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Abstract

The cleavage and polyadenylation site (PAS) defines the 3’ end of almost all protein-coding and long non-coding RNAs in eukaryotes. Most
genes harbor multiple PAS, resulting in expression of alternative polyadenylation (APA) isoforms. Here, we present PolyA_DB version 4 (https:
//exon.apps.wistar.org/polya_db/v4/), an updated database dedicated to PAS in mammalian genomes. By exhaustive mining of human and mouse
transcriptomic data sets generated by the 3’ region extraction and deep sequencing plus (3'READS+) method, corresponding to ~2.3 billion
PAS-supporting reads for each species, we identify ~1.4 million PAS in both human and mouse genomes, increasing PAS coverage over the
last database version by 4.9- and 3.5-fold, respectively. Of the full PAS set (named Max collection), 20% of them match the transcript end
sites (TES) of public long-read RNA sequencing (LR-RNA-seq) data. Notably, ~10%-20% of LR-RNA-seq TES do not match our annotated PAS,
suggesting 3’ end artifacts derived plausibly from internal A-rich regions of RNA. However, LR-RNA-seq data substantially complement RefSeg-
based assignment of PAS to genes and are highly valuable in subtyping APA events in the context of splicing configuration. PolyA_DB v4 also
contains PAS conservation and PAS strength information and is linked to UCSC Genome Browser for data visualization.
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Introduction

Cleavage and polyadenylation (CPA) is responsible for 3’ end
processing of almost all protein-coding RNAs (mRNAs) and
long noncoding RNAs (IncRNAs) in eukaryotes [1, 2]. The
CPA site, commonly known as the polyA site (PAS), is de-
fined by surrounding motifs (named PAS motifs), which re-
cruit the CPA machinery through its RNA-binding protein
(RBP) components for PAS usage. The well-characterized PAS
motifs for mammalian PAS include upstream UGUA, U-rich,
and A[A/UJUAAA (also known as the PAS hexamer), as well
as downstream UGUG, U-rich, and G-rich motifs. These PAS
motifs collectively determine the strength of a PAS, or its
general frequency of usage. In addition, other RNA motifs
and their cognate RBPs can influence the PAS usage, often
in a cell type-specific manner [3-5]. CPA is generally cou-
pled with transcriptional termination [6]. Suppression of CPA
can lead to transcriptional readthrough and expression of
downstream-of-gene (DoG) transcripts, which have been re-
ported to take place under several conditions, such as cellular
stress, viral infection, and cancer [7-9]. Moreover, PAS mo-
tif mutations have been implicated in a growing number of
human diseases [10], highlighting the importance of CPA for
gene expression.

Well over half of mammalian genes harbor multiple PAS,
resulting in expression of alternative polyadenylation (APA)
isoforms [3, 5]. Most of the APA events occur in the 3’-most
exon of a gene, leading to isoforms with variable 3’ untrans-
lated regions (3'UTRs); a sizable fraction of genes, e.g. ~20%
in humans, are located in regions upstream of the last exon.
These PAS, mostly in regions that can be removed by splicing,
could lead to intronic polyadenylation and premature tran-
scriptional termination. APA is increasingly being appreciated
as a key mechanism for gene regulation [3, 5], diversifying the
transcriptome in different cell types and under various patho-
logical and physiological conditions. Accurate and sensitive
analysis of APA isoforms is of great importance for under-
standing the mechanisms and consequences of APA and can
have diagnostic values in clinical settings [11].

PAS can be detected de novo by using the poly(A) tail infor-
mation in the complementary DNA (cDNA) sequence. RNA-
seq methods biased to the 3" end are particularly suitable for
PAS identification and expression analysis of APA isoforms,
such as QuantSeq [12] and single-cell 3’ sequencing method
from 10x Genomics [13]. However, the oligo(dT) used in
most methods could prime at internal A-rich sequences or
cause template switching, leading to incorrect PAS identifica-
tion [14-16]. It was estimated that over 20% of cDNA se-
quences in the public expressed sequence tag database are de-
rived from internal primed transcripts [14]. In contrast, meth-
ods that involve direction RNA sequencing [17, 18] and re-
verse transcription from an adapter sequence ligated to the 3’
end of poly(A)+ RNA provide bona fide poly(A) tail infor-
mation and do not have internal priming or template switch
issues [19-21]. Our lab previously developed the 3’ region ex-
traction and deep sequencing (3’'READS) method [19] and its
updated version, 3’READS+ [21], the latter of which involves
poly(A) tail trimming to ~15 bases by RNase H before 3’
adapter ligation [19, 21]. The ~15-nt A-stretch region (5'T-
stretch in sequence) in the cDNA is often long enough to sup-
port the presence of the poly(A) tail but also short enough
to avoid the homopolymer sequencing issue on the Illumina
platform.

