
REVIEW Open Access

The disease-related biological functions of
PIWI-interacting RNAs (piRNAs) and
underlying molecular mechanisms
Tong Sun* and Xiao Han

Abstract

More than a decade ago, PIWI-interacting RNA (piRNA) was discovered almost simultaneously by four different
research groups. The length of this type of single stranded noncoding RNA is 24~31 nucleotides (nt), with most of
the piRNAs fall into the range of 29~30 nt. PiRNAs form specific RNA-induced silencing complex with PIWI
subfamily proteins, which is how piRNA got its name. PiRNAs are initially famous for the crucial roles they played in
germline cells. Binding with PIWI family proteins, piRNAs is able to affect methylation of genomic DNA in germline
cells and, therefore, maintaining genomic stability and suppressing transposons. Since mammalian PIWI subfamily
proteins are mainly germline specific, it was once thought that piRNAs might only function in the gonadal cells.
However, evidence from the later research suggest that piRNAs are broadly expressed in many kinds of somatic
cells and are involved in numerous pathological condition far beyond those have been reported in the germline.
For example, piRNAs were discovered to be abnormally expressed in several kinds of cancers. PiRNAs are also
shown to be promising prognostic markers for various types of cancers. Interestingly, a recent research indicated
that piRNAs are also regulators for pancreatic beta cell function. PiRNAs are promising regulators for the
development of type 2 diabetes. From a disease-oriented point of view, this review will focus on both confirmed
and proposed biological functions of piRNAs mostly in those fields beyond germline cells. Meanwhile, some of the
underlying molecular mechanisms will also be mentioned.
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Background
Mammalian Argonaute proteins, which are segregated
into two subfamilies named AGO and PIWI, are indis-
pensable components for the execution of the small
non-coding RNA (snoRNA) function [1]. AGO clade of
Argonaute proteins are famous for the critical role they
played in the micoRNA (miRNA) and short interference
RNA (siRNA) pathways [2]. Complexed with AGO pro-
tein, siRNA and miRNA could bind perfectly with the
target RNAs and trigger the cleavage and degradation of
target mRNA. The AGO-miRNA complex could also
bind imperfectly to the 3’UTR region of the target
mRNAs, which results in their de-adenylation, transla-
tional suppression, and subsequent degradation [3, 4]. It

was initially reported that PIWI clade of the Argonaute
proteins are important players in the formation, develop-
ment and meiosis of germline stem cells. The studies on
miRNAs and siRNAs gave the scientists great motivation to
find out the potential RNA guides for PIWI proteins. Excit-
ingly, they found out a novel class of RNA sized 24~31 nt,
which is clearly longer than the well-characterized 21~23 nt
of miRNAs or siRNAs [5–8]. Different from miRNAs, piR-
NAs are 2′-O-methylated at the 3′-termini [9]. They
coined the name PIWI-interacting RNA (piRNA) for this
particular class of small noncoding RNAs.
Since many of the members of PIWI family proteins

are mainly germline restricted, early research on piRNA
after its discovery were mainly focused on germline cells.
Tremendous amount of germline-related research of
piRNA exhibited that piRNAs are functional related to
germline development, maintaining germline genome in-
tegrity, silencing of selfish DNA element, etc. [10–12].
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One icebreaking research that investigated the function of
piRNA beyond germline cells reported that PIWI-piRNA
complex could bind to specific genomic sites in somatic
cells and regulate target DNA locus epigenetically. It was
revealed that PIWI also binds to the Heterochromatin
Protein 1A (HP1A) and is responsible for the methylation
of H3K9 at numerous genomic sites in somatic cells,
which suggests that piRNA could contribute to the epi-
genetic modification of the genome in somatic cells [13].
Other studies, for example, identified that piRNAs exist in
the mouse hippocampus [14]. The mouse hippocampal
piRNAs are localized in both neurons and dendrites. Sup-
pression of one of the piRNAs, DQ541777, could cause
defects in the morphogenesis of spine [14]. Until now, the
biological functions of piRNAs have been widely expanded
into the fields such as metabolism, cardiology, and espe-
cially oncology. The disease-related biological function of
piRNAs will be the main focus in this review article. Ex-
perimental results, prospective insights as well as some of
the underlying molecular mechanisms will be listed and
discussed. Through this review, we hope to broaden our
view on the function of piRNA in various types of dis-
eases, and more importantly, to provide some new in-
sights for the future piRNA research field.

Biogenesis and functions of piRNAs
To better understand the clinical roles of piRNAs, the
biogenic pathways as well as the general functioning
mechanism of piRNAs in mouse germline tissue are
briefly discussed firstly. The detailed review of this area
could be found in several other review articles [15–17].
The piRNA production process is mainly composed of

two pathways: the primary processing pathway and the
secondary ping-pong cycle. The precursor piRNAs are
firstly transcribed as long unidirectional single-stranded
transcripts mostly from piRNA clusters which have a
number of sequences complementary to transposons
(transposon-derived piRNA). Researchers later found
that besides those transposon-derived piRNA, some piR-
NAs have different origin. Bioinformatics study revealed
that there are three different source of piRNA:
transposon-derived, protein coding region-derived and
intergenic region-derived piRNA. The ratio of these three
different originated piRNAs varies during different phases
of spermatogenesis [18]. The long single-stranded tran-
scripts are subsequently cut into piRNA pieces containing
various lengths, the underlying mechanism of which still
remains elusive. Owing to the loop construct within the
MID domain of PIWI proteins, PIWI protein has strong
binding preference with small RNA pieces that have uri-
dine residue located in the 5′ ends [19, 20]. The 3′ end of
the small RNA pieces are then trimmed by exonuclease
after binding to PIWI protein [21]. The size of different
PIWI proteins determines the length of the mature

piRNAs. The piRNA precursor is characterized by the ten-
dency of having uridine residue at 5′ ends, and different
sized piRNAs bind to specific PIWI protein species. Fi-
nally, the process of 2′-O-methylation at the 3′ end of
piRNA by Hen1 methyltransferase marks the maturation
of PIWI-piRNA complexes [17]. The production process
of secondary piRNAs is well-known as ping-pong cycle.
The primary piRNA recognizes mRNAs that are reverse
transcribed from transposon through base-paring. Mili
protein cut the complimentary mRNA at 5′ ends of pri-
mary piRNA between 10 and 11 nt position and results in
the RNA product that displays a strong bias for adenine at
the 10th positon. The RNA piece then associates with
miwi2 and goes through the same 3′ end trimming and
modification processes as described in primary piRNA
production, which gives rise to mature secondary piRNA.
The piRNA, which associated with miwi2, undergoes
similar procedures in target mRNA recognition, 5′ end
trimming, binding with mili protein, 3′ end trimming and
modification. Large amount of piRNAs are obtained as
ping-pong cycle repeats (Fig. 1) [17, 22].
There are two major functions of piRNA. At tran-

