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ABSTRACT

Piwi-interacting RNAs are a type of small noncoding
RNA that have various functions. piRBase is a man-
ually curated resource focused on assisting piRNA
functional analysis. piRBase release v3.0 is com-
mitted to providing more comprehensive piRNA re-
lated information. The latest release covers >181 mil-
lion unique piRNA sequences, including 440 datasets
from 44 species. More disease-related piRNAs and
piRNA targets have been collected and displayed.
The regulatory relationships between piRNAs and
targets have been visualized. In addition to the reuse
and expansion of the content in the previous ver-
sion, the latest version has additional new content,
including gold standard piRNA sets, piRNA clus-
ters, piRNA variants, splicing-junction piRNAs, and
piRNA expression data. In addition, the entire web
interface has been redesigned to provide a better
experience for users. piRBase release v3.0 is free
to access, browse, search, and download at http:
//bigdata.ibp.ac.cn/piRBase.

INTRODUCTION

Piwi-interacting RNAs (piRNAs) are a type of small non-
coding RNA that bind to Piwi proteins (1,2) to form a com-
plex and perform vital functions in the germline, somatic
tissues and diseases. Unlike the other two types of small
RNAs, microRNAs (miRNAs) and siRNAs, piRNAs are
24-31 nucleotides (nt) in length, and 2’-O-methylated at

the 3’ terminus (3-5). Recent studies have shown that piR-
NAs loaded with the ovary-specific Piwi protein, PIWIL3,
have no 2’-O-methylation at the 3’ end (6,7). Many piRNAs
originate from large genomic regions called piRNA clus-
ters (2,8,9), which can be transcribed into long single-strand
precursors and further processed into mature piRNAs (10—
14). It was reported that some piRNA precursors contain
introns (15).

Numerous studies have shown that piRNAs have many
important biological functions (16). piRNAs are necessary
for the maintenance of genome stability. The Piwi/piRNA
complex can regulate the activity of transposons at genomic
level through heterochromatin formation to silence tran-
scription (17-21) and at the posttranscriptional level by re-
pressing expression (9,22-26). Moreover, piRNAs are also
involved in sex determination (27,28) and the regulation
of mRNA and IncRNA expression (28-38). Accumulating
studies have shown that piRNAs are expressed not only in
germline cells but also in cancer cells (39-45) and somatic
cells (46,47). piRNAs that have abnormal expression in var-
ious cancers can be used as potential diagnostic and prog-
nostic biomarkers. In addition, Fu et al. found that the SNP
rs132306 in piR-021285 is significantly associated with an
increased risk of breast cancer (48). In addition to cancers,
some piRNAs are aberrantly expressed in other diseases. In
Alzheimer’s disease (AD), Qiu et al. found that >100 piR-
NAs are differentially expressed in diseased versus normal
brain tissue, and most of these piRNAs are associated with
risk SNPs (49). In addition, piRNAs can also serve as po-
tential biomarkers for AD (50). piRNAs also play roles that
cannot be ignored in other noncancer diseases, such as car-
diovascular disease (51-53). Previous studies have shown
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that defects in the Piwi protein, which influence the piRNA
pathway, can lead to male sterility (22). Recent studies have
revealed that the production of fertile oocytes in female
golden hamsters depends on piRNAs (54-56). These stud-
ies have extended our understanding of piRNA functions.

piRBase is currently the largest and most comprehensive
piRNA database, and has been imported into RNAcentral
(57) as an expert database. The number of different piRNAs
in the current release has reached over 181 million, includ-
ing 440 datasets from 44 species. Information about newly
added piRNAs is annotated and displayed based on the pre-
vious modules. More information about piRNA-like small
RNAs (piRNA-like sSRNAs) and diseases, including can-
cers and other types of diseases, has been collected. More-
over, piR Base release v3.0 visualizes the regulatory network
among the piRNAs and their targets. In addition to the ex-
pansion of the existing content, we also added some new
content in piRBase release v3.0. At present, there are too
many (up to tens of millions) piRNA sequences from var-
ious sequencing methods including chromatography, Piwi
protein IP, Piwi protein CLIP-seq, oxidization and sRNA-
seq. In order to get smaller and more representative piRNA
set, we introduced the concept of the gold standard piRNA
set in the piRBase release v3.0 according to the character-
istics of piIRNAs. We offer the gold standard piRNA set
for six species, which will help users study piRNAs more
effectively. Additionally, information on piRNA clusters,
piRNA variants, splicing-junction piRNAs and piRNA ex-
pression profiles of various datasets was also added to the
new version. Moreover, the web interface of piR Base release
v3.0 has been redesigned.

