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Abstract 

Small non-coding RNAs (ncRNAs) are vital regulators of biological activities, and aberrant levels of small ncRNAs are 
commonly found in precancerous lesions and cancer. PIWI-interacting RNAs (piRNAs) are a novel type of small ncRNA 
initially discovered in germ cells that have a specific length (24–31 nucleotides), bind to PIWI proteins, and show 
2′-O-methyl modification at the 3′-end. Numerous studies have revealed that piRNAs can play important roles in tum-
origenesis via multiple biological regulatory mechanisms, including silencing transcriptional and posttranscriptional 
gene processes and accelerating multiprotein interactions. piRNAs are emerging players in the malignant transforma-
tion of normal cells and participate in the regulation of cancer hallmarks. Most of the specific cancer hallmarks regu-
lated by piRNAs are involved in sustaining proliferative signaling, resistance to cell death or apoptosis, and activation 
of invasion and metastasis. Additionally, piRNAs have been used as biomarkers for cancer diagnosis and prognosis and 
have great potential for clinical utility. However, research on the underlying mechanisms of piRNAs in cancer is limited. 
Here, we systematically reviewed recent advances in the biogenesis and biological functions of piRNAs and relevant 
bioinformatics databases with the aim of providing insights into cancer diagnosis and clinical applications. We also 
focused on some cancer hallmarks rarely reported to be related to piRNAs, which can promote in-depth research of 
piRNAs in molecular biology and facilitate their clinical translation into cancer treatment.
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Introduction
Small non-coding RNAs, a type of non-coding RNA 
(ncRNA), are divided into several main types, such as 
microRNAs (miRNAs), small nuclear RNAs (snRNAs), 
small nucleolar RNAs (snoRNAs), PIWI-interacting 
RNAs (piRNAs), and transfer RNAs (tRNAs) [1]. Numer-
ous small ncRNAs have been widely reported to have 
vital roles in the pathogenesis and treatment of human 
cancers. Among these, piRNAs, which have a length 
of 24–31 nucleotides, are the least investigated class of 

small RNAs. The precursors of piRNAs are derived from 
tandem repeat sequences called piRNA clusters and form 
a mature piRNA/PIWI complex via two routes depend-
ent or independent “Ping-Pong” amplification pathways 
[2]. piRNAs were initially identified as highly expressed 
in germline cells and able to silence transposons to main-
tain genome integrity and thereby protect the genome 
against transposon-induced defects in gametogenesis 
and fertility [3, 4]. In addition, it has been reported that 
piRNAs are also widely expressed in somatic cells [5] 
and play regulatory roles, such as silencing the transcrip-
tional gene process, regulating translation and mRNA 
stability, maintaining stem cell functions, and interact-
ing with multiple proteins [6]. These affluent regulatory 
mechanisms of piRNAs in both germ and somatic cells 
greatly expand the scope of the existence of piRNAs and 
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attract the interest of scientists. An increasing number of 
researchers are attempting to explore the mechanism of 
piRNAs in tumorigenesis and their application prospects 
in tumor diagnosis and treatment.

It has been reported that piRNAs are involved in the 
occurrence of numerous cancers, including renal cell 
carcinoma, prostate carcinoma, and diffuse large B-cell 
lymphoma [7–10]. In addition, piRNAs act as potential 
diagnostic markers in the early diagnosis for lung cancer, 
colorectal cancer, and gastric cancer [11–16]. piRNAs are 
also important prognostic indicators for kidney cancer 
and colorectal cancer after treatment [7, 17–19]. piRNAs 
have also been found to affect the survival of tumor cells 
exposed to chemotherapy drugs and may act as novel 
therapeutic targets for human cancer [20–22]. Therefore, 
exploring the molecular mechanism of piRNAs in the 
process of tumorigenesis can provide new insights into 
therapeutic targets and research on drug resistance.

This review will systematically summarize the research 
progress toward understanding the biogenesis and bio-
logical functions of piRNA and the relevant bioinformat-
ics databases with the aim of providing information for 
cancer diagnosis and therapeutics.

Biogenesis mechanisms and characteristics 
of piRNAs
The generation of primary piRNAs
Research on piRNA biogenesis mechanisms is increasing 
but remains insufficient [23–25]. Primary piRNAs origi-
nate from specific genomic loci called piRNA clusters 
in which piRNAs line up end-to-end or overlap slightly 
in a strand-specific manner, and a large fraction of piR-
NAs can be uniquely mapped to these clusters [2]. More 
than 90% of the piRNAs are directly derived from the 
piRNA clusters [3, 26]. In general, it has been confirmed 
that piRNAs can be classified into five groups based on 
origin: transposon-derived, mRNA-derived, transfer 
RNA (tRNA)-derived, long noncoding RNA (lncRNA)-
derived, and snoRNA-derived piRNAs (Fig.  1A). Trans-
poson-derived piRNAs originate from single-strand 
clusters transcribed, generating both sense and antisense 

piRNAs [27]. piRNAs derived from mRNAs originate 
from mRNA 3′ untranslated regions (3′UTRs) and rec-
ognize the mRNA from which they are processed [28]. 
tRNA-derived piRNAs are produced from 5′-tRNA 
halves and not mature tRNAs [29–31]. piRNAs derived 
from lncRNAs are produced from lncRNA exonic regions 
[32]. snoRNA-derived piRNAs are processed from snoR-
NAs cleaved by the middle of their sequences, contain-
ing C/D boxes and C’/D’ boxes [33, 34]. The C box (UGA​
UGA​) and D box (CUGA) are two conserved motifs 
unique to snoRNA and indispensable parts of snoRNA 
positioning and processing, while the C’ box and D’ box 
are called antisense boxes and located in the middle of 
the C/D box. These boxed C(C′)/D(D′) motifs are criti-
cal for protein binding and required for the function of 
this class of piRNAs [35]. However, the generation and 
shearing mechanisms and auxiliary proteins of primary 
piRNAs are still unclear and need further study.

Two routes produce mature piRNAs
Precursor piRNAs are produced from genomic sources 
and then transferred from the nucleus to the cytoplasm. 
After being cleaved and modified, the intermediate piR-
NAs then form mature piRNAs in a complex with PIWI 
proteins [36]. The processes are complex and have not 
been intensively studied, but the following two major 
pathways have been described: the primary amplifica-
tion pathway and the “Ping-Pong” amplification pathway 
(Fig. 1).

