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Abstract

RNA alternative polyadenylation contributes to the complexity of information transfer from genome to phenome, thus ampli-
fying gene function. Here, we report the first X. tropicalis resource with 127,914 alternative polyadenylation (APA) sites
derived from embryos and adults. Overall, APA networks play central roles in coordinating the maternal-zygotic transition
(MZT) in embryos, sexual dimorphism in adults and longitudinal growth from embryos to adults. APA sites coordinate
reprogramming in embryos before the MZT, but developmental events after the MZT due to zygotic genome activation. The
APA transcriptomes of young adults are more variable than growing adults and male frog APA transcriptomes are more
divergent than females. The APA profiles of young females were similar to embryos before the MZT. Enriched pathways in
developing embryos were distinct across the MZT and noticeably segregated from adults. Briefly, our results suggest that
the minimal functional units in genomes are alternative transcripts as opposed to genes.

Keywords Whole transcriptome termini site sequencing (WTTS-seq) - Gene biotypes - APA site types - Genomic
neighborhoods - RNA origin

Introduction

Endonucleolytic cleavage and polyadenylation of pre-
mRNAs are two essential steps required for nascent RNAs
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a gene often executes multiple cleavage and polyadenyla-
tion events using alternative polyadenylation (APA) sites,
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thus producing more than one transcript isoform per gene
[2]. For instance, approximately 70% of annotated human
genes use more than one APA site to form variable 3’
untranslated regions (UTRs) [3]. Because the 3'UTRs are
often rich in regulatory elements, APA usage can dramat-
ically influence RNA processing, stability, localization,
translation and degradation [4]. When the same protein
is produced after APA, quantitative effects on the protein
occur due to gain/loss of regulatory elements in 3' UTRs
[2]. When APA changes the open reading frame, quali-
tative differences can be encoded in the protein [5]. In
cases where a protein-coding gene is converted into a non-
coding gene due to APA, epigenetic effects may ensue [6].
In brief, APA promotes RNA structural complexity and
functional diversity, thus complicating genetic information
transfer from genome to phenome.

Due to its diploid genome, relatively short life cycle
and high biological similarity with X. laevis, X. tropicalis
has many experimental advantages as a biomedical model
for understanding the cellular, molecular and develop-
mental biology underlying complex phenotypes [7]. More
than 30 years ago, two APA sites 46 nucleotides apart
were observed in the Xenopus beta 1 globin mRNA with
the proximal site preferentially expressed over the distal
site (approximately 99% vs. 1% of mRNA molecules) [8].
Other APA cases include Xenopus alpha-tubulin, integrin
alpha 5, poly(A) polymerase, transcription elongation fac-
tor TFIIS (S-1I) and alpha-tropomyosin [9—-13]. In addition,
Xenopus has been used to investigate effects of downstream
sequences, upstream sequences and developmental stages on
polyA sites, usage efficiency and pathways in polyadenyla-
tion [14-19]. Despite this history, genome-wide characteri-
zation of APA usage and patterns has not been conducted
in X. tropicalis.

Here, we aim to develop the first APA resource in the
species using our newly developed method called whole
transcriptome termini site sequencing (WTTS-seq) [20]. X.
tropicalis embryos collected at five stages, and adult males
and females harvested at two age groups were used as experi-
mental materials in the present study. We also carried out a
large-scale genome-wide validation of X. tropicalis APA sites
using polyA reads retrieved from expressed sequence tag
sequencing (EST-seq), and generated from head and tail tag
sequencing (HATT-seq), RNA sequencing (RNA-seq) and
isoform sequencing (Iso-seq). Furthermore, we developed a
whole transcriptome start site sequencing (WTSS-seq) method
to validate pathways enriched with differentially expressed
(DE)-APA sites between growing males and females. In
brief, we observed striking differences in use of APA sites
between maternal and zygotic sources of RNAs during the
maternal-zygotic transition (MZT) period, between males and
females and between embryos and adults. These resources and
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methods will improve gene annotation, accelerate epigenome
mapping and facilitate the ENCODE project in X. tropicalis.

Materials and methods

Animals, RNA extraction, WTTS-seq libraries
and read mapping

All X. tropicalis embryos and adult animals were handled in
accordance with protocols approved by the Animal Care and
Use Committee of Washington State University. Formation
of pooled embryo RNA at stages 6 [before midblastula tran-
sition (MBT)], 8 (during MBT), 11 (gastrula), 15 (neurula)
and 28 (tailbud) from two families were previously described
[20]. Eight adult males and eight adult females, approxi-
mately 6 months of age (young adults), were purchased
from Nasco (Fort Atkinson, WI, USA). Immediately upon
arrival, two young males and two young females were eutha-
nized, while the remaining 12 animals were raised in our
vivarium facility until they were approximately 18 months
of age (growing adults). Animal whole-body collection, tis-
sue disruption, RNA extraction, removal of contaminating
DNA and assessment of total RNA quantity and quality were
described previously [20]. Our WTTS-seq protocol [20] was
used to construct libraries for all 16 adult samples, but with
a minor modification. Total RNA fragments between 250
and 500 bp were selected before polyA+ was enriched. All
libraries were sequenced using an lon PGM™ Sequencer at
Washington State University.

