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ABSTRACT

There is increasing interest among cancer researchers in the study of Piwi-interacting RNAs (piRNAs), a group of small
RNAs important for maintaining genome stability in the germline. Aberrant expression of piRNAs in cancer could imply
an involvement of these regulatory RNAs in neoplastic transformation. On top of that, it could enable early cancer diag-
nosis based on RNA analysis in liquid biopsies, as piRNAs are not expected towidely circulate in the bloodstreamof healthy
individuals. Indeed, it has recently been shown that serum piR-54265 allows for excellent discrimination between colorec-
tal cancer patients and healthy controls. However, we have also shown thatmost somatic piRNAs reported to date inmam-
mals are actually fragments of other noncoding RNAs. Herein, we show that reports positioning piR-54265 as a noninvasive
biomarker for colorectal cancer were actually measuring variations in the levels of a full-length (72 nt) small nucleolar RNA
in serum. This should place a cautionary note for future research in somatic and cancer-specific piRNAs.We deeply encour-
age this line of research but discuss proper ways to identify somatic piRNAs without the interference of erroneous entries
contained in piRNAdatabases.We also introduce the concept ofmiscellaneous-piRNAs (m-piRNAs) to distinguish between
canonical piRNAs and other small RNAs circumstantially associated with PIWI proteins in somatic cells.
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INTRODUCTION

Aberrant expression of Piwi-interacting RNAs (piRNAs)
could be exploited for early cancer diagnosis based on
minimally invasive liquid biopsies. In this regard, it has re-
cently been shown that serum piR-54,265 could be used as
a biomarker for early detection and clinical surveillance of
colorectal cancer (CRC) (Mai et al. 2020). However, we
have analyzed the sequence of piR-54265 and realized it
corresponds to a 5′ fragment derived from the C/D box
small nucleolar RNA SNORD57. Moreover, the analytical
method used to validate the 29 nt piR-54265 as a bio-
marker of CRC is not specific for this fragment, and actually
measures the levels of the full-length (72 nt) SNORD57.
From a biomarker point of view, this distinction could be

deemed irrelevant as long as this specific sequence en-
ables accurate discrimination between cancer patients
and normal donors. Nevertheless, it is conceptually differ-
ent to detect a cancer-specific transcript than to observe

variations in the levels of an RNA that is expressed in virtu-
ally all cells of the body, including nucleated blood cells.
This example illustrates the problems of using piRNAda-

tabases, known to contain erroneous entries (Tosar et al.
2018), to identify piRNAs in somatic tissues and infer the
roles and biomarker potential of PIWI-associated RNAs in
cancer.
We consider as well that a further molecular and bio-

chemical redefinition of PIWI-associated RNAs is indis-
pensable to continue with a deeper understanding of the
potential role of piRNAs in somatic contexts. In 2006 sev-
eral groups characterized the small RNAs coimmunopreci-
pitating with PIWI-clade Argonaute proteins in mouse
testes (Aravin et al. 2006; Girard et al. 2006; Grivna et al.
2006) or in the Drosophila germline (Vagin et al. 2006).
These papers coined the term “piRNA” for “Piwi-interact-
ing RNAs” (Aravin et al. 2006; Girard et al. 2006; Grivna
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et al. 2006) but immediately moved forward and showed
the clustering of these sequences in the genome and their
connection to selfish genetic elements. In subsequent
years, the molecular machinery responsible for piRNA bio-
genesis, processing, and function was characterized (for
review, see Czech and Hannon 2016). Thus, from a biolog-
ical perspective, piRNAs are a group of PIWI-bound se-
quences of small size (24–32 nt) that are derived from
piRNA clusters codified in the genome. Alternatively,
they can be generated by PIWI-mediated cleavage of an-
tisense transcripts, and typically bear a 2′-O-methyl mark
at their 3′ end upon maturation. Albeit not exclusively,
they are functionally linked to the silencing of transposable
elements (TE) and tend to be expressed in the germline,
where uncontrolled expression of TEs can affect genetic
inheritance. However, from a semantic point of view, the
term “Piwi-interacting RNA” is inclusive of any RNA inter-
acting with a PIWI protein in any given cellular context.
This leads to what we will call the “definition problem,”
which summed up to the widespread use of noncurated
piRNA databases and “black-box” bioinformatics pipe-
lines, explains the erratic path toward an understanding
of somatic piRNAs in cancer and biofluids.

