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Abstract
With the length of about 26–31nt, PIWI-interactingRNA (piRNA) is a small non-codingRNA(ncRNA) that interactswith PIWI proteins to
form the piRNA silencing complex (piRISC). PIWI is a subfamily of Argonaute, and piRNAmust bind to PIWI to exert its regulatory role.
Current studies indicated that piRNAandPIWI are significantly abnormally expressed in gastric, breast, kidney, colon, and lung cancers, and
are involved in the initiation, progression, and metastasis of cancers, which may be the potential diagnostic tools, prognostic markers, and
therapeutic targets for cancers. By reviewing piRNA recent studies, this research summarized the mechanism of piRNA generation and the
functions of piRNA/PIWI in gastric, breast, kidney, colon, and lung cancers, providing a reference value for further piRNA research.
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1 Background

Non-coding RNA (ncRNA) is a group of small RNA mole-
cules with specific functions that can be transcribed but do not
encode proteins [1]. piRNA is a kind of ncRNA.With a length
of about 26–31 nt, piRNA interacts with members of the PIWI
family of proteins specifically expressed in germ cells to form
the piRNA silencing complex (piRISC) [2]. The PIWI protein
is a subfamily of Argonaute proteins [3]. PIWI protein is the
center of piRNA’s action pathway, which is required for the
biosynthesis and function of piRNA.

piRNA binds specifically to the PIWI protein and performs
basic functions in organisms. The PIWI-piRNA pathway is
generally considered to be the immune system of the reproduc-
tive system, while transposon elements (TEs) are considered to
be a threat to the development of germ cells. In many mamma-
lian gene sequences, there is usually 50% or more of TEs. Once
these TEs are freed from restrictions, they can be independently
copied or decomposed from the original position, and then
inserted into another site to interfere with the normal genome
sequence, leading to gene mutation [4]. TEs can cause genomic
damage and gene mutations, which are closely related to phys-
iological and pathological processes such as infertility and can-
cer [5, 6]. In recent years, some studies have shown that
piRNAs’ abnormal expression is associated with the progres-
sion of cancer, which may become the diagnostic tools, thera-
peutic targets, and prognosis biomarkers for cancer [7–9].

However, little is known about piRNA/PIWI. In this study,
the formation and characteristics of piRNAs and the research
progress on the relationship between piRNA/PIWI and cancer
in recent years are reviewed, which will provide references for
further exploration of piRNA’s related mechanisms.

2 The transcription of piRNAs

The processing of mature piRNAs includes the generation of
piRNA precursor (pre-piRNA), the modification of 5′ end and
3′ end, and the methylation of nucleotides, resulting in mature
piRNAs [10]. The transcription of piRNAs in animal gonadswas
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mainly activated in the clusters of the piRNA genes on hetero-
chromatin. The piRNA cluster of Drosophila includes promoter
element, RNA polymerase II, and downstream components,
whose promoter regions have H3K4me2 dimethylation [11].
This process is mainly accomplished by the newly discovered
Moonshiner protein. In heterochromatin, heterochromatin pro-
tein Rhino and its related protein Deadlock recruit transcription
factors such as Moonshiner protein and RNA polymerase II to
form the assembly of the pre-initiation complex (PIC). With the
participation of a series of transcription factors, PIC initiates the
transcription of piRNA [12]. The RNA polymerase moves along
the 3′ to 5′ direction of the heterochromatin DNA template
strand, catalyzing the extension of the piRNA strand and even-
tually producing the pre-piRNA (Fig. 1).

3 The posttranslational modification
processing of piRNAs

Drosophila pre-piRNAs transported out of the nucleus
through nuclear pores and clustered at the “Dot COM” site

