins Aub and Ago3 

cleaved TEs in the cytoplasm, whereas Piwi inactivated TEs in the nucleus [62, 63]. All mouse 

PIWI proteins MIWI, MILI, and MIWI2 were expressed during spermatogenesis, whereas 

only MILI was weakly expressed in female germinal cells [64, 65]. These mouse PIWI proteins 

not only silenced TEs posttranscriptionally but also inactivated TEs genes transcriptionally 
through CpG DNA methylation on TEs loci. Homozygous MIWI, MILI, and MIWI2 knockout 
male mice models were associated with propagation of LINE1 sequences, depleted spermato-

genesis, and apoptosis of germinal cells [66]. Particularly, Drosophila PIWI mutants were cor-

related with derepression of TEs, absence of germline stem cell renewal, and depletion of 

gametes [67–69]. Actually, the main function of this pathway is maintaining germline and 

somatic genome integrity by silencing TEs at transcriptional and posttranscriptional levels 
[70]. However, only 20% of piRNAs are localized in TEs and other repeat genomic regions, 

suggesting that this pathway may have additional biological functions. In germinal cells, the 

PIWI-piRNA pathway prevents genomic instability of the next generation and sterility. In 

somatic nonaging cells, this pathway is pivotal in self-renewal, differentiation and maturation 
of stem cell, embryonic development, and whole body regeneration. In somatic tissues, the 

PIWI-piRNA pathway is implicated in chromosomal conformation, memory-related synaptic 

plasticity, transcriptional regulation of mRNAs with deadenylation, and transgenerational 

inheritance to preserve the memory of self and nonself [71–73].
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Table 1. This table shows the structure and the network of human PIWI proteins. The human PIWI protein family includes PIWIL1, PIWIL2, PIWIL3, and PIWIL4. The 

general structure of Argonaute proteins depicting the PAZ domain (red) with the MID domain (blue), and PIWI domain (green). NCBI (http://www.ncbi.nlm.nih.gov) [74].
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3. Origin and biogenesis

Understanding of piRNA origin and biogenesis results principally from studies in Drosophila 

and mice [75]. PiRNAs can be classified according to their origin in three subgroups: transpo-

son-derived piRNAs, mRNA-derived piRNAs, and lncRNAs-derived piRNAs. Transposon-

derived piRNAs are produced from both genomic strands and generate sense and antisense 

piRNAs, whereas RNA-derived piRNAs are transcribed from 3′ untranslated regions (UTRs) 

of mRNAs and lncRNAs-derived piRNAs originate from the entire transcript [76]. Unlike 

miRNAs and siRNAs, which are derived from stem-loop and double-stranded precursors 

that are processed by the RNAse III Dicer, piRNAs are predominantly transcribed as large up 
to 200 kb single-stranded precursors independently from Dicer [43]. Furthermore, piRNAs do 

not possess secondary structures [77, 78].

The piRNA pathway is composed of PIWI proteins that interact with piRNAs, whose precur-

sors are transcribed from piRNA clusters, cleaved by PIWI proteins, and secondary amplified 
in the cytoplasm through a sequence-complementary-dependent “ping-pong” cycle. Mature 

piRNAs are thus derived from two major pathways, the primary pathway and the “ping-

pong” cycle that amplifies secondary piRNAs. In germline cells, molecules implicated in bio-

genesis of the PIWI-piRNA pathway are located at a perinuclear organelle called the “nuage” 

[79, 80]. Various components of the “nuage” colocalize with mitochondria [81]. In Drosophila, 

the primary pathway was observed in both germline and somatic cells, whereas the “ping-

pong” cycle was identified only in germline cells.

3.1. Primary piRNA biogenesis

Deep sequencing of piRNAs recently revealed millions of distinct piRNAs [29]. However, they 

were usually located to discrete genomic loci, called piRNA clusters [31]. In the primary piRNA 

biogenesis, piRNAs provide from long single-strand RNA precursors originating from these 

clusters. These transcriptional units are highly enriched in dysfunctional remnants of TEs and 

other repetitive elements and are mainly located in pericentromeric and subtelomeric hetero-

chromatin [41, 70, 82]. PiRNA clusters constitute the basis of immunity against TEs dissemina-

tion. Primary piRNAs derived from these clusters include uridine (U) at their 5′ nucleic acid 

and are mostly antisense to TEs mRNA sequences, functioning as guides for PIWI proteins to 

inactivate TE transcripts through complementary base pairing [40–42]. In the female Drosophila 

germline, these loci are either unidirectionally transcribed (unistrand clusters generating 

antisense piRNAs) or bidirectionally transcribed (dual-strand clusters generating both sense 

and antisense piRNAs), producing piRNAs that map to one genomic strand and both strands, 

respectively [41]. Transcription of unistrand clusters is performed through the canonical poly-

merase II, whereas dual-strand clusters transcription is generated via the noncanonical rhino-

deadlock-cutoff (RDC) complexes that are also recruited by PIWI proteins and piRNAs through 
an intricate feedback loop [34, 83–86]. In female flies, piRNA clusters are expressed in germline 
cells (oocytes and nurse cells) and somatic cells (follicular cells). Interestingly, germline clusters 

are transcribed bidirectionally, whereas somatic clusters are transcribed unidirectionally, pro-

ducing piRNAs antisense to TE coding regions in flies. In mouse spermatogenic cells, one class 
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of piRNA clusters is transcribed during embryonic development and defends the germline 

against TEs, whereas a second class of clusters is expressed in adolescent mice during the first 
division of meiosis. The transcription factor A-MYB regulates expression of pachytene piRNA  

clusters and regulates their transcription through the PIWI-piRNA pathway in mouse [88–97].

In Drosophila, nuclear primary transcripts are processed into cytoplasmic mature primary 

piRNAs (Figure 1). These transcripts are resolved of secondary structures by the RNA heli-

case Armitage and then cleaved by the mitochondria-associated endonuclease Zucchini to 
generate pre-piRNAs with a characteristic 5′ monophosphate [93–97]. Pre-piRNAs are then 

loaded on PIWI proteins and their 3′ ends trimmed to a final length by the 3′–5′ exonuclease 

Nibbler [98, 99]. The 2′ hydroxy group at the 3′ end is then methylated by the small-RNA 

2′-O-methyltransferase Hen1 that increases PIWI binding affinity and piRNA stability, while 
the 5′ end residue of the piRNA incorporated in PIWI shows a strong bias for uridine residues 

[100–103]. After processed into final length, piRNAs bind PIWI proteins and edify piRNA/
PIWI ribonucleoprotein effector complexes (piRISCs) located into the cytoplasmic perinuclear 

“nuage” [104–106]. PiRISCs migrate back to the nucleus and reach their target genes to epi-

genetically repress their transcription. Through complementary base pairing of piRNAs and 

DNA, piRISCs induce transcriptionally heterochromatin formation by establishing a repressive 
H3K9me3 chromatin state mark on chromatin at target TEs loci and adjacent genes, in order 
to induce their silencing [107, 108]. H3K9me3 repressive marks are deposited by SETDB1 and 
Su(var)3–9 methyltransferases and heterochromatin protein 1 (HP1) [109, 110]. In Drosophila, 

the nuclear protein Panoramix is an adaptor allowing interactions between the PIWI-piRNA 

pathway and the general silencing machinery. Panoramix is implicated with its nuclear partner 

Asterix, in amplification of the piRNA-dependent TEs silencing [111]. In this way, piRNAs con-

stitute transcriptional regulators that act mainly on TE sequences by recruiting histone methyl-

transferases, which will lead to establishment of transcriptionally silent heterochromatin [26].

In Drosophila, primary piRNAs accumulating in the cytoplasm are amplified by the “ping-
pong” cycle [19]. They interact with Ago3 or Aub proteins to form piRNA/Ago or piRNA/Aub 

complexes, which contain complementary sequences to each other. PiRNA/Ago complexes 

generate sequences of RNA functioning as substrates for the generation of new piRNAs, which 

can load Aub proteins. Resulting piRNA/Aub complexes will generate additional RNA sub-

strates to edify new piRNA/Ago3 complexes. The “ping-pong” amplification cycle is mainly 
observed in early evolutionary species, including sponges, zebrafish, and D. melanogaster [34].

3.2. Secondary piRNA biogenesis

Secondary piRNAs are generated from mRNA transcripts of active TEs [79]. They are primed 

in the cytoplasmic “nuage” by primary piRNAs (Figure 1) that guide their associated PIWI 

proteins to cleave target TE transcripts based on sequence complementarity [112]. Cleaved TEs 

are loaded on another PIWI protein and modified to give rise to multiplied secondary piRNAs 
in an amplification loop, called the “ping-pong” cycle. This posttranscriptional mechanism 
associates TEs silencing with piRNAs biogenesis by modifying TEs transcripts to give rise 

to secondary piRNAs [52]. Cleavage of TEs transcripts by PIWI proteins leads to destruction 

of TEs message, generation of secondary piRNAs, and concomitant amplification of these 
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defensive sequences targeting active TEs [44]. This process is highly conserved through spe-

cies and characterized by 5′ U bias of primary piRNAs, 10th adenosine bias of secondary piR-

NAs, and 10-nt overlap between the 5′ ends of primary and secondary piRNAs [113–115]. The 

secondary piRNA biogenesis cycle may constitute an adaptive system to TEs propagation by 

increasing piRNAs production after incorporation of new TEs into piRNA clusters [116, 117].

