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Abstract 

PIWI proteins have a strong correlation with PIWI-interacting RNAs (piRNAs), which are significant in development 
and reproduction of organisms. Recently, emerging evidences have indicated that apart from the reproductive func-
tion, PIWI/piRNAs with abnormal expression, also involve greatly in varieties of human cancers. Moreover, human 
PIWI proteins are usually expressed only in germ cells and hardly in somatic cells, so the abnormal expression of PIWI 
proteins in different types of cancer offer a promising opportunity for precision medicine. In this review, we discussed 
current researches about the biogenesis of piRNA, its epigenetic regulatory mechanisms in human cancers, such as 
N6-methyladenosine  (m6A) methylation, histone modifications, DNA methylation and RNA interference, providing 
novel insights into the markers for clinical diagnosis, treatment and prognosis in human cancers.
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Introduction
PIWI subfamily proteins belong to the PAZ-PIWI 
domain (PPD) protein family, which is crucial for the bio-
genesis and function of small non-coding RNAs (sncR-
NAs) [1]. PPD family proteins are highly conserved and 
contain a relatively variable N-terminal domain, PAZ 
and MID domains located in the middle, and C-terminal 
PIWI domain [2–5]. The PAZ and MID domains can 

bind to some sncRNAs, such as microRNA (miRNA), 
small interfering RNA (siRNA) and PIWI-interacting 
RNA (piRNA) [2, 6, 7]. While the PIWI domain has 
similar function to RNase H, and can cut the target 
RNA through sncRNAs [8]. Argonaute(AGO) proteins, 
another subfamily of the PPD protein family, are ubiq-
uitously present in diverse tissues [9]. They bind to well-
known small RNAs (miRNAs, siRNAs) to perform gene 
regulatory functions mainly in the form of RNA-induced 
silencing complexes (RISCs) [10]. In turn, the PIWI pro-
tein mainly binds to piRNA and performs physiological 
functions in germ cells. In addition to the function of 
directly cutting and degrading target RNA similar to Ago 
protein/miRNA, PIWI protein/piRNA can also exert epi-
genetic regulatory functions through the recruitment of 
other epigenetic regulatory factors (such as DNA methy-
lase, RNA methylase, deadenylyase, phosphorylation, 
etc.), which will be detailed below [11].

In human, PIWI family proteins consist of four mem-
bers: PIWIL1 (HIWI), PIWIL2 (HILI), PIWIL3 (HIWI3) 
and PIWIL4 (HIWI2); and three in mice, as they are 
MIWI (Piwil1), MILI (Piwil2) and MIWI2 (Piwil4); and 
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also three PIWI encoding-genes in drosophila includ-
ing Piwi, Ago3 and Aub [12–15]. PIWI proteins are 
mainly expressed in germ cells, and barely found in 
normal somatic cells, exhibiting highly-conserved func-
tions in varieties of species [13, 16, 17]. However, recent 
studies have found that PIWI proteins are also abnor-
mally expressed in human tumors [18, 19]. Therefore, it 
is expected to be an excellent target for tumor targeted 
therapy. Because of this characteristic, PIWI proteins 
have attracted much attention in recent years. To eluci-
date the regulatory mechanism of PIWI proteins in can-
cer have become an important topic in cancer prevention 
and treatment research [17, 20–23].

Overview of piRNAs
PIWI proteins usually combine with piRNAs to exert 
gene regulation function, playing an important role 
in maintaining the stability and integrity of germ cell 
genome [24]. piRNAs, the largest subclass of sncRNAs, 
with a length of about 24-32nt and a 2’-O-methylated 
3’-end, are firstly indicated to exist in the germline of the 
Drosophila, and gradually discovered in multiple spe-
cies such as invertebrates and vertebrates [19, 22, 25–
28]. Approximately 90% of piRNAs are produced from 
specific gene loci called piRNA clusters, which contain 
transposable element [29–31]. However, recent studies 
have also found that many piRNA sequences are derived 
from non-transposable element sequences, which mean 
that the function of piRNA is not only to silence trans-
posable elements [32]. piRNA clusters are classified into 
double-stranded and single-stranded clusters according 
to their ability to produce piRNA from two or one strand 
on the genome [33, 34]. Single-strand piRNA cluster 
is the most widely distributed and default type, and its 
transcription is similar to the classical transcription path-
way, with primary transcript also spliced normally [35]. 
Double-stranded piRNA clusters are mostly distributed 
in germ cells and lack well-defined promoter regions, 
newly generated piRNA transcripts cannot be splicing 
and polyadenylation [36]. The newly generated precursor 
transcripts are transported from the nucleus to the cyto-
plasm where they are further processed into mature piR-
NAs in a Dicer-independent manner, but this process is 
complex and not yet fully understood [36]. Currently, two 
interrelated mechanisms are known for model design: 
the primary amplification pathways (also called Phasing 
processing pathways) and the “Ping-Pong” amplification 
pathways, as shown in Fig. 1.

Phasing processing pathways are the main means 
of piRNAs generation in somatic cells [37]. Firstly, an 
initiator piRNA binding PIWI protein cuts the pre-
cursor transcript to form 5’-monophosphate sub-
strate segments, which are called pre-pre-piRNA [38]. 

The pre-pre-piRNA binds to the corresponding PIWI 
protein and is subsequently cleaved by endonuclease 
(Zucchini in Drosophila or PLD6 in mice) [38–40]. 
The resulting 5’cleaved fragments are known as pre-
piRNA, the 3-terminal of which can be further modi-
fied and cleaved by exonuclease (Trimmer/PNLDC1) 
and catalyzed by methyltransferase (Hen1) into 
2’-O-methylation, thus becoming responder piRNA 
[39, 41]. Meanwhile, the 3’-cleavage fragments of pre-
pre-piRNA binds to the next PIWI protein as a new 
pre-pre-piRNA and is cleaved again to produce a new 
PIWI binding pre-piRNA [36, 42]. Then, after process-
ing by nuclease and methyltransferase at the 3’-end, 
it became mature trailing piRNA, and the 3’ cut frag-
ment obtained this time is also introduced into the next 
PIWI protein as a new pre-pre-piRNA [43]. Since then, 
a series of trailing piRNA are continuously generated 
downstream of the responder piRNA [44, 45].

In germ cells, the responder piRNA produced by the 
primary amplification pathways continues to amplify 
in the “Ping-Pong” amplification pathway [46]. This 
amplification pattern accompanied by the intercutting 
of complementary transcripts from transposons and 
piRNA clusters, and is the main source of piRNA in 
germ cells [46]. The “Ping-Pong” cycle produces pairs of 
piRNAs (initiator piRNAs and responder piRNAs) with 
a 10-base overlap at the 5-end [47, 48]. Specifically, the 
“Ping-Pong” cycle is started by maternal AGO3-initi-
ator piRNA, which identifies complementary piRNA 
precursors and cleaves them at nucleotide sites 10 cor-
responding to the 5’ end of the guide piRNA to generate 
pre-pre-piRNA [46–48]. Similarly, Aub protein binds to 
pre-pre-piRNA and is subsequently cleaved by endo-
nuclease to form an intermediate piRNA (pre-piRNA), 
which is further processed into mature response piRNA 
under the action of 3’ to 5’ exonuclease and methyl-
transferase [49, 50]. The response piRNA is then used 
as a new initiator piRNA to guide Aub protein to bind 
to the long precursor transcript that is complementary 
to the response piRNA sequence [48, 51]. Aub protein 
cleaves the long precursor transcript to obtain the new 
pre-pre-piRNA [52]. The new pre-pre-piRNA is bound 
to a new AGO3 protein and cleaves to obtain the new 
pre-piRNA [52, 53]. The new pre-piRNA is pruned by 
exonuclease at the 3’ end and modified by 2’-O-meth-
ylation to obtain the new mature piRNA [53, 54]. 
This piRNA sequence is consistent with the initiator 
piRNA sequence at the beginning of the “Ping-Pong” 
amplification pathway, thus completing one round of 
“Ping-Pong” cycle [53]. Organisms generate mature 
piRNAs through these two routes. However, the Phas-
ing processing pathway increases piRNA diversity by 
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generating new piRNA, while the Ping-pong cycle path-
way increases the abundance of existing piRNA [44].

Regulation mechanisms of PIWI/piRNAs in normal germ 
cells and germline tumors
The most well-known and classical functions of PIWI/
piRNAs complex is involvement in the regulation of 
transposon silencing and reproductive development, 
and its mechanism of action is to regulate gene expres-
sion at the transcriptional or post-transcriptional level 
(Fig.  2) [12, 44, 55]. The Transcription level regulation 
is mainly performed by nuclear located PIWI proteins 
(such as Drosophila Piwi and mouse MIWI2) [12, 26]. 
PIWI proteins entered the nucleus after they are loaded 
with piRNAs [56]. PIWI/piRNA complexes regulates 
target genes at the transcriptional level by recruiting 
epigenetic modification factors (e.g., histone modifica-
tion enzymes, DNA methylases) [56]. This often occurs 
when the PIWI protein has low catalytic activity [57–59]. 
Disruption of the PIWI/piRNA signaling pathway or de 
novo DNA methylation can lead to male sterility [60–62]. 

De novo DNA methylation is an important physiological 
process in epigenetic. It refers to the methylation of cyto-
sine C5 in DNA strands at a new site without dependence 
on existing methylated DNA strands [63]. A team from 
the University of Edinburgh found that piRNAs can bring 
MIWI2 to the adjacent transposition element transcrip-
tion, inhibit chromatin remodeling activity and activate 
de novo methylation protein function through MIWI2 
interaction with SPOCD1, suggesting that piRNA is 
an important actor directing de novo DNA methyla-
tion [64]. Post-transcriptional gene regulation is usu-
ally performed by PIWI proteins in the cytoplasm, such 
as Drosophila Aub and Ago3, mouse MIWI and MILI, 
which dependent on or independent of the endonuclease 
activity of PIWI proteins [52]. In endonuclease depend-
ent mode, piRNA binds to PIWI protein to form RISCs 
complex, which is targeted to cut transposable element 
mRNA according to base complementary pairing princi-
ple [56]. At this point, piRNA is similar to miRNA [52]. 
In addition to silencing transposable element, PIWI/
piRNA can also silence other mRNAs, pre-mRNAs, and 

Fig. 1 Two modes of piRNA production. In somatic cell, piRNA is mainly produced by Phasing processing pathways (Left part). First, piRNA 
precursor transcript is cleaved by PIWI/initiator piRNA to generate pre-pre piRNA, pre-pre piRNA binds to a new PIWI protein and is then cleaved 
into two parts by endonucerase (Zucchini in Drosophila or PLD6 in mice). The binding part of PIWI protein is the known intermediate piRNA 
(pre-piRNA), which generates mature response piRNA under the action of exonucerase (Trimmer/PNLDC1) and methyltransferase (Hen1). The 
remainder of the pre-pre piRNA is repeatedly bound by the PIWI protein at its 5’ end and repeatedly cleaved by the Zucchini/PLD6 to produce a 
string of Trailing piRNA. In germ cell, piRNA is produced by the mutual cleavage of complementary transcripts from transposon and piRNA clusters 
mediated by Ago3 and Aub, called the “Ping-pang” cycle (Right part), resulting in pairs of piRNAs (“initiator” and “responder” piRNA) with a 10 base 
overlap at the 5’- end
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lncRNAs at the post-transcriptional level [58, 65, 66]. 
In endonuclease independent mode, the piRNA/PAZ 
domain can bind other functional proteins, such as  m6A 
methyltransferase complex (MTC) [67], deadenylase [68], 
phosphorylase [69] and ubiquitination enzyme [70], to 
regulate gene expression at the RNA and proteome level. 
These findings extend the diversity of piRNA regulated 
protein-coding genes, but the mechanisms behind these 
regulations are still not fully understood. The regulation 
of coding genes depends on the level of base complemen-
tary pairing between target miRNA and piRNA [71]. For 
example, cutting requires higher complementarity [72]. 
However, in the non-cutting condition, PIWI protein 
needs to recruit different cofactors to achieve different 
regulatory effects on mRNA.