The primary amplification pathway produces sense and 
antisense transcripts from small nucleotide sequences 
from clusters of piRNA genes (Fig.  1B). After being 
exported to the Yb body in the cytoplasm, these pri-
mary piRNAs are cleaved by Zucchini (Zuc), an endori-
bonuclease enzyme [37, 38]. Then, the 5′ fragment of the 
intermediate sequences interacts with a PIWI protein to 
form a piRNA/PIWI complex, known as the intermediate 
piRNAs. An exonuclease or Zuc trims the 3′-end of the 
piRNA to its mature length, and the 2′-hydroxy group at 
the 3′-end is methylated by HEN1 to subsequently yield 
the mature piRNA/PIWI complex [24, 27, 39]. Finally, the 

Fig. 1  Biogenesis mechanisms and characteristics of piRNAs. (A) Five origins of primary piRNAs. It has been confirmed that the generation of 
piRNAs can be divided into five groups depending on their origin: (a) transposon-derived, (b) mRNA-derived, (c) tRNA-derived, (d) lncRNA-derived, 
and (e) snoRNA-derived piRNAs. (B) Sense and antisense transcripts of the primary piRNAs are produced by small nucleotide sequences from 
clusters of piRNA genes. (C) Primary piRNAs are cleaved by Zuc in the YB body, and the 5′ fragments of the intermediate sequence interact with a 
PIWI protein to form the piRNA/PIWI complex and thus intermediate piRNAs. The 2′-hydroxyl at the 3′-end of the intermediate piRNA is methylated 
by Hen1 to form a mature piRNA/PIWI complex. (D) The primary piRNA binds to AGO3 or AUB proteins through the “ping-pong cycle” to form 
complexes in the nucleus. Given the complementary piRNA sequences of these two complexes, the piRNA/AGO3 complex splits target RNA in the 
cytoplasm to produce corresponding new sequences, which can then be used as substrates to bind to AUB proteins in the nucleus to form new 
piRNA/AUB complexes. TSS transcription start site; Zuc zucchini

(See figure on next page.)
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complexes block target gene transcription by migrating 
back to the nucleus (Fig. 1C) [40, 41].

The “Ping-Pong” amplification pathway serves as the 
second mechanism for producing many piRNAs in the 

cytoplasm (Fig.  1D) [27, 42]. piRNAs bind to AGO3 or 
AUB proteins rather than PIWI proteins to form piRNA/
AGO3 or piRNA/AUB complexes in the nucleus. The 
AUB-bound piRNAs showed a 5′ bias for U, whereas 
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AGO3-bound piRNAs featured an A at position 10 
[43, 44]. These two types of complexes contain mutu-
ally complementary piRNA sequences. Thus, a piRNA/
AGO3 complex will cut the target RNA to synthesize a 
new sequence in the cytoplasm and then serve as a sub-
strate for forming a piRNA/AUB complex with the AUB 
protein in the nucleus. Similar to the previous process, 
piRNA/AUB protein complexes will migrate from the 
nucleus to the cytoplasm and cut the complementary 
RNA sequence, resulting in the generation of new RNA 
substrates that form new piRNA/AGO3 complexes [45]. 
This interesting amplification loop is called the “Ping-
Pong” amplification pathway [25, 46].

Characteristics of piRNAs
At present, the relevant databases have estimated that 
the human genome has nearly 23,000 piRNAs, mark-
edly higher than that of miRNAs (approximately 2000) 
but similar to that of proteins encoded by mRNA genes 
(approximately 20,000) [47, 48]. The abundance of piR-
NAs reveals that piRNAs may play a role in gene regula-
tion, similar to other small ncRNAs.

The differences between piRNAs and other small ncR-
NAs in humans are shown in Table  1. piRNAs, small 
interfering RNAs (siRNAs), and miRNAs are three 
major groups of regulatory small ncRNAs. These groups 
with different modes of biogenesis and target regula-
tion share some common features, such as their abilities 
to guide Argonaute proteins to target nucleic acids in a 
sequence-dependent manner [24]. However, piRNAs 
have three unique features that distinguish them from 
their counterparts. First, piRNAs are generated from 
intergenic regions (known as piRNA clusters) through a 
Dicer-independent mechanism. Second, unlike siRNAs 
and miRNAs, which has double-stranded transcriptional 
precursors, the precursors of piRNAs are single-stranded 
transcripts. Finally, piRNAs show 2′-O-methyl modifica-
tion at the 3′-end and specifically bind to PIWI proteins 

to perform their corresponding function in the human 
body [49].

Regulatory mechanisms and biological functions 
of piRNAs
To date, extensive research has elaborated the functions 
of piRNAs in animal germ cells [2, 50], and the studies 
show that piRNAs maintain the genomic integrity of 
germ cells by inhibiting the activity of transposable ele-
ments (TEs) [51]. In human genetic diseases, including 
cancers, the phenomenon of TE silencing has also been 
reported [52, 53]. Some studies have shown that piRNAs 
can guide transposon inhibition, recognize a large num-
ber of complementary sequences, achieve transcriptional 
silencing through epigenetic mechanisms [41, 54], and 
achieve posttranscriptional inhibition via the formation 
of piRNA/PIWI complexes [36], thereby regulate cancer 
progression at multiple omics levels.

piRNA/PIWI complexes mediate target gene silencing 
at the transcriptome level
Given that many different PIWI proteins and effectors 
bind to piRNAs and that the target regulation patterns 
of piRNA/PIWI complexes are also diverse, there are 
two mechanisms through which piRNA/PIWI complexes 
regulate gene transcription. One is transcriptional gene 
silencing (TGS), which mainly occurs with PIWI proteins 
with low catalytic activity (Fig. 2A) [55, 56]. In TGS, the 
piRNA/PIWI complex mediates chromatin silencing by 
collaborating with histone-modifying enzymes or DNA 
methyltransferases and thereby suppresses mRNA tran-
scription [2, 57, 58]. Epigenetic modification has a special 
role in tumorigenesis, and ncRNAs, particularly young 
piRNAs, play an important role in epigenetic modifica-
tion [59]. A recent study found that in mouse fetal gono-
cytes, SPOCD1, a nuclear protein expressed only during 
the de novo genomic methylation period that acts as a 
Miwi2-related factor, binds Miwi2 to the transcripts of 

Table 1  Differences between piRNAs and other small ncRNAs in humans

Characteristics piRNA miRNA siRNA

Length 24–31 nt 18–25 nt 21–23 nt

Small RNA precursors Single-stranded RNA Hairpin RNA Double-stranded RNA/hairpin RNA

3′ end features 2′-O-methylation No methylation 2′-O-methylation/No methylation

Generation mechanism Dicer-independent Dicer-dependent
(asymmetric processing)

Dicer-dependent
(symmetric processing)

Function mRNA and transposon repression, DNA methyla-
tion, histone modification, protein interaction

mRNA repression mRNA repression

Associated proteins PIWI/PIWI-like/AGO/AUB AGO1-4 AGO1-4

Silencing mechanism Transcriptional and posttranscriptional Posttranscriptional Transcriptional

Major target genes Transposons and other genes Coding genes Transposons and exogenous genes
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nascent TEs and recruits suppressive chromatin remod-
eling activities and de novo methylation devices [60]. 
Zhang et  al. [9] elucidated that the piR-31470/PIWIL4 
complex could regulate the methylation level of GSTP1 
by recruiting multiple DNA methylation enzymes, thus 
promote prostate cancer progression. Moreover, in mul-
tiple myeloma cells, piRNA-823 could cause aberrant 
DNA hypermethylation and induce carcinogenesis by 
DNMT3B activation [61, 62]. In esophageal squamous 
cell carcinoma (ESCC) tissues, upregulated piR-823 
may play a tumorigenic role by inducing abnormal DNA 
methylation of DNMT3B through epigenetic inheritance 
[63].

