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A compendium of conserved cleavage and
polyadenylation events in mammalian genes

Ruijia Wang,'-? Dinghai Zheng,'? Ghassan Yehia,> and Bin Tian'-?

" Department of Microbiology, Biochemistry and Molecular Genetics, Rutgers New Jersey Medical School, Newark, New Jersey 07103,
USA; 2 Rutgers Cancer Institute of New Jersey, Newark, New Jersey 07103, USA; 3Genome Editing Core Facility, Rutgers University,

New Brunswick, New Jersey 08901, USA

Cleavage and polyadenylation is essential for 3’ end processing of almost all eukaryotic mRNAs. Recent studies have shown
widespread alternative cleavage and polyadenylation (APA) events leading to mRNA isoforms with different 3 UTRs and/
or coding sequences. Here, we present a compendium of conserved cleavage and polyadenylation sites (PASs) in mammalian
genes, based on approximately 1.2 billion 3’ end sequencing reads from more than 360 human, mouse, and rat samples. We
show that ~80% of mammalian mRNA genes contain at least one conserved PAS, and ~50% have conserved APA events.
PAS conservation generally reduces promiscuous 3’ end processing, stabilizing gene expression levels across species.
Conservation of APA correlates with gene age, gene expression features, and gene functions. Genes with certain functions,
such as cell morphology, cell proliferation, and mRNA metabolism, are particularly enriched with conserved APA events.
Whereas tissue-specific genes typically have a low APA rate, brain-specific genes tend to evolve APA. In addition, we show
enrichment of mRNA destabilizing motifs in alternative 3’ UTR sequences, leading to substantial differences in mRNA
stability between 3’ UTR isoforms. Using conserved PASs, we reveal sequence motifs surrounding APA sites and a prefer-
ence of adenosine at the cleavage site. Furthermore, we show that mutations of U-rich motifs around the PAS often accom-
pany APA profile differences between species. Analysis of INcCRNA PASs indicates a mechanism of PAS fixation through
evolution of A-rich motifs. Taken together, our results present a comprehensive view of PAS evolution in mammals, and

a phylogenic perspective on APA functions.
[Supplemental material is available for this article.]

Cleavage and polyadenylation is an essential step for 3" end matu-
ration of almost all mRNAs in eukaryotes (Shi and Manley 2015;
Proudfoot 2016). The site of cleavage, also known as poly(A) site
(PAS), is defined by surrounding sequence motifs, which vary in
different phylogenic groups (Tian and Graber 2012). In mammals,
upstream motifs include the UGUA motif, A[A/UJUAAA hexamers
or their variants, and U-rich motifs; downstream motifs include U-
rich, UGUG, and G-rich motifs (Hu et al. 2005). In contrast, fewer
and more degenerate motifs are present in yeasts (Graber et al.
1999; Mata 2013; Schlackow et al. 2013; Liu et al. 2017). PAS motifs
function in a concerted fashion to define the strength of the PAS
(Cheng et al. 2006), and potent downstream motifs can compen-
sate weak upstream motifs (Nunes et al. 2010). Mutations of PAS
motifs have been implicated in human diseases (Higgs et al.
1983; Bennett et al. 2001; Graham et al. 2007; Prasad et al. 2013;
Hollerer et al. 2014), highlighting the importance of 3’ end pro-
cessing for gene expression.

Recent genome-wide studies estimated that 50%-80% of eu-
karyotic mRNA genes harbor alternative cleavage and polyaden-
ylation (APA) sites, leading to mRNA isoforms (Shepard et al.
2011; Derti et al. 2012; Hoque et al. 2013). APA sites in 3’ UTRs
lead to isoforms with different 3" UTR lengths. Because the 3’
UTR is a hotbed for regulatory elements involved in post-transcrip-
tional control of gene expression, such as miRNA target sites and
binding sequences for various RNA-binding proteins (RBPs), APA
can modulate aspects of mRNA metabolism, including stability,
translation, and localization (Mayr 2016; Tian and Manley
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2017). In addition, a sizable fraction of APA sites are located in re-
gions upstream of the last exon, resulting in APA isoforms with dif-
ferent coding sequences (Tian et al. 2007). APA profiles vary in
different tissues and cell types (Zhang et al. 2005; Wang et al.
2008; Lianoglou et al. 2013; Sanfilippo et al. 2017). For example,
transcripts in brain tend to have long 3’ UTRs, whereas those in tes-
tis show the opposite trend (Zhang et al. 2005; Li et al. 2016;
Sanfilippo et al. 2017). In addition, APA can be globally regulated
in cell proliferation, differentiation, and development, as well as in
response to various environmental cues (Tian and Manley 2017).
Both sequence motifs and protein factors have been shown to im-
pact APA under different conditions (Zheng and Tian 2014; Xiao
et al. 2016; Cannavo et al. 2017).

Recent transcriptomic studies revealed widespread expression
of long noncoding RNAs (IncRNAs, >200 nt) (Derrien et al. 2012;
Hon et al. 2017). Although IncRNAs are typically expressed at
low levels, they are believed to play important roles in the cell, es-
pecially for regulatory events in the nucleus (Wu et al. 2017). Some
IncRNAs are transcribed from standalone genes with their own
promoters, also known as long intergenic ncRNA (lincRNA) genes;
some are generated from divergent promoters that also drive the
transcription of RNAs in the opposite direction, also known as
PROMoter uPstream Transcripts (PROMPTs) or upstream antisense
RNAs (uaRNAs); some are generated from enhancer regions,
known as eRNAs (Lam et al. 2014; Rothschild and Basu 2017).
Although it is generally believed that most, if not all, IncRNAs
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employ PASs for 3" end maturation and transcriptional termina-
tion, their PAS motifs have not been extensively analyzed.

As 3’ end sequencing efforts advance and method sensitivity
improves, an increasing number of PASs have been identified in
genomes, posing the question as to what fraction of the PASs are
functionally important. Here, we comprehensively map PASs in
human, mouse, and rat genomes through 3’ end sequencing of
more than 360 samples, totaling approximately 1.2 billion PAS
reads. We identify and analyze conserved PASs of different types
in mRNA and IncRNA genes. We examine the relevance of PAS
conservation to gene expression and impacts of conserved APA
on 3’ UTR motifs for post-transcriptional regulation, focusing on
mRNA stability. We uncover sequence motifs around different
types of APA sites, examine the influence of their mutations on
APA changes, and reveal an evolutionary path to PAS fixation.

Results

PAS conservation in human, mouse, and rat genomes

To understand PAS conservation in mammals, we set out to com-
prehensively map PASs in human, mouse, and rat genomes with 3’
end sequencing methods our laboratory recently developed, i.e., 3’
region extraction and deep sequencing (3’'READS) (Hoque et al.
2013) or its updated version 3'READS+ (Zheng et al. 2016). These
two methods eliminate the internal priming issue that plagues
the 3’ end sequencing methods utilizing oligo(dT) for reverse tran-
scription (Nam et al. 2002). As such, PASs located in A-rich regions
can be unequivocally identified (Zheng et al. 2016). We used RNAs
from a wide variety of cell and tissue types, totaling 364 samples
(Supplemental Table S1). Overall, we obtained approximately 1.2
billion PAS-containing reads (or PAS reads) for the three species
(Supplemental Table S1) and identified 290,168, 384,337, and
61,905 PASs in human, mouse, and rat genomes, respectively.
The differences in PAS number between species are due mainly
to variable numbers of 3'READS/3'READS+ reads used for mapping
(Supplemental Table S1). This data set, available through the
PolyA_DB database (http://polya-db.org/v3) (Wang et al. 2018),
represents the most comprehensive PAS collection for mammals
to date.