scriptional level, the miwi2/piRNA complex could go
into the nuclear, recognize the chromosomal loci that
are undergoing transcription, recruit modification en-
zymes and alter the methylation level on the corre-
sponding region, which results in the silencing of
either transposon genes or protein coding genes on
the transcriptional level (Fig. 2). At post-transcrip-
tional level, a great deal of mRNAs transcribed by
transposons in the genome is cut during the process
of piRNA generation, which leads to the stabilization
of the genome. PiRNA may as well recognizes
mRNAs beyond those derived from transposon
through imperfect base pairing, a process that is simi-
lar to microRNA (miRNA) regulate its target mRNA,
which leads to the subsequent mRNA deadenylation
and degradation. It is worth to mention that piRNA
may target multiple genes simultaneously (Fig. 2)
[23–25]. From the way of piRNA functioning men-
tioned above, we could deduce the general role of
piRNA played in various types of disease. In different
diseases, the altered expression of piRNAs could
affect the expression of many genes through either
transcriptional inhibition or epigenetic modification.
Protein encodes by those genes could be involved in
many disease-related signaling cascades that regulated
numerous cellular events such as proliferation, apop-
tosis, migration, invasion etc.

PiRNAs in cancer
The most intensively studied disease in which piRNAs
take parts is cancer. Large amount of pioneer researches
which paved the way for finding the link between piRNA
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and cancer deal with the function of PIWI family pro-
teins in different types of cancer. One study reported
that Hiwi, a member of the PIWI family protein, is
found to be expressed in human gastric cancer cells.
Hiwi is able to induce gastric cancer cell growth, while
inhibition of Hiwi could promote cell cycle arrest in G2/
M phase. It was thus suggested that Hiwi might be a
promising drug target for gastric cancer therapy [26].
Similar results were obtained in the lung cancer as well.
The protein and mRNA levels of Hiwi were significantly
upregulated in the intra-tumor non-small cell lung can-
cer (NSCLC) samples. The expression of Hiwi had close
relationship with cancer cell proliferation [27]. In pan-
creatic cancer, on the other hand, altered mRNA expres-
sion of hiwi had poorer clinical prognosis [28]. Other
researches showed that mouse and human PIWI pro-
teins were widely expressed in numerous types of cancer
including lung, gastrointestinal, liver, breast, colorectal,
and ovarian cancer [29–34]. Further immunohistochem-
istry (IHC) investigations with different stages of human

cancer sample suggested that PIWI is a potential bio-
marker for cervical cancer and breast cancer [35–37].
Mechanistically, the human PIWI family protein Piwil2
is able to influence two signaling cascades, Stat3/Bcl-X
and Stat3/cyclinD1 signaling, and could act as an onco-
gene in tumorigenesis. Inhibition of Piwil2 expression
suppresses tumor cells growth both in vitro and in vivo
[38]. It is worth to mention that Tudor domain contain-
ing protein 9 (TDRD9), a helicase that is involved in the
biosynthesis of piRNA plays a crucial role in lung adeno-
carcinoma. The expression of TDRD9 is linked with
poor prognosis in lung adenocarcinoma. On the con-
trary, knock-down of TDRD9 could lead to a decrease in
apoptosis, cell cycle arrest and proliferation [39]. Al-
though all the research above are not directly on piR-
NAs, they are closely related to piRNA study and
provided invaluable evidences and ideas for the piRNA
research field.
The study that really linked piRNAs with cancer was

performed in Hela cells, a well-known human cervical

Fig. 1 Biogenic pathways of piRNA in mice. PiRNA precursor is transcribed from piRNA cluster, protein coding region or intergenic region, and it
is further cut into small pieces that varies in length. After RNA pieces associate specifically with PIWI, they undergo 3′ end trimming process. The
3′ end is further modified by the RNA methyltransferase Hen1, which marks the maturation of primary piRNA. The secondary biogenesis process
of piRNA is known as ping-pong cycle: mili firstly binds to primary piRNA, which is followed by the association between primary piRNA and
mRNA through base-paring. Mili cut the paired mRNA between 10 and 11 nt position at 5′ end. The resultant RNA piece binds to miwi2 and goes
through the same 3′ end trimming and modification procedure as described above. The miwi2-associated piRNA recognize target RNA in a
similar manner, which is again followed by 5′ end trimming, mili association, 3′ end trimming and modification. The cycle then repeats
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cancer cell line. After examine the whole small RNA
library in Hela cells, Lu and colleagues (2010) discov-
ered the existence of piRNAs within the library. In
situ hybridization results showed that piR-49322 lo-
calizes in both nucleolus and cytoplasm in Hela cells,
especially gathers around the periphery of nuclear
membrane [40].
In the year of 2015, a bioinformatics study system-

atically explored piRNA transcriptomes of 6260 hu-
man tissues samples from both normal and cancerous
tissues of many organs. The piRNA expression pat-
tern in twelve different tumor types was analyzed.
Overall, a higher number of piRNAs expressed in tu-
mors compared to normal tissues. The patterns of
size distribution between normal and tumor tissues
are also different, with an enrichment of 32 nt
long-piRNAs across all tumor types. PiRNA expres-
sion patterns showed their uniqueness to malignancies
and clinical categories. While some piRNA exhibited
similar expression pattern across all cancer types,
some showed subgroup-specific expression pattern
and relevance to certain clinical features that belong
to each individual tumor type [41].

PiRNA microarray data from human gastric cancer
showed that piR-651 level was closely correlated with
tumor-node-metastasis (TNM) stage. High levels of
piR-651 were found in those patients that have poorly
differential tumors. Further exploration revealed that the
level of piR-651 was also increased in many other types
of cancers such as hepatic carcinoma, breast cancer,
stomach cancer, cervical cancer, lung cancer, and so on
[42]. In the meantime, the same group discovered that,
in contract to piR-651, piR-823 is less expressed in gas-
tric cancer tissue than in the control tissue. Data from
the xenograft mice model indicated that piR-823 plays
an antagonistic role in gastric cancer development [43].
A tentative study tried using piRNAs as biomarkers to
detect circulating cancer cells in the blood from gastric
cancer cases. Researchers detected that the levels of
piR-823 and piR-651 in the peripheral blood from gastric
cancer patients were markedly lower than the control
samples. The level of piR-823 is positively correlated
with TNM stage as well as distant metastasis [44]. The
results above provided evidence for using certain piR-
NAs as biomarkers for detecting circulating gastric can-
cer cells.