Another mechanism is posttranscriptional gene silenc-
ing (PTGS), in which PIWI proteins are usually needed 
to perform cleavage because PTGS depends on target 
transcriptional fragments (Fig.  2B) [55, 64, 65]. piRNAs 
regulate posttranscriptional networks by interacting with 
RNAs, including mRNAs [66], transcribed pseudogenes 
[22], and lncRNAs [67], and play a role similar to that 
of miRNAs. Peng et al. [66] found that piR-55490 could 
bind to the 3′UTR of mTOR, induce mRNA degradation, 
and thus promote lung cancer progression.

piRNA/PIWI complexes interact with proteins 
at the proteome level
Both piRNAs and the PAZ domains of PIWI proteins in 
the piRNA/PIWI complex can directly bind to some pro-
teins and promote multiprotein interactions (Fig.  2C). 
For example, piR-823, which inhibits heat shock protein 
(HSP) expression, binds to HSF1, a common transcrip-
tion factor of HSPs, and thus promotes phosphoryla-
tion at Ser326 in colorectal cancer [68]. Another study 
revealed that the piR-54265/PIWIL2 complex could 
recruit STAT3 and P-SRC via the PAZ domain of 
PIWIL2, form the PIWIL2/STAT3/P-SRC complex, pro-
mote STAT3 phosphorylation and signaling pathway 
activation, and finally contribute to colorectal tumorigen-
esis [19].

piRNAs related to cancer hallmarks
To date, dozens of aberrantly expressed piRNAs 
have been identified to be involved in the occurrence 
and progression of cancer (Fig.  3). Their functions 
and mechanisms can be summarized in terms of sev-
eral representative hallmarks of cancer. The cancer 

Fig. 2  Regulatory mechanisms and biological functions of piRNAs and piRNA/PIWI complexes. (A) TGS mainly occurs on PIWI proteins with low 
catalytic activity. The role of piRNAs in gene expression modification is similar to that of DNA methylation. (B) PTGS usually requires PIWI proteins to 
perform cleavage because it depends on target transcriptional fragments. Here, piRNAs play a role similar to that of miRNAs. (C) Both piRNAs and 
PAZ domains of PIWI proteins in the piRNA/PIWI complex can directly bind to some proteins and thus promote multiprotein interactions
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hallmarks summarize the carcinogenic process behind 
the main phenotypic changes observed in cancer [69]. 
These changes overcome the original anticancer defense 
mechanisms in cells and tissues. In 2011, the originally 
identified hallmark changes were updated to mainly 
include sustained proliferative signaling, avoidance of 
immune destruction, tumor-promoting inflammation, 
angiogenesis induction, evasion of growth suppres-
sors, acquisition of replicative immortality, activation 
of invasion and metastasis, resistance of cell death, and 

deregulation of cellular energetics [70]. For example, 
the well-known piRNA piR-823 affects the progression 
of colorectal cancer, gastric cancer, ESCC, and hema-
tological malignancy through multiple pathways, such 
as tumor cell proliferation, apoptosis, angiogenesis, and 
energy metabolism [14, 61, 63]. To elucidate the spe-
cific mechanisms through which piRNAs lead to tumo-
rigenesis, we classified the reported piRNAs according 
to their role in cancer hallmarks (Fig. 3) and elaborated 
their functions in detail.

Fig. 3  piRNAs involved in human cancers. piRNAs related to cancer hallmarks are shown in the circle. The other five tumor hallmarks (genome 
instability and mutation, avoidance of immune destruction, evasion of growth suppression, acquisition of replicative immortality, and 
tumor-promoting inflammation) were not found to involve piRNAs. Other aberrant piRNAs in human cancers are shown in the box. The piRNAs 
shown in black have an oncogenic role, the piRNAs in blue have a tumor-suppressive role, and those shown in yellow have reportedly controversial 
roles in the specific cancer type. Abbreviations: DLBCL, diffuse large B-cell lymphoma. aDifferent studies of piR-823 in specific cancer types
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Sustained proliferative signaling
Most studies suggest that abnormal piRNA expression 
may result in the uncontrolled proliferation of cancer 
cells [11, 12, 14, 61, 68, 71–76]. Tumor cells deregulate 
chronic proliferative signals and then activate classic 
signaling pathways, such as the PI3K/AKT/mTOR sign-
aling pathway, to regulate cell cycle progression and 
cell growth to meet the needs of unlimited cell replica-
tion and proliferation [77, 78]. Hence, the expression 
of piR-004800 has been found to be regulated by the 
sphingosine-1-phosphate receptor and thus activates or 
inhibits the PI3K/AKT/mTOR signaling pathway [79]. 
The cooperation of downregulated piR-004800 and the 
PI3K/AKT/mTOR signaling pathway restrains cellular 
growth in exosomes from bone marrow supernatants of 
patients with multiple myeloma. Moreover, in multiple 
myeloma cell lines, the silencing of piR-004800 induces 
apoptosis in vitro and in vivo. Small RNA transcriptome 
sequencing revealed that the expression of piR-Hep1 
is upregulated in 46.6% of hepatocellular carcinoma 
tumors compared with adjacent non-tumoral liver tis-
sue [80]. The silencing of piR-Hep1 using a locked nucleic 
acid (LNA) inhibitor suppresses cell viability and motil-
ity. Mechanistically, piR-Hep1 interacts with PIWIL2 to 
form the piR-Hep1/PIWIL2 complex, and this complex 
activates the PI3K/AKT pathway and regulates cellular 
proliferation, survival, and metabolism via protein phos-
phorylation. In lung cancer, Peng et al. [66] observed that 
piR-55490 is downregulated in lung carcinoma tissues 
and cells. Intriguingly, silenced piR-55490 promotes the 
growth of lung cancer by binding to the mTOR 3′UTR 
and activating the AKT/mTOR pathway. The overexpres-
sion of piR-55490 in a lung carcinoma xenograft model 
results in the inhibition of tumor growth. Additionally, 
one study found that piR-36712 may affect breast cancer 
cell proliferation but not apoptosis by suppressing the 
selenoprotein W1 (SEPW1) levels through its pseudogene 
SEPW1P in either MCF-7 or ZR75-1 cells [22]. In colo-
rectal cancer, Weng et al. [18] showed that the downregu-
lation of piR-1245 is indispensable for activation of the 
P53 pathway. After the silencing of piR-1245 in HCT116 
and SW480 cells, a particular effect has been observed 
on the suppression of proliferation and the induction of 
apoptosis. All piRNAs confirmed to be capable of regu-
lating cellular proliferation in cancer are shown in Fig. 3.