Most piRNAs described in human colorectal cancer
are ncRNA fragments

In 2018 we surveyed several reports describing piRNAs in
nongonadal mammalian tissues and realized that virtually
all putative somatic piRNAs could be classified as frag-
ments of tRNAs, rRNAs, YRNAs, snoRNAs, or miRNAs
(Tosar et al. 2018). This is remarkable, given that <1% of
sequences present in piRNA databases belonged to this
ambiguous category. Since then, several reports have de-
scribed the presence of piRNAs in cancer, and particularly
in CRC or in plasma/serum from CRC patients (Mai et al.
2018; Vychytilova-Faltejskova et al. 2018; Weng et al.
2018; Yin et al. 2019; Feng et al. 2020; Iyer et al. 2020;
Mai et al. 2020). Strikingly, all of these CRC-specific
piRNAs are mature miRNAs or ncRNA fragments (Table
1), consistent with our previous findings (Tosar et al. 2018).

Analytical assays for serum piR-54265 also detect
full-length SNORD57

Among the list of CRC-specific piRNAs identified by anal-
ysis of TCGA (The Cancer Genome Atlas) data sets (Table
1), only piR-54265 could be validated by RT-qPCR in an in-
dependent cohort of paired CRC and nontumor samples
(Mai et al. 2018). Furthermore, levels of this piRNA in can-
cer tissue correlated with clinical outcome of the patients.
It was further showed that piR-54265 is oncogenic in CRC
and associated with PIWIL2 by coimmunoprecipitation.
Targeting of piR-54265 with an antisense oligonucleotide
reduced tumor growth in mouse xenografts. However, it

should be noted that the length of piR-54265 (29 nt) is
not consistent with the modal length of piRNAs bound
to PIWIL2 (26 nt) (Williams et al. 2015)

In a later study, the authors analyzed piR-54265 levels in
the sera of 725 patients with CRC, 1303 patients with other
digestive cancers, 192 patients with benign colorectal
tumors and 209 healthy controls (Mai et al. 2020). Their
RT-digital PCR assay showed elevated levels of piR-
54265 in the sera of CRC patients vs controls (P=1×
10−67; Student t-test) or compared to sera from patients
with other cancers of the gastrointestinal tract or benign
colorectal tumors. Serum piR-54265 levels also correlated
with clinical stage in CRC patients, decreased after sur-
gery, andwere again elevated in the case of tumor relapse.
Furthermore, serum piR-54265 was a better indicator of
tumor relapse than other biomarkers currently used in
the clinical setting, including carcinoembryonic antigen,
carbohydrate antigens 125 and 19-9 and methylated
SEPTIN9.

Despite these extremely promising results, wewere con-
cerned about piR-54265 showing a 100% overlap with the
C/D box snoRNASNORD57 (NCBI RefSeq: NR_002738.1),
which is coded inside an intron of the NOP56 gene (Table
1). Of note, NOP56 is one of the proteins which bind C/D
box snoRNAs to make a ribonucleoprotein particle (RNP)
involved in pre-rRNA processing in the nucleolus (Fig. 1A).

The SNORD57 transcript is composed of 72 nt, and
the sequence annotated as piR-54265 corresponds to
its first 29 nt. In theory, a 29-nt 5′ fragment of SNORD57
could be recruited by a PIWI-clade Argonaute protein
and become Piwi-interacting RNA. However, a careful
analysis of the reverse transcription-droplet digital PCR
(RT-ddPCR) assay designed in (Mai et al. 2020) shows
that this method is not specific for piR-54265/SNORD57
5′ fragments, as it is also predicted to amplify the full-
length SNORD57 snoRNA (Fig. 1B).