As mentioned above, PIWI/piRNA complex mainly 
plays a role in silencing transposons and regulating 
reproductive development in germ cells. Transposon 
silencing is generally achieved by inhibiting the expres-
sion of retrotransposons at both the transcriptional and 

post-transcriptional levels. Therefore, PIWI protein/
piRNA deletion or epigenetic disruption may lead to the 
recovery of transposon activity, which is associated with 
germ cell tumors development [73] In contrast to nor-
mal testis, most piRNA are downregulated or completely 
lost in testicular germ cell tumor (TGCT) [74]. Ferreira 
et al. also found that the expressions of PIWIL1, PIWIL2 
and PIWIL4 in both seminoma and non-seminoma were 
lower than those in normal testis [75]. More impor-
tantly, epigenetic inactivation of PIWI proteins lead 
to decreased piRNA production and hypomethylation 
of the retrotransposon, LINE-1, whose activation can 
affect the expression or regulation of other genes in the 
genome, resulting in germ cell tumors due to effects on 
genomic stability [76]. In short, PIWI protein/piRNA loss 
makes cells lose the role of silencing transposons in germ 
cell tumors, and the activation of retrotransposon is an 
important mechanism of germ cell tumor occurrence.

Unlike in germ cell tumors, PIWI proteins have been 
reported to be highly expressed in a variety of tumors, 

Fig. 2 Regulation mechanism of PIWI-piRNA complex in normal cells. In normal cells, PIWI proteins mainly bind to piRNA to form complexes that 
regulate gene expression at the transcriptional or post-transcriptional level. At the transcription level, the target gene transcription is regulated 
mainly by nuclear localization PIWI protein recruiting histones and DNA modification enzymes. At the post-transcriptional level, in addition to the 
epigenetic regulatory factors such as MTC, ubiquitination enzyme and phosphorylase recruited by PIWI proteins in the cytoplasm and regulated 
at the level of RNA and proteasome, the target gene mRNA can also be directly targeted and cleaved in a PIWI endonuclease-dependent manner, 
which is realized in the “Ping-pong” cycle pathway
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such as gastric, colon, liver, glioma, and bladder cancer 
[77]. Furthermore, the study of piRNA is still in the pre-
liminary stage, and its epigenetic regulation mechanism 
in tumors is still under investigation. In this review, we 
summarize the up-to-date information about the epige-
netic regulatory mechanisms of PIWI/piRNAs in human 
cancers, ranging from  m6A methylation, histone modi-
fications to DNA methylation and others (Fig. 3), which 
produces unique observations of biomarkers for cancer 
diagnosis and prognosis, together with treatment.

Epigenetic regulatory mechanism of PIWI/piRNAs 
in human cancers
m6A RNA methylation
In recent years,  m6A, one of the most popular epige-
netic RNA modifications, has been reported that it 
plays a vital role in modulating gene expression. This 
RNA modification can be realized by  m6A “writers”, 
“erasers” and “readers” and these proteins can, respec-
tively, methylate, demethylate and identify  m6A on 
RNA. The MTC are composed of at least seven “writer” 
proteins, METTL3, METTL14, METTL16 [78], WTAP, 
RBM15/15B [79], KIAA1429 [80], ZC3H13 [81]. Cur-
rently, there are mainly two types of  m6A demethylases: 
FTO and ALKBH5. Their discovery suggests that  m6A 
methylation is a reversible modification just like DNA 
and histone modification [82]. To perform a specific 
biological function,  m6A must be recognized by a spe-
cific RNA-binding protein. These methylated reading 

proteins, such as YT521-B homology (YTH) domain 
proteins, the heterogeneous nuclear ribonucleopro-
tein (HNRNP), eukaryotic translation initiation factor 
3 (elF3) and the IGF2 mRNA binding protein (IGF2BP) 
family, affect the fate of mRNA in an  m6A-dependent 
manner, including RNA transcription, processing, 
translation and metabolism [83].

Moreover, increasing evidences indicate that  m6A RNA 
methylation also potentially influences the tumorigen-
esis. Therefore, some people wonder whether there exist 
some relations between piRNA and  m6A that can impact 
on the cancer progression together. And here are some 
related researches as followed. Xie’s research shows that 
piRNA-14633 can facilitate the malignancy in cervical 
cancer (CC) by piRNA-14633/METTL14/CYP1B1 axis 
[84]. In this study, piRNA-14633 is highly expressed in 
CC cells, and it raises  m6A RNA methylation levels and 
METTL14 mRNA stability. Also, METTL14 regulated 
by piRNA-14633 may target at CYP1B1 in CC cells, and 
thus promoting the proliferation, migration and inva-
sion capacity of CC cells. Han’s study presents the fact 
that piRNA-30473 plays a role in diffuse large B-cell lym-
phoma (DLBCL) by regulating WTAP [85]. Similarly, as 
a negative prognosis index in DLBCL patients, piRNA-
30473 is overexpressed in DLBCL, and it regulates 
 m6A methylation level by regulating the expression of 
WTAP, together with IGF2BP2, one of the  m6A readers, 
which can up-regulate the expression of HK2 targeted at 
5’UTR of its mRNA in cells by increasing stability of HK2 

Fig. 3 The epigenetic regulatory mechanism of PIWI/piRNAs on human cancers. A PIWI proteins regulate gene expression in cancer in a piRNA 
independent manner, mainly through binding with other functional proteins (such as methyltransferase, ubiquitination enzyme, phosphorylase, 
etc.); B PIWI proteins regulate gene expression in cancer in a piRNA dependent manner, which is similar to that in normal cells; C piRNAs 
independently regulate mechanisms in cancer, exerting epigenetic regulatory functions by binding with epigenetic regulatory factors or directly 
regulating their expression. piRNAs can also bind with target gene to degrade mRNA, change its mRNA stability, or inhibit its translation process
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mRNA. Both studies show that piRNAs perform the role 
of  m6A modification by regulating the expression of  m6A 
methyltransferase.

Besides, researchs have also found that piRNAs can 
regulate the global cellular  m6A level through interact-
ing with some  m6A methyltransferase and affecting its 
activity. For instance, Liu’s founds that piRNA-36741 reg-
ulates osteoblast differentiation by controlling METTL3-
dependent  m6A methylation of BMP2 [86]. CHAPIR 
(cardiac-hypertrophy-associated piRNA)-PIWIL4 com-
plex fosters pathological hypertrophic and remodels 
heart by interacting with METTL3 and prohibiting the 
 m6A methylation of Parp10 mRNA transcripts to up-
regulate PARP10 expression, and thus the accumulation 
of NFATC4 in nuclear [67]. Mechanistically, both studies 
conclude that the piRNA-PIWIL4 complex directly inter-
acted with METTL3 and regulated METTL3-mediated 
 m6A modification of targeting gene transcripts.

Although such studies prove that piRNA-PIWI protein 
complex can occupy the useful role of  m6A modification 
by regulating the expression of  m6A methyltransferase or 
influencing its  m6A activity, several crucial issues remain 
unresolved. For example, piRNA can recruit DNA meth-
yltransferase through PIWI protein to regulate DNA 
methylation of target gene, similarly with miRNA, piRNA 
as a ncRNAs binding to 3’UTR or CDS region of mRNA. 
Accordingly, whether some piRNA only regulate  m6A 
level of target gene binding to it, just like DNA methyla-
tion, rather than the global cellular  m6A level. Further-
more, studying this issue in-depth may also be expected 
to clarify the molecular mechanism about how  m6A 
is specifically and dynamically deposited in the tran-
scriptome [87]. Obviously, there are only a few studies 
have been done. The regulatory mechanism of piRNA, 
together with  m6A, enjoys immense potential in human 
cancers. Further researches should be carried out to dig 
into the deep internal mechanisms.

Histone modification
Nucleosomes, the basic unit of chromosome function, 
are formed by 146 pairs of bases surrounding a histone 
octamer consisting of two molecules each of four his-
tone proteins (H2A, H2B, H3 and H4). Some histones of 
eukaryotes are able to stabilized nucleosome, while the 
free amino acid residues at the terminal of histone can 
undergo covalent modification such as methylation, acet-
ylation, phosphorylation, ubiquitination and adenosine 
diphosphate ribosylation and glycosylation [88], among 
which methylation and acetylation are two important 
modification. Histone acetylation is a reversible dynamic 
equilibrium process mediated by histone acetyltrans-
ferase (HAT) and histone deacetylase (HDAC). HAT can 
transfer the acetyl group carried by acetyl-CoA to the 

specified lysine residue at the N terminal of histone, and 
the acetyl group neutralize the positive charge carried 
by the residue, so as to expand the DNA conformation 
and relax the nucleosome structure, thus promoting the 
binding of DNA with transcription factors and activating 
the transcription of specific genes [89]. Histone meth-
ylation usually occurs on lysine and arginine residues, 
methylation at different sites has different effects on his-
tone function [90]. These modification enzymes can be 
divided into two parts, one is the activation marker, the 
other is repression marker. Histone H3 lysine 4 trimeth-
ylation (H3K4me3), H3 and H4 acetylation, and histone 
H3 lysine 36 (H3K36me2 and H3K36me3) are activation 
markers, which is beneficial to nucleosome’s formation 
of three-dimension structure, as access for transcription 
of open chromatin [51]. Repressive markers, such as tri-
methylation of histone H3 lysine 9 and 27 (H3K9me3 and 
H3K27me3), in the contrast, are able to generate a con-
densed chromatin [91].

Different kinds of piRNA can recruit corresponding 
modified enzymes of histones, and thus resulting in dif-
ferent effects. For example, one research shows that pi-
sno75 can up-regulate the expression of pro-apoptotic 
protein TRAIL and play a inhibitory role in breast cancer. 
Mechanistically, pi-sno75 binds to PIWIL1/4 and induces 
H3K4 methylation/H3K27 demethylation of TRAIL 
by recruiting MLL3/hCOMPASS complex [92]. Wu 
et  al. demonstrate that CDKN2B-related piRNAs, hsa-
piR-011186 and hsa-piR-014637 were highly expressed 
in leukemia cells U937, and their elevated expression 
could inhibit CDKN2B expression, promote cell cycle 
progression and induce apoptosis [93]. Mechanistically, 
hsa-piR-011186 and hsa-piR-014637 form complexes 
with DNMT1, Suv39H1 and EZH2 proteins that regu-
late the methylation level of the DNA and Histone H3 in 
the CDKN2B promoter site. This unique piRNA complex 
speed up epigenetic modifications about the cell cycle, 
which provides new insights into the advancement of 
leukemia. Another research indicates that there exists a 
strong correlation between the low-expressed of PIWIL2 
in invasive breast carcinomas (IBCs) and the downregu-
lation of DNMT1, histone H1, HP1 and SUV39H1, which 
are involved in chromatin accessibility and genome 
methylation [94]. PIWI /piRNA dysfunction, which leads 
to DNA demethylation and reactivation of transposi-
tion elements, is an epigenetic mechanism underlying 
changes in the genome integrity and immune response 
of many tumor cells. Moreover, PIWIL2 underexpres-
sion is greatly related with increased immune cytotoxic 
CD8 + response in IBCs, it demonstrates the feasibility 
of being predictive biomarkers for immunotherapies, and 
the possible novel clinical diagnostic markers.
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DNA methylation
DNA methylation refers to the process that organisms 
transfer methyl to a specific base with S-adenosine 
methionine (SAM) as the methyl donor under the catal-
ysis of DNA methyltransferases (DNMTs), and is criti-
cal in silencing gene on the long-term basis, specifically 
in the regions of promoter [95, 96]. In mammals, DNA 
methylation occurs primarily on the fifth carbon atom 
of cytosine in the CpG island, called 5-methylcytosine 
(m5C) [97]. CpG islands in normal cells are demeth-
ylated due to protection, genome-wide hypomethyla-
tion, uncontrolled regulation of enzymes that maintain 
methylation patterns, and hypermethylation of normal 
unmethylated CpG islands are common phenomena in 
human tumors [98–101], previous studies have shown 
that hypermethylation of promoter region leads to inac-
tivation of tumor suppressor genes, which is one of the 
common characteristics of human tumors [91, 102]. As 
known to all, lncRNA can recruit DNMTs to improve 
the DNA methylation level [103]. Most importantly, 
recent studies indicate that piRNAs can also affect the 
hypermethylation by recruiting DNMT in some human 
cancers [104, 105]. The interaction between DNA 
methylation and piRNAs exerts deep influence on the 
stability and expression of genome, eventually resulting 
in the abnormal change of the cell signaling, and thus 
getting the diseases moving ahead [106, 107].