Using pairwise genome alignments and reciprocal best
matches between species (Fig. 1A; Methods), we identified
46,022 mammal-conserved PASs (conserved between human and
mouse or rat genomes), accounting for 11.3%-31.6% of the total
sites in each of the three species (Fig. 1B). An additional set of
15,887 PASs were found conserved between mouse and rat only,
accounting for 4.1% and 25.1% of total sites in mouse and rat, re-
spectively. To determine whether we had sufficient amounts of
sequencing reads to identify all conserved PASs, we carried out
random sampling of data with different numbers of reads
(Supplemental Fig. S1). We found that although human and
mouse data were sufficient to cover most conserved PASs in these
two species (Supplemental Fig. S1A), rat data were not (Supple-
mental Fig. S1B,C). Therefore, mammal-conserved PASs were de-
fined mostly by human and mouse data, and rat data were used
mainly for comparison with mouse for APA regulation (see
below).

Using RefSeq and Ensembl databases (Methods), we classified
PASs into genes. To improve 3’ end definition of genes, we used
RNA-seq data from the ENCODE project to connect PASs with an-
notated genes (Methods). On average, 53.1%-60.4% of the PASs of
each species were assigned to mRNA, and 0.5%-13.2% to IncRNA

genes (Supplemental Fig. S2A). An additional 12.1%-19.3% of
PASs were within or near a transposable element (TE) (Supplemen-
tal Fig. S2A), and the rest were considered either as intergenic or
other (from pseudogenes or overlapping genes) PASs. As expected,
mRNA PASs account for most of the PAS reads in each genome
(83.5%-88.0%) (Supplemental Fig. S2B), consistent with their
higher expression levels than other transcript types.

Based on mammal-conserved PASs, we found that mRNA
genes displayed greater PAS conservation than IncRNA genes by
2.8- to 5.6-fold (human and mouse only) (Fig. 1C). Overall,
73.1%-82.7% of the human and mouse mRNA genes contained
at least one conserved PAS, and 45.6%-53.5% contained multiple
conserved PASs (Fig. 1D). In contrast, 13.7%-17.1% of IncRNAs
had at least one conserved PASs, and 5.1%-5.5% had multiple con-
served PASs (Fig. 1D). PASs in intergenic regions were much less
conserved than genic PASs (Fig. 1C), and TE-associated PASs,
which are often species-specific, were least conserved across mam-
mals (Fig. 1C).

Multiple PASs in the last exon (LE) often lead to mRNA iso-
forms with different 3’ UTR lengths, whereas PASs in an upstream
region (UR) of LE could additionally change the coding sequence
(Fig. 1E). We found that LE PASs outnumbered UR PASs by 1.4-
to 2.6-fold in site (Supplemental Fig. S2A), and 12.5- to 20.2-fold
in read number (Supplemental Fig. S2B). In addition, LE PASs
were 3.6- to 4.0-fold more likely to be conserved than UR PASs
(Fig. 1F). Overall, 40.1%-46.3% of human and mouse mRNA
genes had conserved APA events in the last exon (Fig. 1G), and
16.6%-20.8% had conserved upstream region APA (Fig. 1G),
with 11.4%-13.6% of genes having conserved events of both types
(Fig. 1G). In summary, our comprehensive mapping of conserved
PASs indicates that although a large fraction of mammalian PASs
vary across species, PASs in mRNA genes, especially those in the
last exon, are quite well conserved. Similar patterns were observed
with the rat data (Supplemental Fig. S3).

Genes with conserved APA events

We next asked whether genes with conserved APA had distinct fea-
tures. In view of our previous finding implicating a correlation be-
tween gene age and the frequency of APA sites (Lee et al. 2008), we
classified mammalian genes in “old” or “new” groups, based on
whether or not a gene had an ortholog in zebrafish (Methods).
We found that old genes were about 2.3 times more likely to
have conserved APA events than new genes (P=7.0x10715, y?
test) (Fig. 2A). A similar trend was observed using more detailed
grouping of genes into Eukaryota, Eumetazoa+ Opisthokonta,
Vertebrata, and Mammalia groups, based on gene classification
by Liebeskind et al. (Supplemental Fig. S4A; Liebeskind et al.
2016). Therefore, gene age is an important determinant of APA
conservation, suggesting that APA events are generally selected
for in evolution.

We next examined the relationship between APA conserva-
tion and gene expression features. Using ENCODE RNA-seq data
(GSE36026) from 22 mouse tissues (Mouse ENCODE Consortium
et al. 2012), we observed that genes with high expression levels
overall (Fig. 2B) or with low variation across tissues (Fig. 2C) tended
to have conserved APA events (P< 1.0 x 107°, x? test comparing top
and bottom groups) (Fig. 2B,C). These results were corroborated
with human gene expression data from the GTEx project
(Supplemental Fig. S4B,C; GTEx Consortium 2017). These find-
ings appear in line with an earlier study that indicated that ubiqui-
tously expressed genes are more likely to have APA sites than
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Figure 1. Mapping and statistics of conserved PASs in mammals. (A) Mapping PASs in human, mouse, and rat genomes using 3'READS or 3'READS+ data,

and identification of conserved PASs using the reciprocal best-match method.

(B) Percentage of PASs conserved in human, mouse, and rat genomes. Two

types of conservation are shown, i.e., conserved in mammals (human versus mouse or rat) and conserved in rodents only. Total number of PASs mapped for
each species is shown. (C) Percentage of conserved PASs of different gene groups. The number of PASs in each group is indicated. The “other” group con-
tains PASs from overlapping genes (on the same strand) and pseudogenes. (D) Percentage of mRNA or IncRNA genes with conserved PASs. The average
number of PASs per gene (with or without conservation in mammals) is indicated. (E) APA sites in different loci of an mRNA gene. The sites are grouped into
last exon (LE) or upstream region (UR). (F) Percentage of conserved UR and LE PASs of mRNA genes. (G) Percentage of genes with conserved APAssites in UR,
LE, or both; UR APA conservation requires a gene to contain at least one conserved UR PAS, and LE APA conservation requires a gene to contain at least two

conserved LE PASs.

tissue-restricted genes (Lianoglou et al. 2013). Indeed, using
PaGenBase database to define the breath of gene expression
(Methods; Pan et al. 2013), we also found that broadly expressed
genes had a higher rate of APA conservation than narrowly ex-
pressed genes (Fig. 2D). However, we additionally found that genes
enriched for some tissues, such as brain, were actually more likely
to have conserved APA than genes enriched for some other tissues,
such as liver and kidney in both mice (P<5.0 x 10773, 2 test) (Fig.
2E) and humans (P< 5.0 x 10725, respectively, x? test) (Supplemen-
tal Fig. S4D), indicating that the tissue type in which a gene is
mainly expressed also influences APA conservation.