3.3. Cellular localization and mechanisms of action

PIWI proteins and piRNAs are located in the nucleus and the cytoplasm of cells expressing 

this pathway. Loading of piRNAs onto PIWI proteins is localized into the cytoplasm, and 

PIWI-piRNA complexes generated are required for trafficking of PIWI proteins to the nucleus 
[90]. Several cytoplasmic organelles, including mitochondria and the “nuage,” are instrumen-

tal in functional activity of the PIWI-piRNA axis by controlling piRNA precursor processing 

[118]. PIWI-piRNA complexes control gene expression through two different mechanisms of 
action functioning at transcriptional and posttranscriptional levels.

At transcriptional level, nuclear PIWI-piRNA complexes control TEs and gene expression by 

promoting epigenetic modifications of the chromatin structure and histone proteins through 
combining DNA and histone methylation. PIWI proteins and piRNAs regulate expression and 
activity of three active DNA methyltransferases (DNMT1, DNMT3A, and DNMT3B), which 
normally repress initiation of transcription through methylation of CpG islands in promoter 

sites of target genes. When PIWI-piRNA complexes recognize TEs and target transcripts, they 

directly upregulate expression of these DNA methyltransferases and prevent binding of tran-

scription factors through methylation of promoter regions. PIWIL1 induces overexpression of 

DNMT1 and DNMT3a [119], and piR-823 upregulates DNMT3A and DNMT3B [120]. PIWIL2 

and PIWIL4 promote overexpression of DNMT1, DNMT3A, and DNMT3B, which silence TEs 
and target genes. Experimental loss of PIWIL2 and PIWIL4 induces downregulation in DNA 
methylation of promoter regions [121]. The PIWI-piRNA complexes also control methyla-

tion of histone lysine residues H3K and H4K through recruiting and interacting with histone 
methyltransferases (HMTs) such as Suv39H1 and SETDB1, which upregulate the histone H3 
lysine 9 methylation (H3K9me). Furthermore, these complexes bind with different isoforms 
of HP1 and guide them to interact with H3K9me in target regions, which is a gene repressive 
mark. Accumulated methylation of H3K9 induces a heterochromatin state that allows seg-

regation of chromosomes during cell division and prevents accessibility of TEs and genes to 

transcription factors [122]. Thus, PIWI-piRNAs complexes promote gene repression by using 

epigenetic mechanisms that allow HP1α recruitment to TEs loci, heterochromatin edification, 
and transcription silencing state [123]. PIWIL2 and PIWIL4 increase H3K9 methylation [124]. 

PIWIL4 recruits SUV39H1 or SETDB1 and promotes H3K9 methylation in promoter region 
of CD1A in monocytes, resulting in recruitment of HP1α and repression of gene transcrip-

tion [125]. In leukemias, cell cycle-related piRNAs hsa-piR_014637 and hsa_piR_011186 are 

implicated in edification of molecular complexes combining DNMT1 and HMTs Suv39H1 
and EZH2 that induce H3K9 and H3K27 methylation in the CDKN2B gene and inhibition 

of its transcription by DNMT1-induced CpG methylation in promoter region. In Drosophila, 

PIWI proteins also interact with subunits of the polycomb repressive complex 2 (PRC2). They 
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maintain integrity of the ovary germline stem cells genome through preventing binding of 

PRC2 to HP1α at target gene sites and inhibition of H3K27 di- and trimethylation, a repres-

sive mark upregulated on facultative heterochromatin [126]. Reduction of HP1α interactions 

with H3K27me3 promotes maintenance of constitutive heterochromatin, which is pivotal for 
accurate chromatin segregation and repression of developmentally regulated genes [127].

At posttranscriptional level, cytoplasmic PIWI-piRNA complexes principally govern degrada-

tion of TEs transcripts through the “ping-pong” amplification cycle. Apart from their impli-
cation in repression of TEs transcripts, the cytoplasmic functions of the PIWI proteins are 

mostly independent of their partner piRNAs. PIWI proteins modulate functions of many 

intracellular signaling proteins and receptors through degradation of mRNAs, inhibition 

of translation, and posttranslational modifications. PIWI proteins inhibit gene expression 
through mRNAs degradation by interacting with deadenylation complexes (Trf4-Air2-Mtr4 

polyadenylation complex or CCR4 complex), resulting in shortening of poly-A tails. The 

PIWIL4-piR30840-Ago4 complex induces degradation of pre-mRNAs through binding to 

the Trf4-Air2-Mtr4 polyadenylation complex in human T lymphocytes [128]. They repress 

translation by interacting with translation initiation factors (eIF3a, eIF4E, eIF4F), prevent-

ing ribosomal subunits binding to 5′ cap of mRNAs. In mouse, Miwi interacts with eIF4E, 

while Mili binds to eIF3a, eIF4E, and eIF4F [129]. These proteins also regulate activity and 

stability of numerous molecules belonging to major signaling pathways by controlling 

posttranslational modifications such as phosphorylation and ubiquitination. PIWIL2 and 
PIWIL4 interact with the transcription factor STAT3 and upregulate its phosphorylation 

and activity. At the opposite, PIWIL4 binds to p53 and prevents serine 15 phosphorylation, 

inhibiting its functions [130]. PIWI proteins can also upregulate stability of target mol-

ecules by preventing their ubiquitination-dependent degradation. Interaction of PIWIL1 

with Stathmin 1 inhibits its phosphorylation, resulting in prevention of PIWIL1 degrada-

tion by the ubiquitin ligase RLIM. Likewise, PIWIL2 binding to cytokeratin 8 promotes 

its phosphorylation and upregulates its stability by preventing its ubiquitination-derived 

degradation [131].

3.4. Biological functions

Up to now, biological functions of piRNAs have been only partially identified, due to the 
wide variation in piRNA sequences and mechanisms of action over species. However, a 

great majority of piRNAs are not complementary to mRNAs of target genes and are mainly 

implicated in epigenetic regulation rather than posttranscriptional modulation of biologic 
processes. PiRNAs have been implicated in TEs silencing, epigenetic, genes and proteins 

regulation, genome rearrangement, fertilization, germline and somatic stem cell self-renewal, 

embryogenesis, and maintenance of homeostasis.

3.4.1. Maintenance of genome stability and integrity

The PIWI-piRNA pathway maintains integrity and stability of the general organization of the 

genome, including regulation of genes, through recognition of self and nonself and prevention 
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of TEs propagation. During interphase, the genome of eukaryotic cells is organized into vari-
ous spatial three-dimensional topologically associating domains (TADs) edifying functional 
subcompartments implicated in pivotal cellular activities [132]. It has been recently observed 

in somatic cells of Drosophila ovaries PIWI-interacting chromosomal domains overlapping 
with genomic regions bound by nuclear pore complexes (NPCs). Furthermore, a third of 

protein-coding genes have been identified in the PIWI-interacting domains. PIWI proteins 
stochastically interact with nascent transcripts of genes and TEs and scan them through 

complementarity with piRNAs. Although perfect complementarity allows transcriptional 

silencing of TEs, imperfect complementarity leads to maintenance of PIWI proteins interac-

tions with transcripts in the mRNPs after their detachment from the sites of transcription until 

dissociation from mRNPs in the nucleoplasm [133].

3.4.2. Retrotransposons silencing

TEs, first identified in maize by Barbara McClintock in the 1940s, constitute genetic units that 
can move and propagate within the genome [70]. More recently, genome-sequencing tech-

niques have revealed that TEs occupy 15–22% of the genome of Drosophila melanogaster and 

55% of the human genome. TEs of the human genome are divided into two major classes. Class 

II comprises DNA transposons that are generally inactive genetic elements representing less 
than 2% of the human genome and depending on transposases for their mobilization. They do 

not need transcription to propagate and use a “cut and paste” mechanism to excise and insert 

into new genomic sites without increasing their copy number. Conversely, class I retrotranspo-

sons are usually active genetic elements propagating through a “copy and paste” mechanism 

that allows retrotranscription into cDNA by a reverse transcriptase encoded by the retrotrans-

poson and insertion into new genomic sites via these RNA transposition intermediates [134]. 