of the perinuclear structure [13, 14]. Yb bodies are usually
located around the mitochondria [15, 16], and pre-piRNAs
bind with Yb bodies of cytoplasm in reproductive plasm
(Nuage) [14, 17], which can enhance the assembly capacity
of PIWI and piRNAs [15]. The PIWI protein further binds the
precursor piRNA to form piRISC by recognizing the 5′-end
binding of piRNA. Armitage delivers piRNA intermediates
from reproductive material to mitochondrial surface [18, 19]
(Fig. 2). Zucchini (Zuc) protein in mitochondria acts as an
endonuclease to modify the 5′ end of primary piRNA [20]
(Fig. 2). Zuc splits the precursor, releasing a piRISC into the
cytoplasm. Papi protein recognizes Trimmer enzyme recruit-
ment at the N end of PIWI protein through its eTudor domain,
and thus forms a pruning complex to modify the 3′ end of
piRNA [10, 21] (Fig. 2). Processed piRISC is transported into
the nucleus through nuclear pores [15], inhibiting the tran-
scription of transposon-related genes and thus inhibiting the
production of transposons [22]. piRISCwas cut from the bind-
ing by forebody, exposing the 5′ end of the forebody and
binding to the new PIWI protein. Zuc released the second
piRISC by splitting the precursor (Fig. 2). When Yb bodies

Fig. 1 The transcriptional process that Drosophila piRNA gene cluster is
transcribed to produce the precursor piRNA. Rhino and Deadlock
proteins on the piRNA gene cluster recruit Moonshiner protein, RNA
polymerase II, and other transcription factors to form the pre-initiation

complex PIC, which initiates piRNA transcription. RNA polymerases
move in the 3′ to 5′ direction of the heterochromatin DNA template
strand, catalyzing the extension of the piRNA strand, and eventually
producing the pre-piRNA
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are lacking, the precursor would choose to combine with
Armitage to generate piRNAwhich is unrelated to silent trans-
posons [23].

4 The link between piRNAs and cancer

Cancer is a major cause of human death. In recent years,
through the researches on the role of piRNA and PIWI in
cancer, scientists have found shreds of evidence supporting
the close links between piRNA/PIWI and various tumors.
The abnormal expression of piRNA is associated with a vari-
ety of cancers and may play a pro-cancer or anti-cancer role in
cancer initiation, progression, and metastasis. piRNA and
PIWI’s potential clinical significance as diagnostic tools, ther-
apeutic targets, and prognosis biomarkers in cancer was
highlighted. Some studies have shown that high piRNA ex-
pressions are associated with various cancers, and inhibition
of piRNA expression can inhibit the development of cancer
[24]. This work reviewed the abnormal expression of piRNAs

and PIWI molecules in different tumors to further investigate
the close relationship between piRNA and tumors (Table 1).

4.1 The potential role of piRNA and PIWI in gastric
cancer

Some studies found a close relationship between piRNAs and
the malignancy of gastric cancer [25–27]. Through piRNA
microarray analysis of gastric cancer tissues and adjacent nor-
mal tissues, the researchers found that the expression of piR-
651 in gastric cancer tissues was higher than that in the control
group [24, 28], transfected piR-651 inhibitor into gastric can-
cer cells, and gastric cancer cells were blocked by piR-651
inhibitor in G2/M phase [24]. This suggests that piR-651
may be involved in the progression of gastric cancer
(Fig. 3(A)). The expression of piR-823 was significantly de-
creased in gastric cancer tissues, and the transfection of piR-
823 simulants in gastric cancer cells showed a significant in-
hibitory effect on the growth of gastric cancer cells [28, 29].
This indicates that the decreased expression of piR-823 in

Yb-body

ArmiZUC

Papi Trimmer

5’

3’

3’

3’

3’

3’

5’

5’

5’
3’

Yb

Yb

Armi
Yb

Yb

Yb

Armi

5’

3’

5’

5’

Armi

5’

3’

5’

Papi
3’

Fig. 2 The post-translational modification processing of piRNAs. Pre-
piRNA transports the nucleus through nuclear pores and aggregates in
perinuclear structures. Combining with Yb bodies, Armitage delivers
piRNA intermediates from reproductive bodies to the mitochondrial sur-
face. The PIWI protein binds to piRNAs. Zucchini (Zuc) protein in

mitochondria acts as an endonuclease to modify the 5′ end of primary
piRNA. Zuc splits the precursor, releasing a piRISC into the cytoplasm.
Papi protein recruits Trimmer enzyme to modify the 3′ end of piRISC.
Processed piRISC is transported into the nucleus through nuclear pores,
inhibiting transposon-related gene transcription
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gastric cancer tissues may be associated with the initiation and
metastasis of cancer, which means that piR-823 may have an
anti-cancer effect in the progression of gastric cancer (Fig.
3(A)). The abnormal expression of piR-651 and piR-823 in
normal and cancerous tissues is closely related to the progno-
sis of gastric cancer, whichmay be used as the diagnostic tools
or therapeutic targets for gastric cancer.