Low abundancy of piR-54265 in serum compared
to SNORD57

Is serum piR-54265 a biomarker of CRC (Mai et al. 2020) or
could the aforementioned results be explained by varia-
tions in the levels of circulating SNORD57? To answer
this question, we resorted to the extracellular RNA atlas
(exrna-atlas.org) to identify small RNA sequencing studies
performed in plasma or serum of CRC patients (Murillo
et al. 2019). We identified one study containing a large
data set of small RNAs in extracellular vesicles (EVs) puri-
fied from blood plasma of CRC patients representing
different stages of the disease (Yuan et al. 2016).
Remarkably, reanalysis of representative data sets sug-
gests that the levels of piR-54265 are negligible in plasma
of CRC patients, at least inside EVs (Table 2). However, a
low but consistent number of reads corresponding to the
3′ half of SNORD57 was evident.
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To analyze the presence of full-length SNORD57, we
reanalyzed a data set produced by TGIRT-seq in normal
human plasma (Qin et al. 2016). TGIRT-seq uses a thermo-
stable group II intron RT and has been shown to be an ef-
fective sequencing technique to retrieve highly structured
transcripts such as full-length tRNAs. It does not show the
bias toward ncRNA fragments observed with conventional
small RNA sequencing (Shurtleff et al. 2017) and gives ex-
tracellular RNA profiles more consistent with northern blot
results (Tosar et al. 2020). Interestingly, TGIRT-seq sup-
ported the presence of full-length SNORD57 in human
plasma (and other snoRNAs encoded inside the NOP56
gene, such as SNORA51) and of small RNA fragments de-
rived from its 3′ end. No reads supported piR-54265 in the
analyzed data set (Fig. 1C).
Because piRNAs are 2′-O-methylated (2′-O-Me) at

their 3′ end (Horwich et al. 2007; Kirino and Mourelatos

2007a,b; Ohara et al. 2007; Saito et al. 2007), it could
be argued that this modification was preventing piR-
54265 detection in plasma using TGIRT-seq. Indeed, the
template switching reaction characteristic of group II
intron RT enzymes is inhibited by the presence of 2′-O-
Me groups in the RNA (Lentzsch et al. 2019). However,
it is possible to overcome this problem by performing
the RT reaction under lower salt conditions (Lentzsch
et al. 2019), as it was used in a more recent TGIRT-seq
based RNA profiling of human plasma (Yao et al. 2020).
Therefore, we reanalyzed representative data sets of this
new study (SRA: SRR12047399; SRR12047420) and con-
firmed detection of full-length SNORD57 and the absence
of reads supporting piR-54265. In summary, we conclude
that SNORD57 rather than piR-54265 should be consid-
ered and further validated as a serum/plasma biomarker
of CRC.

TABLE 1. PIWI-associated RNAs reported as potentially enriched in colorectal cancer (CRC) or in serum/plasma of CRC patients are
fragments of other noncoding RNAs

PiRNA Database Source ncRNA (>95% overlap)a Reference

piR-62011 NCBI Tissue microRNA miR-182 Mai et al. 2018

piR-32678 NCBI Tissue Ribosomal RNA 5.8S rRNA Mai et al. 2018

piR-49145 NCBI Tissue microRNA let-7c Mai et al. 2018
piR-33856 NCBI Tissue snoRNA SNORD58A Mai et al. 2018

piR-36984 NCBI Tissue microRNA miR-106b Mai et al. 2018

piR-33879 NCBI Tissue snoRNA SNORD58B Mai et al. 2018
piR-61298 NCBI Tissue snoRNA SNORD58C Mai et al. 2018

piR-33864 NCBI Tissue snoRNA SNORA31 Mai et al. 2018

piR-54381 NCBI Tissue snoRNA SNORD20 Mai et al. 2018
piR-57519 NCBI Tissue mito tRNA m-tRNA-Thr Mai et al. 2018

piR-54265 NCBI Tissue snoRNA SNORD57 Mai et al. 2018

piR-61919 NCBI Tissue snoRNA SNORD1B Mai et al. 2018
piR-36712 NCBI Tissue snoRNA SNORD103C Mai et al. 2018

piR-36150 NCBI Tissue snoRNA SNORD41 Mai et al. 2018

piR-31500 NCBI Tissue snoRNA SNORD84 Mai et al. 2018
piR-47305 NCBI Tissue mito tRNA m-tRNA-His Mai et al. 2018