Raw reads with a minimum of 50% bases covered at
99% identity (Q20) were filtered with the FASTX Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/) to produce high-
quality reads. WTTS-seq is designed to have strand-specific
sequencing complementary to polyA ends, so that reads
have polyTs at their 5'-ends. In-house Perl scripts [20] were
applied to remove the T-rich stretches and reads with at least
16 nt were preserved for mapping to the NCBI X. tropica-
lis genome (v9.1) using TMAP (version 3.4.1, https://githu
b.com/iontorrent/TMAP). The high-quality aligned reads
were filtered using a MAPping Quality (MAPQ) value equal
to or greater than 2. Furthermore, the aligned reads were
then used to identify poly(A) clustered sites in the X. tropi-
calis genome using a 24-nt window. At least, 25 mapped
reads were required as evidence to define a clustered APA
site. The genome coordinates for every site were then deter-
mined based on the positions of most of the mapped reads
(Table S1).

Genome-wide validation of X. tropicalis APA sites
using five different methods

First, we cross-referenced approximately 1.3 million ESTs
(expressed sequence tags) from NCBI databases. Next, we
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retrieved all potential polyA reads (at least 8 consecutive
Ts or As at 5'-ends or 3'-ends, respectively) from three
sets of RNA-seq data, including (1) libraries created from
pooled embryo RNA (collected from stages 6, 8 and 11) and
sequenced on an Illumina HiSeq™ 2000 with single 50 bp
reads; (2) a library prepared from a pooled RNA sample
from three young male and three young female frogs and
sequenced on an Ion PGM™ Sequencer; and (3) libraries
created from RNA of two egg and 34 embryo pools and
sequenced on [llumina platforms. The first two sets of data
were generated by our own research [20], while the third was
reported previously by Owens et al. [21].

Third, we used an RNA pool from three young female
frogs to construct a HATT-seq library to simultaneously cap-
ture the 5'-end (head) and the 3’-end (tail) of a transcript.
The assay includes synthesis of circularized full-length
cDNA molecules, random shearing, dA tailing, ligation,
PCR amplification, size selection and sequencing on an
Ilumina HiSeq™ 2500 with 100 bp reads. Our HATT-seq
procedure is illustrated in Figure S1 and the protocol is
detailed in the figure legend. This library produced a total of
16 million mapped reads (Table S1) with Ts at their 5'-ends
(complementary to polyA tails), which were used in the pre-
sent study.

Fourth, mRNA molecules were purified from an adult
pool (3 young males and 3 young females) and an embryo
pool (assembled from the 10 embryo pools mentioned
above) and libraries were prepared for Iso-seq (Isoform
sequencing) analysis. The purified mRNA was used to make
full-length cDNA with the SMARTer cDNA kit (Invitro-
gen). The resulting cDNA from the young adult pool was
then amplified 16X prior to duplex-specific nuclease (DSN)
normalization (Evrogen). Normalized cDNA was amplified
18% and size fractionated on a BluePippen (Sage Science,
Beverly MA). Three cDNA fractions of 1-2 kb, 2-3 kb,
3+ kb were collected and used for PacBio library construc-
tion and sequencing. However, the cDNA for the embryo
pool was not DSN normalized and only two cDNA fractions
of 1-2 kb and 2-3 kb were constructed and sequenced. Over-
all, 24 SMRT (Single Molecule, Real-Time) cells were used
to sequence the adult pool and 15 SMRT cells were used to
sequence the embryo pool.

Lastly, we developed a whole transcriptome start site
sequencing (WTSS-seq) method to capture alternative tran-
scriptional start (ATS) sites at the 5'-ends of transcripts.
Total RNA samples derived from six growing male and six
growing female frogs (18 months old) were used to con-
struct individual WTSS-seq libraries. Briefly, WTSS-seq
library construction started with depletion of rRNA from
total RNA, followed by purification of rRNA-depleted RNA,
which was then mixed with 5" and 3’ adaptors for first-strand
cDNA synthesis with Superscript III reverse transcriptase
(Invitrogen, ThermoFisher Scientific, Inc., Waltham, MA,

USA). After synthesis, cDNA was treated with RNases I
and H, so only single-stranded cDNA remained. Solid-phase
reversible immobilization (SPRI) beads (A63880, Beckman
Coulter) were used to select cDNA fragments that were
approximately 200-500 bp in size. The size-selected cDNA
was finally amplified by PCR, purified with SPRI beads and
sequenced on an Ion PGM™ Sequencer. Our WTSS-seq pro-
cedure is illustrated in Figure S2 and the protocol is detailed
in the Figure S2 legend. These libraries were used to test
our hypothesis that WTTS-seq and WTSS-seq would yield
extremely similar pathways that show differences between
growing males and growing females.