While the importance of PAS regulation and APA isoform
expression has been increasingly appreciated in recent years,
comprehensive and accurate annotations of PAS and APA
isoforms remain severely unfulfilled. Major transcriptomics
databases, such as RefSeq [22], Ensembl [23],and GENCODE
[24], are neither comprehensive nor accurate for PAS and
APA isoform annotations. Efforts have been made to develop
databases dedicated to PAS. For example, PolyASite 2.0 [25]
annotates PAS based on 12 types of bulk 3’ seq methods,
covering a variety of species, from yeast to humans. Its lat-
est version also provides APA isoform expression informa-
tion from single-cell RNA-seq data [26]. scAPAdb is another
database that covers PAS and APA events at the single-cell
level for multiple species, including human, mouse, and sev-
eral plants [27]. More recently, PASSpedia offers a comprehen-
sive resource for PAS annotation and comparison across seven
species at single-cell resolution [28]. In addition, databases for
tissue-specific and disease-specific APA changes, such as can-
cers, have been developed to assist in APA research in patho-
logical conditions [29-30]. Moreover, collections of genetic
variant-associated APA changes have shed light on APA dif-
ferences among human populations [31-34]. These databases
provide rich information about PAS and APA isoform expres-
sion. However, falsely annotated PAS due to internal priming
and template switching are not fully addressed, despite that
computational approaches are commonly used to remove PAS
in A-rich genomic sequences. Another limitation of existing
PAS databases is that the short reads used to identify PAS lack
information about the full-length transcript, making it diffi-
cult to assign a PAS to its corresponding gene with high ac-
curacy, especially those in introns or downstream regions of
gene (named orphan PAS in this study). The advent of long-
read (LR) RNA-seq technologies, such as PacBio IsoSeq and
Oxford Nanopore (ONT) ¢cDNA or direct RNA sequencing,
can be instrumental in PAS-to-gene assignment [35, 36] and
reveal splicing and transcriptional start site information that
are coupled with PAS usage [37].

Here, we present an updated version of PolyA_DB (v4)
based on all available data generated by 3’READS+ [21]. In
addition to using a consistent data type (3’ READS+) for PAS
identification, the large number of samples ensure comprehen-
sive PAS coverage and quantitative assessment of APA isoform
expression. We incorporate current, public LR-RNA-seq data
for thorough annotation of PAS, including their assignment
to genes and APA types. LR-RNA-seq data also help vali-
date commonly used PAS and provide expression information
across tissues and cell types.

Materials and methods

3'READS+ data processing

We collected all 3’READS+ data in the public domain as well
as a few data sets that are soon to be published in research
papers by our lab. 3READS+ data were processed by us-
ing the method we previously described [21] with modifica-
tions aimed to achieve more stringent identification of PAS.
Briefly, the 5 adapter sequence of each 3’'READS+ sequence
was first removed using the Cutadapt program [38], followed
by trimming of random nucleotides (UMI sequence) and 5’
T-stretch. The remaining sequence, required to be at least 18
bases, was aligned to the reference genome (hg38 and mm10
for human and mouse, respectively) using the Bowtie2 pro-



gram [39]. Reads with mapping quality scores (MAPQ) < 10
were discarded (not including the 5" T-strech). The last aligned
position (LAP) in the genome was identified for each read, and
its downstream sequence was compared with the 5" T-stretch
trimmed from the read. If a read had >S5 bases in its §' T-
stretch that were not found in the genome, it was considered
as a PAS-supporting (PASS) read, and its LAP was considered
a cleavage site (CS). We also required each data set to have
at least 10% PASS reads of all raw reads to ensure only high-
quality samples were used. CS located within 24 nt from one
another in the genome were clustered together to address het-
erogeneous cleavage for the same PAS [40]. The CS with high-
est overall expression value (reads per million, RPM) in each
cluster was used as the representative CS of a PAS.