piR-30840 NCBI Tissue snoRNA SNORD63 Mai et al. 2018

piR-31612 NCBI Tissue snoRNA SNORD51 Mai et al. 2018
piR-36741 NCBI Tissue mito tRNA m-tRNA-Phe Mai et al. 2018

piR-30799 NCBI Tissue snoRNA SNORD43 Mai et al. 2018

piR-1245 piRbase Tissue mRNA (intron) ABCA2 Weng et al. 2018
piR-823 Arraystar Tissue tRNA tRNA-GlyTCC Feng et al. 2020

piR-24000 n/s Tissue snoRNA SNORA31 Iyer et al. 2020

piR-5937 piRbase Serum tRNA tRNA-GluCTC Vychytilova-Faltejskova et al. 2018
piR-28876 piRbase Serum tRNA tRNA-ValAAC Vychytilova-Faltejskova et al. 2018

piR-19521 piRNABank Tissue mito rRNA 12S m-rRNA Yin et al. 2019

piR-18849 piRNABank Tissue microRNA miR-182-5p Yin et al. 2019
piR-17724 piRNABank Tissue tRNA tRNA-ValCAC Yin et al. 2019

piR-54265 NCBI Serum snoRNA SNORD57 Mai et al. 2020

piR-54265 (SNORD57) is highlighted in bold. piRNAs named based on the annotation introduced by Girard et al. (2006) and uploaded to GenBank are re-
ferred to database NCBI. (n/s) Database not specified.
aAlternative hits identified by BLAST based on human RefSeq with >95% overlap to the forward primer used for piRNA analysis.
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Are piRNAs expressed in somatic cancer cells?

Aberrant expression of PIWI proteins has been extensively
documented in human cancer cells (Genzor et al. 2019; Li
et al. 2020; Shi et al. 2020). Additionally, many reports
have described the expression of piRNAs in cancer
(Martinez et al. 2015; Yin et al. 2017, 2019; Mai et al.
2018; Vychytilova-Faltejskova et al. 2018; Weng et al.
2018; Tan et al. 2019; Iyer et al. 2020) or circulating in hu-
man body fluids (Bahn et al. 2015; Yang et al. 2015;
Freedman et al. 2016; Yuan et al. 2016; Umu et al. 2018;
Vychytilova-Faltejskova et al. 2018; Mai et al. 2020).
However, the vast majority of these cancer or blood-de-
rived piRNAs are fragments of other noncoding RNAs
and probably correspond to false positives due to the

use of noncurated piRNA databases
(Table 1; Tosar et al. 2018).
Other authors have gone beyond

simply mapping small RNA-seq data
to piRNA databases and performed
functional interrogation of candidate
cancer-specific piRNAs. For instance,
piR-651 has been identified by micro-
arrays and then showed by RT-qPCR
to be significantly up-regulated in
gastric cancer (Cheng et al. 2011).
Strikingly, the inhibition of piR-651
caused cell growth arrest in cancer
cells, suggesting piRNAs could also
act as therapeutic targets. However,
analysis of piR-651 shows it is a frag-
ment of the 28S ribosomal RNA, ex-
plaining the observed growth arrest
phenotype. This example highlights
the importance of understanding am-
biguities in piRNA annotation.
Nongonadal somatic piRNAs are

well documented in arthropods (Lewis
et al. 2018) and mollusks (Jehn et al.
2018). We have recently performed
de novo identification of piRNA clus-
ters in Gastrotricha (Fromm et al.
2019), although the relative contri-
bution of germline and somatic cells
in this data is uncertain. As we have
shown here and in a previous report
(Tosar et al. 2018), most nongonadal
somatic piRNAs described in mam-
mals have ambiguous annotations.
This leads to the question whether
somatic piRNAs inmammals, and can-
cer piRNAs in particular, are real or an
artefact due to improper data analysis.
The easier way to answer this ques-

tion is to ask whether there are reports
describing mammalian somatic piRNAs that cannot be
classified as anything else than a piRNA. We might
have missed other examples, but there are at least
two very recent reports that would match this criterion.
These includes the description of piR-30473 (GenBank:
DQ570262) in large B-cell lymphoma (Han et al. 2020)
and of piR-31470 (GenBank: DQ571358) in prostate can-
cer (Zhang et al. 2020). The former is codified in a single
genomic locus in the immediacy of many other annotated
piRNAs, in what corresponds to a prototypical piRNA clus-
ter located in chromosome 18. The latter maps in multiple
genomic loci because its sequence is derived from an
ERV1 LTR retrotransposon.