Characterization of APA sites in X. tropicalis

The APA sites were characterized by gene biotypes, site
types (location within gene), genomic neighborhoods (ade-
nine composition in the sequences adjacent to poly(A) site),
poly(A) signal (PAS) motifs and RNA sources of origin in
early development.

Gene biotypes were downloaded from the NCBI X. tropi-
calis genome (v9.1) assembly, which were then aligned to
APA sites using the Cuffcompare (v2.2.1) program [22]. In
the present study, we focused on protein-coding, long non-
coding RNAs (IncRNAs), pseudogenes, microRNAs (miR-
NAs), and transfer RNAs (tRNAs) gene biotypes. When
APA sites had no associated gene biotypes, they were clas-
sified as unknown.

The Cuffcompare (v2.2.1) program [22] was used to
determine locations of APA site types within genes. We tar-
geted six major regions provided by the program, including
exonic (confined in exonic regions), extended exonic (at least
10 bp extended from exonic regions to intronic regions),
intronic (confined in intronic regions), distal (located in
exonic regions with extension), extended distal (located
within 2 kb downstream of reference transcript) and anti-
sense (located in exonic regions, but with opposite direction)
APA sites, respectively (Figure S3).

The genomic neighborhoods included two types: an
A-rich stretch (ARS) and non-A-rich stretches (NARS). We
applied a 10-nt sliding window in the 30 bases downstream
of poly(A) sites and counted the number of adenines (As)
in the sense orientation or thymines (Ts) in the antisense
orientation. An ARS-APA site contained either 7 consecu-
tive As/Ts or >8 As/Ts out of 10 nt. Otherwise, the site
was considered a NARS-APA. Next, we collected sequences
from regions between 50 bases upstream and downstream of
poly(A) sites and characterized the nucleotide distribution
of both ARS- and NARS-APA sites.

We used 28 PAS motifs collected from Homo sapiens,
Mus musculus, Danio rerio, Caenorhabditis elegans, and
Drosophila melanogaster [3, 23-26] as references to screen
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PAS motifs located within 100 bases upstream of each APA
site.

Raw counts of each APA site were then normalized using
DEseq in the R platform [27] and used to classify the RNA
sources of origin across the five developmental stages as
maternal, maternal-zygotic, zygotic or mixed type. Mater-
nal APA sites were expressed at early stage(s), but were
undetectable from either stage 8, 11, 15 or 28, so that they
had four sub-types. Zygotic APA sites were not detected at
early stage(s), but were expressed from either stage 8, 11, 15
or 28, forming four sub-types. Maternal-zygotic APA sites
were those in which maternal sites were expressed at early
stage(s) and then totally degraded until zygotic sites were
reactivated from either stage 11, 15 or 28. Mixed APA sites
were expressed at all of these five stages so that they had five
subtypes according to their peak stage. The details on origin
and sub-type classification can be seen in Table S2.

Finally, statistical, visual and functional tools were used
to characterize APA and ATS sites. The DEseq package in
R [27] was used to determine DE-APA and DE-ATS sites
with DE genes assigned. Pearson’s Chi squared test was
used to examine differences between or among categories
or groups. The Metascape program [28] was employed to
pursue “GO Biological Processes” pathway enrichment
between or among different sets of DE-APA or DE-ATS
sites. The chisq.test function in R was applied to evaluate
variable independence. A Spearman’s correlation matrix
between expression values over different developmental
stages was generated with the corrplot package in R (https
://github.com/taiyun/corrplot). Custom Venn diagrams were
drawn using an online tool provided by the Bioinformatics
and Evolutionary Genomics Laboratory at Ghent Univer-
sity (http://bioinformatics.psb.ugent.be/webtools/Venn/).
Volcano plots were generated with ggplot2 in R and used
to visualize WTTS-seq profiles between a pair of samples.
To visualize the total effect of experimental covariates and
batch effects, a principal component comparison of samples
was generated by plotPCA in R. All tests with p < 0.05 were
considered significant.

Data availability
The raw reads for the constructed libraries (44 total)

described above are available under accession numbers
GSE74919, GSE74919 and GSE74919.
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Results

The first X. tropicalis APA resource and effects
of gene biotypes on their usage

We generated approximately 160 million WTTS-seq reads
and identified 127,914 APA sites with > 25 mapped reads
per cluster. Among them, 97,411 APA sites had evidence
from other sources, such as 19,116, 80,759, 28,144 and
82,699 APA sites supported by EST-seq, HATT-seq, Iso-
seq and RNA-seq reads, respectively (Table S1). Of the
30,503 APA sites without additional support, we found
that 5169 were DE-APA sites (adjusted p < 0.05) based on
at least one of 36 pairs of DEseq tests. As such, we kept
all APA sites to form the first APA resource in X. tropica-
lis, including 101,183 sites assigned to 17,975 currently
annotated genes in this species (Table S1).