DATA COLLECTION AND PROCESSING
Data collection and piRBase ID allocation

According to the data collection method in the previous ver-
sions of piRBase (58), new sequences defined as piRNAs
in the corresponding article were collected from the litera-
ture, supplementary files and related GEOs (59). In addi-
tion, other relevant information, such as piRNA clusters,
piRNA targets, piRNAs/piRNA-like SRNAs and diseases,
was extracted from the published literature.

New piRNA sequences of existing species in previous ver-
sions were assigned sequential piRBase IDs. For the new
species added to the current piR Base, the naming rules of
the piRNA sequence are piR + three characters (represent-
ing a species) + sequential numbers. Similarly, the IDs of
piRNA clusters in piR Base are clus + three characters (rep-
resenting a species) + sequential numbers. The list of three
letter abbreviations and species is shown in Supplementary
Table S1.

Genome alignment, splicing-junction piRNAs and annotation

To obtain the piRNA alignment information, Bowtie (60)
was used to map the piIRNA sequences to the correspond-
ing genome with parameters ‘-v 1 -a -m 10 —best —strata’
as described in the previous versions of piRBase. However,
some piRNAs cannot be mapped to the genome based on
the previous alignment strategy. Considering the possibil-
ity of splicing, the unmapped piRNAs in Bowtie were re-

aligned by STAR (61) with transcript annotation in piR-
Base release v3.0. The results show that there are many piR-
NAs that span the intron regions. We called this kind of
piRNA splicing-junction piRNAs. Based on the genomic
loci, piRNAs are annotated into two categories, gene- or
repeat-related piRNAs, as in previous versions of piRBase.

piRNA variant annotation

Based on the alignment results, not all piRNAs have per-
fect matches in the genome. There are some mismatches
between piIRNAs and genome sequences that could be in-
duced by genomic variants. To extract variant information,
the unique mapped records with one mismatch were se-
lected from the Bowtie results. A mismatch site was desig-
nated as a piRNA variant if >10 nonredundant piRNA se-
quences supported the same mismatch site. Human piRNA
variants are annotated by dbSNP (62) and associated with
RS IDs if they exist.

piRNA expression profiles and gold standard piRNA sets

To determine the expression of piRNAs in various tissues,
piRNA read counts in various datasets were collected, and
these data are shown in piRBase (Supplementary Table S2).
In this version, the CPM (counts per million) in each dataset
was calculated for each piRNA sequence based on the to-
tal read count in the dataset and the read count of each se-
quence.

piRNAs interact with the Piwi protein (1,2) and have 2'-
O-methylation at their 3’ termini (3-5). Although some piR-
NAs have no 2'-O-methylation (6,7), the 2’-O-methylation
enriched sequences are considered a subset of piRNAs.
These properties allow enrichment of piRNA sequences
through methods such as immunoprecipitation (IP) of Piwi
proteins and oxidation treatment (3). piRBase release v3.0
defines gold standard piRNA sets based on support from
different kinds of piRNA enrichment datasets. Matched
Piwi protein IP or oxidation treatment versus small RNA
sequencing data were collected. We used a binomial model
to calculate the P values of piIRNA enrichment based on
piRNA counts in enriched (1) and matched control small
RNA (n.) datasets. If piRNA has equal proportions in the
two libraries, then n./n. should be equal to N./N., where
N. and N, are the total read counts of the two libraries.
Let p = N./(Ne + N¢) and n = n. + n; then, n. follows
a binomial distribution of X ~ B(n, p). The enrichment
P value can be calculated as the probability of X > #..
To include datasets lacking matched controls, the distribu-
tions of significantly enriched piRNAs at different abun-
dance levels were examined for matched datasets. Consid-
ering the impact of library depth, piRNAs were sorted by
counts in the enriched library, and the proportion of signif-
icantly (P < 0.05) enriched piRNAs was calculated in the
most abundant piRNAs whose count sum exceeded a cer-
tain proportion of the total count in the enriched library
(Figure 1). Based on the distributions, we chose a threshold
of 0.2 to select the top piRNAs as the gold standard piR-
NAs in the enriched datasets lacking matched controls. For
matched libraries, the top piRNAs with the same threshold
were also selected regardless of significance, while for piR-
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Figure 1. The proportion of significantly enriched piRNAs with different cutoffs of the most abundant piRNAs. The piRNAs in each enriched dataset
were sorted by counts, and the cutoffs of the top piRNAs were determined when the sum of the top piRNA counts exceeded a certain proportion of the
total read count in the enriched dataset. The matched libraries are shown in Supplementary Table S3. 16.5dpc, 16.5 days post-coitum. fetallst, 1st trimester
embryos. fetal2nd, 2nd trimester embryos. Ox, oxidation treatment. Mili, Mili IP. Miwi, Miwi IP. Miwi2, Miwi2 IP.