Retrotransposons are composed of three subclasses: (1) the long interspersed elements 1 and 
2 (LINE-1/L1 and LINE-2/L2) are about 6 kb long and encode the two proteins ORF1p and 
ORF2p. ORF1p is implicated in edification of the retrotransposon particle, and ORF2p allows 
the enzymatic activities required for retrotransposition such as reverse transcriptase and endo-

nuclease. Analysis of transgenic mice has demonstrated presence of L1 transcripts in gametes, 

but rare genomic insertion, suggesting posttranscriptional mechanisms allowing preservation 
of genomic integrity in germline. Conversely, genomic insertions of L1 sequences were mostly 

identified in somatic tissues during the early phases of embryogenesis [135]; (2) the short 

interspersed elements (SINEs) belong to the SINE-Alu and SVA classes. Whereas LINEs are 

autonomous sequences encoding a reverse transcriptase, SINEs are dependent on two proteins 

encoded by LINEs for their replication and integration [136]. Non-LTR families L1, SVA, and 

Alu were found to be upregulated in breast, ovarian, colon, and hematological cancers [137]; (3) 

the third subclass is composed of inactive LTR retrotransposons resulting from ancient germline 

retroviral infections. Within the human genome, only 80–100 TEs among LINE sequences are 

competent for the entire retrotransposition activity [8]. In the germline, TEs represent pivotal 

actors implicated in the shaping of genomes during evolution, and presence of retrotransposi-

tion in numerous somatic cells indicates that TEs contribute to edification of mosaicism. TEs 
have important role in edifying genetic diversity but are also a major source of genetic instability 

through mutations, chromosomes rearrangements, and epigenetic/genetic deregulations [138]. 
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Although mobilization of class I retrotransposons may be considered as beneficial by promot-
ing biological variability within the genome, existence of an active insertional mutagenesis 

can induce genomic instability in aging cells, leading to human genetic diseases, degenerative 

pathologies, and cancer [39]. Class I retrotransposons propagating through their “copy and 

paste” mechanism result in an increased copy of TEs number, which may become a source of 

endogenous mutagenesis by producing insertion-mediated deletions with cell cycle arrest and 

nonhomologous recombination [139]. Gradual release of TEs induces molecular alterations in 

DNA repair processes, autophagy, chaperones, and ubiquitin-proteasome system [140, 141].

During evolution, organisms have adopted molecular systems to contain expansion of TEs 
activity. Among them, PIWI proteins and piRNAs constitute a small-RNA-based innate 

immune-like system mainly expressed in gonads. Upon new expansion, TEs propagate into 

different regions in the genome, can be trapped into piRNA clusters, and leave traces of their 
sequences in these TEs traps. By falling into these clusters, novel piRNAs targeting TEs are 

generated and amplified through the two biogenesis pathways [87]. These pathways are highly 

conserved in eukaryotes and mainly implicated in protection of the genome integrity and nor-

mal gametogenesis by silencing TEs [62]. Within the germline, TEs inactivation is performed 

by both PIWI-piRNA and siRNA pathways. Propagation of TEs is controlled by the PIWI-

piRNA pathway, of which the PIWI proteins are the executive components. The nuclear PIWI 

proteins allow transcriptional silencing of TEs by recognizing nascent transcripts through 

perfect complementarity with loaded piRNAs and are assisted by the RNA-binding protein 

Asterix. Recognition of multiple complementary sites in nascent TE transcripts by Asterix-

PIWI-piRNA complexes favors interaction with the adaptor protein Panoramix, resulting in 

recruitment of the cell silencing machinery that represses TEs transcription. Moreover, introns 

containing remnants of TEs or genes located in proximity of TEs can be repressed by the PIWI-

piRNA axis. Current studies indicated that the high mobility group protein Maelstrom (Mael) 

may act downstream of Piwi and histone methylation. In mouse, both Mili and Miwi2 promote 

TEs silencing and a heterochromatin state in mice through DNA and histones methylation. 
Decreased expression of PIWI proteins and piRNAs is associated with upregulation and prop-

agation of active TEs. However, unlike siRNAs, which are active in both gonadal and somatic 

aging cells, the PIWI-piRNA pathway predominantly operates in nonaging cells of gonads 

[142, 143]. This pathway could be part of a mammalian recognition system of coding and non-

coding self-genes and non-self-TEs and repeat sequences by using characteristic TEs mobility.

3.4.3. Epigenetic activation

Mounting evidence suggests that PIWI proteins and piRNAs can function as epigenetic acti-

vators. In Drosophila, Piwi protein increases chromosome 3R telomere-associated sequence 

(3R-TAS) expression [144].

3.4.4. Genes and proteins regulation

PiRNAs control levels of expression of genes where they are localized. PiR_015520, located 

in intron 1 of the human melatonin receptor 1A gene (MTNR1A), is upregulated in prostate 
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cancer and represses MTNR1A gene by directly interacting with its genomic site [145]. 

PiRNAs also modulate stability of their PIWI partners by promoting direct molecular inter-

actions with specific proteins. During late mouse spermatogenesis, piRNAs regulate ubiq-

uitination of Miwi through its binding to APC/C complex [146]. Furthermore, piRNAs can 

modify activity and expression of many distant genes. PiRNA-36026 interacts with suppres-

sor proteins Serpin peptidase inhibitor, clade A, member 1 (SERPINA1), and lecithin retinol 

acyltransferase (LRAT). However, the PIWI-piRNA pathway is also present at lower levels 

in somatic pluripotent stem cells to differentiated cells [147, 148]. In adult somatic cells of 

Drosophila melanogaster, this pathway is active in ovarian follicle cells, in salivary glands, and 

in the brain [149]. The pathway is principally observed in stem cells with pluripotent capaci-

ties, including mesenchymal and hematopoietic stem cells, but rarely in adult stem cells with 

limited differentiation capacity [150]. Furthermore, the PIWI-piRNA pathway seems also to 

regulate protein-coding genes. The first piRNAs identified in Drosophila melanogaster were 

transcribed from the Suppressor of Stellate locus located on the Y chromosome and targeted 

the protein-coding gene Stellate on the X chromosome [151]. More recently, genome-wide 

mapping techniques have demonstrated that genic piRNAs derive from TEs and 3′ UTRs 

of coding genes [56]. Mounting evidence suggests that germline genes could have ancestral 

implication in regulating stemness. The “nuage” is located in lower metazoan stem cells but 

restricted to germline cells in upper metazoans [152]. The PIWI-piRNA pathway is expressed 

in stem cells of metazoans with partial or whole-body regeneration capabilities [153].

3.4.5. Differentiation

PIWI proteins play pivotal roles in cell differentiation during early embryogenesis. In Drosophila 

ovary, self-renewal of differentiated germline stem cells is located in niches composed of dif-
ferent types of cells, including escort cells (ECs). Experimental deregulation of PIWI proteins 

expression in EC cells was associated with reduction of EC cell population and predominance 

of undifferentiated germline stem cells. PIWI proteins induced germline cell differentiation by 
promoting direct interaction between germline stem cells and escort cells through repression 

of the TGFβ signaling and bone morphogenetic protein (BMP) pathway by preventing edifica-

tion of Smad complexes. PIWIL2 is the major PIWI protein implicated in cell differentiation 
through inhibition of the TGFβ signaling pathway. PIWIL2 directly interacts with Smad4 and 

HSP90 and prevents HSP90-TβR complex formation, resulting in inhibition of the TGFβ signal-

ing pathway. Furthermore, PIWIL2 promotes degradation of TGFβ receptor (TβR) and Smad 

by upregulating ubiquitination and degradation of TβR by the ubiquitin E3 ligase Smurf2. 

PIWI proteins contribute to germline stem cells differentiation by repressing c-Fos at post-
transcriptional. These proteins promote piRNAs synthesis from 3′ UTR region of c-Fos mRNA,  
resulting in c-Fos mRNA instability and repression of its translation [151–154].

3.4.6. Cell survival

The PIWI-piRNA axis promotes activation of numerous prosurvival molecules. PIWIL1-

induced cell survival by upregulating expression of antiapoptotic molecule FGF8 and down-

regulating expression of proapoptotic Bax and p21. In blastema cells of Mexican axolotl, 
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experimental defect of PIWIL1 and PIWIL2 promoted apoptosis by suppressing FGF8 expres-

sion at transcriptional level and prevented limb regeneration and development. PIWIL2 prin-

cipally controlled p53 through direct interaction with STAT3 and c-Src by edifying a PIWIL2/

STAT3/c-Src complex, resulting in repression of p53 phosphorylation and expression and 

inhibition of Fas-mediated apoptosis. PIWIL2 - induced activation of STAT3 also upregulated 

expression of the antiapoptotic Bcl-XL [125].

3.4.7. Fertilization and development

Although most attention has been given to the pivotal role of the PIWI-piRNA pathway in 
germline TEs silencing, mounting evidence has revealed their implication in germline and 

somatic epigenetic and posttranscriptional regulation of gene expression [151]. This path-

way is mainly implicated in the germline biology, including maintenance, differentiation, 
and function of Drosophila and murine GSCs. Furthermore, piRNAs epigenetically activate 

gene expression with transgenerational epigenetic effects by inducing euchromatin through 
activation of H3K4me3 and inhibition of H3K27me3 in subtelomeric heterochromatin [56, 73, 

152–155]. The PIWI-piRNA axis is implicated in embryonic development, including cell cycle 

progression, nuclear division, chromatin organization, chromosome integrity during mito-

sis, control of mRNA translation, and embryonic sex determination [144, 156–158]. Spatial-

temporal activation and regulation of PIWI proteins and piRNAs are of pivotal importance 

during mammalian oogenesis and spermatogenesis, early embryogenesis, organogenesis, 

and postbirth [159]. PIWIL2 is upregulated in germline cells and appears instrumental in 

maintaining genome stability, an open state of chromatin and DNA repair via silencing TEs 
and histones modifications, thus preventing TEs propagation, chromosome rearrangements, 
oncogenic mutations, and gene dysregulation [160].