Resistance to cell death or apoptosis
Apoptosis is one form of cell death. It is critical to explore 
the biological regulatory mechanisms in the process of 
tumor apoptosis regarding the malignant development, 
metastasis, and drug resistance of tumors [81, 82]. In 
addition, small molecules associated with the apoptotic 
pathway have been employed in cancer therapies [83, 

84]. Using a piRNA molecular beacon, a previous study 
revealed that the upregulation of piR-36026 inhibits 
the gene expression of SERPINA1 and LRAT​, which are 
known for their tumor-suppressing functions, and then 
promotes cell proliferation and inhibits  apoptosis in 
breast cancer [85]. He et  al. [34] found that the overex-
pression of snoRNA-derived piRNA piR-sno75 in breast 
cancer cells could upregulate TRAIL, a classic apoptotic 
protein. Mechanistically, piR-sno75 recruits the MLL3/
compass-like complex to induce H3K4 methylation and 
H3K27 demethylation in the promoter region of TRAIL 
and triggers exogenous apoptosis pathways by interact-
ing with DR4 and DR5. Chu et al. utilized piRNA micro-
array technology to determine the overall expression of 
piRNAs in three groups of bladder cancer and adjacent 
tissues. The results indicated that the piRNA DQ594040 
is downregulated in bladder cancer and that the over-
expression of DQ594040 could inhibit the proliferation 
and reduce the apoptosis of bladder cancer cells [86]. 
The downregulation of piR-39980 significantly attenu-
ates apoptosis of the HT1080 fibrosarcoma cell line and 
functions as a tumor suppressor [87]. Through a flow 
cytometric cell cycle analysis, DAPI staining, and acrid-
ine orange/ethidium bromide (AO/EB) dual staining, the 
authors also found that piR-39980 induces proliferation 
in fibrosarcoma cells. Conversely, piR-39980 is upregu-
lated in neuroblastoma and osteosarcoma cell lines, and 
the transient overexpression of piR-39980 plays an onco-
genic role and promotes tumor progression without 
affecting the classical apoptosis pathway [20, 88].

Activation of invasion and metastasis
The enhancement of tumor cell invasion and migration is 
closely relevant to the malignant progression of tumors 
and is also an important process in tumor development. 
Three piRNAs (piR-57125, piR-38756, and piR-30924) 
exhibit a strong association with tumor metastasis in 
genome-wide microarray and RT-qPCR analyses of 
clear cell renal cell carcinomas [89]. In prostate cancer, 
piR-001773 and piR-017184 synergistically regulate the 
transcription of protocadherin 9 (PCDH9) under home-
ostasis and thereby promote tumor invasion and metas-
tasis [90]. Another study showed that the cooperation of 
PIWIL3, piR-30188, OIP5-AS1, and miR-367-3p regu-
lates the migration and invasion of glioma cells. Their 
target gene, CEBPA, regulates TNF receptor-associated 
factor 4 and PIWIL3 and forms a feedback loop to con-
trol cellular growth [67].

Angiogenesis induction
In general, tumor angiogenesis strengthens the inter-
action between blood vessels and tumor cells to lead 
to tumor growth and metastasis [91]. Few studies have 
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investigated the role of piRNAs in promoting tumor angi-
ogenesis, and most of these have focused on piRNA-823 
[61, 62, 72]. In multiple myeloma, piRNA-823 may pro-
mote tumorigenesis by regulating de novo DNA methyla-
tion and angiogenesis [61]. Mechanistically, piRNA-823 
induces a decrease in VEGF secretion to reduce proan-
giogenic activity among multiple myeloma cells. The 
VEGF pathway could play a neoangiogenic function in 
multiple myeloma cells in a paracrine manner and thus 
promotes the occurrence of tumors. Another mechanis-
tic study showed that granulocytic myeloid-derived sup-
pressor cells (G-MDSCs) induce piRNA-823 expression 
to enhance the tumorigenicity of multiple myeloma cells 
through DNA methylation [62]. In addition, the inhibi-
tion of piRNA-823 in multiple myeloma cells decreases 
the stemness of multiple myeloma stem cells preserved 
by G-MDSCs and reduces the tumor burden and angio-
genesis in  vivo. Li et  al. [72] revealed that piRNA-823 
delivered by multiple myeloma-derived extracellular 
vesicles contributes to the invasion of endothelial cells by 
regulating the ICAM-1 and CXCR4 levels.

Deregulation of cellular energetics
The main feature of tumors is the rapid proliferation of 
cells. During the process of rapid proliferation, energy 
metabolism is needed to promote cell growth and divi-
sion [70]. Therefore, excessive energy and metabolic 
reprogramming, which are regulated by various car-
cinogens and tumor suppressors, are important parts of 
human cancer that differentiate cancer from normal tis-
sues [92]. For example, Feng et al. [14] found that upregu-
lated piRNA-823 in colorectal cancer cells could inhibit 
the ubiquitination of hypoxia-inducible factor-1 (HIF-
1) by increasing the expression of glucose-6-phosphate 
dehydrogenase (G6PD), and this inhibition increases glu-
cose consumption in cancer cells and reduces the intra-
cellular reactive oxygen species content.

DNA damage and aging
DNA damage is a permanent change in DNA nucleo-
tide sequence that occurs during replication. DNA 
sequence polymorphisms caused by a single nucleotide 
mutation at the genome level are called single nucleo-
tide polymorphisms (SNPs), and these SNPs may also 
lead to DNA damage. SNPs increase the susceptibility 
to cancer mainly through two routes. On the one hand, 
SNPs in piRNA biogenesis pathway-related genes may 
alter the process of piRNA production, affect piRNA 
maturation and expression [93, 94]. Genes that have an 
important influence on the process of piRNA produc-
tion are called piRNA biogenesis pathway-related genes. 
The core effector complex of the piRNA biogenesis path-
way is mainly composed of piRNAs and proteins in the 

PIWIL protein subfamily (HIWI/PIWIL1, HILI/PIWIL2, 
HIWI3/PIWIL3, and HIWI2/PIWIL4) [95]. The PIWI 
protein family and related factors play a vital role in 
various cellular processes and diseases, and the genetic 
variations that occur in these genes have the potential 
to regulate the function of piRNAs. Zhang et  al. [96] 
found that the tag SNP rs11551405 in DCP1A, which 
is a piRNA biogenesis pathway-related gene, is associ-
ated with an increased risk of melanoma-specific death. 
On the other hand, SNPs may not change the matura-
tion and expression of piRNA, but affect the interaction 
of piRNA with other RNAs or proteins, thus affect the 
risk of tumor development. Another study revealed that 
the SNP rs11776042 may be involved in the generation 
of piR-015551 from LNC00964-3, which is significantly 
associated with a decreased risk of colorectal cancer [97].