Fig. 2 The functional pathways of piRNA. (1) The PIWI-antisense piRNA complex cleaves sense transposon, piRNA precursor and protein-coding
transcripts, the process of which leads to the suppression of transposon and gene expression. (2) PIWI-piRNA complex could suppress translation
of target mRNA through imperfect binding to the 3’UTR region, a process similar to how miRNA functions. (3) PIWI-piRNA complex could enter
the nucleus and influence DNA methylation level in the promoter region of target genes. “Me”, methylation
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Another intensively studied type of cancer in which
piRNAs are involved is breast cancer (BC). It was found
that the key biogenic components as well as the effectors
are present in human BC cells and tumor biopsies [45].
Around 40% of the BC piRNAs are located in the pro-
tein coding/small non-coding RNA genomic regions,
which suggest that the corresponding transcript might
serve as piRNA precursors that subsequently leading to
the regulation of their host genes. The hypothesis is in
agreement with the finding in this study that the puta-
tive target mRNAs regulated by the 8 piRNAs found
deregulated in BC tissues encode proteins involved in
key cancer cell function [45]. To explore the expression
status of piRNAs in human BC clinical samples, Huang
et al. (2012) did deep piRNA sequencing on 4 tumor tis-
sues and their corresponding normal tissues. Four piR-
NAs (piR-20365, piR-4987, piR-20582 and piR-20485)
were up-regulated in 50 breast cancer cases. PiR-4987
expression level was correlated with lymph node metas-
tasis [46]. Zhang et al. (2013) did a piRNA microarray
analysis on ten cases of BC including cancer stem cells
induced to Epithelial Mesenchymal Transition (EMT)
status using TGF-β. They found that piR-932, which
forms a complex with PIWIL2, displayed markedly
higher expression in EMT cancer stem cells. Based on
the fact that the expression of tumor suppressor protein
Latexin is decreased due to the hypermethylation in its
promoter region in cancer cells, the authors speculated
that piR-932 might be a stimulator of the BC cell EMT
process by stimulating the methylation of Latexin pro-
moter region [47]. The clinical-oriented studies above
are challenged with limited sample sizes. Later on,
Krishnan et al. investigated the piRNA profile from a lar-
ger clinical sample collection including 104 breast can-
cer samples using next generation sequencing. PiRNAs
as well as PIWI genes were evaluated for their prognos-
tic significance from clinical features of Overall Survival
(OS) and Recurrence Free Survival (RFS). Totally 8 piR-
NAs were identified as potential markers for breast can-
cer prognosis. Four and six piRNAs were discovered to
be linked with OS and RFS respectively, among which 2
piRNAs correlate with both OS and RFS [48]. Single
theragnosis system utilizing a piRNA molecular beacon
(MB) enabled visualization of specific piRNA expression
in cancer cells and molecular activation for tumor sup-
pression. By using this technology, Lee and colleagues
(2016) directly visualized the expression of piR-360269
in MCF7 cells. Being able to hybridize with endogenous
piR-360269, piR-36026MB is able to inhibit the function
of piR-360269, which result in cellular death through
caspase-3 mediated signaling. Bioinformatics study re-
vealed SERPINA1 and LRAT could be the downstream
targets of piR-360269. To further confirm this regula-
tory cascade, the authors did a mutiplex fluorescence

analysis by simultaneously introduce piR-36026MB,
GFP-SERPINA1, GFP-LRAT, caspase-3 function fluor-
escent probe, Hoechst and PI into single MCF7 cell.
Results indicated that piR-360269 could directly target
SERPINA1 and LRAT, which protect MCF7 cells from
caspase-3 mediated cell apoptosis. What is more, the
MCF7 cells from above were further injected into the
nude mice. In vivo assay results also showed the pro-
tective role of piR-360269 in BC cell apoptosis. When
piR-360269 expression was inhibited by piR-360269
MB, clear activation signals of caspase-3, LRAT and
SERPINA1 were visualized. Hematoxylin and eosin
(H&E) stain results displayed that tissue isolated from
injection site contains numerous apoptotic tumor cells
[49]. As we know, triple-negative breast cancer
(TNBC) is an aggressive, poorly-prognostic cancer.
Koduru and colleagues (2016) analyzed the publicly
available small RNA sequencing data from 24 TNBC
and 14 corresponding normal tissue samples. They
found that more than 139 piRNAs were differentially
expressed compare to the normal tissue control, out
of which 103 piRNAs and 36 piRNAs were up- and
down-regulated respectively. A stage-wise differential
expression analysis results showed there are 46 piR-
NAs were common for stages I & II, 3 piRNAs were
common for stage II & III, while no common piRNAs
for stage I & III. Eight piRNAs were differentially
expressed in all three stages [50]. Another study in
breast cancer deals with piR-0211285. PiR-0211285
decreases breast cancer risk through increasing the
methylation level on genomic region of a number of
breast cancer-related genes, which leads to the de-
creased expression of the protein coded by those
genes. For example, piR-0211285 could inhibit the ex-
pression of ARHGAP11A, a known tumor suppressing
factor, which subsequently suppress the invasiveness
of colon cancer cells in vivo [51].
Several independent research teams explored the

role of piRNAs in renal cell carcinomas (RCC). To-
tally 19 piRNAs were differentially expressed in nor-
mal kidney tissue and metastatic clear cell RCCs, and
46 piRNAs present in the samples are associated with
metastasis. It is worth noticing that 3 piRNAs which
are linked with metastasis locate in the same piRNA
cluster in the chromosome 17. Clinical analysis
indicted that the up-regulation of these three piRNAs
are highly linked with RCC metastasis, poor
cancer-specific survival as well as late clinical stage
[52]. Another research team did a similar research on
RCC with a different sample cohort. Microarray data
showed the expression of 235 piRNAs were
up-regulated while 369 piRNAs were down-regulated.
They picked piR-30924, piR-57125 and piR-38756 for
further investigation. All three piRNAs were verified
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by quantitative PCR to be down-regulated in
non-metastatic RCCs compared to normal tissue and
all three piRNAs were shown to be linked with OS in
both non-metastatic and metastatic RCC patients. To-
gether with tumor grade, piR-38756 is an independent
marker for recurrence and survival prognosis in
non-metastatic RCC patients [53]. Specifically, one
study comprehensively analyzed the expression of
piR-823 in various biological samples (tumor tissue,
normal renal parenchyma, blood serum and urine)
from patients underwent nephrectomy for RCC.
There is a prominent down-regulation of piR-823 in
tumor biopsies, while the expressions of piR-823 in
blood serum and urine are up-regulated. Higher
piR-823 levels in serum are correlated with advance
clinical stages of RCC, indicating piR-823 would be
used as a diagnostic marker for RCC [54].
In human bladder cancer, data from three cancer biop-