3.4.7.1. Oogenesis

In Drosophila, PIWI-piRNA complexes promote TEs silencing at embryonic germ cell stage, 

mediate cellular memory of TEs repression, and thus maintain this mechanism in ovaries at 

the adult stage. In mouse ovary, Miwi upregulation is observed during neonatal stage and 

its expression is lower in adult ovaries [161]. Human PIWI proteins expression profiling 
is also variable, depending on the stage of development. PIWIL1 and PIWIL2 are highly 

upregulated in oocytes of human adult ovary that present a strong activity of TEs, whereas 

fetal oocytes, whose TEs propagation is lower, overexpress PIWIL2 but not other PIWI 

proteins [162].

3.4.7.2. Spermatogenesis

In mouse, Miwi inactivation occurs during late spermatogenesis and is induced by the ana-

phase promoting complex (APC)/C-26S proteasomal pathway [159]. Functional destruction 

box (D-box) is required for Miwi ubiquitination and degradation by (APC)/C system. A 
genetic analysis in mouse azoospermia showed that mutations in D-box favor Hiwi stabi-
lization in late spermatogenesis. Stabilized mutant Hiwi interacts with RNF8 implicated in 
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histone ubiquitination and prevents its nuclear translocation and ubiquitin ligase activity 

[163]. Human PIWIL4 function is crucial in accurate spermatogenesis, and genetic polymor-

phisms of PIWIL4 gene are significantly correlated with defective spermatogenesis associated 
with spermatogenesis defect and male infertility [164].

3.4.7.3. Organogenesis

In Drosophila, PIWI proteins induce ovary tissue morphogenesis through c-Fos inactivation at 

posttranscriptional level [165]. They are implicated in development of eye color [144]. In silk-

worm, fempiRNA, a piRNA located on female W-chromosome, is pivotal in sex determina-

tion by repressing masculinization mRNA at posttranscriptional level [167]. At early stages of 

human embryonic lungs development, PIWIL1, PIWIL2, and PIWIL4 levels of expression are 

strongly upregulated from 6th week to 9th week and then decline [168]. In human, PIWIL1 

and PIWIL2 have crucial role in neural polarization and radial migration during maturation 

of the cerebral cortex region of the brain [59].

3.4.8. Physiological processes

The PIWI-piRNA pathway has pivotal role in numerous physiological processes.

3.4.8.1. Brain plasticity

PIWI proteins and piRNAs are instrumental in synaptic plasticity and stabilization of long-

term memory through serotonin-dependent suppression of CREB2 at transcription level that 

is induced by methylation of CpG islands in the promoter region of the CREB2 gene [59]. In 

rodents, several piRNAs are upregulated in hippocampal neurons and Miwi associated with 

piRNAs control dentritic spine development and morphogenesis [149]. Mili expression is 

associated with anxiety and locomotory drive [54]. In humans, PIWIL1 controls cortical neu-

ron activity through modulation of microtubule-associated proteins (MAPs) expression [169]. 

Furthermore, mutations of PIWIL2 and PIWIL4 are significantly correlated with autism [170].

3.4.8.2. Regeneration

PIWI proteins and piRNAs have crucial role in self-renewal, regeneration, and homeo-

stasis. In planarian Schmidtea mediterranea, SMEDWI-2 and SMEDWI-3 increase division 
of adult stem cells to induce regeneration in injured tissues [113]. In jellyfish, Cniwi is 
upregulated during transdifferentiation of striated muscle into smooth muscle [171]. In 

humans, PIWI proteins promote hepatocyte regeneration [61] and maintain integrity of 

retinal cells [130].

3.4.8.3. Metabolism

The PIWI-piRNA pathway controls fat metabolism through repression of TEs, and fat metab-

olism inactivation is associated with depletion of lipid synthesis and storage [60]. PIWIL2 and 

PIWIL4 modulate pancreatic β-cells function and insulin secretion. Alterations of their levels 

of expression were observed in diabetic conditions [55].
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4. Deregulation of the PIWI/piRNA pathway in pathological 

nonneoplastic disorders

Mounting evidence has revealed that many transcription factors and signaling molecules inter-

act with the PIWI-piRNA pathway and represent downstream targets of these complexes under 

pathological conditions. PIWI proteins and piRNAs are deregulated, and their levels of expres-

sion are highly altered in various pathological processes. The PIWI-piRNA pathway is pivotal 

for regeneration after amputation in Botrylloides leachi [172]. In Mexican axolotl, PIWIL1 and 

PIWIL2 transient upregulation in limb blastemal cells induces regeneration of wounded limb 

[173]. In rat, PIWIL2 expression increases after 24 h of partial hepatectomy, and a set of 72 piR-

NAs is deregulated during 48 h of posthepatectomy [58]. In rodents, expression of more than 

100 piRNAs is deregulated in brain during ischemic condition [174]. In rat, PIWIL2 enhances 

activity of the autophagic process in diabetic nephropathy by regulating expression of beclin 

1 and LC3A study in diabetic rat kidney [175]. Pro-inflammatory cytokines IL1β and TNFα 

promote PIWIL2 and PIWIL4 upregulation in synovial fibroblasts of rheumatoid arthritis [176].

Acknowledgements

This work was supported by grant INCa-DGOS-4654.

Disclosure: conflict of interest

The authors declare that they have no competing interests.

Author details

Didier Meseure1,2* and Kinan Drak Alsibai3

*Address all correspondence to: didier.meseure@curie.fr

1 Platform of Experimental Pathology, Curie Institute, Paris, France

2 Department of Diagnostic and Theranostic Medicine, Curie Institute, Paris, France

3 Institut de Pathologie de Paris, Malakoff, France

References

[1] Berdasco M, Esteller M. Aberrant epigenetic landscape in cancer: How cellular identity 
goes awry. Developmental Cell. 2010;19:698-711

[2] Kanwal R, Gupta S. Epigenetic modifications in cancer. Clinical Genetics. 2012;81:303-311

Part 1: The PIWI-piRNA Pathway Is an Immune-Like Surveillance Process That Controls... 17



[3] Magee JA, Piskounova E, Morrison SJ. Cancer stem cells: Impact, heterogeneity and 
uncertainty. Cancer Cell. 2012;21:283-296

[4] López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. 
Cell. 2013;153:1194-1217

[5] Yong WS, Hsu FM, Chen PY. Profiling genome-wide DNA methylation. Epigenetics & 
Chromatin. 2016;9:26. DOI: 10.1186/s13072-016-0075-3

[6] Meseure D, Drak Alsibai K, Nicolas A. Pivotal role of pervasive neoplastic and stromal 
cells reprogramming in circulating tumor cells dissemination and metastatic coloniza-

tion. Cancer Microenvironment. 2014;7:95-115

[7] Amaral PP, Mattick JS. Noncoding RNA in development. Mammalian Genome. 2008;19: 
454-492

[8] Ponnusamy M, Yan KW, Liu CY, Li PF, Wang K. PIWI family emerging as a decisive 
factor of cell fate: An overview. European Journal of Cell Biology. 2017;96:746-757

[9] Carninci P, Kasukawa T, Katayama S, Gough J, Frith MC, Maeda N, et al. The transcrip-

tional Landscape of the mammalian genome. Science. 2005;309:1559-1563. Erratum in: 
Science 2006;311:1713

[10] Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by adenosines, 
indicates that thousands of human genes are microRNA targets. Cell. 2005;120:15-20

[11] Iyer MK, Niknafs YS, Malik R, Singhal U, Sahu A, Hosono Y, et al. The landscape of long 
noncoding RNAs in the human transcriptome. Nature Genetics. 2015;47:199-208

[12] Hamilton AJ, Baulcombe DC. A species of small antisense RNA in posttranscriptional 
gene silencing in plants. Science. 1999;286:950-952

[13] Siomi H, Siomi MC. On the road to reading the RNA-interference code. Nature. 
2009;457:396-404

[14] Ha M, Kim VN. Regulation of microRNA biogenesis. Nature Reviews. Molecular Cell 
Biology. 2014;15:509-524

[15] Aravin A, Gaidatzis D, Pfeffer S, Lagos-Quintana M, Landgraf P, Iovino N, et al. A novel 
class of small RNAs binds to MILI protein in mouse testes. Nature. 2006;442:203-207

[16] Farazi TA, Juranek SA, Tuschl T. The growing catalog of small RNAs and their associa-

tion with distinct Argonaute/Piwi family members. Development. 2008;135:1201-1214

[17] Hock J, Weinmann L, Ender C, Rudel S, Kremmer E, Raabe M, et al. Proteomic and 
functional analysis of Argonaute-containing mRNA-protein complexes in human cells. 