Additionally, aggregation of DNA damage causes aging, 
making normal cells less efficient and inevitably leading 
to disease or cancer [98]. The regulation of TEs by piR-
NAs can affect DNA damage through aging speed [99]. 
A study showed that piR-39980 could induce neuroblas-
toma cellular senescence by changing the regulation of 
JAK3 expression through a route independent of classical 
apoptosis pathways [20].

Overall, the discovery of small ncRNAs has led to pro-
found alterations in our perceptions of the mechanisms 
of gene control in cancer. To date, most of the functional 
studies on piRNAs have focused on the effects on tumor 
cell characteristics, such as the effects on tumor cell pro-
liferation, apoptosis, invasion, and metastasis. However, 
these only scratch the surface of the real complexity, and 
the detailed mechanisms in tumors have not been thor-
oughly studied. In particular, whether piRNAs can affect 
other cancer hallmarks, such as avoidance of immune 
destruction or tumor-promoting inflammation, is worth 
exploring in the future.

piRNAs as diagnostic and prognostic biomarkers 
in cancer
Tumor screening is an important approach for the early 
detection of cancer and precancerous lesions [100–102]. 
Small RNAs such as miRNAs have received abundant 
attention as potential noninvasive biomarkers for early 
cancer screening [103]. piRNAs can also be used as bio-
markers for cancer screening. For example, piR-54265 is 
a molecular marker for early colorectal cancer screening 
in the general population [104]. Additionally, the study of 
clinical prognostic indicators is valuable for improving 
the life quality of patients with cancer. Most studies have 
focused on the application of piRNAs as diagnosis and 
prognostic markers for patients with cancer. The clini-
cal applications of piRNAs as potential diagnostic and 
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prognostic biomarkers in a variety of cancers are shown 
in Table 2.

In both patients with cholangiocarcinoma and patients 
with gallbladder carcinoma, the expression of piR-
10506469 in blood one week after surgery is significantly 
decreased compared with that before surgery [105]. 
Similarly, the level of piR-10506469 in patient plasma 
exosomes is significantly increased compared with that 
in healthy individuals, which suggests its unique diagnos-
tic value. In ESCC, piR-823 is positively correlated with 
DNMT3B expression [63]. The authors revealed that the 
carcinogenic effect of piR-823 may result from its induced 
abnormal DNA methylation via DNMT3B. Addition-
ally, an increased risk of lymph node metastasis is asso-
ciated with a higher piR-823 level, and piR-823 exhibits 
high specificity for detecting ESCC (AUC = 0.713), which 
suggests its potential as a diagnostic and prognostic bio-
marker. In NSCLC, piR-651 can induce tumor progres-
sion by affecting the cyclin D1/CDK4 pathway and acts 
as a potential diagnostic indicator [11, 12]. Using piRNA 
sequencing data from papillary thyroid carcinoma (PTC), 
researchers have identified two upregulated piRNAs, 
piR-13643 and piR-21238 and found that these two piR-
NAs are associated with clinical stages and exhibit better 
specificity for distinguishing between benign and malig-
nant nodules than the current biomarker HBME1 [106].

Interestingly, the expression of piR-1245 in gastric juice 
is higher in patients than in control individuals, with an 
AUC value of 0.885 [15]. Moreover, the expression of piR-
1245 in gastric juice has the potential to be a noninvasive 
biomarker for gastric cancer detection and prognosis. In 
another study, the well-known piRNA piR-651 was found 
to be a potential marker for gastric cancer diagnosis [16]. 
In colorectal cancer, piR-24000 acts as a possible onco-
gene that can significantly distinguish patients with colo-
rectal cancer from normal individuals [13]. Additionally, 
serum piR-54265, piR-020619, and piR-020450 were also 
found to serve as sensitive and specific noninvasive bio-
markers for early colorectal cancer detection in previous 
studies [104, 107]. Another research group used a piRNA 
microarray to identify a well-known oncogenic piRNA, 
piRNA-823, which is highly expressed in colorectal can-
cer tissues [14]. In this study, the authors performed 
multivariate analysis and found that piRNA-823 is an 
independent predictor of overall survival, which suggests 
its important role in colorectal cancer carcinogenesis. 
Furthermore, piR-19521, piR-18849, and piR-1245 also 
show novel independent prognostic characteristics and 
have the potential to be used as prognostic markers in 
colorectal cancer [17, 18].

In addition to the above-mentioned piRNAs, piRNAs 
that have been clinically correlated with breast cancer, 
lung cancer, kidney cancer, and glioblastoma are shown 

in Table 2 [34, 108–118]. Given the activation of piRNAs 
in germline cells, abnormal expression of piRNAs is more 
sensitive to the diagnosis of testicular cell tumors com-
pared with that of other small ncRNAs [119]. Moreover, 
the expression of piRNAs in circulation is relatively sta-
ble and is easily detected in body fluids, such as blood, 
serum, or gastric juice. Thus, piRNAs may have great 
potential for early non-invasive cancer screening in the 
general population and diagnosis in patients with can-
cer, but there still remain some disadvantages to the effi-
ciency of piRNAs. First, some piRNA tests using patient’s 
tissues, which can be harmful to patients, are still needed 
for diagnosis. Second, compared with the existing tests, 
the detection and identification of piRNAs in tissue or 
body fluids are more expensive, which restricts the exten-
sive use of piRNAs as biomarkers. Third, the reliability of 
using piRNAs for diagnosis still needs to be proven.

piRNAs and cancer therapy resistance
Cancer therapies mainly include radiotherapy and chem-
otherapy. The combination of targeted therapy and chem-
otherapy significantly prolongs the overall survival of 
patients with advanced disease and improves their quality 
of life [120]. However, primary or acquired drug resist-
ance ultimately results in therapeutic failure and poor 
prognosis in cancer patients [121]. Therefore, the devel-
opment of new strategies is urgently needed to improve 
therapeutic responses. Many mechanisms, including 
reduced drug accumulation, enhanced DNA repair, a 
favorable tumor microenvironment (TME) and target 
gene amplification, have been proven to be involved in 
therapy resistance, and piRNAs may be a novel therapeu-
tic target for human cancer [122–124]. In recent years, 
the role of multiple ncRNAs in regulating metastasis and 
recurrence of malignancies has received increased atten-
tion [14, 125–128]. Nevertheless, studies of piRNAs in 
cancer therapy, particularly in cancer resistance to radi-
otherapy or chemotherapy, are still at the nascent stage. 
The specific mechanism through which piRNAs affect 
resistance is related to chemotherapy-induced decreases 
in apoptosis, which makes tumor cells insensitive. This 
section highlights the functions of piRNAs in modulating 
therapy resistance in different cancers and discusses the 
limitations of the available knowledge and future poten-
tial directions.