PAS motif annotation

PAS hexamers were identified within 40 nt upstream of
the PAS, include AAUAAA,AUUAAA, and some of their
single-nucleotide variants, including AGUAAA, UAUAAA,
CAUAAA, GAUAAA, AAUAUA, AAUACA, AAUAGA,
AAAAAG, ACUAAA, and AAAAAA (A-rich) [41]. Other
known common PAS motifs included UGUA, UAUA/AUAU,
and UUUU in the upstream region of PAS, and UGUG/GUGU,
UUUU, and GGGG in the downstream region of PAS [41].

PAS strength prediction

Nucleotide sequences flanking each PAS (120 nt upstream and
120 nt downstream) were extracted and used as the input for
prediction of PAS strength by using the deep learning model-
based method PolyaStrength [42]. We additionally normal-
ized PolyaStrength scores by using percentile-based values. As
such, each score reflects its percentile of all PAS (Main collec-
tion) in the genome.

PAS annotation by RefSeq

We used one representative RefSeq (Rep. RefSeq) transcript
per gene to annoate PAS. The selection of Rep. RefSeq fol-
lowed the following priority order: Matched Annotation from
NCBI and EMBL-EBI (MANE) Select (human only) [43] >
transcript with the largest genomic span > transcript type
(NM > XM and NR > XR) > transcript with the longest
sequence > number of exons. For protein-coding transcripts,
S'UTR, coding sequence (CDS), and 3'UTR were identified.
For non-coding transcripts, 5’-most exon, internal exon, 3'-
most exon, and intron were used for multi-exon genes. Ad-
ditionally, the PAS located within genic regions (defined by
RefSeq transcripts for each gene) but not covered by the Rep.
RefSeq transcript were labeled as the upstream or downstream
type, depending upon its location relative to the Rep. RefSeq
transcript. If a PAS was assigned to a gene by LR-RNA-seq
data (see below) but not by RefSeq data, the PAS was labeled
as “LR Only.”

Long-read RNA sequencing data processing

Human LR-RNA-seq data include ENCODE4 PacBio IsoSeq
and GTEx v9 ONT cDNA datasets [44, 45], and mouse LR-
RNA-seq data include PacBio and ONT datasets from EN-
CODE and GENCODE [44, 46]. Sequence alignments to
genomes (hg38 and mm10) were conducted by using Min-
imap2 (v2.28) [47] with settings adjusted for each sequenc-
ing technology to accommodate its specific sequencing error
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rate: -k 15 -x splice:hg for PacBio reads and -k 14 -x splice:hq
for ONT reads [47]. Aligned reads with MAPQ < 10 were
discarded by using the SAMtools (v1.15.1) [48].

PAS annotation by LR-RNA-seq data

Filtered BAM files were processed for transcript isoform dis-
covery and quantification by using IsoQuant (v3.5.0) [49].
LR-RNA-seq data from IsoQuant’s read_assignments out-
put file were used to annotate human and mouse PAS.
Transcripts with isoform assignment types in the following
types were removed: ambiguous, noninformative, inconsis-
tent/inconsistent_ambiguous, aligned to unknown chromo-
some, or not specified for strandedness. The transcript end site
(TES) for each LR sequence was identified and compared to
PAS in PolyA_DB v4 (Max collection), allowing £+24-nt flex-
ibility. The PAS matched with LR TES constituted the Main
collection of PolyA_DB v4.

PAS typing by the 3'-most exon zone

For LR-RNA-seq data, we used a 3’-most exon zone (TEZ)-
based PAS typing method, which allows more precise subtyp-
ing of APA isoform using the last exon of each LR-RNA-seq
sequence. The TEZ of each gene was defined by clustering
all last exons of RefSeq transcripts. PAS located upstream or
downstream of TEZ are indicated.