EMBO Reports. 2007;8:1052-1060

[18] Girard A, Sachidanandam R, Hannon GJ, Carmell MA. A germline-specific class of small 
RNAs binds mammalian Piwi proteins. Nature. 2006;442:199-202

Chromatin and Epigenetics18



[19] Grivna ST, Beyret E, Wang Z, Lin H. A novel class of small RNAsin mouse spermato-

genic cells. Genes & Development. 2006;20:1709-1714

[20] Watanabe T, Takeda A, Tsukiyama T, Mise K, Okuno T, Sasaki H, et al. Identification 
and characterization of two novel classes of small RNAs in the mouse germline: 
Retrotransposon-derived siRNAs in oocytes and germline small RNAs in testes. Genes 

& Development. 2006;20:1732-1743

[21] Moazed D. Molecular biology. Rejoice RNAi for yeast. Science. 2009;326:533-534

[22] Cerutti H, Casas-Mollano JA. On the origin and functions of RNA-mediated silencing: 
From protists to man. Current Genetics. 2006;50:81-99

[23] Ghildiyal M, Zamore PD. Small silencing RNAs: An expanding universe. Nature 
Reviews. Genetics. 2009;10:94-108

[24] Baek M, Gusev Y, Brackett DJ, Nuovo GJ, Schmittgen TD. Systematic evaluation of 
microRNA processing patterns in tissues, cell lines and tumors. RNA. 2008;14:35-42

[25] Carmell MA. The Argonaute family: Tentacles that reach into RNAi, developmental 
control, stem cell maintenance, and tumorigenesis. Genes & Development. 2002;16:2733- 
2742

[26] Peters L, Meister G. Argonaute proteins: Mediators of RNA silencing. Molecular Cell. 
2007;26:611-623

[27] Ghildiyal M, Xu J, Seitz H, Weng Z, Zamore PD. Sorting of Drosophila small silenc-

ing RNAs partitions microRNA strands into the RNA interference pathway. RNA. 

2010;16:43-5620

[28] Parker JS, Roe SM, Barford D. Structural insights into mRNA recognition from a PIWI 
domain-siRNA guide complex. Nature. 2005;434:663-666

[29] Yigit E, Batista PJ, Bei Y, Pang KM, Chen CC, Tolia NH, et al. Analysis of the C. elegans 

Argonaute family reveals that distinct Argonautes act sequentially during RNAi. Cell. 

2006;127:747-757

[30] Ketting RF, Fischer SE, Bernstein E, Sijen T, Hannon GJ, Plasterk RH. Dicer functions in 
RNA interference and in synthesis of small RNA involved in developmental timing in 

C. elegans. Genes. 2001;15:2654-2659

[31] Kawamura Y, Saito K, Kin T, Ono Y, Asai K, Sunohara T, et al. Drosophila endogenous 
small RNAs bind to Argonaute 2 in somatic cells. Nature. 2008;453:793-797

[32] Okamura K, Chung WJ, Lai EC. The long and short of inverted repeat genes in animals: 
MicroRNAs, mirtrons and hairpin RNAs. Cell Cycle. 2008;7:2840-2845

[33] Völler D, Linck L, Bruckmann A, Hauptmann J, Deutzmann R, Meister G, et al. 
Argonaute family protein expression in normal tissue and cancer entities. PLoS One. 
2016;11:e0161165. DOI: 10.1371/journal.pone.0161165

Part 1: The PIWI-piRNA Pathway Is an Immune-Like Surveillance Process That Controls... 19



[34] Grimson A, Srivastava M, Fahey B, Woodcroft BJ, Chiang HR, King N, et al. Early 
origins and evolution of microRNAs and Piwi-interacting RNAs in animals. Nature. 

2008;455:1193-1197

[35] Sarkar A, Maji RK, Saha S, Ghosh Z. piRNAQuest: Searching the piRNAome for silenc-

ers. BMC Genomics. 2014;15:555. DOI: 10.1186/1471-2164-15-555

[36] Fu A, Jacobs DI, Zhu Y. Epigenome-wide analysis of piRNAs in gene-specific DNA 
methylation. RNA Biology. 2014;11:1301-1312

[37] Betel D, Sheridan R, Marks DS, Sander C. PIWI promotes cell survival by increasing the 
activity of Pro-survival factors and signaling pathways, piRNA sequence and biogen-

esis. PLoS Computational Biology. 2007;3:e222

[38] Aravin AA, Lagos-Quintana M, Yalcin A, Zavolan M, Marks D, Snyder B, et al. The 
small RNA profile during Drosophila melanogaster development. Developmental Cell. 
2003;5:337-350

[39] Sturm Á, Ivics Z, Vellai T. The mechanism of ageing: Primary role of transposable 
elements in genome disintegration. Cellular and Molecular Life Sciences. 2015;72: 
1839-1847

[40] Saito K, Nishida KM, Mori T, Kawamura Y, Miyoshi K, Nagami T, et al. Specific associa-

tion of Piwi with rasiRNAs derived from retrotransposon and heterochromatic regions 

in the Drosophila genome. Genes & Development. 2006;20:2214-2222

[41] Brennecke J, Aravin AA, Stark A, Dus M, Kellis M, Sachidanandam R, et al. Discrete 
small RNA-generating loci as master regulators of transposonactivity in Drosophila. 
Cell. 2007;128:1089-1103

[42] Gunawardane LS, Saito K, Nishida KM, Miyoshi K, Kawamura Y, Nagami T, et al. A 
slicer-mediated mechanism for repeat-associated siRNA 5′ end formation in Drosophila. 
Science. 2007;315:1587-1590

[43] Siomi MC, Sato K, Pezic D, Aravin AA. PIWI-interacting small RNAs: The vanguard of 
genome defence. Nature Reviews. Molecular Cell Biology. 2011;12:246-258

[44] Iwasaki YW, Siomi MC, Siomi H. PIWI-interacting RNA: Its biogenesis and functions. 
Annual Review of Biochemistry. 2015;84:405-433

[45] Czech B, Malone CD, Zhou R, Stark A, Schlingeheyde C, Dus M, et al. An endogenous 
small interfering RNA pathway in Drosophila. Nature. 2008;453:798-802

[46] O'Donnell KA, Boeke JD. Mighty Piwis defend the germline against genome intruders. 
Cell. 2007;129:37-44

[47] Höck J, Meister G. The Argonaute protein family. Genome Biology. 2008;9:210. DOI: 
10.1186/gb-2008-9-2-210

Chromatin and Epigenetics20



[48] Pek JW, Anand A, Kai T. Tudor domain proteins in development. Development. 
2012;139:2255-2266

[49] Martinez VD, Vucic EA, Thu KL, Hubaux R, Enfield KS, Pikor LA, et al. Unique somatic 
and malignant expression patterns implicate PIWI-interacting RNAs in cancer-type spe-

cific biology. Scientific Reports. 2015;5:10423

[50] Aravin AA, Sachidanandam R, Bourc’his D, Schaefer C, Pezic D, Toth KF, et al. A piRNA 
pathway primed by individual transposons is linked to de novo DNA methylation in 
mice. Molecular Cell. 2008;31:785-799

[51] Sasaki T, Shiohama A, Minoshima S, Shimizu N. Identification of eight members of the 
Argonaute family in the human genome. Genomics. 2003;82:323-330

[52] Houwing S, Berezikov E, Ketting RF. Zili is required for germ cell differentiation and 
meiosis in zebrafish. The EMBO Journal. 2008;27:2702-2711

[53] Wang G, Reinke V. A C. elegans Piwi, PRG-1, regulates 21U-RNAs during spermatogen-

esis. Current Biology. 2008;18:861-867

[54] Nandi S, Chandramohan D, Fioriti L, Melnick AM, Hébert JM, Mason CE, Rajasethupathy 
P, Kandel ER. Roles for small noncoding RNAs in silencing of retrotransposons in the 
mammalian brain. Proceedings of the National Academy of Sciences of the United States 

of America. 2016. pii: 201609287. PubMed PMID: 27791114; PubMed Central PMCID: 
PMC5111663

[55] Henaoui IS, Jacovetti C, Guerra Mollet I, Guay C, Sobel J, Eliasson L, et al. PIWI-
interacting RNAs as novel regulators of pancreatic beta cell function. Diabetologia. 
2017;17:4368-4376

[56] Cox DN, Chao A, Baker J, Chang L, Qiao D, Lin H. A novel class of evolutionarily 
conserved genes defined by piwi are essential for stem cell self-renewal. Genes & 
Development. 1998;12:3715-3727

[57] Lim RS, Kai T. A piece of the pi(e): The diverse roles of animal piRNAs and their PIWI 
partners. Seminars in Cell & Developmental Biology. 2015;47-48:17-31. DOI: 10.1016/j.
semcdb.2015.10.025

[58] Rizzo F, Hashim A, Marchese G, Ravo M, Tarallo R, Nassa G, et al. Timed regulation of 

P-element-induced wimpy testis-interacting RNA expression during rat liver regenera-

tion. Hepatology. 2014;60:798-806

[59] Rajasethupathy P, Antonov I, Sheridan R, Frey S, Sander C, Tuschl T, et al. A role for 

neuronal piRNAs in the epigenetic control of memory-related synaptic plasticity. Cell. 

2012;149:693-707

[60] Jones BC, Wood JG, Chang C, Tam AD, Franklin MJ, Siegel ER, et al. A somatic piRNA 
pathway in the Drosophila fat body ensures metabolic homeostasis and normal lifespan. 

Part 1: The PIWI-piRNA Pathway Is an Immune-Like Surveillance Process That Controls... 21



Nature Communications. 2016;7:13856. DOI: 10.1038/ncomms13856. PubMed PMID: 
28000665

[61] Keam SP, Young PE, McCorkindale AL, Dang TH, Clancy JL, Humphreys DT, et al. 
The human Piwi protein Hiwi2 associates with tRNA-derived piRNAs in somatic cells. 