We discovered that numbers of APA sites per gene, site
types and genomic neighborhoods were significantly dif-
ferent among gene biotypes (p <5.632e—11) (Fig. 1a—c).
We estimated that at least 82% of protein-coding genes had
more than one APA site (Fig. 1a). In comparison, 45% of
IncRNAs, 38% of pseudogenes, 27% of miRNAs and 0% of
tRNAs had more than one APA site. As such, average APA
usage was low in tRNAs and miRNAs with 1.00 and 1.33
site(s) per gene, but moderate in IncRNAs and pseudo-
genes with 2.10 sites per gene. In contrast, protein-coding
genes contained an average of 5.87 APA sites per gene.

Intronic APA sites were preponderant in protein-cod-
ing genes, IncRNAs and pseudogenes (34-54%), while
extended distal APA sites accounted for 91% of APA sites
in miRNAs (Fig. 1b). The tRNA genes contained 46% dis-
tal, 38% extended distal, 8% exonic and 8% antisense APA
sites. Genomic neighborhoods of APA sites accounted for
28,26, 21, 20 and 6% ARS-APA in protein-coding genes,
miRNAs, IncRNAs, pseudogenes, and tRNAs, respectively
(Fig. 1¢). Globally, we separated these 127,914 APA sites
into (1) 33,039 with ARSs and (2) 94,875 with NARSs
(Fig. 1d). The frequency of A (adenine) downstream of
polyA sites ranged from 0.90 at the + 1 site to 0.75 at the
+ 10 site in ARS, but dropped dramatically from 0.56 at
the + 1 site to 0.27 at the + 10 site in NARS (Fig. 1d).
Composition of the 50 nucleotides upstream of polyA sites
was also different between ARSs and NARSs (Fig. 1d).

Using 28 PASs as references, we found that approxi-
mately 83% of X. tropicalis APA sites possessed at least
one of these motifs (Table S1). Overall, the canonical
motif AATAAA was most prevalent in X. tropicalis, fol-
lowed by AAATAA (Fig. le). These PAS motifs were
mainly found 10-30 bp upstream of poly(A) sites (Fig. 1f).
Interestingly, use of PASs by tRNAs was dramatically dif-
ferent from the other gene biotypes (Fig. 1g).
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Fig. 1 General characterization of APA sites in X. tropicalis. Gene
biotypes had distinct a numbers of APA sites per gene, b site types
with ExAPAs (exonic), EExAPAs (extended exonic), InAPAs
(intronic), DiAPAs (distal), EDiAPAs (extended distal) and AnA-
PAs (antisense APA sites) and (C) genome neighborhoods classified
as ARSs (“A” rich stretches) and NARS (non “A” rich stretches). d

APA transcriptome similarities and their relevance
to RNA sources, gender difference and lifespan
stages

Principle component analysis (PCA) revealed that embryos
had two well-defined clusters of APA profiles at stages 6
and 8 before MZT and stages 11, 15 and 28 after MZT
(Fig. 2a). Males and females were also distinct from each
other at both young and growing ages. However, young

Characterization of nucleotide distributions in the 50 bp sequences
flanking each side of a tentative polyA cleavage site associated with
ARS-APA and NARS-APA sites. e Usage frequencies of 28 PASs in
X. tropicalis. f Locations of PAS motifs within 10-30 bp upstream of
poly(A) sites. g Frequencies of PAS motifs among gene biotypes

frogs had more diverse APA transcriptomes than growing
frogs and APA usage was more divergent in males than
females (Fig. 2a). Among the four groups of adults, the
APA transcriptomes of young females were most similar
to before-MZT embryos (Fig. 2a). Spearman’s rank cor-
relation coefficients calculated with normalized expression
units of each APA site for all pairs of stages clearly sup-
ported the PCA results described above (Fig. 2b).
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Fig.2 Specific characterization of APA sites in X. tropicalis. a PCA
analysis of 26 APA profiles related to five stages of embryos and two
stages of adult male and female frogs. b Stage-based Spearman’s
correlation estimates. ¢ Classification of embryonic APA sites into
maternal (OriA), maternal-zygotic (OriB), zygotic (OriC) and mixed

APA usage depends on RNA source of origin. The num-
ber of APA sites per gene averaged 1.74, 1.91, 2.15 and
3.62 for maternal, maternal-zygotic, zygotic and mixed tran-
script types, respectively (Fig. 2c¢). Of six site types, exonic,
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(OriD) RNA sources of origin. Effects of APA origin on d site types
and e genome neighborhoods. Effects of gender on f number of APA
sites per gene and g site types and ratios between ARSs and NARSs.
Effects of longitudinal stages on h APA basics, i site types and j

genome neighborhoods

extended distal and antisense APA sites were most common
in maternal transcripts (40.70, 17.74 and 4.59%, respec-
tively), while intronic APA sites were most common in
zygote-activated RNAs (51.34%). Extended exonic (11.52%)
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and distal (20.03%) APA sites were most common in tran-
scripts derived from mixed type RNA sources (Fig. 2d).
Maternal RNAs had the highest percentage (86.33%) of APA
sites associated with NARS, while zygotic transcripts had
36.75% adjacent to ARS neighborhoods (Fig. 2e).

