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Potential roles of PIWI-
interacting RNAs in lung cancer

Zheng Jian, Yichao Han and Hecheng Li*

Department of Thoracic Surgery, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai, China

Lung cancer is a malignant tumor with high morbidity and mortality in the world
today. Emerging evidence suggests that PIWI-interacting RNAs (piRNAs) are
aberrantly expressed in various human cancers, including lung cancer. Despite
of the poorly understood mechanism, piRNAs may work as carcinogenic roles
or tumor suppressors by engaging in a variety of cancer-associated signaling
pathways. Therefore, they might serve as potential therapeutic targets,
diagnostic indicators, or prognostic indicators in lung cancer. This review will
discuss the new findings of piRNAs, including their biosynthetic processes,
mechanisms of gene suppression, and the significance of these piRNAs tested
in lung cancer samples to determine their involvement in cancer progression.
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Introduction

Lung cancer is a common malignancy with high morbidity and mortality rates (1).
More effective diagnostic and therapeutic approaches are still required. Numerous
genetic and environmental factors may be involved in the formation of lung cancer (2).
Internal factors such as genetic and epigenetic processes have emerged as critical
contributors in lung cancer (2, 3). Non-coding RNA (ncRNA) is an epigenetic
regulator influencing various cellular and molecular pathways (4). In recent studies,
the biological role of ncRNA has been tentatively explored in lung-cancer-related
studies (4, 5).

Only around 1% to 2% of the human genome sequence can be transcribed and
translated into proteins, whereas the rest 98% or more are ncRNA (6). ncRNA is a type of
RNA that does not include any protein-coding sequences and often contains small
interfering RNA (siRNA), microRNA (miRNA), and PIWI-interacting RNA (piRNA).
Among them, the piRNA is a novel family of non-coding short RNA (7, 8), and it is
distinguished from miRNA and siRNA in downstream molecules: piRNA acts by binding
to PIWT subfamily proteins, whereas miRNA and siRNA interact with AGO subfamily
proteins. Nevertheless, siRNA, miRNA, and piRNA have shared function in regulating
gene expression, i.e. silencing or initiating mRNA degradation (9, 10). Although piRNAs
were initially recognized as a critical mechanism in germ cell maintenance (11, 12), an
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increasing number of researchers have shown that aberrant
expressions of piRNA have been found in different kinds of
tumors, and that the levels of PIWT expression are also strongly
associated with tumor types (13-15). However, the specific role
of piRNAs in cancer could be dual (either oncogenic or tumor-
suppressive), and the manner of expression of piRNA in
different types of tumors remains unknown and all require
further investigation.

In this review, we will discuss the new findings of piRNAs in
lung cancer, including their biosynthetic processes, mechanisms
of gene suppression, as well as the significance of these piRNAs
tested in lung cancer samples to determine their involvement in
cancer progression.

Overview of piRNA
Transcription of piRNA

piRNA can be classified into unistrand and dual-strand
clusters, both of which are transcribed by RNA polymerase II
(16). Unistrand piRNA cluster products are dependent on
conventional genic transcription units (particularly the
conserved transcription factor A-MYB) and they will go
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FIGURE 1
The biogenesis of piRNA/PIWI complex.
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through the canonical RNA processing in the nucleus,
including 5’-capping, splicing, and polyadenylation (17, 18).
Dual-strand piRNA clusters, in contrast are processed by non-
canonical transcriptional pathways mediated by nuclear
transcription factors such as Cutoff (Cuff), Deadlock (Del),
and Rhino (Rhi) (19, 20).

piRNA precursors are synthesized and then transported
from the nucleus to the cytoplasm. After being cleaved and
edited, the piRNAs intermediates combine with PIWT proteins
to form the piRNAs-PIWI complex (21). Although the
mechanisms for this biological process are complicated and
have received limited attention, two major pathways have been
identified, i.e. the primary processing pathway and the “Ping-
Pong” amplification pathway (Figure 1).