We found a set of Gene Ontology (GO) terms (biological pro-
cesses) were significantly enriched for genes with conserved APA,
falling largely into three groups, namely, cell morphology (such

as “cell morphogenesis” and “cytoskeleton organization”), cell
proliferation (such as “cell cycle” and “growth”), and mRNA
metabolism (such as “mRNA processing” and “translation”) (Fig.
2F). In contrast, only “immune system process” and “transmem-
brane transport” were found to be enriched for genes without
conserved PASs (Fig. 2F). Transmembrane transport was also
enriched for genes with only one conserved PAS with mild signifi-
cance (Fig. 2F). Because genes involved in immune system process
and transmembrane transport tend to evolve rapidly (Sojo et al.
2016), our GO data indicate that evolution of the 3’ end is con-
nected to that of the coding region. Taken together, our result re-
veals three gene features acting as phylogenetic pressures on APA
conservation, i.e., gene age, expression pattern, and biological
functions.

Genome Research 1429
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Features associated with mRNA genes with conserved APA. (A) Percentage of genes with conserved PASs in old and new genes. Old genes are

mammalian genes with orthologs in zebrafish, and new genes are those without. (B) PAS conservation versus gene expression levels using mouse RNA-seq
data. Genes were divided into four groups based on expression levels (average transcripts per million [TPM]) across 22 mouse tissues. (C) PAS conservation
versus variation of gene expression levels. Genes were divided into four groups based on the coefficient of variation of expression levels across 22 mouse
tissues. (D) PAS conservation versus breadth of gene expression (defined by the PaGenBase database). (£) PAS conservation for genes with tissue-specific
expression (defined by the PaGenBase database; only tissues with more than 50 specific genes are shown). (F) Gene Ontology (GO) terms enriched for
genes with different types of PAS conservation. P-values are shown in a heatmap using the indicated color scheme. Significance of difference between dif-
ferent groups in A-E are indicated: (***) P<0.001 (x? test). Only mouse data are shown in this figure.

Impacts of conserved PASs on 3’ UTR motifs

Most APA events of mRNA genes take place in 3’ UTRs located in
the last exon (Supplemental Fig. S2A). To further analyze this
group of APA, we divided 3’ UTR PASs into four types based on
their relative locations: first (F), middle (M), and last (L) PASs
when multiple 3" UTR PASs existed (no M if only two conserved
sites), or single PAS (S) when there was only one PAS (Fig. 3A). In
mouse mRNA genes, S-type PASs had the highest conservation lev-
el than other types (46.7% were mammal conserved) (Fig. 3B),
highlighting their functional importance, perhaps for termination
of transcription. F-, M-, and L-type PASs displayed similar conser-
vation levels, with ~30% being conserved across mammals (Fig.
3B). These trends were similar in human and rat genes (Supple-
mental Fig. S5A).

The region between the firstand last PASs is subject to APA reg-
ulation (Fig. 3A). For simplicity, it is named alternative 3’ UTR
(aUTR). The median aUTR size between first and last conserved
PASswas 957 ntand 918 ntin mouse and human genes, respective-
ly (Fig. 3C). Importantly, the aUTR size was highly correlated be-
tween the two species (r=0.99) (Fig. 3C, left). The region between
the stop codon and the first conserved PAS was named common

UTR (cUTR), because of its omnipresence in all 3" UTR isoforms
(Fig. 3A). Although the cUTR size was also conserved between hu-
man and mouse genes (median =284 nt and 282 nt in mouse and
human genes, respectively; r=0.89) (Fig. 3C, right), no correlation
was discernable between aUTR and cUTR sizes in the same gene (r=
—-0.07) (Fig. 3D). Using phastCons scores to reflect sequence con-
servation levels, we found that the aUTR sequences flanked by
two conserved PASs were much more conserved than sequences
flanked by nonconserved PASs (P=6.6 x 107°7, Kolmogorov-Smir-
nov [K-S] test) (Fig. 3E). Similar results were also obtained in mouse
versus rat comparisons (Supplemental Fig. SS5B-D).

We found that conserved aUTRs tended to have significantly
higher uridine (U) and adenosine (A) frequencies than conserved
cUTRs (30.4% versus 28.6% for U, and 27.1% versus 26.4% for A;
P<1.0x10719; 2 test) (Fig. 3F). Consistently, A-rich and U-rich
tetramers were highly enriched in conserved aUTRs, with the top
five being UUUU, UAAA, AUUU, AAAU, and UUAA (Supplemental
Fig. S6A; Supplemental Table S2). In contrast, the conserved cUTRs
had higher cytidine (C) and guanosine (G) frequencies (P<2.1 x
1078, 2 test) (Fig. 3F), and the top tetramers were CCCC, GCCC,
GGAC, CCAG, and GGCC (Supplemental Fig. S6A; Supplemental
Table S2). Because U-rich and C-rich motifs had been implicated
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Figure 3. Conserved aUTRs. (A) Different types of PASs in the 3’ UTR: (S) single; (F) first; (M) middle; (L) last. As indicated, the region before the first PAS in
a 3’ UTR is named common UTR (cUTR), and the region after is alternative UTR (aUTR). (B) Conservation of different types of 3 UTR PASs: (**) P<0.01 (32
test). (C) Correlation of aUTR length (left) or cUTR length (right) between human and mouse genes. A total of 6706 orthologous genes with conserved 3’
UTR APA are included. 3’ UTRs are divided into aUTRs and cUTRs using the first conserved and last conserved PASs (mammal conserved). Median length
value for each species and Pearson correlation coefficient are indicated. (D) Comparison of conserved cUTR size and aUTR size of mouse genes. Pearson
correlation coefficient is indicated. (£) Cumulative Distribution Fraction (CDF) curves of phastCons scores of conserved aUTRs versus nonconserved aUTRs.
Nonconserved aUTRs are those between the first and last 3’ UTR PASs from genes without any mammal-conserved 3’ UTR PASs. (F) Nucleotide frequencies
of conserved aUTRs and cUTRs (mouse sequences): (***) P<0.001 (% test). (G) Comparison of tetramers enriched in aUTRs versus cUTRs (x-axis) and those
enriched for stable versus unstable transcripts in NIH3T3 cells (y-axis). Enrichment score is based on Fisher’s exact test (Methods). Pearson correlation co-
efficient (r) is shown. Top enriched tetramers are indicated. (H) Comparison of mRNA stability between proximal PAS and distal PAS isoforms in NIH3T3
cells. Stability score is based on log,(ratio) of preexisting RNA to newly made RNA (Methods). SS genes (short 3 UTR isoform significantly more stable than
long 3’ UTR isoform) and LS genes (long 3’ UTR isoform significantly more stable than short 3’ UTR isoform) are highlighted. Significance is based on two
replicates (Methods). (/) Ratio of gene number (SS genes versus LS genes) versus aUTR size. Genes are divided into five groups based on the aUTR size (range
indicated): (*) P<0.05; (**) P<0.01; (n.s.) not significant (x test).

in destabilizing and stabilizing mRNAs, respectively (Lee et al. on motif enrichment scores (Methods), motifs enriched for aUTRs
2010), our result suggested that conserved aUTRs and cUTRs can were also enriched for unstable transcripts, and those for cUTRs
play opposing roles in mRNA stabilization. To examine this hy- were enriched for stable transcripts (Fig. 3G). Consistently, using
pothesis, we performed a motif enrichment analysis using the our isoform-specific mRNA stability data of NIH3T3 cells (Zheng

mRNA stability data we recently generated with mouse NIH3T3 et al. 2018), we found that short 3" UTR isoforms of a gene
cells (Supplemental Fig. S6B; Zheng et al. 2018). Indeed, based were much more likely to be more stable than long isoforms by
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8.2-fold (Fig. 3H). Significantly, the longer the aUTR size, the more
likely a short isoform was more stable than a long isoform (Fig. 3I).
For example, for genes with an aUTR size >1642 nt, the bias in
stability was ~60-fold, whereas those with an aUTR size <119 nt,
the bias was 1.9-fold (Fig. 3I). Importantly, this trend was more ob-
vious with conserved APA isoforms than nonconserved ones, espe-
cially for genes with long aUTRs (Fig. 3I).