PAS expression

To evaluate the expression level of each PAS, we used two
metrics, i.e. percent of samples with expression (PSE) and av-
eraged reads per million (AvgRPM) of PASS reads across sam-
ples (only those with expression were included for calcula-
tion). As such, the total mean expression level for a PAS across
all samples can be derived from AvgRPM/PSE.

Database content

PAS collections based on 3’READS+ data

We used 364 human and 451 mouse 3’'READS+ data sets
in this study, representing all data in the public domain
as well as some unpublished 3'READS+ data (Fig. 1A and
Supplementary Table S1). 3’READS+ is a 3’ end-based RNA-
seq method developed in our lab for PAS identification and
quantification [21]. The human samples included primary
cells, tissues, and cell lines, and the mouse samples included
tissues and cell lines (Supplementary Table S1). Compared
with polyA_DB v3.2 [50], polyA_DB 4 has a 3.4-fold increase
in human sample number and a 6.4-fold increase in human
PAS-supporting (PASS) read number; for the mouse genome,
the increase in sample number and PASS read number are 1.8-
fold and 3.1-fold, respectively, over PolyA_DB v3.2. In total,
we identified 1429 829 human PAS and 1 346 135 mouse PAS
that were supported by at least three samples (Table 1 and Fig.
1B). These PAS display canonical nucleotide profiles in their
flanking sequences (Supplementary Fig. 1A and C) [3].

PAS validation and annotation by LR-RNA-seq data
To validate the PAS using LR-RNA-seq data, we matched LR
TES with PAS in PolyA_DB, allowing 24-nt flexibility in dis-
tance. In total, 20% of the Max collection PAS matched LR
TES. Notably, ~10%-20% of LR TES did not match our PAS,
suggesting 3’ end artifacts caused plausibly by internal prim-
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Figure 1. Overview of PolyA_DB v4. (A). Schematic of development of PolyA_DB v4 and its data flow. (B) Venn diagrams comparing PAS from PolyA_DB
v4 (Max and Main collections shown separately) and PolyA_DB v3.2. Both human (top) and mouse (bottom) data are shown. The percentages of
conserved PAS across human, mouse, and rat are indicated for different PAS groups.

Table 1. Summary of PolyA_DB v4

Species Human Mouse
No. of 3’ READS+ samples used 364 451
No. of PAS-supporting 3’ READS+ 2320997056 2322684599
reads used

No. of LR-RNA-seq samples used 227 165
No. of PAS-supporting long reads 347441037 318856685
used

No. of PAS in the Max collection 1429829 1346135
No. of conserved PAS in the Max 143303 164720
collection

No. of PAS in the Main collection 281091 251177
No. of conserved PAS (Main 70139 84094
collection)

No. of PAS assigned to gene (Main 276956 237488
collection)

No. of protein-coding genes with 17575 18091
PAS (Main collection)

No. of IncRNA genes with PAS 12628 6872

(Main collection)

ing or template switching (Supplementary Fig. 1B and D).
Importantly, the LR-RNA-seq data connected many PAS in
introns or in downstream regions of genes (or orphan PAS,
~15% of all PAS) to RefSeq-annotated exons. To assign PAS
to genes, we applied two strategies (Figs 1A and 2A). The first
method assigned a PAS to a gene through the Rep. RefSeq
transcript if the PAS is within the genomic span of the tran-
script (Fig. 2A). Using this approach, we identified 236 069
gene-linked PAS and 45022 intergenic PAS in the human
genome, including 9220 PAS assigned to more than one gene.
In mouse, we obtained 195 647 gene-linked PAS and 55 530
intergenic PAS, of which 2923 PAS were assigned to multiple
genes. The second approach was based on all RefSeq tran-
scripts supplemented with LR-RNA-seq data (Fig. 2A). If a
PAS was matched with the TES of a LR, the LR sequence was
used to find the corresponding gene. Specifically, we used 135
PacBio IsoSeq samples from 18 ENCODE tissue types and 92
Oxford Nanopore samples from 10 GTEx tissue types for hu-

mans (Supplementary Tables 2 and 3) and 165 PacBio and
ONT samples for mice (Supplementary Tables 4 and 5). This
strategy yielded 281 091 human and 251 177 mouse PAS sup-
ported by LR-RNA-seq data, which constiute the Main col-
lection of PolyA_DB v4 (Fig. 1B and Table 1). Notably, by us-
ing the LR-RNA-seq data, many intergenic PAS defined by the
Rep. RefSeq strategy were found to be part of a gene (Fig. 2B)
and PAS belonging to genes nested within other genes (host
genes) were distinguished from intronic PAS of the host genes.