Nucleic Acids Research. 2014;42:8984-8995

[62] Kalmykova AI, Klenov MS, Gvozdev VA. Argonaute protein PIWI controls mobiliza-

tion of retrotransposons in the Drosophila male germline. Nucleic Acids Research. 
2005;33:2052-2059

[63] Sabin LR, Zheng Q, Thekkat P, Yang J, Hannon GJ, Gregory BD, et al. Dicer-2 pro-

cesses diverse viral RNA species. PLoS One. 2013;8(2):e55458. DOI: 10.1371/journal.
pone.0055458

[64] Aravin AA, Sachidanandam R, Girard A, Fejes-Toth K, Hannon GJ. Developmentally 
regulated piRNA clusters implicate MILI in transposon control. Science. 2007;316:744-747

[65] Kuramochi-Miyagawa S, Watanabe T, Gotoh K, Totoki Y, Toyoda A, Ikawa M, et al. 
DNA methylation of retrotransposon genes is regulated by Piwi family members MILI 
and MIWI2 in murine fetal testes. Genes & Development. 2008;22:908-917

[66] Grivna ST, Beyret E, Wang Z, Lin H. A novel class of small RNAs in mouse spermato-

genic cells. Genes & Development. 2006;20:1709-1714

[67] Lin H, Spradling AC. A novel group of pumilio mutations affects the asymmetric divi-
sion of germline stem cells in the Drosophila ovary. Development. 1997;124:2463-2476

[68] Carmell MA, Girard A, van de Kant HJ, Bourc'his D, Bestor TH, de Rooij DG, et al. 
MIWI2 is essential for spermatogenesis and repression of transposons in the mouse male 

germline. Developmental Cell. 2007;12:503-514

[69] Das PP, Bagijn MP, Goldstein LD, Woolford JR, Lehrbach NJ, Sapetschnig A, et al. Piwi 
and piRNAs act upstream of an endogenous siRNA pathway to suppress Tc3 transpo-

son mobility in the Caenorhabditis elegans germline. Molecular Cell. 2008;31:79-90

[70] Malone CD, Brennecke J, Dus M, Stark A, McCombie WR, Sachidanandam R, et al. 
Specialized piRNA pathways act in germline and somatic tissues of the Drosophila 
ovary. Cell. 2009;137:522-535

[71] Buckley BA, Burkhart KB, Gu SG, Spracklin G, Kershner A, Fritz H, et al. A nuclear 
Argonaute promotes multigenerational epigenetic inheritance and germline immortal-

ity. Nature. 2012;489:447-451

[72] Gu SG, Pak J, Guang S, Maniar JM, Kennedy S, Fire A. Amplification of siRNA in 
Caenorhabditis elegans generates a transgenerational sequence-targeted histone H3 lysine 

9 methylation footprint. Nature Genetics. 2012;44:157-164

[73] Shirayama M, Seth M, Lee H-C, Gu W, Ishidate T, Conte D. piRNAs initiate an epigen-

etic memory of nonself RNA in the C. elegans germline. Cell. 2012;150:65-77

Chromatin and Epigenetics22



[74] Bamezai S, Rawat VP, Buske C. Concise review: The Piwi-piRNA axis: pivotal beyond 
transposon silencing. Stem Cells. 2012;30(12):2603-2611

[75] Thomson T, Lin H. The biogenesis and function of PIWI proteins and piRNAs: Progress 
and prospect. Annual Review of Cell and Developmental Biology. 2009;25:355-376

[76] Robine N, Lau NC, Balla S, Jin Z, Okamura K, Kuramochi-Miyagawa S, et al. A broadly 
conserved pathway generates 3′UTR-directed primary piRNAs. Current Biology. 

2009;19:2066-2076

[77] Bartel DP. MicroRNAs: Target recognition and regulatory functions. Cell. 2009;136:215-233

[78] Masi LN, Serdan TD, Levada-Pires AC, Hatanaka E, Silveira LD, Cury-Boaventura MF, 
et al. Regulation of gene expression by exercise-related micrornas. Cellular Physiology 

and Biochemistry. 2016;39:2381-2397

[79] Lim AK, Kai T. Unique germ-line organelle, nuage, functions to repress selfish genetic 
elements in Drosophila melanogaster. Proceedings of the National Academy of Sciences of 

the United States of America. 2007;104:6714-6719

[80] Voronina E, Seydoux G, Sassone-Corsi P, Nagamori I. RNA granules in germ cells. Cold 

Spring Harbor Perspectives in Biology. 2011;3. pii: a002774. DOI: 10.1101/cshperspect.
a002774

[81] Extavour CG. Evolution of the bilaterian germ line: Lineage origin and modulation of 
specification mechanisms. Integrative and Comparative Biology. 2007;47:770-785

[82] Olovnikov IA, Kalmykova AI. piRNA clusters as a main source of small RNAs in the 
animal germline. Biochemistry (Mosc). 2013;78:572-584

[83] Li W, Prazak L, Chatterjee N, Grüninger S, Krug L, Theodorou D, et al. Activation 
of transposable elements during aging and neuronal decline in Drosophila. Nature 
Neuroscience. 2013;16:529-531

[84] Zhang F, Wang J, Xu J, Zhang Z, Koppetsch BS, Schultz N, et al. UAP56 couples piRNA 
clusters to the perinuclear transposon silencing machinery. Cell. 2012;151:871-884

[85] Mohn F, Sienski G, Handler D, Brennecke J. The rhino-deadlock-cutoff complex 
licenses noncanonical transcription of dual-strand piRNA clusters in Drosophila. Cell. 
2014;157:1364-1379

[86] Zhang Z, Wang J, Schultz N, Zhang F, Parhad SS, Tu S, et al. The HP1 homolog rhino anchors 
a nuclear complex that suppresses piRNA precursor splicing. Cell. 2014;157:1353-1363

[87] Tóth KF, Pezic D, Stuwe E, Webster A. The piRNA pathway guards the germline genome 
against transposable elements. Advances in Experimental Medicine and Biology. 

2016;886:51-77

[88] Theurkauf WE, Klattenhoff C, Bratu DP, McGinnis-Schultz N, Koppetsch BS, Cook 
HA. rasiRNAs, DNA damage, and embryonic axis specification. Cold Spring Harbor 
Symposia on Quantitative Biology. 2006;71:171-180

Part 1: The PIWI-piRNA Pathway Is an Immune-Like Surveillance Process That Controls... 23



[89] Sienski G, Dönertas D, Brennecke J. Transcriptional silencing of transposons by Piwi and 
maelstrom and its impact on chromatin state and gene expression. Cell. 2012;151:964-980

[90] Saito K, Ishizu H, Komai M, Kotani H, Kawamura Y, Nishida KM, et al. Roles for the Yb 
body components Armitage and Yb in primary piRNA biogenesis in Drosophila. Genes 
& Development. 2010;24:2493-2498

[91] Czech B, Preall JB, McGinn J, Hannon GJ. A transcriptome wide RNAi screen in the 

drosophila ovary reveals factors of the germline piRNA pathway. Molecular Cell. 

2013;50:749-761

[92] Handler D, Meixner K, Pizka M, Lauss K, Schmied C, Gruber FS, et al. The genetic 
makeup of the Drosophila piRNA pathway. Molecular Cell. 2013;50:762-777. DOI: 
10.1016/j.molcel.2013.04.031

[93] Vourekas A, Zheng K, Fu Q, Maragkakis M, Alexiou P, Ma J, et al. The RNA heli-
case MOV10L1 binds piRNA precursors to initiate piRNA processing. Genes & 
Development. 2015;29:617-629

[94] Pane A, Wehr K, Schüpbach T. zucchini and squash encode two putative nucleases 
required for rasiRNA production in the Drosophila germline. Developmental Cell. 
2007;12:851-862

[95] Ipsaro JJ, Haase AD, Knott SR, Joshua-Tor L, Hannon GJ. The structural biochemistry 
of Zucchini implicates it as a nuclease in piRNA biogenesis. Nature. 2012;491:279-283

[96] Nishimasu H, Ishizu H, Saito K, Fukuhara S, Kamatani MK, Bonnefond L, et al. 
Structure and function of Zucchini endoribonuclease in piRNA biogenesis. Nature. 
2012;491:284-287

[97] Voigt F, Reuter M, Kasaruho A, Schulz EC, Pillai RS, Barabas O. Crystal structure of 
the primary piRNA biogenesis factor Zucchini reveals similarity to the bacterial PLD 
endonuclease Nuc. RNA. 2012;18:2128-2134

[98] Kawaoka S, Izumi N, Katsuma S, Tomari Y. 3′ end formation ofPIWI-interacting RNAs 

in vitro. Molecular Cell. 2011;43:1015-1022

[99] Feltzin VL, Khaladkar M, Abe M, Parisi M, Hendriks GJ, Kim J, et al. The exonuclease 
Nibbler regulates age-associated traits and modulates piRNA length in Drosophila. 
Aging Cell. 2015;14:443-452

[100] Horwich MD, Li C, Matranga C, Vagin V, Farley G, Wang P, et al. The Drosophila RNA 
methyltransferase, DmHen1, modifies germline piRNAs and single-stranded siRNAs 
in RISC. Current Biology. 2007;17:1265-1272

[101] Saito K, Sakaguchi Y, Suzuki T, Suzuki T, Siomi H, Siomi MC. Pimet, the Drosophila 
homolog of HEN1, mediates 2′-O-methylation of Piwi-interacting RNAsat their 3′ ends. 