Metazoan 3’ UTRs contain miRNA target sites that exert post-
transcriptional controls of gene expression (Bartel 2009). We
found that genes with conserved APA tended to have significantly
more miRNA target sites overall (P<6.0x107%, x? test) (Supple-
mental Fig. S6C) and a higher target site density (Supplemental
Fig. S6D) compared with genes with only one conserved PAS or
no conserved PAS (Supplemental Fig. S6C,D). Conserved aUTR se-
quences harbored 2.3 times as many miRNA target sites as con-
served cUTR sequences (Supplemental Fig. S6C), despite having a
lower density by 34.5% (Supplemental Fig. S6D). This result indi-
cates that conserved APA events can have a substantial impact
on the presence or absence of miRNA target sites in transcripts.
In addition, we found that target sites of highly conserved miRNA
families (103 in total) had a greater propensity to be in conserved
aUTRs than those of moderately conserved families (114 in total;
P=5.2x107°, K-S test) (Supplemental Fig. S6F), indicating con-
comitant evolution of aUTRs and miRNAs. Taken together, our
data indicate that conserved aUTRs can substantially alter se-
quence motifs in 3’ UTRs.

Sequence motifs surrounding conserved PASs

Previous studies indicated that proximal and distal PASs are sur-
rounded with different sequence motifs (Tian et al. 2005). We rea-
soned that functional motifs could be better defined using
conserved proximal and distal PASs, which are under purifying
selection. To this end, we compared first and last conserved 3’
UTR PASs—named proximal and distal PASs, respectively—to
identify respective motifs. Overall, proximal and distal PASs had
similar nucleotide profiles (+100 nt around the PAS) (Fig. 4A).
Using an approach similar to the Polyadenylation-Related Oligo-
nucleotide Bidimensional Enrichment (PROBE) method we previ-
ously developed (Hu et al. 2005), we generated two values for each
tetramer, Z,, for observed occurrence versus expected occurrence,
reflecting the significance of enrichment in the PAS region, and
Zg for difference between distal and proximal PASs (Methods;
Fig. 4B).

We examined four regions around the PAS, namely, —100 to
—41 nt, —40 to —1 nt, +1 to +40 nt, and +41 to +100 nt, with the
PAS set at position O (Fig. 4B; Supplemental Table S3). The motifs
enriched for distal PASs compared to proximal PASs included
UGUA and UA-rich motifs in the —-100 to —41 nt region,
AAUAAA (UAAA, AAUA, and AUAA) in the —40 to —1 nt region,
UGUG (UGUG and GUGU) and GUCU (GUCU, UCUG, and
UGUC) motifs in the +1 to +40 nt region, and G-rich motifs
(GGAG, GGGC, GAGQG) in the +41 to +100 nt region. In contrast,
proximal PASs had G/C-rich motifs enriched in the upstream re-
gion of PAS, and U-rich, A-rich, and UA-rich motifs in the down-
stream region (Fig. 4B; Supplemental Table S3). In addition, both
proximal and distal PASs had similar enrichments of U-rich motifs
in the —40 to —1 nt region (Fig. 4B). Because the motifs enriched
for distal PASs are generally considered to be enhancing elements
for PAS usage (Hu et al. 2005; Shi and Manley 2015), this result
(Fig. 4C) indicates that distal PASs in general are stronger than
proximal PASs. This notion was also supported by expression anal-

ysis of APA isoforms. Using the percentage of samples with expres-
sion (PSE) and average reads per million across samples to reflect
PAS usage levels (Fig. 4D), we found that isoforms using the last
conserved PASs were expressed at much higher levels than those
using the first conserved PASs (Fig. 4D). In addition, we found
that conserved S-type PASs (the sole conserved PAS in 3’ UTR)
showed greater similarities in surrounding motifs to distal PASs
than to proximal PASs (for correlation coefficients, see Supplemen-
tal Fig. S7).

Early biochemical studies and limited PAS surveys indicated
the CA motif as the preferred site for 3’ end cleavage (Sheets
et al. 1990; Zhao et al. 1999). We thus wanted to examine if this
holds with conserved PASs and whether there is a difference be-
tween proximal and distal PASs. Because the cleavage site cannot
be precisely identified when cleavage takes place next to an aden-
osine (A residues on genome cannot be distinguished from the
poly(A) tail sequence), we considered two scenarios, i.e., the cleav-
age site is immediately upstream of adenosine residue(s) (scenario
1, Fig. 4E, left) or immediately downstream (scenario 2, Fig. 4E,
right). In either case, we found a strong tendency of an adenosine
being next to the cleavage site and a mild bias to uridines around
the site (Fig. 4E). No enrichment of cytosine could be identified,
and no differences could be discerned between proximal and distal
PASs (Fig. 4E, top versus bottom). The same result was also ob-
tained without clustering adjacent PASs, eliminating the possibil-
ity that merging heterogenous cleavage sites may mask the CA
motif (Supplemental Fig. S8). Therefore, our genome-wide analysis
using conserved PASs does not support the long-standing notion
that the CA motif is preferred for 3’ end cleavage. Instead, cleavage
tends to take place next to an adenosine, which is in good agree-
ment with the biochemical study by Chen et al. (1995) and a pre-
vious bioinformatic analysis with a much smaller PAS set based on
EST sequences from multiple species (Li and Du 2013). In addition,
although our sequencing data could not distinguish the two sce-
narios, we think, based on the biochemical data from Chen et al.
(1995), pre-mRNA cleavage immediately upstream of an A residue
(scenario 1) is more likely to occur. Therefore, as shown in Figure
4E, we indicate 3’ adenosine as a determining feature for cleavage
(Fig. 4E).

PAS conservation impacts robustness of gene expression
and APA regulation

Using relative abundance of APA isoforms (Methods), we found
that isoforms with mammal-conserved PASs were generally ex-
pressed at higher levels than those with PASs conserved in rodents
only or with nonconserved PASs (Fig. 5A). A similar trend was ob-
served using normalized PSE (Methods) to reflect the breadth of
transcript expression (Fig. 5B). These results indicated that con-
served PASs might function to suppress the usage of nonconserved
sites, which might arise from promiscuous 3’ end processing. To
further examine this, we used the Shannon index to reflect 3’
end diversity (Methods), and examined APA isoforms in mouse
brain, heart, and testis. As expected, genes with multiple conserved
PASs had a higher 3’ end diversity than genes with only one con-
served PAS (Fig. SC). However, genes without conserved PASs had
significantly higher APA isoform diversity than genes with con-
served PASs (P< 5.1 x 107° for the three tissues, K-S test) (Fig. 5C).