Many studies have found that the changes of DNA 
methylation in tumor cells are closely related to PIWI/
piRNA disorders. In breast cancer, piR-651 [105], piR-
823 [108] and piR-021285 [109] is highly expressed 
compared with normal breast tissue. However, the 
expressions of PIWI proteins in breast cancer have 
not been unified. Didier et  al. found that PIWIL2 was 
expressed in normal breast tissue but not in tumor 
tissue [94], whereas three other studies showed the 
opposite [105, 110]. The overexpression of piR-651 
can promote the proliferation and invasion of breast 
cancer cells, and its regulatory mechanism is through 
recruiting DNMT1 to the promoter region of the 
tumor suppressor gene PTEN through PIWIL2, and 
the PTEN promoter is methylated, thus reducing its 
expression level [105]. Also, Fu et  al. demonstrated 
that piR-021285 can promote the methylation of proto-
oncogene ARHGAP11A 5’UTR/first exon and down-
regulate its expression level, but its specific regulatory 
mechanism needs further study [109]. Ding et al. found 
that the overexpression of piRNA-823 promotes the 
expression of DNMTs, such as DNMT1, DNMT3A and 
DNMT3B, and thus inducing the hypermethylation 
of gene adenomatous polyposis coli (APC), inducing 
the stemness of luminal breast cancer cells by trigger-
ing Wnt signaling pathway [108]. In addition to breast 

cancer, piR-823 was also found to be upregulated in 
multiple myeloma (MM) and esophageal squamous cell 
carcinoma (ESCC) [104, 111, 112].

The overexpression of piR-823 in MM can maintain the 
stemness of multiple myeloma stem cells and increase 
the tumorigenic potential by activating DNMT3B and 
upregating DNA methylation level [112]. Analogously, 
Yan et  al. shows that piRNA-823 can up-regulate both 
mRNA and protein levels of DNMT3A and 3B, leading to 
the methylation of tumor suppressor gene p16(INK4A), 
thus playing a cancer-promoting role in MM [113]. Also, 
Su et al. shows that both piR-823 and DNMT3B are over-
expressed in ESCC and they have positive relations with 
each other [107]. piR-823 may promote ESCC progres-
sion through DNMT3b-mediated DNA methylation.

PIWI/piRNA mediated DNA methylation also plays an 
important role in other tumors. In prostate cancer, highly 
expressed piRNA-31470 directs DNMT1 and DNMT3α 
to bind to CpG islands of glutathione S-transferase pi 
1 (GSTP1) via PIWIL4. Subsequently, GSTP1 is meth-
ylated, its transcription is inhibited, and the inactiva-
tion of GSTP1 increases the sensitivity of normal cells 
to oxidative stress and the risk of prostate cancer [114]. 
Wu’s study indicates that the overexpression of LV-has-
piR-011186 binding with a particular sequence recruits 
DNA and histone-methylating proteins to the CDKN2 
promoter gene, leading to the result of the promo-
tion of cell proliferation, as well as the inhibition of cell 
apoptosis in U937 leukemia cells [93]. In lung cancer, 
RASSF1C, a major member of the RASSF1 gene family 
[115, 116], can encourage the expression of PIWIL1, as 
well as the modulation of piRNA’s expression [117]. This 
research presents us the RASSF1C/PIWIL1/piRNA axis, 
modulating the Gem Interacting Protein (GMIP) mRNA 
expression by DNA methylation in lung cancer, and thus 
affecting the migration of cancer cells.

Other oncogenic mechanisms of PIWI/piRNAs
As mentioned before, in the germ cells, PIWI protein can 
cleave the transposon RNA that is complementary to a 
piRNA, dependent on its splicing enzyme activity, which 
leads to transposon gene post-transcriptional silencing, 
which is related to piRNA biosynthesis [118]. However, 
this condition seems to be different in cancer. According to 
the researches at present, PIWI protein and piRNA seem 
to regulate mRNA decay as two independent individu-
als rather than as a whole (Fig. 2). For example, Liu et al. 
found that PIWIL1, as a coactivator of APC/C complex 
rather than a substrate, targets cell adhesion protein Pinin 
for proteolytic ubiquitination in the absence of piRNA, 
thus promoting pancreatic cancer metastasis [119]. Lin 
et  al. also proves that piRNA expression could hardly be 
detected in gastric cancer cells with high expression of 
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PIWIL1, abolishing the piRNA-binding activity of PIWIL1 
can still play the biological functions of promoting can-
cer cell growth and tumor metastasis [7]. Mechanistically, 
PIWIL1 is likely to negatively regulate the expression of 
tumor suppressor genes by binding protein, a core fac-
tors of nonsense-mediated mRNA decay machinery. It 
seems that PIWI protein can directly bind to some func-
tional proteins (ubiquitinase and phosphorylase) to play 
an epigenetic regulatory function in tumor independent 
of piRNA. Whether this phenomenon also exists in nor-
mal cells needs further study. Similarly, many piRNAs 
can regulate post-transcriptional networks to inhibit tar-
get function through piRNA-RNA interactions in cancer, 
similar to miRNA mechanisms [120–122]. In lung cancer 
cells, piRNA can regulate the growth, apoptosis, migration 
and invasion of cancer cells through P-ERM, Caspase-3 
and Akt/mTOR [123–125]. In colon cancer cells, piRNA 
regulates the growth apoptosis and cell cycle operation 
of cancer cells through HSF1, BTG1 and FAS [69, 126, 
127]. Only PWIL1 protein is expressed in human colon 
cancer COLO205 cells, while other PIWI proteins are 
not expressed [17]. In the Head and neck squamous cell 
carcinoma related to hpv16/18, the depletion of piRNA 
FR140858 can possibly boost the expression of the mini-
chromosome maintenance complex component 7 [128]. In 
breast cancer, PIWIL1 combines with piR-36712 to form 
RISC, which is targeted to degrade SEPW1P, a retropro-
cessed pseudogene of SEPW1, and subsequently reduces 
SEPW1 expression through competition of SEPW1 mRNA 
with SEPW1P RNA for microRNA-7 and microRNA-324 
and inhibits proliferation, migration and invasion [129]. 
In neuroblastoma cells, piRNA-39980 directly targeted at 
JAK3 gene, thus inducing cells proliferation, enhancing 
metastasis, and inhibiting its aging [130]. Also, in blad-
der cancer, the expression of piRNA DQ594040 is down-
regulated. piRNA DQ594040 inhibits bladder cancer cell 
proliferation and induces apoptosis by targeting TNFSF4 
[131]. Further research is needed on how PIWI can regu-
late and function in a way that is independent of piRNA; It 
is also necessary to further explore whether there are new 
small RNAs different from traditional piRNA involved in 
the regulation and function of PIWI in cancer or there 
may be new PIWI functional partner proteins involved in 
the regulation and function of PIWI. These in-depth stud-
ies on the function and mechanism of PIWI in cancer will 
eventually provide a solid theoretical basis for the applica-
tion of PIWI in precision treatment of cancer.

The future perspectives in terms of directed therapies 
related to piRNAs/PIWI proteins
Plagued by low-efficient and invasive diagnostic tools, as 
well as undesirable results caused by therapies such as low 
recovery rate, lacking universality and frequent follow-up 

visits, we still require more suitable ways to conquer these 
troublesome problems. Nevertheless, targeted therapy 
and related diagnostic approach come into view since 
they are capable of greatly improving the situation. Tar-
geted therapy, aimed at cutting off specific pathways 
and functional proteins during tumorigenesis, espe-
cially the mutant molecular with the abnormal expres-
sion [132]. Recently, multiple piRNAs and PIWI proteins 
are detected that they are downregulated or upregulated 
in germline and other cancer tissues, either promoting 
carcinogenesis or suppressing tumor growth. Emerging 
evidence indicates that piRNAs and PIWI proteins are 
related to highly malignancy in pathological grading or 
clinical metastasis. In tumors, piRNAs/PIWI complexes 
are able to regulate carcinogenesis by epigenetic pathway. 
The epigenetic mechanism of piRNAs/PIWI proteins is 
based on gene levels to promote or suppress the cell pro-
liferation, migration and metastasis. So perhaps we can 
alter the expression or stability of molecules associated 
with m6A RNA, histones and DNA methylation modifi-
cations participated in specific pathways in carcinogenesis 
by upregulating or downregulating piRNAs/PIWI com-
plexes’ expression. Certainly, if more epigenetic pathways 
modulated by piRNAs/PIWI complexes contained in one 
carcinoma have been detected, the odds of making tar-
geted drugs will be lengthened.

There are three problems existing about the application 
of miRNAs in tumor targeted therapy, including specific-
ity, deliverability and tolerance. Nevertheless, these three 
difficulties will not defeat piRNAs as piRNAs boast cor-
respondingly unique strengthens. Firstly, as for specificity, 
on the one hand, the majority of piRNAs are expressed in 
germ cells and cancer cells, indicating the good cell speci-
ficity; on the other hand, piRNAs have complementary 
pairing with bases of targeted genes and regulate expres-
sion of targeted genes in transcriptional or post-transcrip-
tional levels, suggesting the gene specificity. But piRNAs 
are still similar with miRNAs, existing problems such as 
off-target effect and immunogenicity induced by sequence 
similarity or overdose to much higher than endogenous 
levels as expected. Secondly, as for deliverability, because 
the 3’ end of piRNAs have 2’-O-methylated structure 
while miRNAs don’t, piRNAs are more stable than miR-
NAs in blood and thus piRNAs have better deliverability. 
Thirdly, as for tolerance, or side effects, piRNAs and PIWI 
proteins have less side effects due to their specific expres-
sion in cells. Accordingly, with these advantages, PIWI/
piRNAs will boast broad application prospects.