In detail, piR-39980 has been identified as a key con-
tributor to chemoresistance to doxorubicin in neu-
roblastoma cells and inhibits drug-induced apoptosis 
[20]. In the study, the researchers transfected IMR-32 
cells with piR-39980 at different concentrations of dox-
orubicin and then measured the viability of the cells. 
Compared with cells treated with a single drug, cells 
overexpressed piR-39980 exhibited reduced sensitivity 
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Table 2  Clinical applications of piRNAs in cancer

piRNA Cancer Sample 
type

Expression 
in tumors

Diagnosis 
biomarker

Prognostic 
biomarkers

Chemoresistance Therapeutic 
targets

Clinical 
relevance

References

piR-36712 Breast cancer Tissues ↓ √ √ √ √ Metastatic [22]

piR-932 Cell lines ↑ – [108]

piR-4987 Tissues ↑ √ Metastatic [113]

piR-20365 Tissues ↑ √ – [113]

piR-20485 Tissues ↑ √ – [113]

piR-20582 Tissues ↑ √ – [113]

piR-sno75 Cell lines/
tissues

↓ √ √ – [34]

piR-
10506469

CHOL Plasma 
exosomes

↑ √ – [105]

piR-24000 Colorectal 
Cancer

Tissues ↑ √ Metastatic, 
differentia-
tion, tumor 
stage

[13]

piR-020619 Serum ↑ √ – [107]

piR-020450 Serum ↑ √ – [107]

piR-54265 Serum ↑ √ √ Tumor stage, 
relapse

[104]

piR-823 Tissues ↑ √ √ Metastatic, 
tumor 
stage, 
Adjuvant 
chemo-
therapy

[14, 68]

piR-017724 Serum ↓ √ – [109]

piR-18849 Tissues ↑ √ Metastatic, 
differentia-
tion

[17]

piR-19521 Tissues ↑ √ Metastatic, 
differentia-
tion

[17]

piR-1245 Tissues ↑ √ Metastatic [18]

piR-54265 Tissues ↑ √ √ √ – [19]

piR-5937 Serum ↓ √ – [114]

piR-28876 Serum ↓ √ – [114]

piR-30473 DLBCL Tissues ↑ √ – [10]

piR-823 ESCC Tissues ↑ √ √ Metastatic [63]

piR-
10506469

Gallbladder 
carcinoma

Plasma 
exosomes

↑ √ Tumor stage [105]

piR-1245 Gastric 
cancer

Gastric juice ↑ √ Tumor stage, 
tumor size

[15]

piR-823 Tissues ↓ √ – [71]

piR-651 Tissues ↑ √ √ – [16]

piR-8041 Glioblastoma Tissues ↓ √ √ – [112]

piR-30188 Tissues ↓ √ – [67]

piR-
DQ593109

Glioma Cell lines ↑ √ – [118]

piR-651 Hematologi-
cal malig-
nancy

Serum ↑ √ – [21]

piR-823 Cell lines ↑ Tumor stage [61]

piR-823 Cell lines ↑ √ Tumor stage [72]

piR-004800 Cell lines/
exosomes

↑ √ – [79]

piR-34736 HNSCC Tissues ↑ √ – [116]
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to doxorubicin, which might have led to the develop-
ment of drug resistance. Another study examined 
the serum piR-651 levels in 94 patients with classical 
Hodgkin lymphoma and found that lower levels of piR-
651 are related to increased overall and disease-free 
survival and complete response to first-line treatment 
[21]. Tan et  al. [22] revealed that the overexpressed 
piR-36712 in ZR75-1 and MCF7 cells markedly reduces 
the IC50 values of doxorubicin and paclitaxel in these 
cells, whereas the inhibition of piR-36712 has the oppo-
site effect, and these patterns have been confirmed in 
mouse xenograft models. This synergistic antican-
cer effect suggests that piR-36712 may be an effective 
agent for breast cancer treatment. Interestingly, Mai 
et al. [104] also found a synergistic anticancer effect of 
piRNAs in colorectal cancer. These authors found that 
the reduced apoptosis induced by chemotherapy drugs 
results in the insensitivity of piR-54265-overexpressed 
colorectal cancer cells to chemotherapy drugs. Simi-
larly, studies using a mouse xenograft tumor model 
using oxaliplatin, 5-FU or a combination regimen found 
that subcutaneous tumors formed by colorectal cancer 
cells overexpressed piR-54265 exhibit increased resist-
ance to chemotherapy, whereas subcutaneous tumors 
with downregulated piRNA expression show an excel-
lent response to chemotherapy. These results suggest 

that targeting piR-54265 may provide a novel approach 
for colorectal cancer treatment.

Databases for piRNAs and functional predictions
As high-throughput sequencing technology improves, 
many programs have been developed to identify piRNAs 
from small RNA data, and these include Piano, piRNAP-
redictor, piRPred, 2L-piRNA, Pibomd, IpiRId, V-ELM-
piRNAPred, proTRAC, piClust, and piRNN [129–138]. 
For example, piRPred is a machine learning method that 
uses support vector machine classifiers and multiple ker-
nels to identify piRNAs based on four unique sequence 
features of piRNAs [131]. In non-model organisms, the 
deep learning model developed by piRNN using the con-
volution neural network framework exhibits better per-
formance [138]. Subsequently, some available databases 
have integrated different types of piRNA data to assist 
the functional research of piRNAs (Table  3). However, 
due to the different naming rules and numbers of piRNA 
in each database, the names of piRNAs in various studies 
are not consistent, thus a unified naming standard should 
be established for the study of piRNAs. For example, hsa-
piR-30025 and hsa_piRNA_30025 are listed in the piR-
NAdb and piRNAQuest databases, respectively, but have 
different chromosomal positions. In addition, there is 
no uniform naming strategy for piRNAs in the National 

CHOL cholangiocarcinoma, DLBCL diffuse large B-cell lymphoma, ESCC esophageal squamous cell carcinoma, HNSCC head and neck squamous cell carcinoma, PTC 
papillary thyroid carcinoma