Because transcripts with different 3’ ends can have different
mRNA stability potentials (Geisberg et al. 2014; Zheng et al.
2018), we reasoned that high 3’ end diversity might lead to
gene expression variability and, conversely, low 3’ end diversity
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resulting from PAS conservation might make gene expression lev-
els more stable. To test this hypothesis, we compared matched rat
and mouse tissues for consistency of gene expression levels.
Indeed, genes with conserved PASs tended to have higher correla-
tion values between corresponding rat and mouse tissues than
genes without conserved PASs (Fig. 5D). In addition, genes with
multiple conserved PASs were better correlated in expression
than genes with only one conserved PAS (Fig. SD).

We next asked whether conserved APA sites would make APA
regulation more consistent across species. To this end, we used the
heart sample as a reference and compared its APA profile with that
of testis or brain. For each comparison, we used the relative expres-
sion difference (RED) score between proximal and distal PASs to re-
flect APA difference (Alog,[distal PAS/proximal PAS], brain or testis
versus heart) (Methods). As previously reported (Tian and Manley
2017), testis and brain showed global preferences for proximal

and distal PAS usages, respectively (Supplemental Fig. S9A). Impor-
tantly, the correlation of APA regulation between mouse and rat
tissues was much higher for genes with two conserved sites com-
pared to those with one (either proximal or distal) or no conserved
PAS (Fig. 5E).

To further explore the relationship between gene expression
and APA stability for genes with different APA conservation levels,
we extracted RNAs from brain, heart, and testis of two mouse
strains, namely, FVB/NJ and C57BL/6J, and subjected them to
3'READS+ analysis. Consistent with the mouse versus rat data,
genes with conserved PASs displayed greater correlation of gene ex-
pression than those without conserved PASs (Fig. SF). In addition,
APA profiles were much more correlated between the two strains
for genes with multiple conserved PASs compared to those with
only one or no conserved PASs (Fig. 5G; Supplemental Fig. S9B).
Taken together, our data indicate that conservation of PAS leads
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Figure 5. PAS conservation impacts gene expression and APA regulation. (4) Relative abundance of APA isoform versus PAS conservation levels. Relative
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based on PSE normalized to the maximum PSE of all isoforms of the gene. (C) Median Shannon index for APA isoforms of three types of genes, including
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APA profiles between mouse and rat for four types of genes. Asiillustrated, the four types of gene are genes with (1) no conserved APAssites, (2) only proximal
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mouse strains (C57 versus FVB) are shown.

to low 3’ end diversity, stable gene expression levels, and consis-
tent APA patterns.

Mutations of the U-rich motif lead to APA variations

Although APA profiles of conserved sites were generally correlated
between mouse and rat, variability was clearly discernable (Fig.
6A). We thus asked how sequence variations contribute to APA
changes between the two species. To this end, we first identified
conserved APA events that were highly or poorly correlated be-
tween mouse and rat, based on testis versus heart and brain versus
heart comparisons (Fig. 6A; Supplemental Fig. S9C). We then ex-
amined sequence conservation levels around the proximal and dis-
tal PASs. As expected, the sequences around the conserved PASs,
regardless of proximal or distal, had lower mutation rates than
those around nonconserved PASs (Fig. 6B,C). Conservation was
particularly high in the —40 to —1 nt region of the PASs, highlight-
ing its importance. In contrast, the downstream region of distal
PASs had higher mutation rates than other regions (Fig. 6C), indi-

cating low negative selection pressures after the last PAS of genes.
Importantly, the proximal PASs of genes with highly correlated
APA profiles showed higher conservation levels than poorly corre-
lated APA profiles, especially in the —100 to —41 nt region (Fig. 6B,
blue versus red lines). A similar, albeit less obvious, trend could be
discerned with distal PASs (Fig. 6C).

We next examined mutation rates of individual tetramers
around the poorly correlated PASs versus highly correlated
ones. UUUU in the —100 to —41 nt region was found be signifi-
cantly enriched for the poorly correlated group, for both proximal
and distal PASs (Fig. 6B). This result indicates that mutations of U-
rich motifs upstream of the PAS contribute to APA variability be-
tween species.

To further examine the contribution of sequence variation to
APA variability, we calculated single-nucleotide polymorphic
(SNP) site frequencies around the PASs of C57BL/6] and FVB/NJ
strains (Fig. 6D; Supplemental Fig. S9D; Wong et al. 2012).
Consistent with the mouse versus rat analysis, the —40 to +40 re-
gions around both proximal and distal PASs had lower SNP rates
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Figure 6.

Regions around the PAS (nt)

Sequence variation leads to APA changes. (A) Correlation of APA profiles between mouse and rat. (Left) APA profile based on testis versus heart;

(right) APA difference between brain and heart. APA difference was calculated as RED = Alog,(distal PAS/proximal PAS), testis or brain versus heart. Genes in
red have highly correlated APA events (middle 30% of genes based on RED,ouse — RED;at), and those in blue have poorly correlated APA events (top and
bottom 10% of genes based on REDp,ouse — RED;4t). (B, top) Nucleotide mutation rate (percentage of mutations at each position per gene) around the
conserved proximal PAS based on mouse and rat comparison. Red and blue lines are genes with highly correlated and poorly correlated APA profiles
from A, respectively. (Bottom) Top three enriched tetramers in mutated sequences of genes with poorly correlated APA events. —logqo(P) values
(Fisher’s exact test) are shown. (C) As in B, except that data for conserved distal PASs are shown. (D) As in A, except that comparisons are based on two
mouse strains, C57BL/6) (C57) and FVB/JN (FVB). (E) SNP frequencies around conserved proximal and distal PASs of genes with highly correlated (red)

or poorly correlated APA events (blue) between two mouse strains.

(frequency of SNPs in a given region per gene) than flanking re-
gions (Fig. 6E). Importantly, almost in all regions around the
PASs, genes with high APA correlation showed lower SNP rates
than those with poor APA correlation (Fig. 6F), indicating that se-
quence variations around the PAS contribute to APA variation be-
tween strains. Because of the low frequency of SNP, we were not
able to identify specific motifs with statistical significance that
were associated with APA variation. Taken together, our data
indicate that mutations of sequence motifs around the PAS, espe-
cially U-rich motifs, lead to APA changes between species and
populations.

Conservation and sequence features of IncRNA PASs

IncRNA PASs in general were less conserved than mRNA PASs (Fig.
1C). Using the IncRNA classification by FANTOMS project (Hon
et al. 2017), we next examined three types of IncRNAs in the

human genome, including intergenic IncRNAs with independent
promoters (lincRNAs), IncRNAs transcribed from divergent mRNA
promoters (uaRNAs), and IncRNAs generated from enhancer re-
gions (eRNAs) (Fig. 7A).