Conclusion
Cancer is a fatal disease to human health. Although sci-
entists in the field of medical science and technology have 
been committed to curing cancer, it is still an obscure 
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disease to conquer up to now. One compelling reason 
for this is the lack of tumor specific antigen. PIWI/piR-
NAs is usually expressed only in germ cells and cancerous 
tumor tissues, but almost not in normal somatic tissues, 
making it a promising target for precise targeted therapy. 
With the galloping development of the technology, there 

exist emerging information about PIWI/piRNAs complex. 
PIWI/piRNAs mediated epigenetic regulation plays an 
important role in germ cell development, including DNA 
methylation, histone methylation, histone acetylation and 
histone ubiquitination, not only play important regulatory 
roles at the transcriptional level, but PIWI family proteins 

Table 1 The role of PIWI/piRNAs in various cancer

Tumor type PIWI/piRNA Expression in tumors Biological function Regulatory mechanism Refs

Cervical cancer piRNA-14633 Up-regulated Promote tumorigenesis Increasing CYP1B1  m6A level through up-regulat-
ing the expression of METTL14

[84]

DLBCL piRNA-30472 Up-regulated Promote tumorigenesis Increasing HK2  m6A level through up-regulating 
the expression of WTAP

[85]

Breast cancer pi-sno75
PIWIL4

Down-regulated Suppress tumorigenesis Inducing H3K4 methylation and H3K27 demeth-
ylation of TRAIL by recruiting PIWIL4/MLL3

[92]

PIWIL2
PIWIL4

Underexpression Suppress tumorigenesis Down-regulated expression of DNMT1, histone 
H1, HP1 and SUV39H1

[94]

piR-651
PIWIL2

Up-regulated Promote tumorigenesis Inducing methylation of PTEN promoter by 
recruiting PIWIL2/DNMT1

[105]

piRNA-823 Up-regulated Promote tumorigenesis Promoting the expression of DNMTs, such as 
DNMT1, DNMT3A and DNMT3B, and thus induc-
ing the hypermethylation of APC

[108]

piR-021285 Genetic variant Suppress tumorigenesis Promoting the methylation of proinvasive ARH-
GAP11A 5’UTR/first exon

[109]

piRNA-36712
PIWIL1

Down-regulated Suppress tumorigenesis Combining with PIWIL1 to form RISC, which is tar-
geted to degrade SEPW1P, subsequently reduces 
SEPW1 expression through competition of SEPW1 
mRNA with SEPW1P RNA for microRNA-7 and 
microRNA-324

[129]

Leukemia piR-011186
piR-014637

Up-regulated Promote tumorigenesis Form complexes with DNMT1, Suv39H1 and EZH2 
proteins that regulate the methylation level of the 
DNA and Histone H3 in the CDKN2B promoter site

[93]

MM piRNA-823 Up-regulated Promote tumorigenesis Activating DNMT3B and upregulating DNA meth-
ylation level

[108]

piRNA-823 Up-regulated Promote tumorigenesis Up-regulating expression of DNMT3A and 3B, 
leading to the methylation of tumor suppressor 
gene p16(INK4A)

[113]

ESCC piRNA-823 Up-regulated Promote tumorigenesis piR-823 may promote ESCC progression through 
DNMT3b-mediated DNA methylation

[107]

Prostate cancer piRNA-31470
PIWIL4

Up-regulated Promote tumorigenesis Inducing methylation of GSTP1 CpG islands by 
recruiting PIWIL4/DNMT1 and 3α

[114]

Lung cancer PIWIL1 Up-regulated Promote tumorigenesis Modulating GMIP DNA methylation [117]

piRNA-L-163 Down-regulated Suppress tumorigenesis Binding directly to p-ERM and regulates ERM 
functional activities

[123]

piR-55490 Down-regulated Suppress tumorigenesis Binding 3’UTR of mTOR mRNA and induce its 
degradation

[125]

Pancreatic cancer PIWIL1 Up-regulated Promote tumorigenesis As a coactivator of APC/C complex rather than a 
substrate, targets cell adhesion protein Pinin for 
proteolytic ubiquitination

[70]

Gastric cancer PIWIL1 Up-regulated Promote tumorigenesis Interaction with the UPF1-mediated nonsense-
mediated mRNA decay mechanism

[7]

Colon cancer piR-823 Up-regulated Promote tumorigenesis Enhancing the transcriptional activity of HSF1 [69]

piRNA-1245 Upregulated Promote tumorigenesis Targeting 3’UTR, CDS or 5’UTR region of the tumor 
suppressor gene

[69, 126, 127]

Neuroblastoma piRNA-39980 Upregulated Promote tumorigenesis Inhibiting the expression of JAK3 through target 
binding

[130]

Bladder cancer piRABC Down-regulated Suppress tumorigenesis Up-regulating TNFSF4 [131]
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can cleat mRNA under the guidance of piRNA, which also 
shows a post-transcriptional regulatory role. However, the 
regulation mechanism of PIWI/piRNAs in cancer seems 
to be different. Most have found that PIWI protein and 
piRNA seem to regulate tumor as two independent indi-
viduals rather than as a whole. Therefore, it is necessary 
to further study how PIWI protein exerts its regulatory 
function in tumors in a manner independent of piRNA.

In this review, we also talk about four possible types 
of regulatory mechanisms of PIWI/piRNAs complex 
in human carcinomas, such as the most classic one—— 
endonuclease, DNA methylation, the modulation of 
histones, and the latest studies about  m6A methylation 
(Table 1). Currently, there are few studies related to  m6A 
methylation, and more studies are needed to analyze 
the role of PIWI/ piRNA-mediated  m6A modification in 
tumor genesis and development. In-depth study of epi-
genetic mechanism is helpful to improve the theory of 
tumorigenesis mechanism. By further research, PIWI/
piRNAs may become a small molecular marker for tumor 
diagnosis and promote the development of tumor diag-
nosis and treatment [17, 133].

Abbreviations
piRNAs  PIWI-interacting RNAs
m6A  N6-Methyladenosine
PPD  PAZ-PIWI Domain
sncRNAs  Small non-coding RNAs
siRNAs  Small Interfering RNAs
miRNAs  MicroRNAs
lncRNAs  Long Non-Coding RNAs
sncRNAs  Small Non-Coding RNAs
DLBCL  Diffuse Large B-cell lymphoma
CHAPIR  Cardiac-Hypertrophy-Associated piRNA
HAT  Histone Acetyltransferase
HDAC  Histone Deacetylase
H3K4me3  Histone H3 Lysine 4 Trimethylation
H3K36me2/3  Histone H3 Lysine 36 Trimethylation
H3K9me3  Histone H3 Lysine 9 Trimethylation
H3K27me3  Histone H3 Lysine 27 Trimethylation
TNF  Tumor Necrosis Factor
TRAIL  Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand
IBCs  Invasive Breast Carcinomas
DNMTs  DNA Methyltransferases
G-MDSCs  Granulocytic-MDSCs
ESCC  Esophageal Squamous Cell Carcinoma
APC  Adenomatous Polyposis Coli
GSTP1  Glutathione S-transferase Pi 1
RASSF1  Ras Association Domain Family Member 1
GMIP  Gem Interacting Protein

Acknowledgements
Not applicable.

Authors’ contributions
Ermao Li and Qun Zhang made the table and were major contributors in writ-
ing the manuscript. Qun Zhang and Ermao Li prepared the figures. All authors 
read and approved the final manuscript.

Funding
This work was supported by the Natural Science Foundation for Young 
Scientists of Hunan Province (No.2020JJ5501), Scientific research project 

for Outstanding Young Scientists of Hunan Education Department (No. 
18B272), Hunan University students Innovation training program project (No. 
S201910555127).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 25 July 2022   Accepted: 16 February 2023

References
 1. Huang H, Yu X, Han X, Hao J, Zhao J, Bebek G, et al. Piwil1 Regulates 

Glioma Stem Cell Maintenance and Glioblastoma Progression. Cell Rep. 
2021;34(1):108522. https:// doi. org/ 10. 1016/j. celrep. 2020. 108522.

 2. Thomson T, Lin H. The biogenesis and function of PIWI proteins and 
piRNAs: progress and prospect. Annu Rev Cell Dev Biol. 2009;25:355–76. 
https:// doi. org/ 10. 1146/ annur ev. cellb io. 24. 110707. 175327.

 3. Cerutti L, Mian N, Bateman A. Domains in gene silencing and cell 
differentiation proteins: the novel PAZ domain and redefinition of the 
Piwi domain. Trends Biochem Sci. 2000;25(10):481–2. https:// doi. org/ 10. 
1016/ s0968- 0004(00) 01641-8.

 4. Yamaguchi S, Oe A, Nishida KM, Yamashita K, Kajiya A, Hirano S, 
et al. Crystal structure of Drosophila Piwi. Nature communications. 
2020;11(1):858. https:// doi. org/ 10. 1038/ s41467- 020- 14687-1.

 5. Carmell MA, Xuan Z, Zhang MQ, Hannon GJ. The Argonaute family: 
tentacles that reach into RNAi, developmental co ntrol, stem cell main-
tenance, and tumorigenesis. Genes Dev. 2002;16(21):2733–42. https:// 
doi. org/ 10. 1101/ gad. 10261 02.

 6. Couvillion MT, Lee SR, Hogstad B, Malone CD, Tonkin LA, Sachidanan-
dam R, et al. Sequence, biogenesis, and function of diverse small RNA 
classes bound to the Piwi family proteins of Tetrahymena thermoph-
ila. Genes Dev. 2009;23(17):2016–32. https:// doi. org/ 10. 1101/ gad. 
18212 09.

 7. Shi S, Yang ZZ, Liu S, Yang F, Lin H. PIWIL1 promotes gastric can-
cer via a piRNA-independent mechanism. Proc Natl Acad Sci USA. 
2020;117(36):22390–401. https:// doi. org/ 10. 1073/ pnas. 20087 24117.

 8. Song JJ, Smith SK, Hannon GJ, Joshua-Tor L. Crystal structure of 
Argonaute and its implications for RISC slicer activity. Science. 
2004;305(5689):1434–7. https:// doi. org/ 10. 1126/ scien ce. 11025 14.

 9. Kim VN, Han J, Siomi MC. Biogenesis of small RNAs in animals. Nat Rev 
Mol Cell Biol. 2009;10(2):126–39. https:// doi. org/ 10. 1038/ nrm26 32.

 10. Mao Y, Ni N, Huang L, Fan J, Wang H, He F, et al. Argonaute (AGO) 
proteins play an essential role in mediating BMP9-induced osteo-
genic signaling in mesenchymal stem cells (MSCs). Genes & diseases. 
2021;8(6):918–30. https:// doi. org/ 10. 1016/j. gendis. 2021. 04. 004.

 11. Shi CY, Kingston ER, Kleaveland B, Lin DH, Stubna MW, Bartel DP. The 
ZSWIM8 ubiquitin ligase mediates target-directed microRNA degra-
dation. Science (New York, NY). 2020;370(6523):eabc9359. https:// doi. 
org/ 10. 1126/ scien ce. abc93 59.

 12. Bamezai S, Rawat VP, Buske C. Concise review: The Piwi-piRNA axis: 
pivotal beyond transposon silencing. Stem Cells. 2012;30(12):2603–
11. https:// doi. org/ 10. 1002/ stem. 1237.

 13. Jia DD, Jiang H, Zhang YF, Zhang Y, Qian LL, Zhang YF. The regulatory 
function of piRNA/PIWI complex in cancer and other human dis-
eases: The role of DNA methylation. Int J Biol Sci. 2022;18(8):3358–73. 
https:// doi. org/ 10. 7150/ ijbs. 68221.

https://doi.org/10.1016/j.celrep.2020.108522
https://doi.org/10.1146/annurev.cellbio.24.110707.175327
https://doi.org/10.1016/s0968-0004(00)01641-8
https://doi.org/10.1016/s0968-0004(00)01641-8
https://doi.org/10.1038/s41467-020-14687-1
https://doi.org/10.1101/gad.1026102
https://doi.org/10.1101/gad.1026102
https://doi.org/10.1101/gad.1821209
https://doi.org/10.1101/gad.1821209
https://doi.org/10.1073/pnas.2008724117
https://doi.org/10.1126/science.1102514
https://doi.org/10.1038/nrm2632
https://doi.org/10.1016/j.gendis.2021.04.004
https://doi.org/10.1126/science.abc9359
https://doi.org/10.1126/science.abc9359
https://doi.org/10.1002/stem.1237
https://doi.org/10.7150/ijbs.68221


Page 11 of 14Zhang et al. Molecular Cancer           (2023) 22:45  

 14. Sasaki T, Shiohama A, Minoshima S, Shimizu N. Identification of eight 
members of the Argonaute family in the human g enome. Genomics. 
2003;82(3):323–30. https:// doi. org/ 10. 1016/ s0888- 7543(03) 00129-0.