A related question is whether fragments of other non-
coding RNA families could be classified as piRNAs under

A

C D

B

FIGURE 1. The analytical method described in Mai et al. (2020) is not specific for piR-54265.
(A) Schematic diagram of a C/D box snoRNA (black), with its associated proteins and pre-rRNA
(red). (B) Schematic representation of the stem–loop RT-ddPCR strategy designed in Mai et al.
(2020) for the analysis of piR-54265 (top), also amplifying full-length SNORD57 (bottom). (C )
Genome browser coverage tracks of TGIRT-seq reads obtained in plasma from a healthy hu-
man subject. (Bottom panel) Read coverage in the SNORD57 gene, showing no support for
circulating piR-54265. (D) Illustration of the problem of identifying piRNAs based on mapping
small RNA-seq data to piRNAdatabases, which contain entries that correspond to ncRNA frag-
ments (shown in red) as well as bona fide piRNAs (shown in gray).

Tosar et al.

406 RNA (2021) Vol. 27, No. 4



certain circumstances. A recent preprint describes coex-
pression of the murine PIWI gene Mili (PiwiL2) and
piRNAs in neural progenitor cells from the adult mouse
brain (aNPCs) (Gasperini et al. 2020). Although this work
describes five “piRNA clusters” composed of fragments
of tRNAs, rRNAs, and snoRNAs, it is remarkable that the
expression of these ncRNA fragments was affected by
the knockdown of MILI. This suggests that MILI could sta-
bilize some of these ncRNA fragments in aNPCs, in agree-
ment with RNAs sequenced by immunoprecipitation of
HIWI2 (human Piwi-like protein 4) in human cancer cells
(Keam et al. 2014). However, others have found that RNA

fragments copurifying with PIWIL1 (Piwi-like protein 1) in
human colon cancer cells are indistinguishable from those
found in background pull-downs (Genzor et al. 2019), sug-
gesting piRNA expression is not reactivated in cancer cells.
Consistent with these results, Li et al. (2020) labeled total
RNAs with [γ-32P]-ATP and showed coimmunoprecpita-
tion of ≈29 nt RNAs with PIWIL1 in testis, but not in
PIWIL1-expressing pancreatic cancer cells. Overall, the in-
volvement of PIWI proteins in cancer pathogenesis is well
supported (Genzor et al. 2019; Li et al. 2020; Shi et al.
2020), and these reports do not show concurrent expres-
sion of canonical piRNAs in cancer, nor robust expression

TABLE 2. Small RNA sequencing in extracellular vesicles from plasma of eight stage I and eight stage IV colorectal cancer patients
(in duplicates)