APA usage rather than gene usage depends on gender.
Our evidence showed that young males used 20,127 fewer
APA sites than young females and had 18,456 less annotated
sites with genes. Growing males had 7159 and 7216 fewer
APA sites and annotated sites, respectively, than growing
females (Fig. 2f). However, gene usage was not dramatically
different between the sexes. For example, there were 584
fewer genes in young males than young females, but 220
more genes in growing males compared to growing females.
Young females had 11.41% more genes that expressed >4
APA sites than young males (Fig. 2f). However, this differ-
ence decreased to 7.39% between genders of growing frogs.
On the other hand, females had 7-8% more exonic, but 8-9%
less intronic APA sites than males. In addition, there were
9% and 6% more APA sites adjacent to ARSs in young and
growing males, respectively, than females (Fig. 2g).

APA usage depends on lifespan stage. Numbers of APA
sites, annotated APAs and associated genes varied among
individual stages of a lifespan from embryos to adults
(Fig. 2h). Embryos at stage 8 had the lowest values for these
three measurements, while adults had tended to have more
APA sites and annotated genes. Exonic APA sites decreased
6.66%, while intronic APA sites increased 6.75% from stage
6 to growing adults (Fig. 2i). In comparison, numbers of
extended distal and extended exonic APA sites were rela-
tively stable until stage 28, after which extended distal sites
increased to 2.93% and extended exonic sites decreased to
2.02% in growing adults. Both distal and antisense APA sites
stayed relatively consistent across all developmental/growth
stages (Fig. 21). NARS-associated APA sites changed dur-
ing a lifespan, decreasing from 73.90% at embryo stage 6
to 68.82% at stage 28, and increasing to 76.09% in growing
adults (Fig. 2j).

APA sources of origin, expression abundance
and pathway networks during the maternal-zygotic
transition in embryos

All APA sites expressed in embryos with annotated genes in
X. tropicalis (Table S1) were used to determine coordinated
networks in early development. The numbers of APA sites,
their average expression levels and the numbers of genes
are illustrated in Fig. 3a based on 16 RNA origin subtypes.
Overall, the average expression levels of APA sites differed
dramatically, ranging from O to 9.01 normalized units for
maternal, from O to 14.85 for maternal-zygotic, from 0 to
22.54 for zygotic and from 18.01 to 163.40 for mixed-type
RNA origin (Fig. 3a). Clearly, APA sites among these four

RNA origins did not overlap, although their associated genes
did (Fig. 3b).

We observed that APA sites derived from the four RNA
origins were involved in different pathway networks. Figure
S4 illustrates all 320 “summary” pathways enriched for all
16 subtypes of RNA origin with 20 pathways per subtype.
Enriched pathways were subdivided into twelve clusters in
a broad sense: cell division, cellular component, cellular
process, development, DNA, immune, metabolism, pro-
tein, reprogramming, response to stimuli, RNA and signal-
ing (Table S2). The two most significant pathway clusters
were cellular processes (19%) and reprogramming (14%) for
maternally derived APA sites; development (22%) and cel-
lular components (18%) for APA sites of maternal-zygotic
origin; development (53%) and cellular processes (14%) for
APA sites from zygotic source; and RNA (19%) and cell
division (17%) for APA sites derived from mixed RNA
sources (Fig. 3c).

We identified at least 1346 pathways relevant to devel-
opment in a broad sense (Table S3). Among them, 15, 42,
441 and 84 pathways were exclusively enriched with APA
sites derived from maternal, maternal-zygotic, zygotic or
mixed origins, respectively. The four most significant devel-
opmental pathways exclusively enriched with APA sites of
maternal origin were regulation of reproductive process,
female gamete generation, oocyte differentiation and posi-
tive regulation of myeloid cell differentiation. None of the
exclusive developmental pathways coordinated by the mater-
nal-zygotic source of APA sites had more than ten genes per
pathway (Table S3).

Fourteen of the 441 developmental pathways exclusively
enriched with APA sites of zygotic origin had more than
50 genes per pathway, including myotube differentiation,
artery development, regulation of cell activation, ear mor-
phogenesis, regeneration, sarcomere organization, leukocyte
migration, regulation of fat cell differentiation, skeletal mus-
cle contraction, musculoskeletal movement, cell maturation,
myeloid leukocyte differentiation, regulation of leukocyte
activation and epidermis development (Table S3).

Developmental pathways with at least 15 genes singularly
enriched with APA sites derived from mixed RNA sources
were regulation of hematopoietic progenitor cell differentia-
tion, regulation of hematopoietic stem cell differentiation,
hematopoietic stem cell differentiation, spermatid differenti-
ation, spermatid development, male gamete generation, glial
cell migration and left/right pattern formation (Table S3).
Male and female gamete generation pathways were con-
trolled by different sets of genes (Table S4). The remaining
764 developmental pathways were influenced by APA sites
originating from multiple sources of RNA (Table S3). For
example, head development contained APA sites stemming
from 215 maternal, 540 maternal-zygotic, 728 zygotic and
1198 mixed RNA sources (Table S3).
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«Fig.3 APA roles in MZT. a APA origin sub-types and expres-
sion abundance (normalized units in average). Maternal (in orange
color), maternal-zygotic, zygotic (in green color) and mixed (in gray
color) APA sources included 4 (OriA1-OriA4), 3 (OriB1-OriB3), 4
(OriC1-0riC4) and 5 (OriD1-OriD4) sub-types, respectively. b Shar-
ing of APA sites and genes among four APA sources. ¢ “Summary”
pathway clusters enriched for each APA origin based on all APA
sites. d Characterization of DE-APA sites among 16 sub-types of ori-
gin (see definitions in a). e DE-APA sites and DE genes that were
shared among four RNA sources of origin. f “Summary” pathways
enriched for each RNA source of origin based on DE-APA sites only.
g Examples of genes executing different APA site expression patterns
during the MZT period