Table 2  (continued)

piRNA Cancer Sample 
type

Expression 
in tumors

Diagnosis 
biomarker

Prognostic 
biomarkers

Chemoresistance Therapeutic 
targets

Clinical 
relevance

References

piR-34536 Kidney 
cancer

Tissues/
serum

↓ √ – [110]

piR-51810 Tissues/
serum

↓ √ Metastatic [110]

piR-32051 Tissues ↑ √ – [7]

piR-43607 Tissues ↑ √ – [7]

piR-39894 Tissues ↑ √ Metastatic [7]

piR-57125 Tissues ↓ √ Relapse [89]

piR-30924 Tissues ↑ √ Relapse [89]

piR-38756 Tissues ↑ √ – [89]

piR-823 Tissues ↓ √ – [115]

piR-651 Lung cancer Tissues ↑ √ √ Tumor stage, 
relapse

[11, 12]

piR-55490 Tissues ↓ √ – [66]

piR-L-138 Cell lines ↑ √ [111]

piR-39980 Neuroblas-
toma

Cell lines ↑ √ – [20]

piR-017061 pancreatic 
cancer

Tissues ↓ √ – [117]

piR-21238 PTC Tissues ↑ √ Tumor stage [106]

piR-13643 Tissues ↑ √ Tumor stage [106]
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Table 3  Details of databases for piRNAs and functional predictions

a) 21 organisms: C. elegans, chicken, cow, crab-eating macaque, D. erecta, D. melanogaster, D. virilis, D. yakuba, human, marmoset, mouse, pig, rabbit, rat, rhesus, sea 
hare, silkworm, starlet sea anemone, tree shrew, X. tropicalis, and zebrafish
b) 51 organisms: African clawed frog, African malaria mosquito, American alligator, Arizona bark scorpion, big brown bat, blue-eyed rice fish, brown rat, budgerigar, 
cabbage looper, Carolina anole, cattle (col. cow), common house spider, common marmoset, crab-eating macaque, diamondback moth, European honey bee, 
European rabbit, fruit fly, giant tiger prawn, goldfish, gray mouse lemur, gray short-tailed opossum, great pond snail, Herbst’s burying beetle, horse, house mouse, 
housefly, human, Japanese rice fish, large earth bumblebee, large milkweed bug, migratory locust, northern tree shrew, oriental fruit fly, Pacific oyster, pea aphid, pig, 

Databases Characteristics Organisms Website

piRBase This database focuses on the comprehen-
sive annotation of piRNA sequences and 
contains potential piRNA targets and 
disease-related piRNAs

21 organismsa) http://​www.​regul​atory​rna.​org/​datab​ase/​
piRNA/

RNAdb 2.0 This database contains over 88,000 piRNA 
candidates that have been cloned and 
sequenced from mice, humans, and rats

Human, mouse and rat http://​resea​rch.​imb.​uq.​edu.​au/​RNAdb/

piRNA Cluster Database This database provides comprehensive 
data on piRNA clusters in multiple 
species, tissues, and developmental 
stages based on small RNA sequence 
data deposited in NCBI’s Sequence Read 
Archive (SRA)

51 organismsb) https://​www.​small​rnagr​oup.​uni-​mainz.​de/​
piCdb/

piRNAdb This database is a PIWI-interacting RNA 
sequence storage and search system 
that provides some other types of 
relevant information such as alignments, 
clusters, datasets, and targets of piRNAs

6 organismsc) https://​www.​pirna​db.​org/

piRNABank This database compiles all the possible 
clusters of piRNAs and depicts piRNAs 
along with the associated genomic ele-
ments such as genes and repeats on a 
genome-wide map

Human, mouse, rat, and Drosophila http://​pirna​bank.​ibab.​ac.​in/

piRNAQuest This database provides annotation of piR-
NAs based on their genomic location in 
gene, intron, intergenic, CDS, UTR, repeat 
element, pseudogene, and syntenic 
regions. The database also contains 
information on all possible piRNA clus-
ters along with significant motifs present 
within the piRNAs comprising a cluster

Human, mouse and rat http://​bicre​sourc​es.​jcbose.​ac.​in/​zhumur/​
pirna​quest/

IsopiRBank This database stores piRNA isoforms 
detected from small RNA sequencing 
data, performs detailed classification, 
and integrates annotation information 
as well as genome mapping results. 
Furthermore, target analysis and enrich-
ment analysis revealing the piRNA iso-
form roles in certain biological processes 
are included

Human, mouse, Drosophila, and zebrafish http://​mcg.​ustc.​edu.​cn/​bsc/​isopir/

piRNA-eQTL This database demonstrates the effects of 
genetic variation on piRNA expression 
based on the Cancer Genome Atlas 
(TCGA) project and is a user-friendly 
database for the analysis of cis-piRNA 
eQTLs for 33 cancer types

Human http://​njmu-​edu.​cn:​3838/​piRNA-​eQTL/

pirScan This database allows C. elegans researchers 
to predict piRNA-targeting sites and to 
avoid the persistent germline silencing 
of transgenes that has rendered many 
constructs unusable

C. elegans or C. briggsae http://​cosbi4.​ee.​ncku.​edu.​tw/​pirSc​an/

piRTarBase This database allows researchers to 
explore piRNA-targeting sites and their 
regulatory effects on endogenous genes 
and identify predicted mRNA targets of 
specific piRNAs

C. elegans or C. briggsae http://​cosbi6.​ee.​ncku.​edu.​tw/​piRTa​rBase/

http://www.regulatoryrna.org/database/piRNA/
http://www.regulatoryrna.org/database/piRNA/
http://research.imb.uq.edu.au/RNAdb/
https://www.smallrnagroup.uni-mainz.de/piCdb/
https://www.smallrnagroup.uni-mainz.de/piCdb/
https://www.pirnadb.org/
http://pirnabank.ibab.ac.in/
http://bicresources.jcbose.ac.in/zhumur/pirnaquest/
http://bicresources.jcbose.ac.in/zhumur/pirnaquest/
http://mcg.ustc.edu.cn/bsc/isopir/
http://njmu-edu.cn:3838/piRNA-eQTL/
http://cosbi4.ee.ncku.edu.tw/pirScan/
http://cosbi6.ee.ncku.edu.tw/piRTarBase/


Page 13 of 18Chen et al. J Hematol Oncol           (2021) 14:93 	

Center for Biotechnology Information (NCBI) GenBank, 
and various data sources are included in this database.

At present, piRBase is the largest and most complete 
piRNA database, with 264 datasets from 21 species [139, 
140], and it is an expert database in RNAcentral. Since 
piRBase was launched by He et  al. in 2014, researchers 
have systematically discovered the shearing and regula-
tory effect of piRNAs on coding genes [44], developed 
a piRNA target gene prediction algorithm [141], and 
upgraded the database in 2018. Given the functional 
diversity of piRNAs, piRBase divides piRNAs into two 
categories according to their biogenesis: repeat-derived 
and gene-overlapping piRNAs. In addition, piRBase also 
includes epigenetic data and predicted lncRNAs and 
gene targets of piRNAs. Notably, the piRNA and cancer 
data in piRBase cover eight types of cancer (breast, blad-
der, pancreatic, gastric, liver, kidney, colorectal cancer, 
and myeloma) to assist cancer-related studies.