Genes & Development. 2007;21:1603-1608

[102] Tian Y, Simanshu DK, Ma JB, Patel DJ. Structural basis for piRNA 2′-O-methylated 
3′-end recognition by Piwi PAZ (Piwi/Argonaute/Zwille) domains. Proceedings of the 
National Academy of Sciences of the United States of America. 2011;108:903-910

Chromatin and Epigenetics24



[103] Montgomery TA, Rim YS, Zhang C, Dowen RH, Phillips CM, Fischer SE, et al. PIWI 
associated siRNAs and piRNAs specifically require the Caenorhabditis elegans HEN1 

ortholog henn-1. PLoS Genetics. 2012;8:e1002616. DOI: 10.1371/journal.pgen.1002616

[104] Chen C, Jin J, James DA, Adams-Cioaba MA, Park JG, Guo Y, et al. Mouse Piwi inter-

actome identifies binding mechanism of Tdrkh Tudor domain to arginine methylated 
Miwi. Proceedings of the National Academy of Sciences of the United States of America. 

2009;106:20336-20341

[105] Handler D, Olivieri D, Novatchkova M, Gruber FS, Meixner K, Mechtler K, et al. A sys-

tematic analysis of Drosophila TUDOR domain-containing proteins identifies Vreteno 
and the Tdrd12 family as essential primary piRNA pathway factors. The EMBO Journal. 
2011;30:3977-3993

[106] Rouhana L, Vieira AP, Roberts-Galbraith RH, Newmark PA. PRMT5 and the role of sym-

metrical dimethylarginine in chromatoid bodies of planarian stem cells. Development. 
2012;139:1083-1094

[107] Huang X, Yuan T, Tschannen M, Sun Z, Jacob H, Du M, et al. Characterization of human 
plasma-derived exosomal RNAs by deep sequencing. BMC Genomics. 2013;14:319

[108] Le Thomas A, Rogers AK, Webster A, Marinov GK, Liao SE, Perkins EM, et al. Piwi 
induces piRNA-guided transcriptional silencing and establishment of a repressive 

chromatin state. Genes & Development. 2013;27:390-399

[109] Klenov MS, Sokolova OA, Yakushev EY, Stolyarenko AD, Mikhaleva EA, Lavrov SA, 
et al. Separation of stem cell maintenance and transposon silencing functions of Piwi 

protein. Proceedings of the National Academy of Sciences of the United States of 

America. 2011;108:18760-18765

[110] Ross RJ, Weiner MM, Lin H. PIWI proteins and PIWI-interacting RNAs in the soma. 

Nature. 2014;505:353-359

[111] Dönertas D, Sienski G, Brennecke J. Drosophila Gtsf1 is an essential component of the Piwi-
mediated transcriptional silencing complex. Genes & Development. 2013;27:1693-1705

[112] Müller S, Raulefs S, Bruns P, Afonso-Grunz F, Plötner A, Thermann R, et al. Next-
generation sequencing reveals novel differentially regulated mRNAs, lncRNAs, miR-

NAs, sdRNAs and a piRNA in pancreatic cancer. Molecular Cancer. 2015;14:94. DOI: 
10.1186/s12943-015-0358-5

[113] Palakodeti D, Smielewska M, Lu YC, Yeo GW, Graveley BR. The PIWI proteins 
SMEDWI-2 and SMEDWI-3 are required for stem cell function and piRNA expression 
in planarians. RNA. 2008;14:1174-1186

[114] Lau NC, Seto AG, Kim J, Kuramochi-Miyagawa S, Nakano T, Bartel DP, et al. 
Characterization of the piRNA complex from rat testes. Science. 2006;313:363-367

[115] Ha H, Song J, Wang S, Kapusta A, Feschotte C, Chen KC, et al. A comprehensive analy-

sis of piRNAs from adult human testis and their relationship with genes and mobile 

elements. BMC Genomics. 2014;15:545

Part 1: The PIWI-piRNA Pathway Is an Immune-Like Surveillance Process That Controls... 25



[116] Khurana JS, Wang J, Xu J, Koppetsch BS, Thomson TC, Nowosielska A, et al. Adaptation 
to P element transposon invasion in Drosophila melanogaster. Cell. 2011;147:1551-1563

[117] Beyret E, Liu N, Lin H. piRNA biogenesis during adult spermatogenesis in mice is 

independent of the ping-pong mechanism. Cell Research. 2012;22:1429-1439

[118] Honda S, Kirino Y, Maragkakis M, Alexiou P, Ohtaki A, Murali R, et al. Mitochondrial 
protein BmPAPI modulates the length of mature piRNAs. RNA. 2013;19:1405-1418

[119] Chen Z, Che Q, Jiang FZ, Wang HH, Wang FY, Liao Y, et al. Piwil1 causes epigenetic 
alteration of PTEN gene via upregulation of DNA methyltransferase in type I endome-

trial cancer. Biochemical and Biophysical Research Communications. 2015;463:876-880

[120] Yan Z, Hu HY, Jiang X, Maierhofer V, Neb E, He L, et al. Widespread expression of 
piRNA-like molecules in somatic tissues. Nucleic Acids Research. 2011;39:6596-6607

[121] Kuramochi-Miyagawa S, Kimura T, Ijiri TW, Isobe T, Asada N, Fujita Y, et al. Mili, a mam-

malian member of piwi family gene, is essential for spermatogenesis. Development. 
2004;131:839-849

[122] Giauque CC, Bickel SE. Heterochromatin-associated proteins HP1a and Piwi col-

laborate to maintain the association of achiasmate homologs in Drosophila oocytes. 
Genetics. 2016;203:173-189

[123] Brower-Toland B, Findley SD, Jiang L, Liu L, Yin H, Dus M, et al. Drosophila PIWI 
associates with chromatin and interacts directly with HP1a. Genes & Development. 
2007;21:2300-2311

[124] Lu Y, Zhang K, Li C, Yao Y, Tao D, Liu Y, et al. Piwil2 suppresses p53 by inducing 
phosphorylation of signal transducer and activator of transcription 3 in tumor cells. 

PLoS One. 2012;7:e30999. DOI: 10.1371/journal.pone.0030999

[125] Zhang X, He X, Liu C, Liu J, Hu Q, Pan T, et al. IL-4 inhibits the biogenesis of an epige-

netically suppressive PIWI-interacting RNA to upregulate CD1a molecules on mono-

cytes/dendritic cells. Journal of Immunology. 2016;196:1591-1603

[126] Peng JC, Valouev A, Liu N, Lin H. Piwi maintains germline stem cells and oogenesis in 

Drosophila through negative regulation of Polycomb group proteins. Nature Genetics. 
2016;48:283-291

[127] Boros J, Arnoult N, Stroobant V, Collet JF, Decottignies A. Polycomb repressive com-

plex 2 and H3K27me3 cooperate with H3K9 methylation to maintain heterochromatin 
protein 1α at chromatin. Molecular and Cellular Biology. 2014;34:3662-3674

[128] Zhong F, Zhou N, Wu K, Guo Y, Tan W, Zhang H, et al. A SnoRNA-derived piRNA 
interacts with human interleukin-4 pre-mRNA and induces its decay in nuclear exo-

somes. Nucleic Acids Research. 2015;43:10474-10491

[129] Unhavaithaya Y, Hao Y, Beyret E, Yin H, Kuramochi-Miyagawa S, Nakano T, et al. 
MILI, a PIWI-interacting RNA-binding protein, is required for germ line stem cell 

self-renewal and appears to positively regulate translation. The Journal of Biological 

Chemistry. 2009;284:6507-6519

Chromatin and Epigenetics26



[130] Sivagurunathan S, Palanisamy K, Arunachalam JP, Chidambaram S. Possible role of 
HIWI2 in modulating tight junction proteins in retinal pigment epithelial cells through 

Akt signaling pathway. Molecular and Cellular Biochemistry. 2017;427:145-156

[131] Li C, Zhou X, Chen J, Lu Y, Sun Q, Tao D, et al. PIWIL1 destabilizes microtubule by 
suppressing phosphorylation at Ser16 and RLIM-mediated degradation of Stathmin1. 