PAS expression

PolyA_DB v4 catalogs PAS expression in several ways. First,
the PSE and AvgRPM (only across samples with expression)
were calculated by using all 3’ READS+ samples. Second, we
calculated PSE and AvgPRM by using LR-RNA-seq datasets.
This multi-pronged approach could provide robust expression
information on APA isoforms. We found that these expression
metrics were well correlated (Fig. 3A and B), supporting the
quantitativeness of both 3’READS+ data and LR-RNA-seq
data.

PAS strength

To facilitate the evaluation of PAS strength, we used the deep-
learning model-based program PolyaStrength [42] to generate
a PAS strength score for each PAS and normalized the score
using all PAS in the Main collection. Briefly, a PolyaStrength
score was first generated for each PAS using its surrounding
sequence (+120 nt). We then derived percentile values of all
PAS in the Main collection. These percentile values were used
to normalize all PAS in the Max collection. Notably, our nor-
malized PAS strength scores were well correlated with PAS ex-
pression levels based on PSE (Fig. 3C). In addition, conserved
PAS displayed higher normalized strength scores than non-
conserved ones (Fig. 3D), indicating that conserved and highly
expressed PAS tend to be surrounded by strong PAS motifs in
cannonical configurations.
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Figure 2. PAS annotation. (A) Schematic of PAS annotation. Gene span (gray) is based on all RefSeq transcripts. PAS annotation is based on
representative RefSeq (Rep. RefSeq) transcript or the 3'-most exon zone (TEZ) composed of all last exons of RefSeq transcripts. The TEZ is used to
annotate the last exon of each LR sequence. Orphan sites are PAS that cannot be connected with exonic regions defined by RefSeq transcripts.
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indicated.

PAS motifs

We annotated potential, regulatory motifs in surrounding re-
gions of each PAS, including UGUA, UUUU, and PAS hex-
amers in the upstream region and UGUG/GUGU, UUUU, and
GGGG in the downstream region. The identified PAS motifs
could provide users information about potentially functional
motifs and their configurations around each PAS.

PAS collection comparisons

The Max collection contains all PAS identified by 3’ READS+
datasets, whereas the Main collection represents a subset of
Max that were validated by LR-RNA-seq. The two datasets
differ greatly in sample sources and sequencing depths (Ta-
ble 1 and Supplementary Tables 1-5). Therefore, whereas the
Max collection is comprehensive, the Main collection is more
selective. Consistently, compared to the Max collection, the
Main collection exhibits more canonical nucleotide profiles
in surrounding regions (Supplementary Figs. 1A and C) and
higher expression levels (Supplementary Fig. 1E).

We found that ~80% and ~47% of human PAS in
PolyA_DB v3.2 (identified by using 3’'READ datasets) [50]
were in the Max and Main collections of PolyA_DB v4, re-
spectively (Fig. 1B). In addition, 42% of human PAS in Poly-

ASite 2.0 [25] were present in PolyA_DB v4. About 130K PAS
were shared by PolyA_DB v4 (Main collection) and PolyA_DB
v3.2 or PolyASite 2.0, with an additional ~100K shared
between the Max collection and PolyA_DB v3.2 or PolyA-
Site 2.0 (Fig. 1B and Supplementary Fig. 3A and B). Impor-
tantly, the PAS common to multiple PAS databases display
more canonical nucleotide profiles in surrounding regions
(Supplementary Fig. 3C and D) and tended to exhibit higher
expression levels (Supplementary Figs 2 and 3E). Therefore,
the PAS unique to each of the databases are generally lowly
expressed and are less likely to have canonical surrounding
motifs.

Data access and website interface

Data in PolyA_DB v4 are stored in a relational database that
was implemented with SQLite. The interactive web interface
was built with PHP (URL: https://exon.apps.wistar.org/polya_
db/v4/). Queries can be made by using a RefSeq gene symbol
or ID, or Ensembl gene ID. Four data tables are shown on the
web page, as described below.