We found that although all classes of IncRNAs had high fre-
quencies of APA (55.2%-74.4%) (Fig. 7B), only a small fraction
of IncRNA PASs were conserved (~8% for lincRNAs, and ~5% for
uaRNAs and eRNAs) (Fig. 7C). Nucleotide frequency analysis indi-
cated that the PASs of different InCRNA classes were surrounded
with similar sequences to those of mRNAs, with an A-rich peak
in the upstream —40 to —1 nt region and two U-rich peaks around
the PAS (Fig. 7D). However, the surrounding regions of IncRNA
PASs appeared to have higher adenosine frequencies, especially
in the —40 to —1 nt region (Fig. 7D,E).

We next compared enriched tetramers around the PASs of dif-
ferent types of IncRNAs with those of mRNA PASs. Using Z,,
(Methods) to indicate motif enrichment, we found that IncRNAs
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Figure 7. Conservation analysis of INCRNA PASs. (A) Three types of IncRNAs and their PASs. (B) Frequency of APA in IncRNAs. (C) Conservation rate of
IncRNA PASs. (D) Nucleotide frequency around the PASs of different INcRNAs and mRNAs. (E) Difference in adenosine frequency between IncRNAs and
mRNAs in four regions around the PAS: (***) P<0.001; (**) P<0.01; (n.s.) not significant (binomial test). (F) Comparison of enriched tetramers between
conserved and nonconserved PASs in mRNA genes (left) and IncRNA genes (right). Only the —40 to —1 nt region data are shown. “AAAA” motif is high-

lighted by an arrow.

and mRNAs shared similar PAS motifs (Supplemental Fig. S10).
However, one notable exception was AAAA in the —40 to -1 re-
gion, which was highly enriched for eRNA and lincRNA PASs (Sup-
plemental Fig. S10, arrows). Because eRNA and lincRNA genes are
generally younger than mRNA genes, we thus reasoned that A-rich
motifs might be a primitive form of PAS signal, which eventually
became stronger motifs when PASs were fixed in evolution. To
test this hypothesis, we examined conserved and nonconserved
PASs of mRNAs and IncRNAs. Indeed, AAAA in the —40 to -1 nt
region was highly enriched for nonconserved PASs compared to
conserved ones of both mRNAs and IncRNAs (Fig. 7F, arrows).
This comparative analysis also revealed several other motifs that
were enriched for conserved mRNA PASs, including upstream
UGUA and U-rich motifs, and downstream UGUG and G-rich mo-
tifs (Supplemental Fig. S11; Supplemental Table S4). Together, our
results indicate that IncRNAs share similar PAS motifs to mRNAs.
However, due to the young age of IncRNAs, their PASs tend to

use weak A-rich motifs as PAS signals, which becomes stronger mo-
tifs, such as AAUAAA, when PASs are fixed in evolution.

Discussion

In this study, we have generated a compendium of conserved PASs
in mammals. Our data reveal the extent, rationale, and functional
impacts of APA conservation. We show that PAS conservation re-
duces 3’ end diversity of gene transcripts, stabilizing gene expres-
sion and APA profile across species. Sequence analyses using
conserved PASs elucidate distinct motifs around proximal and dis-
tal APA sites, mutations that influence APA profiles, and an evolu-
tionary path of PAS fixation.

To the best of our knowledge, our effort, based on approxi-
mately 1.2 billion PAS reads from roughly 360 samples, represents
the most comprehensive PAS collection for mammalian genomes.
Itis also notable that the sequencing methods we used, 3'READS or
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3'READS+, are not affected by the internal priming issue that often
leads to false positive and false negative PASs (Nam et al. 2002). As
such, we can unequivocally identify many PASs situated in A-rich
genomic regions, a large fraction of which are nonconserved, new
PASs in IncRNAs.

Rationale of APA in the light of phylogenetics

As the sensitivity of sequencing technologies increases and se-
quencing data accumulate, the number of PASs in genomes is
ever increasing. Given the pervasive nature of transcription and
the loose definition of PAS motifs, it is not unreasonable to predict
that all genes might display APA under some conditions. It is there-
fore important to use phylogenetics to filter out cryptic PASs and
to understand functional APA events under purifying selection.
Our analysis uncovered several gene features that exert evolution-
ary pressure on APA, including gene age, gene expression patterns,
and gene functions, indicating that APA is selected for in evolution
for certain groups of genes. Although these features are largely con-
sistent with previous studies (Lee et al. 2008; Lianoglou et al.
2013), using conserved APA events for analysis offers much clarity
in understanding the rationale and significance of APA.

The correlation of APA conservation with gene age suggests
that genes tend to adopt new PASs in evolution. The enriched
GO terms suggest that APA can play a significant role in cell mor-
phology and cell growth. Notably, similar GO terms were also en-
riched for genes whose expression levels correlated with APA
changes in development and differentiation (Ji et al. 2009), sug-
gesting that APA is an integral player of gene expression changes
in these processes. APA’s role in cell proliferation has been exten-
sively studied (Sandberg et al. 2008), including in the context of
cancer (Mayr and Bartel 2009; Xia et al. 2014). In contrast, APA’s
involvement in cell morphology is so far understudied and re-
quires further investigation in the future.

We found that genes with conserved APA tend to have high
expression levels, less variation across tissues, and are broadly
expressed. Although these features are largely consistent with
the notion that ubiquitously expressed genes tend to have APA,
through which they regulate gene expression post-transcriptional-
ly (Lianoglou et al. 2013), we also found that genes with tissue-re-
stricted expression are not necessarily devoid of conserved APA
sites. Instead, the type of tissue in which a gene is preferentially
expressed has a large role in determining APA evolution. For exam-
ple, APA is selected for in brain-specific genes, highlighting the im-
portance of having APA isoforms for neural functions. Presumably,
APA isoforms can offer diverse subcellular localization potentials
in neurons, where control of mRNA localization is widespread
(Andreassi and Riccio 2009; Tushev et al. 2018). On the other
hand, APA is selected against in some other tissues, such as liver
and kidney, suggesting that gene expression in these tissues is con-
trolled more often at the transcriptional level.

We found that aUTRs have a substantial role in mRNA stabil-
ity through motifs related to mRNA decay. Although largely in line
with the finding by Spies et al. (2013), the effect of aUTR in stabil-
ity control appears stronger in this study. For example, we found
that the genes whose short 3' UTR isoforms are more stable than
long 3’ UTR isoforms outnumbered those with the opposite trend
by 8.2-fold. In contrast, a 1.5-fold bias was reported by Spies et al.
(2013). Whereas both studies used NIH3T3 cells and analyzed a
similar number of genes, several factors may contribute to this dif-
ference. Our analysis was based on comparison of newly made and
preexisting RNA pools (Zheng et al. 2018), whereas transcription

shutdown by actinomycin D was used by Spies et al. (2013) for
half-life analysis. Our analysis focused on conserved PASs, whereas
PAS conservation was not considered in the study by Spies et al.
(2013). This latter difference might be important, because we
found that nonconserved APA isoforms gave a milder trend in
stability difference (Fig. 3I). In addition, we cannot rule out the
possibility that the two studies had distinct cell growth conditions,
leading to different RNA stability regulations.