Oncotarget. 2015;6:27794-27804

[132] Wachsmuth M, Knoch TA, Rippe K. Dynamic properties of independent chromatin 
domains measured by correlation spectroscopy in living cells. Epigenetics & Chromatin. 
2016;9:57. DOI: 10.1186/s13072-016-0093-1

[133] Ilyin AA, Ryazansky SS, Doronin SA, Olenkina OM, Mikhaleva EA, Yakushev EY, et al. 
Piwi interacts with chromatin at nuclear pores and promiscuously binds nuclear tran-

scripts in Drosophila ovarian somatic cells. Nucleic Acids Research. 2017;45:7666-7680

[134] Slotkin RK, Martienssen R. Transposable elements and the epigenetic regulation of the 
genome. Nature Reviews. Genetics. 2007;8:272-285

[135] Huang G, Hu H, Xue X, Shen S, Gao E, Guo G, et al. Altered expression of piRNAs and 

their relation with clinicopathologic features of breast cancer. Clinical & Translational 
Oncology. 2013;15:563-568

[136] De Cecco M, Criscione SW, Peterson AL, Neretti N, Sedivy JM, Kreiling JA. Transposable 
elements become active and mobile in the genomes of aging mammalian somatic tis-

sues. Aging (Albany NY). 2013;5:867-883

[137] Konkel MK, Batzer MA. A mobile threat to genome stability: The impact of non-LTR ret-
rotransposons upon the human genome. Seminars in Cancer Biology. 2010;20:211-221

[138] Kazazian HH Jr. Mobile elements: Drivers of genome evolution. Science. 2004;303: 
1626-1632

[139] Deragon JM, Capy P. Impact of transposable elements on the human genome. Annals 
of Medicine. 2000;32:264-273

[140] Gorbunova V, Boeke JD, Helfand SL, Sedivy JM. Human genomics. Sleeping dogs of 
the genome. Science. 2014;346:1187-1188

[141] Wood JG, Jones BC, Jiang N, Chang C, Hosier S, Wickremesinghe P, et al. Chromatin-

modifying genetic interventions suppress age-associated transposable element acti-

vation and extend life span in Drosophila. Proceedings of the National Academy of 
Sciences of the United States of America. 2016;113:11277-11282

[142] Ghildiyal M, Seitz H, Horwich MD, Li C, Du T, Lee S, et al. Endogenous siRNAs derived 
from transposons and mRNAs in Drosophila somatic cells. Science. 2008;320:1077-1081

[143] Law JA, Jacobsen SE. Establishing, maintaining and modifying DNA methylation pat-
terns in plants and animals. Nature Reviews. Genetics. 2010;11:204-220

[144] Yin H, Lin H. An epigenetic activation role of Piwi and a Piwi-associated piRNA in 

Drosophila melanogaster. Nature. 2007;450:304-308

Part 1: The PIWI-piRNA Pathway Is an Immune-Like Surveillance Process That Controls... 27



[145] Esposito T, Magliocca S, Formicola D, Gianfrancesco F. PiR_015520 belongs to Piwi-
associated RNAs regulates expression of the human melatonin receptor 1A gene. PLoS 

One. 2011;6:e22727

[146] Cox DN, Chao A, Lin H. Piwi encodes a nucleoplasmic factor whose activity modulates 
the number and division rate of germline stem cells. Development. 2000;127:503-514

[147] Alié A, Leclère L, Jager M, Dayraud C, Chang P, Le Guyader H, et al. Somatic stem cells 
express Piwi and Vasa genes in an adult ctenophore: Ancient association of "germline 
genes" with stemness. Developmental Biology. 2011;350:183-197

[148] Juliano CE, Swartz SZ, Wessel GM. A conserved germline multipotency program. 
Development. 2010;137:4113-4126

[149] Lee EJ, Banerjee S, Zhou H, Jammalamadaka A, Arcila M, Manjunath BS, et al. 
Identification of piRNAs in the central nervous system. RNA. 2011;17:1090-1099

[150] Nolde MJ, Cheng EC, Guo S, Lin H. Piwi genes are dispensable for normal hematopoi-

esis in mice. PLoS One. 2013;8(8):e71950. DOI: 10.1371/journal.pone.0071950

[151] Peng JC, Lin H. Beyond transposons: The epigenetic and somatic functions of the Piwi-
piRNA mechanism. Current Opinion in Cell Biology. 2013;25:190-194

[152] Szakmary A, Cox DN, Wang Z, Lin H. Regulatory relationship among piwi, pumilio, 
and bag-of-marbles in Drosophila germline stem cell self-renewal and differentiation. 
Current Biology. 2005;15:171-178

[153] Pek JW, Kai T. Non-coding RNAs enter mitosis: Functions, conservation and implica-

tions. Cell Division. 2011;6:6. DOI: 10.1186/1747-1028-6-6

[154] Ashe A, Sapetschnig A, Weick EM, Mitchell J, Bagijn MP, Cording AC, et al. piRNAs 

can trigger a multigenerational epigenetic memory in the germline of C. elegans. Cell. 

2012;150:88-99

[155] Stuwe E, Tóth KF, Aravin AA. Small but sturdy: Small RNAs in cellular memory and 
epigenetics. Genes & Development. 2014;28:423-431

[156] Khurana JS, Xu J, Weng Z, Theurkauf WE. Distinct functions for the Drosophila 
piRNA pathway in genome maintenance and telomere protection. PLoS Genetics. 

2010;6:e1001246. DOI: 10.1371/journal.pgen.1001246

[157] Kawaoka S, Izumi N, Katsuma S, Tomari Y. 3′ end formation of PIWI-interacting RNAs 

in vitro. Molecular Cell. 2011;43:1015-1022

[158] Schwager EE, Meng Y, Extavour CG. Vasa and piwi are required for mitotic integrity 

in early embryogenesis in the spider Parasteatoda tepidariorum. Developmental Biology. 
2015;402:276-290

[159] Zhao S, Gou LT, Zhang M, Zu LD, Hua MM, Hua Y, et al. piRNA-triggered MIWI 
ubiquitination and removal by APC/C in late spermatogenesis. Developmental Cell. 
2013;24:13-25

Chromatin and Epigenetics28



[160] Yin DT, Wang Q, Chen L, Liu MY, Han C, Yan Q, et al. Germline stem cell gene PIWIL2 
mediates DNA repair through relaxation of chromatin. PLoS One. 2011;6(11):e27154. 
DOI: 10.1371/journal.pone.0027154

[161] Ding X, Guan H, Li H. Characterization of a piRNA binding protein Miwi in mouse 
oocytes. Theriogenology. 2013;79:610-5.e1. DOI: 10.1016/j.theriogenology.2012.11.013

[162] Roovers EF, Rosenkranz D, Mahdipour M, Han CT, He N, Chuva de Sousa Lopes 
SM, et al. Piwi proteins and piRNAs in mammalian oocytes and early embryos. Cell 

Reports. 2015;10:2069-2082

[163] Gou LT, Kang JY, Dai P, Wang X, Li F, Zhao S, et al. Ubiquitination-deficient mutations 
in human Piwi cause male infertility by impairing histone-to-protamine exchange dur-

ing spermiogenesis. Cell. 2017;169:1090-1104

[164] Kamaliyan Z, Pouriamanesh S, Amin-Beidokhti M, Rezagholizadeh A, Mirfakhraie 
R. HIWI2 rs508485 polymorphism is associated with non-obstructive Azoospermia in 

Iranian patients. Reports of Biochemistry and Molecular Biology. 2017;5:108-111

[165] Klein JD, Qu C, Yang X, Fan Y, Tang C, Peng JC. c-Fos repression by Piwi regulates 
drosophila ovarian germline formation and tissue morphogenesis. PLoS Genetics. 

2016;12(9):e1006281. DOI: 10.1371/journal.pgen.1006281

[166] Vagin VV, Sigova A, Li C, Seitz H, Gvozdev V, Zamore PD. A distinct small RNA path-

way silences selfishgenetic elements in the germline. Science. 2006;313:320-324

[167] Kiuchi T, Koga H, Kawamoto M, Shoji K, Sakai H, Arai Y, et al. A single female-specific 
piRNA is the primary determiner of sex in the silkworm. Nature. 2014;509:633-636

[168] Navarro A, Tejero R, Vinolas N, Cordeiro A, Marrades RM, Fuster D, et al. The signifi-

cance of PIWI family expression in human lung embryogenesis and non-small cell lung 

cancer. Oncotarget. 2015;6:31544-31556

[169] Zhao PP, Yao MJ, Chang SY, Gou LT, Liu MF, Qiu ZL, et al. Novel function of PIWIL1 in 
neuronal polarization and migration via regulation of microtubule-associated proteins. 

Molecular Brain. 2015;8:39-46

[170] Iossifov I, O'Roak BJ, Sanders SJ, Ronemus M, Krumm N, Levy D, et al. The contribution 
of de novo coding mutations to autism spectrum disorder. Nature. 2014;515:216-221

[171] Seipel K, Yanze N, Schmid V. The germ line and somatic stem cell gene Cniwi in 
the jellyfish Podocoryne carnea. The International Journal of Developmental Biology. 
2004;48:1-7

[172] Rinkevich Y, Rosner A, Rabinowitz C, Lapidot Z, Moiseeva E, Rinkevich B. Piwi posi-
tive cells that line the vasculature epithelium underlie whole body regeneration in a 

basal chordate. Developmental Biology. 2010;345:94-104

[173] Zhu W, Pao GM, Satoh A, Cummings G, Monaghan JR, Harkins TT, et al. Activation 
of germline-specific genes is required for limb regeneration in the Mexican axolotl. 
Developmental Biology. 2012;370:42-51

Part 1: The PIWI-piRNA Pathway Is an Immune-Like Surveillance Process That Controls... 29



[174] Dharap A, Nakka VP, Vemuganti R. Altered expression of PIWI RNA in the rat brain 
after transient focal ischemia. Stroke. 2011;42:1105-1109

[175] Wu W, Zhang M, Liu Q, Xue L, Li Y, OU S. Piwil 2 gene transfection changes the autoph-

agy status in a rat model of diabetic nephropathy. International Journal of Clinical and 

Experimental Pathology. 2015;8:10734-10742

[176] Plestilova L, Neidhart M, Russo G, Frank-Bertoncelj M, Ospelt C, Ciurea A, et al. 
Expression and regulation of PIWIL-proteins and PIWI-interacting RNAs in rheuma-

toid arthritis. PLoS One. 2016;11:e0166920

Chromatin and Epigenetics30