SRA STAGE READSa SNORD57b piR-54265c

SRR2105127 I rep1 2,371,676 0 0

SRR2105128 I rep2 7,750,810 3 0

SRR2105129 I rep1 3,338,826 0 0
SRR2105130 I rep2 6,741,816 6 0

SRR2105131 I rep1 2,771,741 2 0

SRR2105132 I rep2 6,319,035 3 0
SRR2105133 I rep1 4,376,741 8 0

SRR2105134 I rep2 6,738,955 14 1

SRR2105135 I rep1 3,946,933 3 0
SRR2105136 I rep2 4,398,505 4 0

SRR2105137 I rep1 3,556,530 7 0

SRR2105138 I rep2 4,717,880 5 0
SRR2105139 I rep1 4,022,850 3 0

SRR2105140 I rep2 5,306,079 5 0

SRR2105141 I rep1 3,897,498 1 0
SRR2105142 I rep2 6,759,853 5 0

SRR2105143 IV rep1 2,997,400 3 0

SRR2105144 IV rep2 6,992,913 12 0
SRR2105145 IV rep1 3,338,549 3 0

SRR2105146 IV rep1 5,789,044 7 0

SRR2105147 IV rep1 5,045,413 20 1
SRR2105148 IV rep2 5,816,297 26 1

SRR2105149 IV rep1 4,943,787 2 0

SRR2105150 IV rep2 6,306,470 4 0
SRR2105151 IV rep1 3,331,620 3 0

SRR2105152 IV rep2 5,101,152 8 0

SRR2105153 IV rep1 4,647,922 7 3
SRR2105154 IV rep2 6,163,863 4 4

SRR2105155 IV rep1 3,724,074 1 0

SRR2105156 IV rep2 6,526,600 12 0
SRR2105157 IV rep1 4,441,004 5 0

SRR2105158 IV rep2 6,018,616 1 0

TOTAL 162,670,982 186 10

Reanalysis of data sets from Yuan et al. (2016).
aProcessed reads after adapter clipping.
bNumber of reads mapped to SNORD57 (i.e., total SNORD57-derived fragments).
cNumber of reads mapped to the 5′ end of SNORD57 and supporting piR-54265.
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of other genes in the piRNA pathway (Genzor et al. 2019).
However, it could be possible that aberrantly expressed
PIWI proteins could recruit some ncRNA fragments that
are abundant in the cytoplasm, in the absence of their ca-
nonical germline-specific piRNA cofactors. This would be
favored by the lack of strong sequence constrains that is
characteristic of these RNA-binding proteins (Stein et al.
2019). For example, human Argonaute-2 expressed in in-
sect cells co-purifies with virtually any small RNA of 20 nt
found in the host cell (Elkayam et al. 2012; Schirle and
MacRae 2012). Many of these copurifying RNAs are not
classified as microRNAs, but this classification would
change if microRNAs were defined as “Ago-interacting
RNAs.”

The problem with a context-dependent definition of
“Piwi-interacting RNAs” is that it is incompatible with stan-
dard bioinformatics practices in small RNA-seq data analy-
sis. If any small RNA could be a piRNA under certain
circumstances, piRNA databases would be fedwithmiscel-
laneous entries and piRNAs will appear to be expressed
everywhere. This is actually happening nowadays, as we
tried to show. For instance, assume we sequence small
RNAs in a hypothetical cell line where all four human
PIWI genes have been silenced and hence there can be
no bona fide piRNAs. If we then map sequencing reads
against a noncurated piRNA database which contains con-
taminating entries, wewill retrieve a collection of sequenc-
es that will be erroneously classified as piRNAs (Fig. 1D).
Alternatively, defining piRNAs based on their biogenesis
makes sense from the perspective of evolutionary biology
and allows unambiguous genome annotation, but ex-
cludes some “Piwi-interacting RNAs” that could be rele-
vant in cancer or in specific somatic cells.

In summary, the identification of somatic nongonadal
piRNAs in mammals could be highly relevant to under-
stand putative roles of PIWI proteins in cancer. Additional-
ly, cancer piRNAs released into the bloodstream could
constitute very promising biomarkers for the era of liquid
biopsies. However, these putative piRNAs cannot be iden-
tified by simply mapping small RNA-seq data to piRNA
databases. Doing so will produce inconsistent outputs
that jeopardize our understanding of piRNA biology. As
a rule of thumb, whenever working with a piRNA that
might be of diagnostic use, we urge researchers to map
back the sequence to the corresponding transcriptome
and identify any alternative annotations of said sequence.

The piRNA community should agree on minimal exper-
imental standards to claim the presence of piRNAs in
mammalian somatic cells. Without closing the door to
the possibility of PIWI proteins recruiting alternative small
RNAs in the absence of canonical germline-specific
piRNAs. And in such a case, what are these opportunistic
PIWI-associated RNAs to be called? We would like to sug-
gest the name of “miscellaneous piRNAs” (m-piRNAs).
The most important aspect of this definition is that

m-piRNAs should not be assigned a number (e.g., piR-
1234) nor should they appear in piRNA databases. Their
identity as a piRNA would be purely circumstantial, and
they will probably always have alternative annotations.
More importantly, pull-down and PIWI silencing assays
should be essential to claim the presence of m-piRNAs,
as their sole identification by RNA-seq would be consid-
ered irrelevant. The main advantage of this disengage-
ment between piRNAs and m-piRNAs is that it secures
the biological coherence of the germline piRNA silencing
pathwaywhile not limiting research on somatic piRNAs, es-
pecially in cancer.
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