 15. Gunawardane LS, Saito K, Nishida KM, Miyoshi K, Kawamura Y, Nagami 
T, et al. A slicer-mediated mechanism for repeat-associated siRNA 5’ end 
formati on in Drosophila. Science (New York, NY). 2007;315(5818):1587–
90. https:// doi. org/ 10. 1126/ scien ce. 11404 94.

 16. Vagin VV, Sigova A, Li C, Seitz H, Gvozdev V, Zamore PD. A distinct small 
RNA pathway silences selfish genetic elements in the germline. Sci-
ence. 2006;313(5785):320–4. https:// doi. org/ 10. 1126/ scien ce. 11293 33.

 17. Genzor P, Cordts SC, Bokil NV, Haase AD. Aberrant expression of select 
piRNA-pathway genes does not reactivate piRNA silencing in cancer 
cells. Proc Natl Acad Sci U S A. 2019;116(23):11111–2. https:// doi. org/ 10. 
1073/ pnas. 19044 98116.

 18. Qiao D, Zeeman A-M, Deng W, Looijenga LHJ, Lin H. Molecular 
characterization of hiwi, a human member of the piwi gene fa mily 
whose overexpression is correlated to seminomas. Oncogene. 
2002;21(25):3988–99. https:// doi. org/ 10. 1038/ sj. onc. 12055 05.

 19. Mei Y, Clark D, Mao L. Novel dimensions of piRNAs in cancer. Cancer 
Lett. 2013;336(1):46–52. https:// doi. org/ 10. 1016/j. canlet. 2013. 04. 008.

 20. Liu Y, Dou M, Song X, Dong Y, Liu S, Liu H, et al. The emerging role of the 
piRNA/piwi complex in cancer. Mol Cancer. 2019;18(1):123. https:// doi. 
org/ 10. 1186/ s12943- 019- 1052-9.

 21. Jia R, He X, Ma W, Lei Y, Cheng H, Sun H, et al. Aptamer-Function-
alized Activatable DNA Tetrahedron Nanoprobe for PIWI-Inter-
acting RNA Imaging and Regulating in Cancer Cells. Anal Chem. 
2019;91(23):15107–13. https:// doi. org/ 10. 1021/ acs. analc hem. 9b038 19.

 22. Ali SD, Tayara H, Chong KT. Identification of piRNA disease associations 
using deep learning. Comput Struct Biotechnol J. 2022;20:1208–17. 
https:// doi. org/ 10. 1016/j. csbj. 2022. 02. 026.

 23. Weng W, Li H, Goel A. Piwi-interacting RNAs (piRNAs) and cancer: 
Emerging biological concepts and potential clinical implications. 
Biochim Biophys Acta Rev Cancer. 2019;1871(1):160–9. https:// doi. org/ 
10. 1016/j. bbcan. 2018. 12. 005.

 24. Cornes E, Bourdon L, Singh M, Mueller F, Quarato P, Wernersson E, et al. 
piRNAs initiate transcriptional silencing of spermatogenic genes during 
C. elegans germline development. Developmental cell. 2022;57(2):180-
96e7. https:// doi. org/ 10. 1016/j. devcel. 2021. 11. 025.

 25. Aravin A, Gaidatzis D, Pfeffer S, Lagos-Quintana M, Landgraf P, Iovino 
N, et al. A novel class of small RNAs bind to MILI protein in mouse 
testes. Nature. 2006;442(7099):203–7. https:// doi. org/ 10. 1038/ natur 
e04916.

 26. Ozata DM, Gainetdinov I, Zoch A, O’Carroll D, Zamore PD. PIWI-interact-
ing RNAs: small RNAs with big functions. Nat Rev Genet. 2019;20(2):89–
108. https:// doi. org/ 10. 1038/ s41576- 018- 0073-3.

 27. Zeng Y, Qu L-K, Meng L, Liu C-Y, Dong B, Xing X, et al. HIWI expression 
profile in cancer cells and its prognostic value for patients with colorec-
tal cancer. Chin Med J. 2011;124(14):2144–9.

 28. Girard A, Sachidanandam R, Hannon GJ, Carmell MA. A germline-
specific class of small RNAs binds mammalian Piwi proteins. Nature. 
2006;442(7099):199–202. https:// doi. org/ 10. 1038/ natur e04917.

 29. Gebert D, Neubert LK, Lloyd C, Gui J, Lehmann R, Teixeira FK. Large 
Drosophila germline piRNA clusters are evolutionarily labile and 
dispensable for transposon regulation. Mol Cell. 2021;81(19):3965-78.e5. 
https:// doi. org/ 10. 1016/j. molcel. 2021. 07. 011.

 30. 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 : CB. 2009;19(24):2066–76. https:// doi. org/ 10. 
1016/j. cub. 2009. 11. 064.

 31. Ipsaro JJ, Haase AD, Knott SR, Joshua-Tor L, Hannon GJ. The structural 
biochemistry of Zucchini implicates it as a nuclease in piRNA biogen-
esis. Nature. 2012;491(7423):279–83. https:// doi. org/ 10. 1038/ natur 
e11502.

 32. Jensen S, Brasset E, Parey E, RoestCrollius H, Sharakhov IV, Vaury C. Con-
served Small Nucleotidic Elements at the Origin of Concerted piRNA 
Biogenesis from Genes and lncRNAs. Cells. 2020;9(6):1491. https:// doi. 
org/ 10. 3390/ cells 90614 91.

 33. Houwing S, Kamminga LM, Berezikov E, Cronembold D, Girard A, van 
den Elst H, et al. A role for Piwi and piRNAs in germ cell maintenance 
and transposon silencing in Zebrafish. Cell. 2007;129(1):69–82. https:// 
doi. org/ 10. 1016/j. cell. 2007. 03. 026.

 34. Pillai RS, Chuma S. piRNAs and their involvement in male germline 
development in mice. Dev Growth Differ. 2012;54(1):78–92. https:// doi. 
org/ 10. 1111/j. 1440- 169X. 2011. 01320.x.

 35. Senti KA, Jurczak D, Sachidanandam R, Brennecke J. piRNA-guided slic-
ing of transposon transcripts enforces their transcriptional silencing via 
specifying the nuclear piRNA repertoire. Genes Dev. 2015;29(16):1747–
62. https:// doi. org/ 10. 1101/ gad. 267252. 115.

 36. Klattenhoff C, Theurkauf W. Biogenesis and germline functions of 
piRNAs. Development (Cambridge, England). 2008;135(1):3–9. https:// 
doi. org/ 10. 1242/ dev. 006486.

 37. Zamore PD. Somatic piRNA biogenesis. The EMBO J. 2010;29(19):3219–
21. https:// doi. org/ 10. 1038/ emboj. 2010. 232.

 38. 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(7423):284–7. https:// doi. org/ 10. 1038/ 
natur e11509.

 39. Pastore B, Hertz HL, Price IF, Tang W. pre-piRNA trimming and 
2’-O-methylation protect piRNAs from 3’ tailing and degradation in 
C. elegans. Cell Reports. 2021;36(9):109640. https:// doi. org/ 10. 1016/j. 
celrep. 2021. 109640.

 40. Nishimura T, Nagamori I, Nakatani T, Izumi N, Tomari Y, Kuramochi-
Miyagawa S, et al. PNLDC1, mouse pre-piRNA Trimmer, is required for 
meiotic and post-meio tic male germ cell development. EMBO Rep. 
2018;19(3):e44957. https:// doi. org/ 10. 15252/ embr. 20174 4957.

 41. Gainetdinov I, Colpan C, Cecchini K, Arif A, Jouravleva K, Albosta P, et al. 
Terminal modification, sequence, length, and PIWI-protein identity 
determine piRNA stability. Mol Cell. 2021;81(23):4826-42.e8. https:// doi. 
org/ 10. 1016/j. molcel. 2021. 09. 012.

 42. Gainetdinov I, Colpan C, Arif A, Cecchini K, Zamore PD. A Single Mecha-
nism of Biogenesis, Initiated and Directed by PIWI Proteins, Explains 
piRNA Production in Most Animals. Mol Cell. 2018;71(5):775-90.e5. 
https:// doi. org/ 10. 1016/j. molcel. 2018. 08. 007.

 43. Sato K, Siomi MC. The piRNA pathway in Drosophila ovarian germ 
and somatic cells. Proc Jpn Acad Ser B Phys Biol Sci. 2020;96(1):32–42. 
https:// doi. org/ 10. 2183/ pjab. 96. 003.

 44. Wang X, Ramat A, Simonelig M, Liu MF. Emerging roles and func-
tional mechanisms of PIWI-interacting RNAs. Nat Rev Mol Cell Biol. 
2023;24(2):123–41. https:// doi. org/ 10. 1038/ s41580- 022- 00528-0.

 45. Izumi N, Shoji K, Suzuki Y, Katsuma S, Tomari Y. Zucchini consensus 
motifs determine the mechanism of pre-piRNA production. Nature. 
2020;578(7794):311–6. https:// doi. org/ 10. 1038/ s41586- 020- 1966-9.

 46. Ge DT, Wang W, Tipping C, Gainetdinov I, Weng Z, Zamore PD. The RNA-
Binding ATPase, Armitage, Couples piRNA Amplification in Nuage to 
Phased piRNA Production on Mitochondria. Mol Cell. 2019;74(5):982-95.
e6. https:// doi. org/ 10. 1016/j. molcel. 2019. 04. 006.

 47. Zhang P, Kang JY, Gou LT, Wang J, Xue Y, Skogerboe G, et al. MIWI and 
piRNA-mediated cleavage of messenger RNAs in mouse testes. Cell Res. 
2015;25(2):193–207. https:// doi. org/ 10. 1038/ cr. 2015.4.

 48. Pek JW, Patil VS, Kai T. piRNA pathway and the potential process-
ing site, the nuage, in the Drosophila germline. Dev Growth Differ. 
2012;54(1):66–77. https:// doi. org/ 10. 1111/j. 1440- 169x. 2011. 01316.x.

 49. Lin H. piRNAs in the germ line. Science (New York, NY). 
2007;316(5823):397. https:// doi. org/ 10. 1126/ scien ce. 11375 43.

 50. Ramat A, Garcia-Silva MR, Jahan C, Naït-Saïdi R, Dufourt J, Garret C, 
et al. The PIWI protein Aubergine recruits eIF3 to activate translation in 
the germ plasm. Cell Res. 2020;30(5):421–35. https:// doi. org/ 10. 1038/ 
s41422- 020- 0294-9.

 51. Su JF, Concilla A, Zhang DZ, Zhao F, Shen FF, Zhang H, et al. PIWI-inter-
acting RNAs: Mitochondria-based biogenesis and functions in cancer. 
Genes Dis. 2021;8(5):603–22. https:// doi. org/ 10. 1016/j. gendis. 2020. 09. 
006.

 52. Czech B, Munafò M, Ciabrelli F, Eastwood EL, Fabry MH, Kneuss E, 
et al. piRNA-Guided Genome Defense: From Biogenesis to Silenc-
ing. Annu Rev Genet. 2018;52:131–57. https:// doi. org/ 10. 1146/ annur 
ev- genet- 120417- 031441.

 53. Czech B, Hannon GJ. One Loop to Rule Them All: The Ping-Pong Cycle 
and piRNA-Guided Silencing. Trends Biochem Sci. 2016;41(4):324–37. 
https:// doi. org/ 10. 1016/j. tibs. 2015. 12. 008.