PAS motif diversity and evolution

We show that conserved APA sites have distinct sequence motifs
depending upon their locations (Fig. 4), echoing our earlier
study (Tian et al. 2005). Most of the canonical sequence motifs
known to be important for cleavage and polyadenylation are en-
riched for distal PASs compared to proximal PASs, supporting the
notion that proximal sites in general are weaker than distal sites
(Proudfoot 2016; Tian and Manley 2017). This arrangement con-
ceivably ensures both regulation of proximal site with a wide con-
trollable range and proper termination of transcription at the distal
site. However, U-rich motifs around the PAS is a notable exception.
Both proximal and distal PASs tend to be enriched with U-rich mo-
tifs (Fig. 4), and mutation analysis based on correlation of APA pro-
files between matched mouse and rat tissues implies an important
role of U-rich motifs in APA control (Fig. 6). Further studies need to
delineate how U-rich motif binding RBPs, many of which have
been shown to alter APA events (Zheng and Tian 2014; Gruber
et al. 2016), contribute to species-specific APA control and gene
regulation.

Our comparative analysis of conserved and nonconserved
PASs of mRNAs and IncRNAs reveal a path for PAS fixation through
evolution of A-rich motifs to stronger motifs. A-rich motifs were
previously found to be sufficient to promote cleavage and poly-
adenylation, as long as they are coupled with strong downstream
elements (Nunes et al. 2010). It is thus conceivable that A-rich
motifs situated in U-rich regions function as primitive signals for
3’ end processing of young genes. As A-rich motifs become stron-
ger, such as to AAUAAA, the PASs are strengthened. As shown in
this study, strengthening of PASs can reduce the 3’ end diversity
stemming from cryptic PAS usage and contribute to stabilization
of gene expression in evolution.

Methods

3'READS and 3'READS+ data

We collected all the 3'READS and 3'READS+ data our laboratory re-
cently generated, corresponding to a wide variety of cell types and
tissues (Supplemental Table S1). Samples with gene perturbations,
such as gene knockdown or overexpression, were not used. We ad-
ditionally generated 3'READS+ for brain, heart, and testis from
adult mouse and rat in this study. Briefly, adult male C57BL/6]
(C57) and FVB/JN (FVB) mice and rat were anesthetized by CO,
and sacrificed by cervical dislocation. The whole brain was careful-
ly dissected and were free from meninges and cranial nerves.
Hearts were rapidly removed from the thoracic cavity by cutting
the great vessels, and excess of fatty tissue or blood vessels were re-
moved. Testes were obtained by surgical removal and were cleared
from tunica albuginea. All tissue samples were flash frozen in lig-
uid nitrogen. All animal work was conducted according to a proto-
col approved by the Institutional Animal Care and Use Committee
(IACUC) at Rutgers New Jersey Medical School. Total RNA from
cells and tissues was isolated using TRIzol (Invitrogen) or the
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Qiagen RNeasy kit. RNA samples were checked for integrity by
Agilent Bioanalyzer using the RNA 6000 Pico kit (Agilent
Technologies). RNA samples with an RNA integrity number
(RIN) above 8.0 were used for subsequent processing. 3'READS+
was carried out as previously described (Zheng et al. 2016).

Annotation of PASs in genomes

3'READS and 3'READS+ data were processed to identify PASs using
a method previously described (Zheng et al. 2016). Briefly,
3'READS/3'READS+ reads were mapped to the genome using
Bowtie 2 (local mode) (Langmead and Salzberg 2012) with a map-
ping quality score cutoff (MAPQ) >10. Reads with two or more
nongenomic 5 Ts after alignment were called PAS-containing
reads (PAS reads). PASs within 24 nt from one another were clus-
tered as previously described (Hoque et al. 2013). Only the PASs
with at least two reads in at least two samples were used for further
analysis. Genome versions used in this study were mm9 (mouse),
hg19 (human), and rnS$ (rat). Note that the PAS mapping differ-
ence between different genome versions is essentially negligible
(e.g., ~0.06% between hg19 and hg38).

PASs mapped by 3'READS/3'READS+ were assigned to genes
based on RefSeq (release 83) (Pruitt et al. 2006) and Ensembl data-
bases (release 75 for human, release 67 for mouse, and release 79
for rat) (Aken et al. 2017). Because RefSeq and Ensembl gene anno-
tations often miss PASs at the 3’ end of genes, we used strand-spe-
cific, poly(A)+ RNA-seq data sets (Merkin et al. 2012; Mouse
ENCODE Consortium et al. 2012; Pervouchine et al. 2015;
Mason et al. 2016) to extend the 3’ ends defined by RefSeq and
Ensembl. We required a minimum of five reads at each position
and allowed gaps <100 nt. We also required that 3’ end extension
did not exceed the transcription start site of the downstream gene
on the same strand. In total, 5691 million, 1635 million, and 325
million reads were used for 3’ end extensions in human, mouse,
and rat genomes, respectively. We annotated genic PASs (both
mRNA and IncRNA) by their intron/exon locations based on the
representative RefSeq or Ensembl sequences. The sequence with
the largest genomic span was used for each gene. When a gene
was annotated in both RefSeq and Ensembl databases, RefSeq in-
formation was used. For mRNA genes, we further classified PASs
into last exon (LE) and upstream region (UR). Most PASs in the
last exon are in 3" UTRs and were further classified into first (F),
middle (M), and last (L) PASs. If a gene had only one PAS in the
LE, it was named single PAS (S). Human IncRNA annotations
were further refined using data from the FANTOMS database
(Hon et al. 2017). IncRNAs were separated into four groups, includ-
ing intergenic IncRNA (lincRNA), upstream antisense RNA
(uaRNA), enhancer RNA (eRNA), and other IncRNAs. We also an-
notated PASs associated with transposable elements (TEs) using
data from the UCSC Genome Bioinformatics Site. PASs located
in a TE or close to a TE (within 40 nt from the TE) were categorized
as TE-associated PASs. PASs without any annotations were consid-
ered as intergenic PASs. PASs in genes overlapping with other
genes on the same strand and in pseudogenes were categorized
as the “other” group.

Conservation of PASs

We used pairwise genome alignment chain files from the UCSC
Genome Bioinformatics Site to obtain syntenic regions between
genomes. We used the reciprocal best-match method to identify
conserved PASs (Lee et al. 2008). Briefly, two PASs from two species
were considered to be orthologous when they were closest recipro-
cally in the whole genome alignment and were within 24 nt from
one another. Two types of conservation were considered. If a PAS

was conserved between human (H) and mouse (M) or rat (R) ge-
nomes, it was named mammal conserved. If a PAS was conserved
between mouse and rat only, it was named rodent conserved.

Gene Ontology (GO) analysis

GO terms associated with genes were obtained from the Gene
Ontology Consortium (Ashburner et al. 2000). The Fisher’s exact
test was used to derive P-values to indicate significance of associa-
tion between a gene set and a GO term. GO terms associated with
more than 1000 genes were considered too generic and were dis-
carded. To remove redundancy, each reported GO term was re-
quired to have at least 10% of genes that were not associated
with another term with a more significant P-value.