The primary processing pathway

The primary piRNAs are cleaved by an endoribonuclease
enzyme called Zucchini (Zuc) after the RNA helicase Armitage
unwinds their spirals (22). The 5 uracil of sequences in piRNA
intermediate then binds with a PIWI protein to become the
intermediate piRNAs. Then, the 3’-end of the piRNA is trimmed
to be its mature length by an Papi-dependent cleavage or Zuc
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riboendonuclease. In the end, the 2’-hydroxy group at the 3’-end
is methylated by HENI, resulting in a mature piRNA/PIWI
complex (22, 23).

The ping—pong amplification pathway

Once released from the nucleus, the precursor piRNAs will
usually localize in the nuage, where they are involved in the
biogenesis by a Ping-Pong cycle (24). The Ping-Pong cycle in
Drosophila is dependent on Argonaute 3 (Ago3) and Aubergine
(Aub) (25). A trigger piRNA will bind to Ago3 and then scan all
transcripts that are released from the nucleus (26). After
recognizing a target with a complementary sequence
(antisense), the Ago3/piRNA complex attaches to and cleaves
the precursor transcript, creating an antisense piRNA. The 5’-
end of the cleaved transcript is subsequently converted into a
responder piRNA (antisense) that recognizes Aub (26, 27). This
complex may then proceed to edit the cluster transcripts (sense);
the products from the edit process can restart the cycle (28). In
the embryonic human ovaries, PIWIL2/HILI and PTWIL4/
HIWI2 may establish a ping-pong cycle (28, 29).

Biological functions of piRNA

In comparison with other noncoding RNAs, the functions of
piRNAs in cell homeostasis and cancer progression are little
known. In germ cells, piRNAs play a critical role in genome
integrity maintenance, mRNA translation, and stability
regulation, limiting DNA damage inflicted by transposable
elements (TE) in genomic sequences (30-32).

piRNAs-mediated protection against transposon mobilization
was initially found in fly germline cells. Similar function was also
found in other species ranging from hydras to humans (33-37).
Transposons, which are sometimes called “jumping genes” (38),
can jeopardize gene stability by “copying and pasting” their own
DNA into the host genome for self-replication, ultimately resulting
in a cascade of undesired repercussions (38, 39). Transposons can
alter transcriptions of target genes when their transcripts are
inserted into the promoter or enhancer regions of target genes
(40). Meanwhile, insertions into 5° or 3> UTRs may also have an
effect on the post-transcriptional regulation of target genes (41).
Sometimes, transposon insertions even can cause a DNA double-
strand break, and failures to repair may result in recombination
between transposon repetitions (42).

In the transcriptional control of gene expression, piRNAs can
counteract the deleterious effects of TEs on the genome, preserving
its integrity (30, 31). More specifically, DNA methylation in
promoters of CpG islands can inhibit the initiation of DNA
transcriptions, and piRNAs suppress the transcriptions of TEs by
regulating the activities of DNA methyltransferases, such as
DNMT1 or DNMT3A to maintain normal gametogenesis in
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germline cells (43). Additionally, modification of histone proteins
is another underlying mechanism at the transcriptional level. The
PpiRNA/PIWI complex can recruit histone methyltransferases to
methylate the residues of histone lysine, such as H3K and H4K (44).
However, the research to address the specifics of working
mechanism remains limited, and plenty of difficult problems
need to be resolved.

At the post-transcriptional level, piRNA/PIWI complex
functions by binding to coding RNAs (mRNAs) or ncRNAs (45-
47). Similar to silencing mechanism of miRNA, the piRNA/PIWI
complex interacts with target RNA through efficient piRNA: RNA
binding is formed by either a strict base pairing within 2~11 ntat the
5’ end of the piRNA (perfect pairing) or a less strict base pairing
within 12~21 nt (imperfect pairing) (45). Then a piRNA induced
silencing complex (piRISC) is developed which comprises RNAs
and proteins after the base pairing is established. piRISC acts an
important role in cleavage or deadenylation of target RNAs, which
eventually leads to the decay of the target RNAs (46, 47).