We examined only the embryonic DE-APA sites (adjusted
p<0.1, Table S1) to determine their functions in early devel-
opment. This selection dramatically reduced the number of
APA sites and their associated genes for pathway analy-
sis, but significantly increased the average levels of APA
expression (Fig. 3d). In contrast, the number of genes shared
among four sources of APA sites was significantly reduced
to 4 (Fig. 3e) compared to the 1911 shown in Fig. 3b. Joint
pathway enrichment analysis using these DE genes clearly
defined their functions (Fig. 3f). In brief, DE-APA sites from
zygotic and maternal-zygotic RNA sources contributed to
tissue/organ development, while the DE-APA sites from
mixed RNA origin were enriched for cell cycle, cellular
components and metabolism.

Detailed examination of DE-APA sites (Table S5) led
to identification of essential genes with differential usage
of APA sites during early development. For example, two
genes: Rere (arginine—glutamic acid dipeptide repeats)
and Sltm (SAFB-like transcription modulator) each had
four DE-APA sites derived from each of the four RNA
sources (Fig. 3g). Such an antagonistic case (at least with
one maternal DE-APA “turned off” and another zygotic or
maternal-zygotic one “turned on”) also occurred in A#f5.2
(activating transcription factor 5, gene 2), Cnksr2 (connector
enhancer of kinase suppressor of Ras 2), Mbtdl (mbt domain
containing 1), Mcphl (microcephalin 1), Plin3 (perilipin
3), Pou5f3.1 (POU class 5 homeobox 3, gene 1), and Tprn
(taperin) (Table S5).

Gender differences in APA usage, differential
expression and pathway networks validated
with WTSS-seq

We observed that age had different effects on the over-
all expression levels of APA sites between both sexes
(Fig. 4a). Young females had more up-regulated DE-APA
sites than males, but the trend was reversed in the grow-
ing groups (Table S5). In summary, 2125 DE-APA sites
(adjusted p <0.05) and 5824 DE-APA sites (adjusted
p <0.005) were up-regulated in young and growing males;
while 2798 DE-APA sites (adjusted p < 0.05) and 3942

DE-APA sites (adjusted p < 0.005) were up-regulated in
young and growing females; respectively (Fig. 4b and
Table S5). There were 1417 up-regulated DE-APA sites in
common between young and growing male frogs, and 1724
up-regulated DE-APA sites in common between young and
growing females. Males and females had more similar DE
genes than DE-APA sites (Fig. 4b).

Pathway enrichment was then performed based on three
sets of DE-APA sites for each sex: specific for young, com-
mon for both and specific for growing frogs. Among the
top 20 “summary” pathways, twelve and six were spe-
cifically enriched for females and males, respectively
(Fig. 4c). Enriched pathways specific to female frogs were
broadly relevant to cell-cycle events, while the enriched
pathways exclusive to males were largely related to mus-
cle events. Enriched pathways that were similar between
females and males were ncRNA metabolic process and
regulation of cellular response to stress (Fig. 4d and
Table S4).

There were significant differences in use of DE-APA site
types (p <2.2e—16) and adenine composition of genomic
neighborhoods (p < 1.271e—10) within each sex and between
sexes. Males tended to use more intronic DE-APA sites than
females (23-45% in males vs. 4-6% in females, Fig. 4e).
Common DE-APA sites were mostly distal compared to
the gender-specific sites in males (common 40% > grow-
ing males 28% > young males 18%) and females (common
58% > young females 43% and growing females 33%).
There were more DE-APA sites adjacent to ARSs in males
(29-57%) than females (12-19%) (Fig. 4f).

For validation, duplicate libraries were prepared from
a total RNA sample according to our WTSS-seq proce-
dures and sequenced. The same RNA sample was also sent
to DNAFORM Precision Gene Technologies, Yokohama,
Japan for sequencing using the traditional CAGE method.
Data analysis revealed a total of 69,857 ATS sites in X.
tropicalis (Table S6). There were no significant differences
in ATS expression levels between WTSS-seq and CAGE
(adjusted p >0.9433, Table S6). DEseq analysis identified
5223 DE-ATS sites (adjusted p <0.0001) and 3808 DE-
ATS sites (adjusted p <0.0001) that were up-regulated in
six males and six females, respectively.