 54. Faehnle CR, Joshua-Tor L. Argonautes confront new small RNAs. Curr 
Opin Chem Biol. 2007;11(5):569–77. https:// doi. org/ 10. 1016/j. cbpa. 
2007. 08. 032.

https://doi.org/10.1016/s0888-7543(03)00129-0
https://doi.org/10.1126/science.1140494
https://doi.org/10.1126/science.1129333
https://doi.org/10.1073/pnas.1904498116
https://doi.org/10.1073/pnas.1904498116
https://doi.org/10.1038/sj.onc.1205505
https://doi.org/10.1016/j.canlet.2013.04.008
https://doi.org/10.1186/s12943-019-1052-9
https://doi.org/10.1186/s12943-019-1052-9
https://doi.org/10.1021/acs.analchem.9b03819
https://doi.org/10.1016/j.csbj.2022.02.026
https://doi.org/10.1016/j.bbcan.2018.12.005
https://doi.org/10.1016/j.bbcan.2018.12.005
https://doi.org/10.1016/j.devcel.2021.11.025
https://doi.org/10.1038/nature04916
https://doi.org/10.1038/nature04916
https://doi.org/10.1038/s41576-018-0073-3
https://doi.org/10.1038/nature04917
https://doi.org/10.1016/j.molcel.2021.07.011
https://doi.org/10.1016/j.cub.2009.11.064
https://doi.org/10.1016/j.cub.2009.11.064
https://doi.org/10.1038/nature11502
https://doi.org/10.1038/nature11502
https://doi.org/10.3390/cells9061491
https://doi.org/10.3390/cells9061491
https://doi.org/10.1016/j.cell.2007.03.026
https://doi.org/10.1016/j.cell.2007.03.026
https://doi.org/10.1111/j.1440-169X.2011.01320.x
https://doi.org/10.1111/j.1440-169X.2011.01320.x
https://doi.org/10.1101/gad.267252.115
https://doi.org/10.1242/dev.006486
https://doi.org/10.1242/dev.006486
https://doi.org/10.1038/emboj.2010.232
https://doi.org/10.1038/nature11509
https://doi.org/10.1038/nature11509
https://doi.org/10.1016/j.celrep.2021.109640
https://doi.org/10.1016/j.celrep.2021.109640
https://doi.org/10.15252/embr.201744957
https://doi.org/10.1016/j.molcel.2021.09.012
https://doi.org/10.1016/j.molcel.2021.09.012
https://doi.org/10.1016/j.molcel.2018.08.007
https://doi.org/10.2183/pjab.96.003
https://doi.org/10.1038/s41580-022-00528-0
https://doi.org/10.1038/s41586-020-1966-9
https://doi.org/10.1016/j.molcel.2019.04.006
https://doi.org/10.1038/cr.2015.4
https://doi.org/10.1111/j.1440-169x.2011.01316.x
https://doi.org/10.1126/science.1137543
https://doi.org/10.1038/s41422-020-0294-9
https://doi.org/10.1038/s41422-020-0294-9
https://doi.org/10.1016/j.gendis.2020.09.006
https://doi.org/10.1016/j.gendis.2020.09.006
https://doi.org/10.1146/annurev-genet-120417-031441
https://doi.org/10.1146/annurev-genet-120417-031441
https://doi.org/10.1016/j.tibs.2015.12.008
https://doi.org/10.1016/j.cbpa.2007.08.032
https://doi.org/10.1016/j.cbpa.2007.08.032


Page 12 of 14Zhang et al. Molecular Cancer           (2023) 22:45 

 55. Shen L, Yu C, Gao F, Hong YT. PIWI/piRNA complex-mediated regula-
tion of spermatogenesis. Zhonghua Nan Ke Xue=National J Androl. 
2021;27(3):262–8.

 56. Iwasaki YW, Siomi MC, Siomi H. PIWI-Interacting RNA: Its Biogenesis 
and Functions. Annu Rev Biochem. 2015;84:405–33. https:// doi. org/ 
10. 1146/ annur ev- bioch em- 060614- 034258.

 57. Miró-Pina C, Charmant O, Kawaguchi T, Holoch D, Michaud A, Cohen 
I, et al. Paramecium Polycomb repressive complex 2 physically inter-
acts with the small RNA-binding PIWI protein to repress transposable 
elements. Dev Cell. 2022;57(8):1037-52.e8. https:// doi. org/ 10. 1016/j. 
devcel. 2022. 03. 014.

 58. Reuter M, Berninger P, Chuma S, Shah H, Hosokawa M, Funaya C, et al. 
Miwi catalysis is required for piRNA amplification-independent LINE1 
transposon silencing. Nature. 2011;480(7376):264–7. https:// doi. org/ 
10. 1038/ natur e10672.

 59. Henderson IR, Deleris A, Wong W, Zhong X, Chin HG, Horwitz GA, 
et al. The de novo cytosine methyltransferase DRM2 requires intact 
UBA domains and a catalytically mutated paralog DRM3 during RNA-
directed DNA methylation in Arabidopsis thaliana. PLoS genetics. 
2010;6(10):e1001182. https:// doi. org/ 10. 1371/ journ al. pgen. 10011 82.

 60. Botezatu A, Socolov R, Socolov D, Iancu IV, Anton G. Methylation 
pattern of methylene tetrahydrofolate reductase and small nuclear 
ribonucleoprotein polypeptide N promoters in oligoasthenospermia: 
a case-control study. Reprod Biomed Online. 2014;28(2):225–31. 
https:// doi. org/ 10. 1016/j. rbmo. 2013. 10. 010.

 61. Zhang GW, Wang L, Chen H, Guan J, Wu Y, Zhao J, et al. Promoter 
hypermethylation of PIWI/piRNA pathway genes associated with 
diminished pachytene piRNA production in bovine hybrid male ste-
rility. Epigenetics. 2020;15(9):914–31. https:// doi. org/ 10. 1080/ 15592 
294. 2020. 17380 26.

 62. Spichal M, Heestand B, Billmyre KK, Frenk S, Mello CC, Ahmed S. 
Germ granule dysfunction is a hallmark and mirror of Piwi mutant 
steri lity. Nat Commun. 2021;12(1):1420. https:// doi. org/ 10. 1038/ 
s41467- 021- 21635-0.

 63. Smallwood SA, Kelsey G. De novo DNA methylation: a germ cell 
perspective. Trends in genetics : TIG. 2012;28(1):33–42. https:// doi. 
org/ 10. 1016/j. tig. 2011. 09. 004.

 64. Zoch A, Auchynnikava T, Berrens RV, Kabayama Y, Schöpp T, Heep 
M, et al. SPOCD1 is an essential executor of piRNA-directed de novo 
DNA methylation. Nature. 2020;584(7822):635–9. https:// doi. org/ 10. 
1038/ s41586- 020- 2557-5.

 65. De Fazio S, Bartonicek N, Di Giacomo M, Abreu-Goodger C, Sankar A, 
Funaya C, et al. The endonuclease activity of Mili fuels piRNA amplifi-
cation that silences LINE1 elements. Nature. 2011;480(7376):259–63. 
https:// doi. org/ 10. 1038/ natur e10547.

 66. Wang W, Han BW, Tipping C, Ge DT, Zhang Z, Weng Z, et al. Slicing 
and Binding by Ago3 or Aub Trigger Piwi-Bound piRNA Production 
by Distinct Mechanisms. Mol Cell. 2015;59(5):819–30. https:// doi. org/ 
10. 1016/j. molcel. 2015. 08. 007.

 67. Gao XQ, Zhang YH, Liu F, Ponnusamy M, Zhao XM, Zhou LY, et al. 
The piRNA CHAPIR regulates cardiac hypertrophy by controlling 
METTL3-dependent N(6)-methyladenosine methylation of Parp10 
mRNA. Nat Cell Biol. 2020;22(11):1319–31. https:// doi. org/ 10. 1038/ 
s41556- 020- 0576-y.

 68. Gou LT, Dai P, Yang JH, Xue Y, Hu YP, Zhou Y, et al. Pachytene piRNAs 
instruct massive mRNA elimination during late spermiogenesis. Cell 
Res. 2015;25(2):266. https:// doi. org/ 10. 1038/ cr. 2015. 14.

 69. Yin J, Jiang XY, Qi W, Ji CG, Xie XL, Zhang DX, et al. piR-823 contrib-
utes to colorectal tumorigenesis by enhancing the transcriptional 
activity of HSF1. Cancer Sci. 2017;108(9):1746–56. https:// doi. org/ 10. 
1111/ cas. 13300.

 70. Zhao S, Gou LT, Zhang M, Zu LD, Hua MM, Hua Y, et al. piRNA-trig-
gered MIWI ubiquitination and removal by APC/C in late spermato-
genesis. Dev Cell. 2013;24(1):13–25. https:// doi. org/ 10. 1016/j. devcel. 
2012. 12. 006.

 71. Aravin AA, Hannon GJ, Brennecke J. The Piwi-piRNA pathway provides 
an adaptive defense in the transposon arms race. Science (New York, 
NY). 2007;318(5851):761–4. https:// doi. org/ 10. 1126/ scien ce. 11464 84.

 72. Takahashi T, Heaton SM, Parrish NF. Mammalian antiviral systems 
directed by small RNA. PLoS Pathog. 2021;17(12):e1010091. https:// doi. 
org/ 10. 1371/ journ al. ppat. 10100 91.

 73. Moody SC, Wakitani S, Young JC, Western PS, Loveland KL. Evidence that 
activin A directly modulates early human male germline differentia-
tion status. Reproduction (Cambridge, England). 2020;160(1):141–54. 
https:// doi. org/ 10. 1530/ rep- 20- 0095.

 74. Rounge TB, Furu K, Skotheim RI, Haugen TB, Grotmol T, Enerly E. Profil-
ing of the small RNA populations in human testicular germ cell tumors 
shows global loss of piRNAs. Mol Cancer. 2015;14:153. https:// doi. org/ 
10. 1186/ s12943- 015- 0411-4.

 75. Ferreira HJ, Heyn H, Garcia del Muro X, Vidal A, Larriba S, Muñoz C, 
et al. Epigenetic loss of the PIWI/piRNA machinery in human testicular 
tumorigenesis. Epigenetics. 2014;9(1):113–8. https:// doi. org/ 10. 4161/ 
epi. 27237.

 76. Jeyapalan JN, Noor DA, Lee SH, Tan CL, Appleby VA, Kilday JP, et al. 
Methylator phenotype of malignant germ cell tumours in children 
identifies strong candidates for chemotherapy resistance. Br J Cancer. 
2011;105(4):575–85. https:// doi. org/ 10. 1038/ bjc. 2011. 218.

 77. Halajzadeh J, Dana PM, Asemi Z, Mansournia MA, Yousefi B. An insight 
into the roles of piRNAs and PIWI proteins in the diagnosis and 
pathogenesis of oral, esophageal, and gastric cancer. Pathol Res Pract. 
2020;216(10):153112. https:// doi. org/ 10. 1016/j. prp. 2020. 153112.

 78. Aoyama T, Yamashita S, Tomita K. Mechanistic insights into m6A 
modification of U6 snRNA by human METTL16. Nucleic Acids Res. 
2020;48(9):5157–68. https:// doi. org/ 10. 1093/ nar/ gkaa2 27.

 79. Meyer KD, Jaffrey SR. Rethinking m(6)A Readers, Writers, and Erasers. 
Annu Rev Cell Dev Biol. 2017;33:319–42. https:// doi. org/ 10. 1146/ annur 
ev- cellb io- 100616- 060758.

 80. Schwartz S, Mumbach MR, Jovanovic M, Wang T, Maciag K, Bushkin GG, 
et al. Perturbation of m6A writers reveals two distinct classes of mRNA 
methylation at internal and 5’ sites. Cell Rep. 2014;8(1):284–96. https:// 
doi. org/ 10. 1016/j. celrep. 2014. 05. 048.

 81. Wen J, Lv R, Ma H, Shen H, He C, Wang J, et al. Zc3h13 Regulates Nuclear 
RNA m(6)A Methylation and Mouse Embryonic Stem Cell Self-Renewal. 
Mol Cell. 2018;69(6):1028-38 e6. https:// doi. org/ 10. 1016/j. molcel. 2018. 
02. 015.