sies and their adjacent normal tissues showed the up-
and down-regulated expression of 106 piRNAs and 91
piRNAs respectively. Further investigation on piR-60152,
which displayed the highest level of down-regulation in
cancerous bladder tissue (fold change = 31.63), showed
that the mRNA of TNFSF4 is a downstream target of
piR-60152. The piR-60152/TNFSF4 signaling axis was
further confirmed by the result showing that TNFSF4
mRNA levels were significantly suppressed in 25 bladder
cancer biopsies [55].
Single nucleotide polymorphisms (SNPs) affect the risk

of in the colorectal cancer (CRC) research field world-
wide. In a Chinese case-control study, Chu and col-
leagues (2015) assessed the links between CRC risk and
7 piRNA SNPs. Disappointedly, the authors did not find
significant protective role of piR-015551/rs11776042
SNP on the risk of CRC, nor did the authors detect any
expression level change of piR-015551 in CRC tissue.
However, the rs11776042 SNP in piR-015551 changed
the secondary structure energy of the piR-015551. This
energy change would subsequently affect the role of
piR-015551 on CRC development, which would be an
interesting future research direction [56]. Another re-
search group analyzed the piRNA expression profile
among three different groups of CRC (benign group,
tumor group and metastasis group). They pointed out
that four piRNAs were enriched by comparing tumor
group with benign group, with the up-regulation of
piR-25447 and piR-23992, down-regulation of piR-28876.
Twenty-seven piRNAs were enriched by comparing me-
tastasis group with benign group, with the up-regulation
of piR-22842, piR-23317, piR-26131, piR-23210.1 and
piR-25447 (top 5 out of 22), and down-regulation of
piR-27729, piR-7193.1, piR-7193.2, piR-27729.1 and
piR-27730.1 [57]. Yin et al. reported that piR-823 is signifi-
cantly up-regulated in CRC. The biological function of

piR-823 in CRC is to promote cell proliferation and inhibit
apoptosis. Inhibition of piR-823 arrests the cell cycle in
the G1 phase within HCT116 and DLD-1 cells. Intri-
guingly, inhibition of piR-823 leads to the decrease of
HTRA, IGFBP5, HSP27, HSP60 and HSP70 levels in CRC
cell line. Deeper mechanistic study showed that piR-823
influences the transcriptional activity but not the expres-
sion of HSF1, the common transcription factor of HSPs.
PiR-823 is able to bind directly to HSF1 and promote its
phosphorylation at Ser326 [58]. Recently, Weng and col-
leagues (2018) conducted an intense clinical study for the
piRNAs in CRC. A big sample collection which con-
tains 771 CRC patients from three independent co-
horts was utilized. It was reported that only piR-1245
is differentially expressed in all three cohorts. High
expression of piR-1245 correlated with advanced dis-
ease, metastasis and poor prognosis in CRC. Func-
tional studies exhibited that a number of tumor
suppressor genes might be targets of piR-1245, which
contain ATF3, BTG1, DUSP1, FAS, NFKBIA, UPP1,
SESN2, TP53INP1 and MDX1. It was also validated
that the protein expression above is inversely corre-
lated with piR-1245 in CRC [59].
Given the facts that human DLK1-DIO3 locus at

14q32.1-14q32.31 is aberrantly hyper-methylated and
that piRNA/PIWI complex could repress gene transcrip-
tion through inducing DNA methylation, Enfield and
colleagues (2016) checked the piRNA expression level in
the lung cancer tissues. They found that 4 piRNAs
(DQ596225, DQ596306, DQ596309, and DQ596354) are
overexpressed in lung adenocarcinoma while one piRNA
(DQ596309) is overexpressed in lung squamous cell car-
cinoma. Combined with miRNA signature, the newly
discovered piRNAs are good prognostic factors for the
overall survival of lung adenocarcinoma and lung squa-
mous cell carcinoma patients, as well as the
recurrence-free survival [60]. In a particular case, the ex-
pression of piR-55490 was found to be suppressed in hu-
man lung cancer. Deeper characterization of piR-55490
showed that piR-55490 is a good prognostic marker for
lung cancer. Mechanistically, piR-55490 suppresses cell
growth in both cell and mouse xenograft model via inhi-
biting Akt/mTOR signaling. PiR-55490 could bind to
mTOR mRNA at 3’UTR and promote its degradation
[61]. RASSF1C is an intensively studied protein which is
known to be able to promote lung cancer cell growth
and migration. Reeved and colleagues (2015) did a
piRNA microarray study using H1229 cell line
over-expressing RASSF1C (H1229:RASSF1C) and con-
trol. They discovered that piR-52200 and piR-34871
were up-regulated while piR-46545 and piR-35127 were
down-regulated in H1229:RASSF1C. Notably, there was
an inverse correlation between the expression of
piR-35127 and RASSF1C in ten out of twelve lung
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cancer biopsies. Forced expression of 2 piRNAs
(piR-35127 and piR-46545) and knock-down of 2 piR-
NAs (piR-52200 and piR-34871) at the same time re-
duced normal lung epithelial cell proliferation and
colony formation in lung cancer cell lines [62]. It is well
known that resistance to chemotherapy in lung squa-
mous cell carcinoma (LSCC) is very common, while the
underlying molecular mechanism still remains elusive. A
study on LSCC revealed that piRNA-like (piR-L) small
RNA piR-L-138 was up-regulated following cisplatin
(CDDP)-based chemotherapy both in vitro and in vivo.
Suppression of piR-L-138 could promote CDDP induced
apoptosis in vivo. Mechanistically, piR-L-138 is shown to
be able to bind directly to p60-MDM2 protein to influ-
ence apoptosis [63]. A recent research characterized
piR-651 in the carcinogenesis of non-small cell lung can-
cer (NSCLC). Using NSCLC A549 and HCC827 cell
lines as models, the authors demonstrated that piR-651
could regulate tumorigenesis via inhibiting cell migra-
tion invasion, and proliferation while promoting apop-
tosis [64].
PiRNAs have entered the stage of hepatocellular car-