piRNA and cancer

Scientists have discovered critical shreds of evidence after the
discovery of piRNA indicating the strong relationship between
piRNA expression and numerous malignancies in recent years
(48-50). For example, in one study, researchers have found that
significant correlations between the expression of different kinds of
piRNA and tumor metastasis, which was believed to further result in
the dysregulation of signal cascades in cancer (51). Aberrant
expression of PIWT has also been reported to be a contributing
factor of cancer genesis. In many different types of tumors, such as
breast cancer, colorectal cancer, liver cancer, the expression level of
PIWTis higher than that in normal cells (52-54). PTWIL2, a member
of the PIWTI protein family, acts as a critical role in the process of
PiRNA biosynthesis, and it has been found absent in the majority of
normal tissues from male adults, but it exists in a broad range of
malignancies (55). Another typical example is PIWIL4, which was
discovered in the testicular tissue and identified as a member of the
PIWI protein subfamily. Normally, PIWIL4 is expressed in various
human tissues, but it is considerably upregulated in cancer tissues
(56). High expression of PIWIL4 is also reported to be associated with
the initiation and progression of tumor (57).

piRNA in lung cancer

Abnormal expression of several piRNAs has been discovered in
lung cancer cells and tissues, demonstrating their potential
correlation with the tumorigenesis and cancer progression (58-
60). Li, et al. (58) reported that piR-651 was upregulated in lung
cancer cell line assayed by real-time PCR (RT-PCR) and northern
blot analysis by in situ hybridization. The increased expression of
piR-651 in non-small cell lung cancer (NSCLC) was found to be
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associated with cancer progression in this study (58). Reeves, et al.
identified over 500 piRNAs that were either up-regulated or down-
regulated in lung cancer cell lines by piRNA microarray (61).
Further analysis validated two upregulated piRNAs (piR-34871
and piR-52200) in lung cancer cells using RT-PCR and the aberrant
expression of piR-34871 and piR-52200 were also confirmed in the
lung cancer tissues and matched normal tissues (61). In some
studies, expressions of piRNAs were found decreased in lung
cancer. For example, Peng et al. showed that piR-55490
expressions was lower in the lung cancer specimens by RT-PCR
analysis and found that there was a significant relevance between
the overall survival rate and expression of piR-55490 in their
research cohort (62).

Many piRNAs have been found in human lung cancer, but
only a few of them, like piR-651, piR-55490, piR-211106, piR-
34871, piR-52200, piR-46545, piR-35127, piR-26925, and piR-
5444, have regulatory functions and molecular mechanisms, as
detailed below (Table 1).

TABLE 1 Research reporting altered piRNA expression in lung cancer.

10.3389/fonc.2022.944403

piR-651

piR-651 is a type of piRNA first found in the pancreatic cancer,
where it was demonstrated to regulate carcinogenesis through
interaction with HIWI (63). Then Cheng et al. discovered that
piR-651 was in high expression not only in pancreatic cancer cell
lines, but also in liver, lung, colon, breast, and many other types of
cancer cell lines (64). Further research confirmed that piR-651 was
involved in the cell cycle and inhibiting piR-651 may arrest cancer
cells in the G2/M phase (64). Another research discovered that
overexpression of piR-651 significantly increased the viability and
invasion of lung cancer cell lines (58). In this research, the
proportion of cancer cells in GO/G1 phase was found lower in the
presence of piR-651 than those in the absence of piR-651. Zhang
etal. demonstrated that transfection of the piR651 inhibitor into the
HCC827 and A549 cell lines inhibited cell proliferation by
significantly increasing the rate of apoptosis, and that decreased
the ability of cell migration compared to the control group (65).