In addition, the expression of PIWIL1 was upregulated
in gastric cancer cells, suggesting poor prognosis in pa-
tients with gastric cancer [30–32]. In AGP 01 gastric cells
with PIWIL1 gene knocked out, a series of oncogenes

were found to be decreased in expression, while cancer
suppressor genes were increased [32]. This indicates that
PIWIL1 may promote the progression of gastric cancer by
regulating the expression of pro-cancer and anti-cancer
genes [31, 32]. These findings suggested that the high
expression of PIWIL1 could be used as an important
prognosis marker to predict the prognosis of the patients
with gastric cancer (Table 1). At present, there is still a
lack of research in this field, and the specific mechanism
of piR-651, piR-823, and PIWIL1’s involvement in the
invasion and metastasis of gastric cancer is still very

Table 1 The function of the abnormal expression of piRNA and PIWIL in different cancer cells

Cancer Molecules Expression Function Reference

Gastric cancer piR-651 Up Diagnostic tool or therapeutic target Cheng et al. (2011), Cui et al. (2011)

piR-823 Down Diagnostic tool or therapeutic target Cui et al. (2011), Cheng et al. (2012)

PIWIL1 Up Prognosis biomarker Wang et al. (2012), Gao et al. (2018)

Breast cancer piR-651 Up Diagnostic tool Cheng et al. (2012), Oner et al. (2016)

piR-4987 UP Prognosis biomarker Krishnan et al.(2016)

piR-36,712 Down Prognosis biomarker or therapeutic target Tan et al. (2019)

piR-021285 Up Prognosis biomarker Fu et al. (2015)

piR-932 Up Therapeutic target Zhang et al. (2013)

PIWIL1 Up Diagnostic tool Litwin et al. (2018)

PIWIL2 Up Therapeutic target Zhang et al. (2013)

Renal cancer piR-32051 Up Prognosis biomarker Li et al. (2015)

piR-39894 Up Prognosis biomarker Li et al. (2015)

piR-43607 Up Prognosis biomarker Li et al. (2015)

piR-30924 Up Prognosis biomarker Busch et al. (2015)

piR-38756 Up Prognosis biomarker Busch et al. (2015)

piR-57125 Down Prognosis biomarker Busch et al. (2015)

piR-34536 Down Prognosis biomarker Zhao et al. (2019)

piR-51810 Down Prognosis biomarker Zhao et al. (2019)

PIWIL1 Down Prognosis biomarker Stohr et al. (2019)

PIWIL2 Down Prognosis biomarker Stohr et al. (2019)

PIWIL4 Down Prognosis biomarker Stohr et al. (2019)

piR-823 Down Diagnostic tool Iliev et al. (2016)

Colorectal cancer piR-54265 Up Therapeutic target Mai et al. (2018)

piR-823 Up Therapeutic target Yin et al. (2017)

piR-18849 Up Prognosis biomarker Yin et al. (2019)

piR-19521 Up Prognosis biomarker Yin et al. (2019)

piR-1245 Up Prognosis biomarker Mai et al. (2018)

PIWIL 1 Up Prognosis biomarker Sun et al. (2017)

piR-5937 Up Diagnostic tool Vychytilova-Faltejskova et al. (2018)

piR-28876 Up Diagnostic tool Vychytilova-Faltejskova et al. (2018)

Lung cancer piR-55490 Down Prognosis biomarker Peng et al. (2016)

piR-651 Up Diagnostic tool Zhang et al. (2018), Li et al. (2016)

PIWIL1 Up Prognosis biomarker Reeves et al. (2012)
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unclear. However, the abnormal expression of piRNA/
PIWI between gastric cancer tissues and normal tissues
shows promising prospects.