cinoma (HCC) as well. It was discovered that there are
more than 700 known piRNAs and 900 novel
piRNA-likes expressed in 14 cirrhotic and 20 corre-
sponding HCC samples. Liver piRNA expression pat-
terns were analyzed in various liver pathological stages
such as cirrhotic nodules, early HCC, advanced HCC,
etc. A total of 125 piRNA expression signature of HCC
were identified, which is correlated to microvascular in-
vasion in HCC. Predicted downstream targets of these
aberrantly regulated piRNAs are involved in key signal-
ing cascades such as telomerase activity, cell cycle regu-
lation, apoptosis and so on which all correlated to
hepato-carcinogenesis and HCC progression. The piR-
NAs discovered in the study above are likely to represent
a new class of mediators in HCC [65].
Silencing of tumor-suppressor genes (TSGs) by alter-

ing the DNA methylation status at their promoter re-
gions have long been documented in multiple myeloma
(MM). Yan and colleagues (2015) found that expression
of piR-823 was correlated to de novo DNA methyltrans-
ferases, DNM3A and 3B. PiRNAs are able to promote
vascular endothelial growth factor section followed by a
promotion in angiogenesis in MM. Mechanistically,
piR-823 may affect p16INK4A/ cyclin D1/CDK4/Rb path-
way through changing DNA methylation status of
p16INK4A [66].
In the human head and neck squamous cell carcinoma

(HNSCC) research field, one group of researchers found
the correlation between piRNA expression and nodal
metastasis [41]. Further TCGA data mining of 43
tumor-normal small RNA-seq datasets and Level 3 gene
expression analyses discovered 61 piRNAs were

markedly dysregulated in HNSCCs. It is worth to note
that comparison of the HNSCC-dysregulated piRNAs to
some previous studies of their expression in other types
of cancer only yielded little overlapping indicating differ-
ent regulatory mechanisms of piRNAs in different can-
cer types [67]. Since that Human papillomavirus
(HPV)-positive HNSCC patients have a better prognosis
while a prognostic biomarker is still missing, the same
research team went on to analyze the association of the
expression of some piRNAs with survival as well as HPV
infection status. Of the total 87 piRNAs that specifically
expressed in tumor samples, 41 of them showed signifi-
cant connection with HPV infection status. Moreover,
five piRNAs expression in HPV positive HNSCC cancer
samples was correlated with worse OS [68]. Using 77
RNA-sequencing datasets from TCGA, another similar
research on HPV-induced HNSCC examined the expres-
sion of piRNAs between HPV16 (+) HNSCC and normal
controls. A total of 30 piRNAs were dysregulated in
HPV16 (+) HNSCC with the protein PIWIL4 and RTL
family of retrotransposon-like genes been their potential
targets. Three differential expressed piRNAs were fur-
ther validated in vitro [69]. It was also reported that a
collection of 13 piRNAs was found in HNSCC related to
smoking. Among those 13 piRNAs, 2 piRNAs are shown
to be linked with tumor stage while one piRNA (NON-
HSAT067200) is shown to be a potential indicator of pa-
tient survival rate [70].
The function of piRNAs in either testicular germ cell

tumors (TGCTs) or germ cell neoplasia in situ (GCNIS)
is a little different. PIWI/piRNA signaling and biogenesis
is found to be missing in GCNIS and TGCT cells while
piRNA biogenesis in the health testis tissue adjacent to
TGCTs remains intact. This result suggests that piRNAs
is unlikely to be oncogenic factors for the TGCT devel-
opment. It is also suggested that piRNA could perform
an inhibitory role in GCNIS and TGCT [71].
In endometrium cancer field, small-RNA sequencing

and microarray data using normal, hyperplastic and neo-
plastic endometrium tissues indicated that 2 piRNAs are
under-expressed and 8 piRNAs are over-expressed in
cancerous tissue compared to normal ones. It appears
that there are a total of 1526 putative mRNA target for
the piRNAs identified above among which 170 were
found to be aberrantly expressed in hyperplastic and/or
tumor tissues. The protein encoded by those mRNAs
take parts in various carcinogenetic related process such
as cell death, growth and survival, 38 of which have been
documented to be related to endometrial cancer [72].
By doing a genome-wide association study (GWAS)

and functional analysis on a total of 4241 (1840 cases
and 2401 controls) glioma samples, Jacobs and col-
leagues found that four piRNAs, which are expressed in
glial cell lines, harbor glioma-associated germline
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variants. Functional studies on one of these piRNA,
piR-598, indicated that piR-598 could mediate cell death
and survival and suppress glioma cell viability as well as
colony formation. On the other hand, variant
rs147061479 of piR-598 counteracts the tumor inhibi-
tory function of piR-598, which subsequently increases
the risk of glioma [73]. As we know, the blood-tumor
barrier (BTB) is a big limitation for the delivery of drugs
into the glioma microenvironment. A latest research
demonstrated that piR-593109 was overexpressed in gli-
oma endothelial cells (GECs). The permeability of BTB
could be increased via knock-down of PIWIL1 or
piR-593109. Deeper mechanistic study revealed that
piR-593109 affects BTB in glioma through a MEG3/
miR-330-5p/RUNX3 signaling cascade in which
piR-593109 could regulate MEG3 in a sequence-specific
manner [74].
Recently, Roy and colleagues (2018) started to look at

the role of piRNAs in human neuroblastoma (NB). By
using next generation sequencing, the authors identified
a common pool of 525 piRNAs in two different NB cell
lines. Further bioinformatics analysis showed that the
589 putative target mRNAs, which are the key regulators
of signaling pathways and biological processes related to
NB, are involved in 185 biological functions relevant to
tumorigenesis. The authors confirmed the expression of
key piRNAs and their targets enriched in biological pro-
cesses which are proposed to be important player in
neoplastic event of NB. Although the piRNA targets still
need to be better experimentally characterized in the fu-
ture, the study opened new avenue for piRNA-mediated
therapeutics for NB [75].
A research was conducted to unravel the altered ex-

pression profile of all the small noncoding RNAs in six
pancreatic ductal adenocarcinoma (PDAC) patients
compared to five normal pancreatic tissue samples. It
was found that one piRNA (piR-017061) was signifi-
cantly down-regulated in the PDAC samples [76]. It
would be exciting to explore its downstream targets for
the future research.