PiRNA/  Expression Related Genes/ Functions Sample Techniques Clinical ~ References
piR-Ls Proteins types applications
piR-651 UP CylinD1, CDK4, Caspace-3 Cell proliferation, apoptosis, Tissues, Cell piRNA Diagnostic, (58, 63-65)
Bcl-2, cleaved-PARP-1 migration and invasion lines, Mice microarray, Theraputic
RT-PCR
piR-55490 DOWM mTOR Cell proliferation and tumor Tissues, Cell RT-PCR Theraputic (62)
progression lines, Mice
piR-211106  UP PC Drug resistance (apoptosis Tissues, Cell RT-PCR Theraputic (66)
inhibition) lines
piR-46545  DOWN RASSFIC, AMPK pathway Cell proliferation Tissues, Cell piRNA Theraputic (61)
lines microarray,
RT-PCR
piR-35127  DOWN RASSFIC,AMPK pathway Cell proliferation Tissues, Cell piRNA Theraputic (61)
lines microarray, RT-
PCR
piR-34871  UP RASSFIC, AMPK pathway Cell proliferation Tissues, Cell piRNA Theraputic (61)
lines microarray,
RT-PCR
piR-52200  UP RASSFIC,AMPK pathway Cell proliferation Tissues, Cell piRNA Theraputic (61)
lines microarray, RT-
PCR
piR-26925  UP - Exosomal piRNAs in serum Cell lines, piRNA Diagnostic (67)
Serum microarray, RT-
PCR
piR-5444 UP - Exosomal piRNA in serum Cell lines, piRNA Diagnostic (67)
Serum microarray,
RT-PCR
piR-30074 - - Transformation of stem cells Cell lines - Theraputic (68)
piR-57125  DOWN - Distant metastasis Tissues RNA sequencing, Prognostic (69)
RT-PCR
piR-L163 DOWN ERM family, EBP-50, F-actin Cell growth, and migration Cell lines, small RNA Theraputic (70)
Serum sequencing,
RT-PCR
piR-L138 UP p60-MDM2 Drug-resistance (apoptosis Cell lines RT-PCR Theraputic (71)
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Furthermore, both in vitro and in vivo studies have shown that the
levels of cyclin D1 and CDK4 were significantly connected with the
levels of piR-651 expression (58, 65). In summary, these studies
implied that piR651 was a valuable diagnostic biomarker and an
effective therapeutic target in lung cancer.

piR-55490

The expression of piR-55490 is downregulated in lung
cancer, and several studies have shown that restoring piR-
55490 can decrease lung cancer cell proliferation rates,
whereas suppressing piR-55490 increases cell proliferation
rates (62). In lung cancer cells, such as A549, piR-55490 acts
as inhibiting the Akt/mTOR pathway, thereby suppressing cell
growth. Further studies confirmed that piR-55490 was able to
bind to the 3’-UTR of mTOR mRNA and inhibit its degradation
by a mechanism similar to that of miRNAs (62). The presence of
piRNA can contributed to the alteration of tumor cell
phenotypes through regulating the decay of oncogenic mRNAs.

piR-211106

The expression of piR-211106 is considerably decreased in
NSLCLC tissues compared to normal tissues, indicating that
piR-211106 may have an anti-oncogenic effect in lung cancer. A
recent research discovered that piR-211106 inhibited pyruvate
carboxylase (PC) at the mRNA and protein levels, as well as it
directly interacting with the PC protein (66). The overexpression
of piR-211106 results in a decrease in PC expression. However,
the mechanism by which piR-211106 affects the expression of
PC in NSCLC remains unknown.

It was also shown that piR-211106 was associated with
treatment resistance in NSCLC cells (66). They discovered that
cells overexpressing piR-211106 were more responsive to cisplatin,
a first-line medication for advanced NSCLC. The pro-apoptotic
effect of piR-211106 was believed to be one of underlying
mechanism. Additionally, they found that piR-211106 functioned
synergistically with cisplatin in vitro and in vivo (66). Due to the lack
of efficacy of systemic chemotherapy in certain circumstances,
effective local therapy is often advocated as a secondary treatment
plan. This study demonstrated that directly injecting piR-211106
agomir into transplanted tumors in mice could significantly reduce
tumor formation, suggesting that piR-211106 agomir might be a
feasible treatment option for NSCLC.

piR-46545, piR-35127, piR-34871 and
piR-52200

The recognition of piRNAs in lung cancer cells overexpressing
RASSF1C was shown by Reeves et al. (61). They observed that piR-
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52200 and piR-34871 expression levels were increased in half of the
tested tumor tissues, and piR-46545 and piR-35127 expression
levels were decreased. RASSF1C regulates the expression of these
piRNAs as proven by microarray and real-time PCR. piR-52200
and piR-34871 silencing, as well as piR-46545 and piR-35127
overexpression, dramatically inhibited the proliferation of the
H1299 and A549 cell lines (61). Thus, they concluded that these
piRNAs might regulate lung cell transformation and
carcinogenesis, and further studies confirmed that RASSF1C
played an key role in piRNA target gene expression by blocking
the AMPK pathway (61).