4.2 piRNA and PIWI promote or inhibit the metastasis
of breast cancer

Breast cancer is a commonmalignancy in women. Some stud-
ies have pointed out that piRNAs play important roles in the
initiation of breast cancer [33, 34] and can be used as prog-
nostic markers [34, 35]. The high expression of piR-651 was
confirmed in breast cancer cell lines [24, 36]. The high expres-
sion of piR-4987 in breast cancer is associated with lymph
node metastasis [35] (Fig. 3(B)). The expression of piR-
36712 in breast cancer patients is significantly lower than that
in normal tissues, and the lower expression of piR-36712
tends to predict worse prognosis of patients with breast cancer.
When the expression of piR-36712 was upregulated in cancer
cells, it was found that the expression levels of the tumor
suppressor gene p53 and P21 were increased, leading to the

arrest of the cell cycle in the G0/G1 phase of cancer cells [37].
This means that piR-36712 can play an anti-cancer role in
breast cancer, and also suggests that piR-36712 can be used
as a prognostic marker or therapeutic target for breast cancer
(Fig. 3(B)). The invasion of breast cancer cell lines transfected
with piR-021285 was enhanced, and piR-021285 mediated
the methylation of AATF, ARHGAP11A, PIP4K2B, THAP
10, and other related oncogenes in breast cancer tissues, which
promotes the progression of breast cancer [38]. This means
that piR-021285 can be used as a potential regulator of inva-
sive breast cancer (Fig. 3(B)). In addition, piR-932 binds to
PIWIL2 to promote the methylation of Latexin in breast can-
cer tumor cells, and finally promote the progression of breast
cancer [39] (Fig. 3(B)). It showed that both of them may
become potential targets to block the metastasis of breast can-
cer. Through molecular studies of frozen fragments of breast
cancer tissues and adjacent non-malignant breast tissues,
PIWIL1 was detected only in cancer and breast lesions, but
not in most normal breast tissues [40]. PIWIL2 expression
was higher than that of the control group [39], and PIWIL3
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Fig. 3 Abnormal expression of piRNA in tumor tissues and related
mechanisms to promote or inhibit cancer. (A) Abnormal expression of
piR-651 and piR-823 in gastric cancer. (B) piR-021285 promotes the
methylation of AATF and other related oncogenes, which leads to the
metastasis of breast cancer. The decreased expression of piR-36721 re-
sulted in decreased expression levels of the tumor suppressor genes p53
and P21, which promoted the progress of cancer cells. piR-932 binds to
PIWIL2 to promote the methylation of Latexin, thus promoting the pro-
gression of breast cancer. piR-4987 promotes lymph node metastasis of
breast cancer. (C) Abnormal expression of different piRNAs in renal

cancer. (D) piR-54265 combined with PIWIL2 protein, activated the
STAT3 signaling pathway, and promoted the proliferation and metastasis
of colorectal cancer. pir-823 acts as a tumor promoter by upregulating the
phosphorylation and transcriptional activity of HSF 1. piR-188489 pro-
motes lymph node metastasis in colorectal cancer. (E) piR-55490 inhibits
the development of lung cancer by inhibiting the activation of MTOR
pathway in lung cancer cells. By changing the expression levels of
apoptosis-related proteins caspase-3 and bax, pir-651 induces the expres-
sions of cyclinD 1 and CDK 4, regulates cell proliferation, and thus
promotes lung tumor metastasis
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and PIWIL4 genes were associated with prognosis [34].
Researchers also found that PIWIl4 may be involved in the
regulation of estrogen target gene expression and migration
ability of breast cancer cells in estrogen-receptor-positive
breast cancer patients, resulting in hormone therapy and drug
resistance of targeted therapy in estrogen-receptor-positive
breast cancer patients [41] (Table 1). Therefore, piRNA and
PIWI seem to play an important role in the initiation and
metastasis of breast cancer, but there is still a lack of compre-
hensive studies to fully understand the relevant mechanisms
of breast cancer.