PiRNAs in other types of diseases
PiRNAs have long been famous for their roles played in
silencing retrotransposons in germline cells. It was
found not long ago that the expressions of piRNAs are
also present in the mammalian brain. In Mili/piRNA--
null mice, hypomethylation of intergenic regions as well
as LINE1 promoter area in the brain genomic DNA was
detected. Mili null mice showed hyperactivity and re-
duced anxiety. The results above indicated that brain
piRNAs are likely to be involved in suppressing retro-
transposons which play important roles in brain path-
ology [77]. Indeed, a recent research proved the function
of piRNAs in the brain. Joy and colleagues (2007)

investigated the piRNA profiles of normal and Alzhei-
mer disease (AD) affected brain. The authors found
1923 mRNAs were significantly down-regulated in AD,
all of which were the putative targets of 125
up-regulated piRNAs. Pathway study results showed that
four genes (LIN7C, RAB11A, CYCS and KPNA6) in the
AD-associated pathways are putative targets of four piR-
NAs. The inverse correlation between the three out of
four piRNAs and their corresponding target genes were
further confirmed by real-time PCR [78]. Another simi-
lar research utilized prefrontal cortical tissues of six AD
patients and six controls. Meanwhile, the samples were
also genotyped for 17 significant and replicated risk
SNPs. In this study, a total of 9453 piRNAs were identi-
fied in human brains with 103 piRNAs showed altered
expression in AD cases versus controls. What is more,
most of the 103 piRNAs correlate with genome-wide sig-
nificant risk SNPs indicating that piRNAs would be
promising risk biomarkers of AD [79]. Interestingly, one
research of the piRNAome on transient focal ischemia
suggested that a total of 105 piRNAs showed differen-
tial expression in ischemic rat brain, although the
function for the changes in those piRNA expressions
still remains elusive, it was predicted that the role of
altered piRNAome is to control mutagenesis through
suppressing the aberrant transposon activity in the is-
chemic brain [80].
Rett syndrome (RTT), a genetic neurodevelopmental

disorder that happens in females, is mostly characterized
by the mutation in MECP2 gene. Knockout of Mecp2 in
mouse brain results in a 1.6-fold increase in transposon
sequences such as LINE-1. Since piRNA is famous for its
role in transposon silencing, Saxena and colleagues (2012)
explored the expression level of piRNAs in the Mecp2 null
brain. Results showed that while majority (81%) of the
piRNAs found in the cerebellum has increased expression
in Mecp2 null brain, 59% piRNAs displayed over 1.5-fold
difference between Mecp2 null brain and controls. Mean-
while, there are 1.9-fold increases in the number of total
piRNAs in Mecp2 null brain [81]. It would be exciting for
the future research to dissect the underlying regulatory
mechanism of those piRNAs in Rett syndrome.
PiRNAs are also expressed abundantly in cardiomyo-

cytes. Bioinformatics analysis showed that piRNAs were
aberrantly expressed in cardiac hypertrophy with an in-
crease of piRNA reads in hypertrophied heart (9.7%)
compared to control hearts (5%). The expressions of a
total of 22 piRNAs were found to be significantly altered
in hypertrophied heart, which was further validated by
RNA immunoprecipitation as well as qPCR. Specifically,
it was found that the expression of piR-2106027 was in-
creased in myocardial infracted patients, which suggest
that piR-2106027 could be a promising diagnostic
marker for myocardial infraction [82].
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Since discovery, piRNAs are the most famous for the
role they played in spermatogenesis [83–85]. One study
looked at the connection between SNPs of several key
proteins involved in piRNA signaling pathway and idio-
pathic non-obstructive azoospermia (NOA) using a sam-
ple collection of Iranian infertile males with NOA. It
turns out that rs508485 polymorphism in HIWI is corre-
lated with the increased risk if azoospermia in the stud-
ied population [86]. If the research above showed an
indirect relationship between piRNA and NOA, another
recent research demonstrated the relationship more dir-
ectly. A total of 18,324 piRNAs were found to exist in
NOA patient testicular biopsies, among which 951 piR-
NAs were down-regulated and 8 piRNAs were
up-regulated in samples from unsuccessful sperm re-
trieval (USR) groups compared to the samples from suc-
cessful sperm retrieval (SSR) groups. Intriguingly, 553
piRNAs which were highly expressed in SSR were absent
in USR. The presence of 20 piRNAs in NOA biopsies
were further validated via qPCR. Pathway enrichment
study of the putative piRNA target genes showed that
the altered piRNAs take parts in numerous biological
pathways such as cell proliferation, apoptosis and differ-
entiation [87].
Recently, the regulatory roles of piRNAs have stepped

into the diabetes-related field as well. Around 12,000 piR-
NAs were detected in rat pancreatic islets, some of which
showed differentiated expression pattern throughout islet
postnatal development. Pathologically, several piRNAs
showed differentiated expression profile in the islets of
Goto-Kakizaki (GK) rats. Over-expression of 2 piRNAs
(DQ732700 and DQ746748), which were found to be
up-regulated in the islets of GK rats, in the islets of
normoglycaemic rats led to a defect in insulin secretion
following glucose stimulation without affecting cellular in-
sulin content and potassium stimulated insulin secretion.
Furthermore, forced expression of the piRNAs above
could not influence cell survival with or without using a
mixture of proinflammatory cytokines. Target hunting for
the two piRNAs above indicated that the predicted targets
of these piRNAs were enriched for genes that play critical
roles in insulin secretion and function [88].
Uterine leiomyoma (UL) are the common benign neo-

plastic disease among women worldwide. Screening the
RNA-sequencing data with the sncRNA database leaded
to the findings that 24 piRNAs were differentially
expressed by more than 1.5 fold in UL compared to ad-
jacent normal myometrium [89]. For future study, it
would be interesting to determine their molecular func-
tions in the UL.