 82. Jia G, Fu Y, Zhao X, Dai Q, Zheng G, Yang Y, et al. N6-methyladenosine 
in nuclear RNA is a major substrate of the obesity-associated FTO. Nat 
Chem Biol. 2011;7(12):885–7. https:// doi. org/ 10. 1038/ nchem bio. 687.

 83. Wang S, Gao S, Zeng Y, Zhu L, Mo Y, Wong CC, et al. N6-Methyladen-
osine Reader YTHDF1 Promotes ARHGEF2 Translation and RhoA 
Signaling in Colorectal Cancer. Gastroenterology. 2022;162(4):1183–96. 
https:// doi. org/ 10. 1053/j. gastro. 2021. 12. 269.

 84. Xie Q, Li Z, Luo X, Wang D, Zhou Y, Zhao J, et al. piRNA-14633 promotes 
cervical cancer cell malignancy in a METTL14-dependent m6A RNA 
methylation manner. J Transl Med. 2022;20(1):51. https:// doi. org/ 10. 
1186/ s12967- 022- 03257-2.

 85. Han H, Fan G, Song S, Jiang Y, Qian C, Zhang W, et al. piRNA-30473 con-
tributes to tumorigenesis and poor prognosis by regulating m6A RNA 
methylation in DLBCL. Blood. 2021;137(12):1603–14. https:// doi. org/ 10. 
1182/ blood. 20190 03764.

 86. Liu J, Chen M, Ma L, Dang X, Du G. piRNA-36741 regulates BMP2-medi-
ated osteoblast differentiation via METTL3 controlled m6A modifica-
tion. Aging (Albany NY). 2021;13(19):23361–75. https:// doi. org/ 10. 
18632/ aging. 203630.

 87. Huang H, Weng H, Zhou K, Wu T, Zhao BS, Sun M, et al. Histone H3 
trimethylation at lysine 36 guides m(6)A RNA modification co-tran-
scriptionally. Nature. 2019;567(7748):414–9. https:// doi. org/ 10. 1038/ 
s41586- 019- 1016-7.

 88. Jenuwein T, Allis CD. Translating the histone code. Science. 
2001;293(5532):1074–80. https:// doi. org/ 10. 1126/ scien ce. 10631 27.

 89. Puppin C, Passon N, Lavarone E, Di Loreto C, Frasca F, Vella V, et al. 
Levels of histone acetylation in thyroid tumors. Biochem Biophys Res 
Commun. 2011;411(4):679–83. https:// doi. org/ 10. 1016/j. bbrc. 2011. 
06. 182.

 90. Kouzarides T. Histone methylation in transcriptional control. Curr Opin 
Genet Dev. 2002;12(2):198–209. https:// doi. org/ 10. 1016/ s0959- 437x(02) 
00287-3.

 91. Baylin SB, Jones PA. A decade of exploring the cancer epigenome - bio-
logical and translational implications. Nat Rev Cancer. 2011;11(10):726–
34. https:// doi. org/ 10. 1038/ nrc31 30.

 92. He X, Chen X, Zhang X, Duan X, Pan T, Hu Q, et al. An Lnc RNA 
(GAS5)/SnoRNA-derived piRNA induces activation of TRAIL gene by 

https://doi.org/10.1146/annurev-biochem-060614-034258
https://doi.org/10.1146/annurev-biochem-060614-034258
https://doi.org/10.1016/j.devcel.2022.03.014
https://doi.org/10.1016/j.devcel.2022.03.014
https://doi.org/10.1038/nature10672
https://doi.org/10.1038/nature10672
https://doi.org/10.1371/journal.pgen.1001182
https://doi.org/10.1016/j.rbmo.2013.10.010
https://doi.org/10.1080/15592294.2020.1738026
https://doi.org/10.1080/15592294.2020.1738026
https://doi.org/10.1038/s41467-021-21635-0
https://doi.org/10.1038/s41467-021-21635-0
https://doi.org/10.1016/j.tig.2011.09.004
https://doi.org/10.1016/j.tig.2011.09.004
https://doi.org/10.1038/s41586-020-2557-5
https://doi.org/10.1038/s41586-020-2557-5
https://doi.org/10.1038/nature10547
https://doi.org/10.1016/j.molcel.2015.08.007
https://doi.org/10.1016/j.molcel.2015.08.007
https://doi.org/10.1038/s41556-020-0576-y
https://doi.org/10.1038/s41556-020-0576-y
https://doi.org/10.1038/cr.2015.14
https://doi.org/10.1111/cas.13300
https://doi.org/10.1111/cas.13300
https://doi.org/10.1016/j.devcel.2012.12.006
https://doi.org/10.1016/j.devcel.2012.12.006
https://doi.org/10.1126/science.1146484
https://doi.org/10.1371/journal.ppat.1010091
https://doi.org/10.1371/journal.ppat.1010091
https://doi.org/10.1530/rep-20-0095
https://doi.org/10.1186/s12943-015-0411-4
https://doi.org/10.1186/s12943-015-0411-4
https://doi.org/10.4161/epi.27237
https://doi.org/10.4161/epi.27237
https://doi.org/10.1038/bjc.2011.218
https://doi.org/10.1016/j.prp.2020.153112
https://doi.org/10.1093/nar/gkaa227
https://doi.org/10.1146/annurev-cellbio-100616-060758
https://doi.org/10.1146/annurev-cellbio-100616-060758
https://doi.org/10.1016/j.celrep.2014.05.048
https://doi.org/10.1016/j.celrep.2014.05.048
https://doi.org/10.1016/j.molcel.2018.02.015
https://doi.org/10.1016/j.molcel.2018.02.015
https://doi.org/10.1038/nchembio.687
https://doi.org/10.1053/j.gastro.2021.12.269
https://doi.org/10.1186/s12967-022-03257-2
https://doi.org/10.1186/s12967-022-03257-2
https://doi.org/10.1182/blood.2019003764
https://doi.org/10.1182/blood.2019003764
https://doi.org/10.18632/aging.203630
https://doi.org/10.18632/aging.203630
https://doi.org/10.1038/s41586-019-1016-7
https://doi.org/10.1038/s41586-019-1016-7
https://doi.org/10.1126/science.1063127
https://doi.org/10.1016/j.bbrc.2011.06.182
https://doi.org/10.1016/j.bbrc.2011.06.182
https://doi.org/10.1016/s0959-437x(02)00287-3
https://doi.org/10.1016/s0959-437x(02)00287-3
https://doi.org/10.1038/nrc3130


Page 13 of 14Zhang et al. Molecular Cancer           (2023) 22:45  

site-specifically recruiting MLL/COMPASS-like complexes. Nucleic Acids 
Res. 2015;43(7):3712–25. https:// doi. org/ 10. 1093/ nar/ gkv214.

 93. Wu D, Fu H, Zhou H, Su J, Zhang F, Shen J. Effects of Novel ncRNA 
Molecules, p15-piRNAs, on the Methylation of DNA and Histone 
H3 of the CDKN2B Promoter Region in U937 Cells. J Cell Biochem. 
2015;116(12):2744–54. https:// doi. org/ 10. 1002/ jcb. 25199.

 94. Meseure D, Vacher S, Boudjemaa S, Laé M, Nicolas A, Leclere R, et al. 
Biopathological Significance of PIWI-piRNA Pathway Deregulation in 
Invasive Breast Carcinomas. Cancers. 2020;12(10):2833. https:// doi. org/ 
10. 3390/ cance rs121 02833.

 95. Luo C, Hajkova P, Ecker JR. Dynamic DNA methylation: In the right place 
at the right time. Science (New York, NY). 2018;361(6409):1336–40. 
https:// doi. org/ 10. 1126/ scien ce. aat68 06.

 96. Jaenisch R, Bird A. Epigenetic regulation of gene expression: how the 
genome integrates in trinsic and environmental signals. Nat Genet. 
2003;33 Suppl:245–54. https:// doi. org/ 10. 1038/ ng1089.

 97. Rausch C, Hastert FD, Cardoso MC. DNA Modification Readers and Writ-
ers and Their Interplay. J Mol Biol. 2019. https:// doi. org/ 10. 1016/j. jmb. 
2019. 12. 018.

 98. Baylin SB, Herman JG, Graff JR, Vertino PM, Issa JP. Alterations in DNA 
methylation: a fundamental aspect of neoplasia. Adv Cancer Res. 
1998;72:141–96.

 99. Ko M, An J, Pastor WA, Koralov SB, Rajewsky K, Rao A. TET proteins and 
5-methylcytosine oxidation in hematological cancers. Immunol Rev. 
2015;263(1):6–21. https:// doi. org/ 10. 1111/ imr. 12239.

 100. Zardo G. The Role of H3K4 Trimethylation in CpG Islands Hypermethyla-
tion in Cancer. Biomolecules. 2021;11(2):143. https:// doi. org/ 10. 3390/ 
biom1 10201 43.

 101. Miles SA, Sandler AD. CpG oligonucleotides for immunotherapeutic 
treatment of neuroblastoma. Adv Drug Deliv Rev. 2009;61(3):275–82. 
https:// doi. org/ 10. 1016/j. addr. 2008. 12. 011.

 102. Moore LD, Le T, Fan G. DNA methylation and its basic function. Neu-
ropsychopharmacology. 2013;38(1):23–38. https:// doi. org/ 10. 1038/ npp. 
2012. 112.

 103. Huang W, Li H, Yu Q, Xiao W, Wang DO. LncRNA-mediated DNA meth-
ylation: an emerging mechanism in cancer and beyond. J Exp Clin Can-
cer Res. 2022;41(1):100. https:// doi. org/ 10. 1186/ s13046- 022- 02319-z.

 104. Su J-F, Zhao F, Gao Z-W, Hou Y-J, Li Y-Y, Duan L-J, et al. piR-823 dem-
onstrates tumor oncogenic activity in esophageal squamous c ell 
carcinoma through DNA methylation induction via DNA methyltransfer 
ase 3B. Pathol Res Pract. 2020;216(4):152848. https:// doi. org/ 10. 1016/j. 
prp. 2020. 152848.

 105. Liu T, Wang J, Sun L, Li M, He X, Jiang J, et al. Piwi-interacting RNA-651 
promotes cell proliferation and migration and inhibits apoptosis in 
breast cancer by facilitating DNMT1-mediated PTEN promoter methyla-
tion. Cell cycle (Georgetown, Tex). 2021;20(16):1603–16. https:// doi. org/ 
10. 1080/ 15384 101. 2021. 19560 90.

 106. Nouri M, Massah S, Caradec J, Lubik AA, Li N, Truong S, et al. Transient 
Sox9 Expression Facilitates Resistance to Androgen-Targeted Therapy in 
Prostate Cancer. Clin Cancer Res. 2020;26(7):1678–89. https:// doi. org/ 10. 
1158/ 1078- 0432. Ccr- 19- 0098.

 107. Yasumizu Y, Rajabi H, Jin C, Hata T, Pitroda S, Long MD, et al. Author 
Correction: MUC1-C regulates lineage plasticity driving progression 
to neuroendocrine prostate cancer. Nat Commun. 2020;11(1):1095. 
https:// doi. org/ 10. 1038/ s41467- 020- 14808-w.

 108. Ding X, Li Y, Lu J, Zhao Q, Guo Y, Lu Z, et al. piRNA-823 Is Involved 
in Cancer Stem Cell Regulation Through Altering DNA Methyla-
tion in Association With Luminal Breast Cancer. Front Cell Dev Biol. 
2021;9:641052. https:// doi. org/ 10. 3389/ fcell. 2021. 641052.