Pathway enrichment analysis using data from WTSS-
seq and WTTS-seq revealed the same set of 15 “summary”
pathways for females and the same set of 8 “summary” path-
ways for males (Fig. 4g). However, the WTTS-seq identified
one more pathway in males, chromatin organization, than
WTSS-seq. Gene sets for each pathway differed between
WTSS-seq and WTTS-seq. For example, WTSS-seq identi-
fied more genes in females that were involved in telomere
maintenance than WTTS-seq (66 genes vs. 52 genes with
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38 shared by both methods), but the latter method identified
more genes regulating ncRNA metabolic process in males
(118 genes vs. 97 genes with 73 commonly revealed by both
methods) (Table S4).
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Lifespan stage differences in APA usage, differential
expression and pathway progression from embryos
to adults

DEseq analysis revealed no essential differences in APA
profiles between embryos at stages 6 and 8 (Table S5). The
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DE-APA sites of stage-6 embryos, representing before-
MZT events were compared to the after-MZT embryos
to identify functional changes that occurred during MZT
(adjusted p <0.05 and fold change >12.0l). Among the top
20 “summary” pathways (Fig. 5a), three pathways relevant
to cell cycles were enriched for both before- and after-MZT
embryos. Organelle fission was the only pathway specific to
before-MZT embryos. The remaining 14 pathways mainly
belonged to the after-MZT embryos and they played roles in
development, response to both internal and external stimuli
and transcription/translation events.

Differentially expressed APA sites with adjusted
p <0.001 and fold change >12.0l of before-MZT embryos
were then compared with young and growing males as well
as young and growing females. These comparisons revealed
that DE-APA sites of before-MZT embryos actively par-
ticipated in RNA/DNA and cell-cycle events, while the DE-
APA sites of adult males and females contributed to muscle
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and for embryos at stages 6, 11 and 28 in comparison to adults
(E6_Adults, E11_Adults and E28_Adults). f “Summary” pathways
enriched with APA sites exclusively expressed in adults. Splitting
them into six groups based on their site types made it possible to
complete the pathway analysis

and metabolic events (Fig. 5b). Comparisons of DE-APA
sites between stage 11 embryos and adults revealed similar
enriched pathways (Fig. 5c¢) as did comparisons between
DE-APA sites of stage 28 embryos versus adult (Fig. 5d).
However, enriched pathways diverged somewhat between
males (muscle and metabolic events) and females (DNA and
cell-cycle events).

These results indicate that up-regulated DE-APAs and
their associated DE genes play essential roles in RNA/DNA
and cell cycle events for the before-MZT embryos; RNA/
DNA, cell-cycle and developmental events for the after-
MZT embryos; and muscle function, drug metabolism and
energy production for adults. Pathway enrichment analysis
of the DE-APA sites in growing females indicates that RNA/
DNA and cell-cycle functions are reactivated. Examination
of cell division as an example indicated that there were
APA sites specific to each stage (only three genes shared
among before-MZT embryos, after-MZT embryos and adult
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females) or common to all stages (at least 175 genes shared
between before- and after-MZT embryos (Fig. Se).

Finally, we found that APA sites exclusively expressed in
adults are specifically responsible for digestion and diges-
tive systems; response to acid chemical, drug, growth fac-
tor, nutrient levels, organic cyclic compounds and peptide
hormone; organic anion and compound transport; and main-
tenance of dendrite, sensory and renal system development

(Fig. 5f).

Discussion

During the last two decades, the Xenopus community has
invested heavily in development of genetic and genomic
resources to enhance this model organism. For example, the
first draft genome of X. tropicalis was successfully assem-
bled [29] along with development of ESTs and full-length
cDNA sequence resources for gene discovery and genome
annotation [30-32]. No doubt, our current study establishes
the first genome-wide APA resource in X. tropicalis. This
timely, much-needed resource contains a total of 127,914
sites, 97,411 of which were confirmed with additional evi-
dence (Table S1). In addition, 101,183 sites were assigned
to 17,975 currently annotated X. tropicalis genes. We firmly
believe that this unique APA resource will help the X. tropi-
calis community to study quantitative, qualitative and epige-
netic effects of genes on complex phenotypes and use APA
sites to understand genome-wide regulatory blueprints, thus
strengthening the organism as a model that can be used to
address important biological questions relevant to human
health and disease. In addition, the resource also allowed
us to understand the genetic information flows associated
with MZT, sexual dimorphism and longitudinal growth in
X. tropicalis.

The MZT is a unique period during embryonic devel-
opment where maternal RNA species are progressively
degraded and zygotic transcription drives development [33,
34]. This well-orchestrated transition is critical for normal
development and when compromised leads to an array of
developmental disorders [35]. Xenopus species have been
widely used as model organisms to investigate the processes
involved in the MZT, because maternal RNA degradation
and zygotic genome activation (ZGA) are not tightly coupled
and particularly, because ZGA coincides with the so-called
mid-blastula transition (MBT) [36, 37]. The present study
is the first to classify APA sites into four sources of origin:
maternal (10.86%), maternal-zygotic (18.71%), zygotic
(22.40%) and mixed type (48.03%) (Fig. 2a). Certainly, this
classification allowed us to characterize unique features
and roles of APA sites in early development. For example,
RNA origins orchestrate APA-site use (Fig. 2d), expression
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abundance (Fig. 3a) and pathway networks (Fig. 3¢), which
lead to a smooth and successful MZT.