Analysis of gene age, gene expression variation,
and tissue-specificity

NCBI HomoloGene database (https://www.ncbi.nlm.nih.gov/
homologene) was used to define gene ages. Those with orthologs
in zebrafish were considered as “old” genes and those without as
“new” genes. More detailed gene age annotations were obtained
from Liebeskind et al. (2016). For gene expression variation, we
used the ENCODE RNA-seq data set (GSE36026) covering 22
mouse tissues/cell lines (Mouse ENCODE Consortium et al.
2012) and GTEx RNA-seq data set covering 28 tissues (GTEx
Consortium 2017). RNA-seq reads were mapped to the mouse
(mm9) or human (hg19) genome using STAR (Dobin et al. 2013)
with default parameters, and the reads mapped to the coding se-
quence of each gene were used and normalized to transcripts per
million (TPM). The coefficient of variation (CV) of TPM values
across samples was calculated for each gene, which reflected its var-
iation of expression. The average TPM value was used to reflect the
expression level of a gene. Tissue-specific gene expression informa-
tion was also obtained from PaGenBase (Pan et al. 2013). The “tis-
sue-specific” and “selective” genes were grouped together as the
narrowly expressed gene group, and the “housekeeping” and “re-
pressed” genes were grouped together as the widely expressed
gene group. We required that human and mouse orthologs to be
in the same group. To define tissue-specificity for human genes us-
ing GTEx data, a Z-score based on TPM (minus mean and divided
by standard deviation across samples) was calculated for each gene
in each tissue. Genes whose largest Z-score greater than 1.6 and
TPM ratio greater than 2 between the highest expressing tissue
and the second highest were considered as tissue-specific genes.

Analyses of aUTRs and cUTRs

aUTRs and cUTRs were defined in genes with multiple PASs in 3
UTRs. When there were multiple conserved PASs, the first and
last conserved sites were used to define cUTR and aUTR. When
there was only one conserved PAS, the nonconserved PAS with
most reads was used together with the conserved PAS to define
cUTR and aUTR. When there were no conserved PASs, the two
PASs with the most reads were used. K-mer frequencies in cUTRs
or aUTRs were examined by Biostrings (https://rdrr.io/bioc/
Biostrings/). Significance of difference in frequency between
cUTRs and aUTRs was calculated using the Fisher’s exact test.

miRNA target site analysis in aUTR and cUTR regions

Predicted miRNA target sites (MTS) were downloaded from the
TargetScan database (Release 7.1) (Agarwal et al. 2015). A total of
105,509 sites were obtained for 217 miRNA families. miRNA fam-
ily age was based on annotations in TargetScan. Enrichment in
aUTRs was calculated by odds ratio (OR) using the formula OR=
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(number of MTS of highly conserved miRNAs in conserved re-
gions/number of MTS of highly conserved miRNAs in noncon-
served region)/(number of MTS of moderately conserved miRNAs
in conserved regions/number of MTS of moderately conserved
miRNAs in nonconserved region).

Sequence motif of cleavage site

We considered two scenarios to define the cleavage site motif.
Given a cleavage site sequence 5'-NNNNB[A,]BNNNN, N is any
nucleoside, B is a non-A nucleoside, and A,, is adenosine of any
length. The cleavage site was considered to be before the [A,] (sce-
nario 1) or after it (scenario 2). Sequence logos were constructed
using seqlLogo (https://bioconductor.org/packages/release/bioc/
html/seqLogo.html). Note that cleavage can also take place within
the [A,] region, which cannot be definitively resolved. This is
because the poly(A) tail sequence from sequencing reads would
align to the region, making it impossible to distinguish genomic
template sequence from the poly(A) tail sequence.

Motif analysis of PASs

We define the £100 nt genomic region surrounding each PAS as
the PAS region. K-mers were calculated in four subregions, includ-
ing —100 to —41 nt, —40 to —1 nt, +1 to +40 nt, and +41 to +100 nt.
We used the PROBE method to examine enriched motifs (Hu et al.
2005). Briefly, a Z,, score was calculated for each k-mer, which was
based on the difference between the frequency of the k-mer in a
given region (observed value) and its expected value generated
from randomized sequences of the same region using the first-or-
der Markov chain model. Z-scores to compare distal versus proxi-
mal PASs (Z;,) and conserved versus nonconserved PASs (Z.,)
were calculated by comparing frequencies between two PAS sets.
Z-score greater than 3.6 (Bonferroni-corrected P<0.05) was used
as the cutoff to identify significantly biased tetramers.

Analysis of RNA stability

We used our recently published 3'READS data for newly made
RNAs (4sU labeled [4sU]) RNAs and preexisting RNAs (flow-
through [Ft]) in NIH3T3 cells (two biological replicates) to examine
RNA stability (Zheng et al. 2018). Briefly, a stability score based on
log,(Ft/4sU) for each transcript was calculated after adjustment for
number of Us in the transcript (Zheng et al. 2018). The 3’ UTRs of
genes with top and bottom 10% stability scores were selected for
motif enrichment analysis. The top two 3’ UTR isoforms of each
gene based on expression were selected for comparison of stability.
Signficance of difference in stability between APA isoforms was
based on PAS reads in 4sU and Ft samples (P<0.05, Fisher’s exact
test) and relative expression difference between 4sU and Ft samples
(>5%).

Expression analysis of APA isoforms

To evaluate the expression level of transcripts for a given PAS, we
used mean RPM (reads per million) of all 3’READS/3'READS+ sam-
ples to reflect overall expression level, and the percentage of sam-
ples with expression (PSE) to reflect the breadth of expression.
Mean RPM and PSE of each isoform were normalized by summed
RPM and maximum PSE of all isoforms of the corresponding
gene, respectively, to derive relative abundance and normalized
PSE. A PAS was considered expressed in a sample if there were
more than two reads in the sample. The mean RPM of each PAS
was the averaged RPM value across all the samples in which there
were more than two reads. To assess 3’ end diversity, we used the
Shannon index with the formula, D = Zf:l pilnp;, where p; was

the relative usage of the ith PAS for a given gene with an S number
of PASs. RED was calculated as the difference in log,(ratio) of ex-
pression levels (RPM) of two PASs (distal and proximal) between
two samples.

Mutation analysis of APA regulation

To examine the effect of sequence mutations on APA, we first cal-
culated RED scores using brain versus heart and testis versus heart,
and identified highly correlated and poorly correlated APA events
using ARED = REDp,ouse — REDyat. The genes with top and bottom
10% ARED scores were defined as poorly correlated genes, whereas
genes in the middle 30% were considered as highly correlated
genes. Genome-wide sequence differences between mouse and
rat were extracted from genome alignments obtained from UCSC
Genome Bioinformatics Site, and the frequency of nucleotide
change for each k-mer in the four flanking regions (=100 to —41
nt, —40 to —1 nt, +1 to +40 nt, and +41 to +100 nt) was calculated.
Proximal and distal PASs were analyzed separately. The signifi-
cance of nucleotide change for each k-mer was calculated using
the Fisher’s exact test. SNP data for C57BL/6 and FVB/N]J were ob-
tained from the Mouse Genome Project (Wong et al. 2012).

Data access

All sequencing data from this study have been submitted to the
NCBI Gene Expression Omnibus (GEO; https://www.ncbi.nlm.
nih.gov/geo/) under accession number GSE111134.
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