 109. Fu A, Jacobs DI, Hoffman AE, Zheng T, Zhu Y. PIWI-interacting RNA 
021285 is involved in breast tumorigenesis possibly by remodeling the 
cancer epigenome. Carcinogenesis. 2015;36(10):1094–102. https:// doi. 
org/ 10. 1093/ carcin/ bgv105.

 110. Lee JH, Schütte D, Wulf G, Füzesi L, Radzun HJ, Schweyer S, et al. 
Stem-cell protein Piwil2 is widely expressed in tumors and inhibits 
apoptosis through activation of Stat3/Bcl-XL pathway. Hum Mol Genet. 
2006;15(2):201–11. https:// doi. org/ 10. 1093/ hmg/ ddi430.

 111. Li B, Hong J, Hong M, Wang Y, Yu T, Zang S, et al. piRNA-823 deliv-
ered by multiple myeloma-derived extracellular vesicles promoted 
tumorigenesis through re-educating endothelial cells in the tumor 

environment. Oncogene. 2019;38(26):5227–38. https:// doi. org/ 10. 1038/ 
s41388- 019- 0788-4.

 112. Ai L, Mu S, Sun C, Fan F, Yan H, Qin Y, et al. Myeloid-derived suppres-
sor cells endow stem-like qualities to multiple myeloma cells by 
inducing piRNA-823 expression and DNMT3B activation. Mol Cancer. 
2019;18(1):88. https:// doi. org/ 10. 1186/ s12943- 019- 1011-5.

 113. Yan H, Wu QL, Sun CY, Ai LS, Deng J, Zhang L, et al. piRNA-823 contrib-
utes to tumorigenesis by regulating de novo DNA methylation and 
angiogenesis in multiple myeloma. Leukemia. 2015;29(1):196–206. 
https:// doi. org/ 10. 1038/ leu. 2014. 135.

 114. Zhang L, Meng X, Pan C, Qu F, Gan W, Xiang Z, et al. piR-31470 epige-
netically suppresses the expression of glutathione S-transferase pi 1 
in prostate cancer via DNA methylation. Cell Signal. 2020;67:109501. 
https:// doi. org/ 10. 1016/j. cells ig. 2019. 109501.

 115. Reeves ME, Baldwin ML, Aragon R, Baldwin S, Chen S-T, Li X, et al. 
RASSF1C modulates the expression of a stem cell renewal gene, 
PIWIL1. BMC Research Notes. 2012;5(1):239. https:// doi. org/ 10. 1186/ 
1756- 0500-5- 239.

 116. Dammann R, Takahashi T, Pfeifer GP. The CpG island of the novel tumor 
suppressor gene RASSF1A is intensely methylated in primary small cell 
lung carcinomas. Oncogene. 2001;20(27):3563–7. https:// doi. org/ 10. 
1038/ sj. onc. 12044 69.

 117. Amaar YG, Reeves ME. The impact of the RASSF1C and PIWIL1 on 
DNA methylation: the identification of GMIP as a tumor suppressor. 
Oncotarget. 2020;11(45):4082–92. https:// doi. org/ 10. 18632/ oncot arget. 
27795.

 118. Wu X, Pan Y, Fang Y, Zhang J, Xie M, Yang F, et al. The Biogenesis and 
Functions of piRNAs in Human Diseases. Mol Ther Nucleic Acids. 
2020;21:108–20. https:// doi. org/ 10. 1016/j. omtn. 2020. 05. 023.

 119. Li F, Yuan P, Rao M, Jin CH, Tang W, Rong YF, et al. piRNA-independent 
function of PIWIL1 as a co-activator for anaphase promoting complex/
cyclosome to drive pancreatic cancer metastasis. Nat Cell Biol. 
2020;22(4):425–38. https:// doi. org/ 10. 1038/ s41556- 020- 0486-z.

 120. Correia de Sousa M, Gjorgjieva M, Dolicka D, Sobolewski C, Foti M. 
Deciphering miRNAs’ Action through miRNA Editing. Int J Mol Sci. 
2019;20(24):6249. https:// doi. org/ 10. 3390/ ijms2 02462 49.

 121. Ali Syeda Z, Langden SSS, Munkhzul C, Lee M, Song SJ. Regula-
tory Mechanism of MicroRNA Expression in Cancer. Int J Mol Sci. 
2020;21(5):1723. https:// doi. org/ 10. 3390/ ijms2 10517 23.

 122. Xiao L, Wang J, Ju S, Cui M, Jing R. Disorders and roles of tsRNA, snoRNA, 
snRNA and piRNA in cancer. J Med Genet. 2022;59(7):623–31. https:// 
doi. org/ 10. 1136/ jmedg enet- 2021- 108327.

 123. Mei Y, Wang Y, Kumari P, Shetty AC, Clark D, Gable T, et al. A piRNA-like 
small RNA interacts with and modulates p-ERM proteins in human 
somatic cells. Nat Commun. 2015;6:7316. https:// doi. org/ 10. 1038/ 
ncomm s8316.

 124. Reeves ME, Firek M, Jliedi A, Amaar YG. Identification and characteriza-
tion of RASSF1C piRNA target genes in lung cancer cells. Oncotarget. 
2017;8(21):34268–82. https:// doi. org/ 10. 18632/ oncot arget. 15965.

 125. Peng L, Song L, Liu C, Lv X, Li X, Jie J, et al. piR-55490 inhibits the growth 
of lung carcinoma by suppressing mTOR signaling. Tumour biol-
ogy : the journal of the International Society for Oncodevelopmental 
Biology and Medicine. 2016;37(2):2749–56. https:// doi. org/ 10. 1007/ 
s13277- 015- 4056-0.

 126. Weng W, Liu N, Toiyama Y, Kusunoki M, Nagasaka T, Fujiwara T, et al. 
Novel evidence for a PIWI-interacting RNA (piRNA) as an oncogenic 
mediator of disease progression, and a potential prognostic biomarker 
in colorectal cancer. Mol Cancer. 2018;17(1):16. https:// doi. org/ 10. 1186/ 
s12943- 018- 0767-3.

 127. Yao J, Wang YW, Fang BB, Zhang SJ, Cheng BL. piR-651 and its function 
in 95-D lung cancer cells. Biomed Rep. 2016;4(5):546–50. https:// doi. 
org/ 10. 3892/ br. 2016. 628.

 128. Firmino N, Martinez VD, Rowbotham DA, Enfield KSS, Bennewith KL, 
Lam WL. HPV status is associated with altered PIWI-interacting RNA 
expression pattern in head and neck cancer. Oral Oncol. 2016;55:43–8. 
https:// doi. org/ 10. 1016/j. oralo ncolo gy. 2016. 01. 012.

 129. Tan L, Mai D, Zhang B, Jiang X, Zhang J, Bai R, et al. PIWI-interacting 
RNA-36712 restrains breast cancer progression and che moresistance 
by interaction with SEPW1 pseudogene SEPW1P RNA. Mol Cancer. 
2019;18(1):9. https:// doi. org/ 10. 1186/ s12943- 019- 0940-3.

https://doi.org/10.1093/nar/gkv214
https://doi.org/10.1002/jcb.25199
https://doi.org/10.3390/cancers12102833
https://doi.org/10.3390/cancers12102833
https://doi.org/10.1126/science.aat6806
https://doi.org/10.1038/ng1089
https://doi.org/10.1016/j.jmb.2019.12.018
https://doi.org/10.1016/j.jmb.2019.12.018
https://doi.org/10.1111/imr.12239
https://doi.org/10.3390/biom11020143
https://doi.org/10.3390/biom11020143
https://doi.org/10.1016/j.addr.2008.12.011
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1186/s13046-022-02319-z
https://doi.org/10.1016/j.prp.2020.152848
https://doi.org/10.1016/j.prp.2020.152848
https://doi.org/10.1080/15384101.2021.1956090
https://doi.org/10.1080/15384101.2021.1956090
https://doi.org/10.1158/1078-0432.Ccr-19-0098
https://doi.org/10.1158/1078-0432.Ccr-19-0098
https://doi.org/10.1038/s41467-020-14808-w
https://doi.org/10.3389/fcell.2021.641052
https://doi.org/10.1093/carcin/bgv105
https://doi.org/10.1093/carcin/bgv105
https://doi.org/10.1093/hmg/ddi430
https://doi.org/10.1038/s41388-019-0788-4
https://doi.org/10.1038/s41388-019-0788-4
https://doi.org/10.1186/s12943-019-1011-5
https://doi.org/10.1038/leu.2014.135
https://doi.org/10.1016/j.cellsig.2019.109501
https://doi.org/10.1186/1756-0500-5-239
https://doi.org/10.1186/1756-0500-5-239
https://doi.org/10.1038/sj.onc.1204469
https://doi.org/10.1038/sj.onc.1204469
https://doi.org/10.18632/oncotarget.27795
https://doi.org/10.18632/oncotarget.27795
https://doi.org/10.1016/j.omtn.2020.05.023
https://doi.org/10.1038/s41556-020-0486-z
https://doi.org/10.3390/ijms20246249
https://doi.org/10.3390/ijms21051723
https://doi.org/10.1136/jmedgenet-2021-108327
https://doi.org/10.1136/jmedgenet-2021-108327
https://doi.org/10.1038/ncomms8316
https://doi.org/10.1038/ncomms8316
https://doi.org/10.18632/oncotarget.15965
https://doi.org/10.1007/s13277-015-4056-0
https://doi.org/10.1007/s13277-015-4056-0
https://doi.org/10.1186/s12943-018-0767-3
https://doi.org/10.1186/s12943-018-0767-3
https://doi.org/10.3892/br.2016.628
https://doi.org/10.3892/br.2016.628
https://doi.org/10.1016/j.oraloncology.2016.01.012
https://doi.org/10.1186/s12943-019-0940-3


Page 14 of 14Zhang et al. Molecular Cancer           (2023) 22:45 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 130. Roy J, Das B, Jain N, Mallick B. PIWI-interacting RNA 39980 promotes 
tumor progression and reduces drug sensitivity in neuroblastoma cells. 
J Cell Physiol. 2020;235(3):2286–99. https:// doi. org/ 10. 1002/ jcp. 29136.

 131. Chu H, Hui G, Yuan L, Shi D, Wang Y, Du M, et al. Identification of novel 
piRNAs in bladder cancer. Cancer letters. 2015;356(2 Pt B):561–7. 
https:// doi. org/ 10. 1016/j. canlet. 2014. 10. 004.

 132. Pérez-Herrero E, Fernández-Medarde A. Advanced targeted therapies 
in cancer: Drug nanocarriers, the future of chemotherapy. Eur J Pharm 
Biopharm. 2015;93:52–79. https:// doi. org/ 10. 1016/j. ejpb. 2015. 03. 018.

 133. Shukla SA, Bachireddy P, Schilling B, Galonska C, Zhan Q, Bango C, et al. 
Cancer-Germline Antigen Expression Discriminates Clinical Outcome to 
C TLA-4 Blockade. Cell. 2018;173(3):624-33 e8. https:// doi. org/ 10. 1016/j. 
cell. 2018. 03. 026.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1002/jcp.29136
https://doi.org/10.1016/j.canlet.2014.10.004
https://doi.org/10.1016/j.ejpb.2015.03.018
https://doi.org/10.1016/j.cell.2018.03.026
https://doi.org/10.1016/j.cell.2018.03.026

	The epigenetic regulatory mechanism of PIWIpiRNAs in human cancers
	Abstract 
	Introduction
	Overview of piRNAs
	Regulation mechanisms of PIWIpiRNAs in normal germ cells and germline tumors

	Epigenetic regulatory mechanism of PIWIpiRNAs in human cancers
	m6A RNA methylation
	Histone modification
	DNA methylation
	Other oncogenic mechanisms of PIWIpiRNAs
	The future perspectives in terms of directed therapies related to piRNAsPIWI proteins

	Conclusion
	Acknowledgements
	References