Conclusions
Since initial discovery, researches on piRNA have made
tremendous progress in the past decade. It is now

known that piRNAs could be found in various animal
species from protozoans to humans and the expressions
of piRNAs are present in both germline cells and som-
atic cells [90–92]. As discussed in this review, piRNAs
are aberrantly regulated in numerous types of diseases
(Fig. 3) (Table 1). They represent a novel class of mole-
cules which are shown to be potential diagnostic and
prognostic markers. However, in vast majority of the
cases, researchers only checked and confirmed the mis-
regulation of the piRNA species, analyzed the correl-
ation between and misregulated piRNAs with some of
the clinical features but did not investigate the under-
lying molecular mechanisms. Lots of questions still re-
main to be elucidated, such as how the expression of
those differentially expressed piRNAs been regulated? If
a protein is found to be the upstream of a piRNA, does
it influence the piRNA itself or the PIWI protein? What
is/are the downstream target(s) for the misregulated piR-
NAs in each specific pathological condition? How,
mechanistically, does the piRNAs regulate their targets
in each given case, through promoting the decay of
mRNA or through affecting the methylation status on
the promoter region of the genes or from decay of
pre-mRNA, a mechanism been reported previously [93].
Experiments on cellular level and animal level would be
needed to for elucidating the questions above. Answer-
ing the question above will enable us to find the drug
targets for each disease more precisely. It is worth to
mention that, similar to miRNA, piRNA has been
found to present in body fluid such as blood, urine
and saliva [54, 94]. Importantly, it was found that
most of piRNAs exist in the exosome, while certain
types of piRNAs within saliva are not associated with
exosome [94]. These interesting findings could give us
the following thoughts: 1, piRNA levels in the body
fluid would potentially be used as prognostic markers
for certain diseases; 2, like miRNAs, piRNAs secreted
from one site may also influence the distant target
site via exosomes.
Much evidence has suggested that PIWI/piRNA could

have great therapeutic value in the clinic. Most expres-
sion of PIWI is restricted to stem cells and germline
cells. In human, the PIWI ortholog HIWI is present in
hematopoietic stem cell but is absent in the stem
cell-derived differentiated cells [95]. The critical role of
PIWI played in stem cell self-renewal has been well
established in various organisms [96]. The facts above
give us hint that there could be potential link between
PIWI and the field of cancer stem cell. Indeed, several
research teams have already provided evidence which
supporting the idea of targeting PIWI as a potential ap-
proach in cancer therapy [97–100]. Positive correlation
between PIWI proteins and cancer stem cell markers
has been identified in colorectal cancer [97]. It is worth
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Table 1 Summary of disease-related piRNAs/PIWI proteins

piRNAs/
PIWI
proteins

Clinical relevance Disease/abnormality Confirmed/putative molecular mechanisms References

piR-
DQ541777

N/A Spine morphogenesis
defects

Targets Cdk5rap1 and Mark1/2 [14]

Hiwi Altered hiwi expression had poorer prognosis Lung, pancreatic,
gastrointestinal, liver,
breast, colorectal, and
ovarian cancer

Influences Stat3/Bcl-X and Stat3/cyclinD1
signaling

[26–38]

piR-651 Upregulated. Potential biomarkers Gastric, hepatic, breast,
stomach, cervical, lung
cancer, etc.

– [42]

piR-823 Downregulated Gastric cancer – [43]

piR-
DQ596670
piR-
DQ598183
piR-
DQ597341
piR-
DQ598252
piR-
DQ596311
piR-
DQ598677
piR-
DQ597960
piR-
DQ570994

Misregulated in tumor tissue Breast cancer – [45]

piR-20365
piR-4987
piR-20582
piR-20485

Misregulated in tumor tissue among which
piR-4987 expression correlates
with lymph node metastasis

Breast cancer – [46]

piR-932 Potential drug target for inhibiting metastasis Breast cancer Stimulates the methylation of Latexin promoter
region

[47]

piR-
009051
piR-
021032
piR-
015249
piR-
020541
piR-
017061
piR-
004153
piR-
017716
piR-
019914

Misregulated in tumor tissue. Among the listed
piRNAs, 4 and 6 piRNAs are linked with OS and
RFS respectively, 2 piRNAs are linked with both
OS and RFS

Breast cancer 306 non–redundant gene targets was predicted
for six piRNAs, which are enriched for cell
events such as transcription, cell signaling,
cytoskeleton organization, etc.

[48]

piR-
360269

Significantly expressed in breast cancer Breast cancer cell line
MCF7

Targets SERPINA1 and LRAT [49]

139
piRNAs

Among 139 piRNAs, 103 were upregulated, 36
were downregulated, 6 were common for
stages I & II, 3 were common for stage II & III,
while no common piRNAs for stage I & III. Eight
were differentially expressed in all three stages

TNBC – [50]

piR-
0211285

Genetic variant of piR-021285 is linked with
increased breast cancer risk

Breast cancer Affects methylation at four genes: AATF,
ARHGAP11A, PIP4K2B and THAP10

[51]

19 piRNAs Misregualted in tumor tissue. Upregulation of
the three piRNAs are linked with RCC metastasis,
poor cancer-specific survival and late clinical

RCC – [52]

Sun and Han ExRNA            (2019) 1:21 Page 10 of 16



Table 1 Summary of disease-related piRNAs/PIWI proteins (Continued)

piRNAs/
PIWI
proteins

Clinical relevance Disease/abnormality Confirmed/putative molecular mechanisms References

stage

235
piRNAs
369
piRNAs
piR-30924
piR-57125
piR-38756

Upregulated
Downregulated
Three piRNAs below were linked with OS in
both non-metastatic and metastatic RCC. piR-
38,756 is an independent marker for recurrence
and survival prognosis in non-metastatic RCC

RCC – [53]

piR-823 Downregulation of piR-823 in tumor biopsies,
while upregulation of piR-823 in blood serum
and urine. Higher piR-823 levels in serum are
correlated with advance clinical stages of RCC

RCC – [54]

106
piRNAs
91 piRNAs
piR-60152

Upregulated
Downregulated
Downregulated

Bladder cancer piR-60152 targets TNFSF4 [55]

piR-25447
piR-23992
piR-28876
piR-22842
piR-23317
piR-26131
piR-
23210.1
piR-25447
piR-27729
piR-7193.1
piR-7193.2
piR-
27729.1
piR-
27730.1

Three piRNAs on the top were misregulated in
tumor group.
Ten piRNAs at the bottom were misregulated in
metastasis group.