Gene summary table contains information about gene, in-
cluding gene symbol, gene ID (RefSeq and Ensembl), gene
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Figure 3. PAS expression, conservation and strength. Correlation of human (A) or mouse (B) PAS expression values, including PSE and averaged RPM
(AvgRPM, log,) across 3'READS+ and LR-RNA-seq samples (ENCODE PacBio and GTEx ONT). Spearman correlation coefficients (p) and Pearson
correlation coefficients (1) are shown in the upper and lower triangles, respectively, by using the color scheme indicated in the figure. (C) Boxplot
showing the relationship between 3’'READS+ PSE and normalized PolyaStrength scores. (D) Boxplots showing normalized PolyaStrength scores of PAS

conserved in mammals and those not conserved.

name, gene type, genomic span based on all RefSeq transcripts,
representative (Rep.) RefSeq transcript ID and its genomic
span, the 3’ most exon zone (TEZ), last PAS based on Ref-
Seq, and number of PAS identified for the gene. Orthologous
genes (among human, moue, and rat) based on the Homolo-
Gene database from NCBI are also shown. A UCSC Genome
Browser [51] link is provided for visualization of the gene and
its PAS.

PAS summary table lists all PAS assigned to a gene by us-
ing RefSeq and/or LR-RNA-seq data. For each PAS, its unique
ID (PAS_ID) is based on genomic location, including chromo-
some, strand, and position. PAS type based on Rep. RefSeq is
presented. For protein-coding genes, PAS types include 5'UTR,
CDS, 3'UTR, and intron; for IncRNA genes, PAS types in-
clude single exon, or §’-most exon, internal exon, intron, and
3’-most exon for multi-exon genes. PAS types based on both
RefSeq and LR-RNA-seq include TEZ (inside of), upstream of
TEZ, and downstream of TEZ. Also shown are PAS conserva-
tion (between human, mouse, and rat), PAS hexamer sequence,
predicted PAS strength, and the number of associated genes.
A UCSC Genome Browser [51] link is provided for each PAS.

In addition, PAS motif table displays upstream and down-
stream sequences for each PAS, respectively, with common
motifs highlighted in bold. PAS expression table summarizes
PAS expression based on both 3’'READS+ and LR-RNA-seq
data sets, using PSE and AvgRPM as metrics.

PolyA_DB data are also accessible via the UCSC Genome
Browser [51] through a public hub (hyperlinked on PolyA_DB
v4 homepage). Both Max and Main PAS collections can
be visualized through UCSC Genome Browser [51]. PSE
and AvgRPM are shown as peaks, and TEZ information
is also displayed. Data download of tab-delimited data
is available at https://exon.apps.wistar.org/polya_db/v4/misc/
download.php.

Summary and future directions

Here, we present PolyA_DB v4, an updated version of
PolyA_DB [52]. The new version is built upon comprehen-
sive and accurate PAS identification by using 3’'READS+ data
from a large number of samples and thorough PAS annotation
by using several public LR-RNA-seq datasets. The database
vastly expands PAS collections by 4.9-fold for human and 3.5-
fold for mouse over the previous version (v3.2). PASS reads
are based solely on the 3’'READS+ data, ensuring data consis-
tency and minimizing false positives caused by internal prim-
ing and template switching. The database also includes PAS
expression information based on both 3’READS+ and LR-
RNA-seq data as well as information about PAS conservation
across human, mouse, and rat. Putative motifs surrounding
the PAS are annotated, and the PAS strength is predicted by
using the PolyaStrength program [42]. In sum, PolyA_DB v4


https://exon.apps.wistar.org/polya_db/v4/misc/download.php

provides a rich resource for PAS and APA isoform information
in mammalian genomes.

Future development of the database would include addi-
tional species for greater understanding of PAS evolution, APA
isoform expression across cells and tissues under various phys-
iological and pathological conditions as well as in different
human populations using bulk RNA-seq and scRNA-seq data,
and in-depth annotations of APA isoforms in relation to tran-
scriptional start sites and splicing events.
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