NAs falling into the 0.2-0.5 count proportion range, signif-
icantly (P < 0.05) enriched piRNAs were also selected into
the gold standard piRNA set.

DATABASE CONTENT

piRBase release v3.0 not only expanded on previous con-
tent and modules but also added some new content that
could assist piIRNA function studies more comprehensively.
Given the large number of piRNAs, gold standard piRNA
sets and piIRNA clusters are provided in piRBase release
v3.0. In addition to general information such as piRNA
loci, piRNA targets and some basic annotations, more in-
formation on piRNAs is introduced into the current piR-
Base. Variants in piRNAs increase the diversity of piRNA
sequences, and they may result in abnormal biological func-
tions. Relevant information on splicing-junction piRNAs is
shown on the detailed information page and is visualized
in JBrowse (63). The collected piRNA-related data and the
results processed by further analyses are released in v3.0.

New piRNA records and statistics

piRBase has the largest number of piRNA sequences and
the most species compared to other similar databases. More
than 181 million unique piRNA sequences from 44 species

are included in piRBase release v3.0, and the number of
datasets reaches 440. Figure 2 shows the statistics for the
data in the current piRBase. In Figure 2A, the number of
piRNA sequences for each species is presented. Figure 2B
and C shows the number of datasets and the length distribu-
tion of piRNA sequences from different species in piR Base
release v3.0, respectively.

piRBase release v3.0 contains the most piRNA sequences
compared with other piRNA-related databases. piR Base in-
cludes all piRNA sequences in piRNAQuest (64) and piRN-
ABank (65) except for platypus, which has no piRNA se-
quences provided in the related literature. In addition, there
are 16 datasets in piRNAdb (https://www.pirnadb.org/), 4
of which are not in the 440 datasets of piRBase because
these 4 datasets do not meet our inclusion criteria.

Gold standard piRNA set

To get more representative piRNA set, we tried to define
the gold standard piRNA set based on two features of
piRNAs: binding to Piwi protein and 2’-O-methylation at
the 3’ end. We collected matched high-throughput sequenc-
ing data from six species, including human, mouse, rat,
Drosophila melanogaster, cow, and crab-eating macaque,
and marked the enriched sequences in Piwi IP- or oxidation-
treated libraries as the gold standard piRNA set.
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Figure 2. Statistics of piRNA data in piRBase release v3.0. (A) The number of piRNA sequences from each species. (B) Dataset composition of piR Base
release v3.0. Three characters represent species (refer to Figure 2A), and the numbers represent the number of datasets. (C) The length distribution of

piRNAs from each species.

Splicing-junction piRNAs

It was reported that some piRNA precursors contain in-
trons (15). In piR Base release v3.0, piIRNAs not mapped to
the genome in the first alignment step are further mapped
using known splicing junctions. Some unmapped piRNAs
could be located based on splicing junctions (Figure 3A).
The relevant information is presented in the ‘Location’
panel of the piRNA detailed information page. The genes
and repeats overlapping with splicing-junction piRNAs are
also shown in the same panel. In addition, users can browse
information near a piRNA in JBrowse (63) by clicking the
link on the location, such as gene annotation, adjacent piR-
NAs and so on.

piRNA clusters

A substantial fraction of piRINAs originating from genomic
loci are termed piRNA clusters. We manually collected in-
formation on piRNA clusters from the related literature
and assigned piRBase cluster IDs. In piRBase release v3.0,
information on piRNA clusters of four species, including
information on genomic location, strand, the number of
piRNAs among the cluster region, genome version and
species, is incorporated. The general information of a spe-
cific cluster and the piRNAs in the cluster are presented on
the detailed information page. All the related piRNAs in

this cluster can be browsed, and the detailed information
page of each piRNA can be accessed through the piRNA
name.

piRNAclusterDB (66) includes data for many small
RNA sequences that are not specific to piRNA stud-
ies, and piRNA clusters are predicted using proTRAC
(67), while the piRNA clusters in piRBase were collected
from high-quality literature. piRBase integrated only the
information of piRNA clusters from different literature
sources.