Our present study revealed that nearly 26% of APA sites
were adjacent to ARSs (Fig. 1d). Because ARS regions are
rich in As, we must comment about internal priming issues
in sequencing, which can lead to erroneous conclusions.
When oligo(dT) was employed in construction of libraries
in methods such as 3'T-fill, polyA site sequencing (PAS-
seq) and polyadenylation sequencing (PolyA-seq) (reviewed
in [38]), filters were used to remove the internal priming
sites. However, we observed that prevalence of ARS-APA
sites largely depended on gene biotype (Fig. 1c), gender
(Figs. 2g) and developmental stage (Fig. 2j), clearly indi-
cating that ARS-APA sites do not occur randomly and that
WTTS-seq library preparation minimizes internal prim-
ing sites. Nunes et al. [39] showed that more than 10,000
poly(A) sites harbor A-rich 3'end processing sites in the
human genome and proved core poly(A) sequences were
necessary for polyadenylation. Yoon et al. [40] also found
low abundance short transcripts harbored A-rich stretches
in human B-lymphoblastoid cells. The same phenomenon
was observed in C. elegans [25]. Currently, we know that
there are two types of RNAs: polyA™ and polyA~. Whether
the A-rich stretches give rise to naturally occurring polyA™*
RNAs warrants further investigation.

Tian et al. [41] observed that intronic polyadenylation
events occurred in ~20% of human genes. Using RNA-seq
data collected from human and mouse tissues, van Bakel
et al. [42] also found that most non-exonic transcribed frag-
ments are located in introns. In the present study, we con-
firmed that APA usage in introns is relatively frequent. For
example, intronic APA sites were dominant in protein-cod-
ing genes (35%), IncRNAs (34%) and pseudogenes (54%)
(Fig. 1b). Compared with maternal transcripts, studies have
shown that a higher percentage of introns are retained in
zygotic transcripts among different species [43-45]. As
a result, most intronic polyadenylation events occur after
the ZGA period, which explains why we found that a large
proportion (51.34%) of zygotic APA sites were intronic
(Fig. 2d). Because intronic APA sites use proximal polyA
sites, zygote-activated transcripts were the shortest.

To profile the 5'-ends of transcripts, library preparation
usually involves first-strand cDNA synthesized using ran-
dom primers, and cDNAs with cap sites are then trapped
[46]. Like the SAGE (serial analysis of gene expres-
sion) method [47], a linker that contains a recognition
site for Mmel is ligated to the 5'-end of cDNA and then
primed for synthesis of the second-strand cDNA. Next,
double-stranded cDNA is cleaved with Mmel, generat-
ing a 20 bp/21 bp tag for each cDNA. A second linker
is added to the 3’-end of the digested tag and the final
library is prepared by PCR amplification and purified for
sequencing without cloning. NanoCAGE and CAGEscan



Alternative polyadenylation coordinates embryonic development, sexual dimorphism and...

libraries were first described by Plessy et al. [48], who
used reverse transcription in combination with template-
switching primers to produce 25 bp tags after EcoP151
digestion. Overall, the library preparation process for these
methods has many steps. Like any tag-based sequencing
technique, assignment of short tags (20-25 bp) to genes or
genome regions is challenging [38]. In the present study,
we successfully developed a WTSS-seq method with a
few steps: rRNA depletion and first- and second-strand
cDNA syntheses (Figure S1). Our results confirmed that
both WTTS-seq and WTSS-seq can produce well-matched
pathways on the same set of samples (Fig. 4g). As such,
our present study also provides the first alternative tran-
scriptional start site resource for X. tropicalis (Table S4).

In summary, the X. tropicalis genome exhibits a high
incidence of alternative polyadenylation events. We found
that approximately 80% of currently annotated genes
have more than one APA site (Table S1). APA diver-
sity, dynamics and timely usage patterns can record the
information flow from genome to phenome relevant to
the maternal-zygotic transition in embryo development,
gender differences responsible for sexual dimorphism and
longitudinal growth from embryos to adults. Our results
suggest that the minimal functional unit in a genome is
the alternative transcript rather than the gene. Profiling of
alternative transcriptional start and termination sites using
our WTSS-seq and WTTS-seq methods, for example,
may efficiently determine multiple functions of genes in
response to quantitative, qualitative and epigenetic effects.
In addition, genes or alternative transcripts cannot work
alone and a complex phenotype requires coordination of
many genes/transcripts. Furthermore, alternative transcript
profiles can directly link transcriptome flexibility, diver-
sity and dynamics to functional pathways and networks of
genes. Together, these features enable a systems-biology
approach to discover key elements that are essential to
physical, physiological, psychological and pathological
events affecting health and disease in human and animals.
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