Another database, RNAdb 2.0, also stores more than 
88,000 candidate piRNAs from mice, humans, and rats 
[142]. One study compared piRNA sequences with 
the sequences of other ncRNAs using the RNAdb 2.0 
and piRNABase databases and showed that piRNAs in 
human plasma consist of ncRNA fragments that are the 
same as those in human tumor tissues [143]. The piRNA 
Cluster Database provides comprehensive data on piRNA 
clusters based on tissues from 12 species and develop-
mental stages [144]. piRNAdb, which was developed by 
The Bioinformatics Laboratory at the Molecular Oncol-
ogy Center in Brazil, provides other relevant informa-
tion, such as alignments, clusters, datasets, and targets of 
piRNAs.

Additionally, piRNABank, originally founded by Lak-
shmi et  al. [47], is a network resource with classified 
and clustered piRNAs. The database is a user-friendly 
resource that stores comprehensive information about 
piRNAs from humans, mice, rats, and Drosophila. It 
includes all possible piRNA clusters and supports a 
comprehensive search function for organisms and chro-
mosomes, including accession numbers, chromosomal 
locations, gene names or symbols, sequence homology-
based searches, clusters, and corresponding genes and 
repeating elements. Another database, piRNAQuest, 
also contains information about all possible piRNA clus-
ters [145]. Detailed classifications of piRNA isoforms 
detected by small RNA sequencing data are included in 
IsopiRBank [146]. This database can be used to reveal 
the role of piRNA isomers in some biological processes 

through target analysis and enrichment analysis. The 
other two databases, pirScan and piRTarBase, contain 
piRNA information from Caenorhabditis elegans or Cae-
norhabditis briggsae [147, 148]. Researchers have been 
able to predict piRNA target sites and identify expected 
mRNA targets of piRNAs.

In addition, our research group recently constructed a 
piRNA-expression quantitative trait locus (eQTL) data-
base to reveal the effects of SNPs and piRNAs on the 
genetic mechanism of cancer at the genomic level [149]. 
Based on the genotyping and piRNA expression data of 
33 cancer types in The Cancer Genome Atlas (TCGA), 
millions of SNP-piRNA pairs have been identified via 
eQTL analysis in both tumor tissues and normal tissues. 
This database provides the first combination of genetic 
variation with piRNAs, which will generate new ideas for 
further research on cancer etiology.

Conclusions and perspectives
Abundant studies have reported the important role of 
ncRNAs in the regulation of different types of cancer 
[150, 151]. Compared with lncRNAs, miRNAs, and cir-
cRNAs, piRNAs are a relatively new type of ncRNA and 
have attracted increasing attentions in recent years. Due 
to the discovery that piRNAs are related to many types 
of tumors, their mechanisms and functions need to be 
explored. Although the expression of piRNAs can be eas-
ily detected through the development of next-generation 
sequencing technology, there remain many unknown 
piRNAs due to the complicated mechanisms through 
which they are generated, the difficulty in their identifi-
cation, the lack of universal rules for piRNA naming, the 
instability of the detection results, and the current lack of 
knowledge on their regulatory mechanisms. Several limi-
tations and perspectives are illustrated below.

As mentioned above, the three main regulatory mech-
anisms and biological functions of piRNAs are TGS, 
PTGS, and protein–protein interactions. In TGS, piR-
NAs appear to play a role in gene expression modifica-
tion that is similar to DNA methylation. In general, 
piRNAs mainly affect tumor development by regulating 
DNA methylation transferase and then cause aberrant 
DNA hypermethylation. However, whether DNA meth-
ylation could reversely affect the expression or functions 
of piRNAs remains unclear and deserves further dis-
cussion. Moreover, the dual mechanism of the piRNA/
MIWI complex in the process of mouse spermiogenesis, 
which involve inducing the degradation or translational 

platypus, red flour beetle, rhesus macaque, speckled wood, three-spined stickleback, vinegar fly, West African fruit fly, western clawed frog, wolf (dog), yakuba fruit fly, 
yellow fever mosquito, yellowhead catfish, and zebrafish
c) Six organisms: Caenorhabditis elegans, Cricetus griseus, Drosophila melanogaster, human, Mus musculus, and Rattus norvegicus

Table 3  (continued)
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activation of target mRNA via recruitment of related fac-
tors, has been investigated [152, 153]. Similarly, whether 
the piRNA/PIWI complex functions through a similar 
dual mechanism in human tumor cells is worth investi-
gating. Furthermore, given the base-pairing principle, the 
variation of a single base in the piRNA-mRNA binding 
domain may also disrupt piRNA function. Therefore, the 
effect of genetic variations in the pairing region should be 
sufficiently explored to identify new piRNA mechanisms 
in the future.

We also found that most previous studies only 
described the one-to-one, multiple-to-one, or one-to-
multiple relationship between piRNAs and their target 
genes in tumors, whereas few studies have explored the 
combined effects of multiple piRNAs in a pan-cancer 
analysis. In addition, different piRNAs may perform 
additive or opposite functions. Therefore, the combined 
effects of multiple piRNAs on multiple targets in tumors 
should also be addressed in future studies, and the results 
will contribute to a more comprehensive understanding 
of the role of piRNAs in the pathogenesis and progres-
sion of tumors.

In addition, most of the functions of piRNAs studied to 
date were limited to their effects on tumor phenotypes. 
In the past few decades, there has been a substantial 
increase in the study of the mechanisms of cancer immu-
nity. Similarly, most of the prognostic studies performed 
to date have focused on the effect on tumor chemo-
therapy resistance rather than radiotherapy or immuno-
therapy resistance. Whether piRNAs are involved in the 
individual immune processes of cancer remains unclear. 
The role of piRNAs in resistance to immune checkpoint 
blockade agents in cancers has not been investigated. 
Therefore, additional studies are needed to better under-
stand the piRNA-mediated regulation of cancer immu-
notherapy, and the results will lead to the development of 
novel effective therapeutic strategies for cancer therapy.

Several recent studies demonstrated that PIWI pro-
teins highly expressed in germ cells can still be activated 
in human tumor cells in the absence of piRNA induction 
and promote tumorigenesis in different modes [154, 155]. 
Consequently, these studies have enriched the knowledge 
of the mechanism of piRNAs and PIWI proteins in the 
field of human cancer. All of this information makes it 
possible to induce or exogenously add piRNA as a poten-
tial therapeutic strategy for human cancer with high 
PIWI protein expression in the future.

In short, unlike other ncRNAs, piRNAs, as a rela-
tively newly discovered type of small ncRNA, have 
rarely been the topic of preclinical studies or clinical 
trials. In the future, large cohort clinical studies are 
needed to further explore and verify the potential and 

advantages of piRNAs as biomarkers for tumor diag-
nosis, prognosis and therapeutic efficacy. Although 
there remain many unknown challenges, advances in 
multiomics, sequencing and other technologies will 
lead to a more in-depth and comprehensive assess-
ment of piRNAs as a new target for tumor diagnosis 
and treatment.
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