piRNA variants

Single nucleotide polymorphisms (SNPs) are a common
type of genomic variant, and many SNPs are associated
with phenotypes and diseases (68). The updated piR-
Base version shows the variants in piRNAs based on the
genome position, the type of base substitution, and the
number of different piRNAs containing a specific vari-
ant. In the detailed information page of piRNA variants,
the general information and the related piRNAs contain-
ing the variant are displayed. For human, piRNA vari-
ants are annotated by RS IDs with links to other SNP
function annotation databases, such as dbSNP (62), Hap-
loReg (69), eQTL (70), PancanQTL (71) and piRNA-eQTL
(72)
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Figure 3. New content and visualizations in piRBase release v3.0. (A) The number of splicing-junction piRNAs in the unmapped piRNAs during the
Bowtie alignment step. (B) An example of an expression profile for one piRNA in human. (C, D) piRNA regulatory relationships in simplified mode (C)

and detailed mode (D).

piRNA expression profiles

Numerous studies have shown that piRNAs are not spe-
cific to the germline. They also exist in many somatic tis-
sues (73,74). In piR Base release v3.0, the CPM expressions
of piRNAs from five species (Supplementary Table S2) was
calculated, and it can be visualized for specific piRNAs
on the piRNA details page (Figure 3B). In addition, users
can select samples of interest to calculate the P value of
the differential expression of piRNAs. This data provides
the basis for the study of piRNA functions in different
tissues.

piRNA targets

In the previous version, mRNA targets of piRNAs in
mouse, silkworm, Caenorhabditis elegans and predicted
IncRNA targets in mouse testis (58,75) were included. In
this update, more piRNA targets were extracted from the
published literature and added to piRBase. The target in-
formation of five species was included. As described in the
previous version, piRINA target records can be browsed by
selecting a species and accessing links to the detailed infor-
mation page of piRNAs by piRBase ID. Moreover, on the
detailed information page, there is a network that visualizes

the regulatory relationships between a specific piIRNA and
its targets, which can be displayed in both simplified and
detailed mode (Figure 3C, D).

piRNA /piRNA-like sSRNA and disease

An increasing number of piIRNA/piRNA-like SRNAs are
closely associated with diseases (45). In piRBase release
v3.0, we further manually collected not only cancer-, but
also other types of disease-related piRNA /piRNA-like sR-
NAs from the related literature. 17 types of diseases (13
types of cancers, cardiovascular disease, stroke, Parkinson,
and Alzheimer) were incorporated, and related information
is exhibited on the corresponding pages.

Optimization of online tools

piRBase release v3.0 provides homepage search function.
Users can search piRBase collected information by enter-
ing the piRBase ID. The ‘Name Convert Tool’ under the
‘Tools’ menu on the piRBase website allows one to convert
piIRNA names from not only the NCBI database (76) but
also piRNABank (65), piRNAclusterDB (66), and other
databases into piRBase names.
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User interface and visualization

In piRBase release v3.0, the entire web interface has been
redesigned to provide a better experience for users. All mod-
ules and functionality in previous versions have been kept
and optimized. The new modules for piRNA variants and
piRNA clusters have been added to the current version. In
the detailed information page for each piRNA, there are
panels for visualizing the expression of the piRNA in differ-
ent datasets and the regulatory relationships between piR-
NAs and targets.

In the current piR Base, we used the JBrowse (63) genome
browser to visualize piRNA positions and annotations in
different genomic regions. JBrowse is fast and easily embed-
ded into websites. All species whose genome and annota-
tion files are available can be visualized by selecting the ap-
propriate species in JBrowse. In addition, information such
as piIRNA variants, piRNA target sites and piRNA-related
epigenetic data can be linked to JBrowse in corresponding
pages.

CONCLUSION

piRBase is a manually curated resource for piRNAs, that
focuses on piRNA function analyses. piR Base release v3.0
covers more species and unique piRNA sequences than
the previous version. According to the characteristics of
piRNAs, piRBase release v3.0 provides the gold standard
piRNA sets. To further expand the research on piRNA
functions, potential information on splicing-junction piR-
NAs and piRNA variants is included in piRBase release
v3.0. As potential biomarkers in diseases, disease-related
piRNA/piRNA-like sSRNAs information is collected not
only for cancers but also for other diseases, such as cardio-
vascular disease, stroke, Pankinson and Alzheimer’s disease.
In addition to the further collection of piRNA targets, piR-
Base release v3.0 visualizes the regulation of piRNA tar-
gets, which makes the regulatory network of piRNAs more
intuitive. In addition, the current version also provides the
expression profiles of piRNAs in various tissues at different
developmental stages and supports research on piRNAs in
different tissues. In addition, the web interface of piR Base
release v3.0 has been redesigned to provide a better user
experience. We believe that piRBase release v3.0 will make
valuable contributions to the field of piRNA.

DATA AVAILABILITY

piRBase release v3.0 is free to access, browse, search and
download at http://bigdata.ibp.ac.cn/piRBase. The source
code of analyses has been provided as Supplementary file 1.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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