4.3 piRNA and PIWI predict the prognosis of renal
cancer

In the aspect of renal cancer, some studies have shown that
piRNA is closely related to the metastasis and prognosis of
renal cancer. The upregulation of piR-32051, piR-39894, piR-
43607, piR-30924, and piR-38756 in renal clear cell carcino-
ma (ccRCC) is closely related to the metastasis and low
cancer-specific survival rate [42, 43]. In ccRCC, the expres-
sions of piR-57125 were downregulated [43], as were the
expressions of piR-34536 and piR-51810 isolated from the
mitochondria of cancer cells [44]. This means that all of the
above piRNAs may serve as prognostic markers for ccRCC
(Fig. 3(C)). However, the role of these piRNAs in the mech-
anism of renal cancerization is not yet clear.

In renal cell carcinoma (RCC), the expression levels of
PIWIL1, PIWIL2, and PIWIL4 gradually decrease with the
increase in clinical stage, and the worse prognosis of patients
[45]. piR-823 plays a complex role in the pathogenesis of
RCC and is positively correlated with poor prognosis (Fig.
3(C)). In urine, piR-823 is upregulated, and preliminary data
indicated that urine piR-823 has a perfect diagnostic value in
RCC patients [46]. The researchers detected the expression of
PIWI-like 1 protein in the two groups of renal cell carcinoma
patients by immunohistochemistry, and found that the positive
PIWI-like 1 protein revealed the poor prognosis of the patients
[47]. It can be seen that kidney cancer is closely related to
piRNA/PIWI (Table 1).

4.4 piRNA and PIWI can be the markers of colorectal
cancer

The studies indicated that piRNAs have important clinical signif-
icance as diagnostic tools and therapeutic targets for colorectal
cancer (CRC). The expression of piR-54265 in colorectal cancer
cells was significantly higher than that in normal tissues.
Through the experiments with mice xenografts, researchers
found that piR-54265 combined with PIWIL2 protein to activate
the STAT3 signaling pathway and promote the invasion and
metastasis of colorectal cancer [48] (Fig. 3(D)). The expression
of piR-823 is upregulated in colorectal cancer, and piR-823 plays

a role in promoting tumor by upregulating the phosphorylation
and transcriptional activity of heat shock transcription factor-1
(HSF-1) (Fig. 3(D)). What’s more, inhibiting the expression of
piR-823 could block cancer cells at G1 stage [49] (Table 1).
These important findings suggest that piR-823 and piR-54265
may serve as therapeutic targets for colorectal cancer.

The upregulation of piR-18849 and piR-19521 is positively
correlated with the malignancy of colon cancer tissues, and the
increased expression of piR-18849 will promote lymph node
metastasis of colon cancer [50] (Fig. 3(D)). piR-1245 is highly
expressed in colorectal cancer cells. piR-1245 promotes the
proliferation of tumor cells and significantly shortens the over-
all survival time of colorectal cancer patients by regulating the
expression of tumor suppressor genes [51]. In addition, high
expression of PIWIL1 indicates poor prognosis in CRC patients
[52]. These suggest that piR-18849, piR-19521, piR-1245, and
PIWIL1 can be the important molecular markers for the prog-
nosis of CRC patients. Through the analysis of piRNA expres-
sion profile in serum samples of patients and healthy people, it
was found that the sensitivity and specificity of piR-5937 and
piR-28876 for detection of stage I CRC patients were higher
than the current biomarkers of CEA and CA19-9 [53] (Table 1).
This suggests that piR-5937 and piR-28876 may play an im-
portant role in the early diagnosis of rectal cancer and have
important clinical significance.

The early diagnosis of colorectal cancer is of vital signifi-
cance for the survival of colorectal cancer patients. Although
the overall molecular mechanism of colorectal cancer has not
been clarified, piRNA and PIWI are of great significance for
the early diagnosis of colorectal cancer. It is hoped that piRNA
and PIWI’s relevant studies can be paid attention to and have
the opportunity to be applied in clinical practice as soon as
possible for the benefit of patients.