CRC – [57]

piR-823 Upregulated CRC Influences HTRA, IGFBP5, HSP27, HSP60 and
HSP70.
Influences the transcriptional activity but not
the expression of HSF1 by binding directly to
HSF1 and promote its phosphorylation at
Ser326

[58]

piR-1245 Correlates with advanced disease, metastasis
and poor prognosis

CRC Targets ATF3, BTG1, DUSP1, FAS, NFKBIA, UPP1,
SESN2, TP53INP1 and MDX1

[59]

piR-
DQ596225
piR-
DQ596306
piR-
DQ596309
piR-
DQ596354

Prognostic markers for the OS and RFS of lung
adenocarcinoma and lung squamous cell
carcinoma patients

Lung cancer – [60]

piR-55490 Prognostic marker Lung cancer Inhibits Akt/mTOR signaling through binding to
mTOR mRNA at 3’UTR and promote its
degradation

[61]

piR-52200
piR-34871
piR-46545
piR-35127

Misregulated in H1229:RASSF1C Lung cancer cell line
H1229 overexpressing
RASSF1C

– [62]

piR-L-138 Upregulated following cisplatin (CDDP)-based
chemotherapy

LSCC Binds directly to p60-MDM2 protein to influ-
ence cell apoptosis

[63]

piR-651 Upregulated in lung cancer cell lines NSCLC cell line A549
and HCC827

– [64]

125 Misregulated in HCC compared with cirrhotic HCC Predicted RNA targets are involved in key [65]
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to note that for one species of PIWI protein, HILI, it is up-
regulated in some types of cancer while downregulated in
other studies on bladder and colon cancer. Furthermore,
different research groups reported contradictive results in

terms of HILI expression level in colon cancer. The au-
thor reasoned that reciprocal regulation of different
PIWI species is also important [97, 101]. These find-
ings suggest that when targeting PIWI in the cancer

Table 1 Summary of disease-related piRNAs/PIWI proteins (Continued)

piRNAs/
PIWI
proteins

Clinical relevance Disease/abnormality Confirmed/putative molecular mechanisms References

piRNAs tissues signaling pathways such as
hepatocarcinogenesis and HCC progression

piR-823 Misregulated and positively correlated with
clinical stage

MM Affects p16INK4A/ cyclin D1/CDK4/Rb pathway.
Influences VEGF secretion and restores p16INK4A

expression through changing DNA methylation
status

[66]

61 piRNAs Misregulated HNSCC – [67]

87 piRNAs Misregulated. 41 out of the 87 piRNAs correlate
with HPV infection status. 5 piRNAs correlate
with worse OS

HPV-positive HNSCC – [68]

30 piRNAs Misregulated HPV16 (+) HNSCC Targets PIWIL4 and RTL family of
retrotransposon like genes

[69]

13 piRNAs 2 piRNAs are linked with tumor stage while 1
piRNA (NONHSAT067200) is a potential indicator
of patient survival rate

HNSCC patients with
smoking hostory

– [70]

10 piRNAs 2 piRNAs are downregulated and 8 piRNAs are
upregulated

Endometrium cancer 1526 putative mRNA targets were predicted
among which 170 were aberrantly expressed in
endometrium cancer tissue. The protein
encoded takes parts in cell death, growth and
survival

[72]

piR-598 harbor glioma-associated germline variants glioma – [73]

piR-
593,109

Upregulated GEC Affects MEG3/miR-330-5p/RUNX3 signaling [74]

525
piRNAs

Common in two NB cell lines NB 589 putative target mRNAs were found. Protein
encoded are associated with 185 biological
functions relevant to tumorigenesis

[75]

piR-
017061

Downregulated PDAC – [76]

125
piRNAs

Upregulated AD Target LIN7C, RAB11A, CYCS and KPNA6 [77]

103
piRNAs

Misregulated. Potential risk biomarkers AD – [79]

105
piRNAs

Misregulated transient focal ischemia – [80]

287
piRNAs

Upregulated Mecp2 null brain (model
for RTT)

– [81]

22 piRNAs
piR-
2106027

Misregualted
Upregulated
Potential diagnostic marker

Cardiac hypertrophy – [82]

959
piRNAs

951 piRNAs are downregulated 8 piRNAs are
upregulated

Non-obstructive
azoospermia

Putative targets are involved in cellular events
such as cell proliferation apoptosis and
differentiation

[87]

347
piRNAs

128 piRNAs are upregulated and 219 piRNAs are
downregulated in islets from GK rats

Diabetes Putative targets of piR- DQ732700 and piR-
DQ746748 are involved in insulin secretion,
insulin action or carbohydrate digestion

[88]

24 piRNAs Misregulated UL – [89]

Different piRNAs/PIWI proteins as well as their corresponding features such as associated disease/abnormality, clinical relevance, proofed/putative molecular
mechanisms and references are listed. For more than 8 piRNAs, only the number of piRNAs was shown in the table. The detailed piRNA species could be found in
the corresponding references
Short dashes indicate that the molecular mechanisms still remains elusive. N/A indicates not applicable

Sun and Han ExRNA            (2019) 1:21 Page 12 of 16



therapy, case-specific treatment should take into consider-
ation. Also, a full spectrum of PIWI family protein expres-
sion profile is needed before using PIWI as drug target. On
the other hand, the detailed molecular mechanisms of how
PIWI protein regulates cancer cell stemness are largely un-
known. Knowing how PIWI protein contributes to the
stemness of different cancer cell, especially whether they
function independently or together with piRNA, will greatly
help us in the drug designing. As we know, the way of func-
tion between miRNA and piRNA has several differences.
For instance, piRNA could inhibit target mRNA in a similar
way as miRNA without the need of Drosha and Dicer.
Through ping-pong cycle, piRNA could not only amplify it-
self, but also piRNA could complex with PIWI. The
PIWI-piRNA complex, which contains piRNA with the se-
quence complimentary to the mRNA-inhibiting piRNA,
could go into the nuclear and affect the methylation status
of its target genomic DNA through binding to a nascent
transcript of that specific DNA [102]. These lead to the
thinking of using either synthetic piRNA alone or in com-
bination with miRNA to silence cancer-related protein ex-
pression, especially for those cases where miRNA therapy

alone could not achieve satisfactory results. A more exciting
direction would be use piRNA to directly silence the tran-
scription of a specific gene/several specific genes through
epigenetic modification. In order to achieve this goal, fur-
ther intensive study on how exactly piRNA recognizes its
target in the genome and whether there are any off-target
effects would be necessary.
Another point that makes the mechanistic study on

piRNAs more challenging is that many piRNAs could
be generated from the same genomic locus known as
piRNA cluster [103]. In one extreme case, a chromo-
somal location with the length of merely 32 nt could
generate three different piRNAs, which causes the
piRNAs generated all have highly overlapped sequence
[52]. It would be necessary to explore the combined
biological function of several differentially expressed
piRNAs simultaneously when those piRNAs are lo-
cated very closely in the genome.
In short, the area of utilizing piRNAs clinically is still

at its infancy compared to miRNAs. However, given the
all the evidence that have been collected in the field of
piRNA during the past 12 years as well as the arrival of

Fig. 3 The involvement of piRNAs in various types of diseases. The piRNA-involving diseases that are discussed in the text are listed
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precision medicine age, it should not be long before the
real application of piRNAs in the prognostic, diagnostic
as well as therapeutic health care.
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