piR-26925 and piR-5444

piR26925 and piR5444 expression levels were substantially
higher in individuals with NSCLC than in healthy controls. Li
et al. (67) reported that their values of area under curve(AUC)-
ROC values were 0.751 and 0.713, respectively. To study their
combined diagnostic application further, a multivariate logistic
regression model using exosomal piR-26925 and piR-5444 was
developed. In comparison to single piRNAs, the 2 piRNA panel
had a stronger predictive power, with an AUC of 0.833 (95%
confidence interval[CI]= 0.756~0.893, sensitivity = 87.1%, and
specificity = 75.4%) (67). Additionally, they also discovered that
multiple freeze-thaw cycles had no effect on the levels of piR-
26925 and piR-5444 in serum exosomes from individuals with
NSCLC (67). These findings support the use of serum exosomal
PiRNAs as possible diagnostic indicators of NSCLC.

piR-L-163

piRNA-like small RNAs (piRNA-Ls) are emerging
contributing factors in lung carcinogenesis and other
pathological processes (70, 71)The expression of piRNA/
piRNA-Ls in human lung bronchial epithelial cells and
NSCLC cells was analyzed in a study (70). The data indicated
that piR-L-163 might be involved in cell growth, proliferation,
invasion, and migration by directly binding to and regulating
phosphorylated ERM proteins, which were essentially required
for the control of signal transduction pathways (71, 72).

piR-L-138

piR-L-138 is another kind of piRNA-like small RNAs that
plays a vital part in lung cancer formation and progression. In vitro
and in vivo experiments showed that piR-L-138 expression was
increased in response to chemoresistance to cisplatin (CDDP)-
based treatment (71). piR-L-138 inhibition resulted in an increase
in apoptosis in both CDDP-treated cell lines and xenograft animals
models (71). MDM2 and its isoforms are involved in p53-
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independent apoptosis and chemoresistance (71, 73). In p53
mutant models, the interactions in the axis of piR-L-138/p60-
MDM2 inhibited CDDP-induced apoptosis (73). Thus, elucidating
piRNA-Ls functions and expanding our understanding of their
capabilities may provide a feasible method to overcome
chemotherapy resistance in patients with lung cancer.

Conclusion

It is commonly accepted that the cancer cell is an unregulated
somatic cell that has lost its normal regulatory mechanisms and
reproduces uncontrollably (74-77). Given the resemblance between
cancer stem cells and germ cells in terms of stemness and
reproductive capabilities, the two cell types share several regulatory
mechanisms (77). Although piRNAs were first identified as a class of
non-coding short RNAs expressed specifically in the germline,
accumulating data have demonstrated their abnormal expression
in human malignancies (50, 51). Their corresponding biological
functions in cancer cells can be varied and many, at the present stage,
such as regulations in cancer cell proliferation, cell cycle, migration,
invasion and drug-resistance (71, 75, 76).

While research on piRNAs in cancer fields represents a
revolutionary chapter in the history of oncology, the majority
of topics about piRNAs are currently poorly known in terms of
their role in carcinogenesis and cancer progression. There are
numerous critical obstacles related to piRNAs or piRNA/PIWI
complex that we must overcome. For example, whether the
biological synthesis and functions of piRNAs in cancer cells are
comparable to those in germline cells; whether piRNAs are
involved in the individual immunological mechanisms of
cancer, since there is no evidence about the relation between
piRNAs and immune checkpoint blockade drugs in cancer-
therapy resistance; and more importantly, whether the
identified dysregulated piRNAs in diverse types of cancer cells
are genuine piRNAs because the ubiquitous background of short
RNA sequencing data may mix with the whole databases, and
some RNA fragments have been misidentified as piRNAs on
occasion (78).

In conclusion, thorough knowledge of the carcinogenic/
tumor suppressive role behind piRNAs is beneficial to open up
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