4.5 The mechanisms that involve piRNA and PIWI
in lung cancer

The pathogenesis of lung cancer is still unknown. The scien-
tists found a link between the abnormal expression of piRNAs
in lung cancer and the growth of lung cancer cells. The mam-
malian or mechanical target of rapamycin (mTOR) is a serine/
threonine kinase. When the mTOR pathway was
overactivated, it promotes the progression of tumors [54].
Peng et al. found that the expression of piR-55490 was de-
creased in lung cancer tissues compared with normal lung
tissues, and the inhibition of piR-55490 could promote the
proliferation of lung cancer cells by inhibiting the activation
of mTOR pathway in lung cancer cells. This suggests that
piR-55490 may have an anti-cancer effect in the initiation of
lung cancer (Fig. 3(E)) [55]. Yao et al. found that piR-651 is
overexpressed in non-small cell lung cancer (NSCLC) cell
lines [56]. Through a wound healing test, it was found that
the relative migration distance of lung cancer cells transfected
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with piR-651 inhibitor was smaller, and it was inferred that piR-
651 promoted tumor invasion and metastasis [56, 57]. After
transfection of piR-651 inhibitor into lung cancer cells, it was
found that piR-651 affected the initiation and progression of
lung cancer by changing the expression levels of apoptosis-
related proteins caspase-3 and bax [56, 57]. Studies have also
shown that piR-651 regulates cell proliferation by inducing the
expression of cyclinD 1 and CDK 4, thus promoting tumor
metastasis [58] (Fig. 3(E)). Thus, piR-651 is involved in the
initiation, invasion, and metastasis of non-small cell lung can-
cer, and can be a potential cancer diagnostic tool.

RASSF1C is an important gene that promotes the growth
of lung cancer cells [59]. Multiple studies have found that
excessive expression of RASSF1C will affect the expression
of PIWI1 gene and may affect the progression of lung cancer
[60, 61]. It has also been found that PIWIL1 overexpression
promotes the initiation, invasion, and metastasis of lung ade-
nocarcinoma cells, and is associated with a shorter survival
period in lung cancer patients [62]. This suggests that PIWIL1
may be a therapeutic target of lung cancer (Table 1).

5 Conclusions and perspectives

The understanding of the pathways in piRNAs is increasing,
but manymysteries remain. Many of the molecules and mech-
anisms involved in the formation of piRNAs are still un-
known. What substances mediate the transport of pre-
piRNA out of nuclear pores? The mechanism that involves
molecules in the transport of pre-piRNA to Yb bodies and
recognizes each other has not been discovered. What other
molecules are involved in the transport of Yb bodies and
Armitage regulating piRNA mitochondria spatially and tem-
porally? The mechanisms that allow mature piRISC to enter
the nucleus to act as silent transposons are not well under-
stood. In this paper, the progress of piRNA research in recent
years is reviewed, and relatively complete mechanisms of
piRNA pathways are described in detail, which provides fur-
ther development for subsequent studies. Since piRNA was
discovered in 2006, the close connection between piRNA
pathways and the physiological and pathological state of the
body is still being explored. Once thought of as a dud, piRNA
achievements in scientific research have grown.

The link between piRNAs/PIWI and cancer has focused on
diagnostic tools, prognosis biomarker, and therapeutic targets.
An increasing number of studies confirmed the abnormal expres-
sions of piRNAs/PIWI in cancer and normal tissues. At present,
research on cancer treatment mainly focuses on immunotherapy.
But piRNA’s/PIWI’s extraordinary appeal may lead to new
breakthroughs and new peaks in cancer treatment. However,
there is still a lack of researches on the relationship between
piRNAs/PIWI and cancer. Currently, most studies focus on the
abnormal expression of piRNAs/PIWI in tumors. The

mechanisms by which abnormal piRNA/PIWI expression medi-
ates tumorigenesis remain unclear. Be that as it may, it is hoped
that more studies will reveal the specific link between piRNAs
and cancer, leading to new challenges and breakthroughs.
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cancer; ncRNA, non-coding RNA; NSCLC, non-small cell lung cancer;
PIC, pre-initiation complex; PICS, piRNA biogenesis and chromosome
segregation; piRNA, PIWI-interacting RNA; piRISC, piRNA silencing
complex; pre-piRNA, piRNA precursor; RCC, renal cell carcinoma; TEs,
transposon elements; Zuc, Zucchini; HSF-1, heat shock transcription
factor-1; MTOR, mammalian or mechanical target of rapamycin
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