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Abstract The development of the central nervous system

(CNS) is a complex process that must be exquisitely con-

trolled at multiple levels to ensure the production of

appropriate types and quantity of neurons. RNA alternative

polyadenylation (APA) contributes to transcriptome

diversity and gene regulation, and has recently been shown

to be widespread in the CNS. However, the previous

studies have been primarily focused on the tissue speci-

ficity of APA and developmental APA change of whole

model organisms; a systematic survey of APA usage is

lacking during CNS development. Here, we conducted

global analysis of APA during mouse retinal development,

and identified stage-specific polyadenylation (pA) sites that

are enriched for genes critical for retinal development and

visual perception. Moreover, we demonstrated 30UTR
(untranslated region) lengthening and increased usage of

intronic pA sites over development that would result in

gaining many different RBP (RNA-binding protein) and

miRNA target sites. Furthermore, we showed that a con-

siderable number of polyadenylated lncRNAs are co-

expressed with protein-coding genes involved in retinal

development and functions. Together, our data indicate that

APA is highly and dynamically regulated during retinal

development and maturation, suggesting that APA may

serve as a crucial mechanism of gene regulation underlying

the delicate process of CNS development.
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Introduction

The neurons of the central nervous system (CNS) and

peripheral nervous system (PNS) exhibit a vast complexity

in terms of the different cell types, which result in a high

level of transcriptome diversity [1]. Alternative 30 end

cleavage and polymerization of an adenosine tail (alter-

native polyadenylation, APA) of mRNAs [2–6] are

recognized as a widespread mechanism to increase the

functional diversity of the transcriptome and proteome,

introducing additional layers for regulated gene expression

and playing important roles in development and diseases

[2, 3, 7–12]. Unraveling the hidden layer of APA regula-

tion is necessary to obtain a comprehensive understanding

of the transcriptome diversity, which would greatly expand

the scope of post-transcriptional regulatory networks of the

nervous system.

In mammals, up to 80% of mRNA genes and 70% of

long non-coding RNA (lncRNA) genes are found to have

multiple polyadenylation (pA) sites [13–15]. APA gener-

ates transcript variants that may have different coding

regions or 30 untranslated regions (UTRs), leading to the

production of distinct protein or 30UTR isoforms. 30UTRs
often harbor various regulatory sequences, including the

target sites of transacting factors, such as RNA-binding

proteins (RBPs) [10, 16, 17] and microRNAs (miRNAs)

[18, 19]. The gain/loss of the cis-acting elements in the

30UTR isoforms caused by APA can affect not only the

stability but also the localization, transport, and transla-

tional properties of the mRNA [2, 3, 11, 20–23], thereby

contributing to functional diversity and gene regulation.

Global shortening of 30UTRs by APA has been found to

be associated with enhanced neuronal activity, T-cell

activation, elevated cell proliferation rate, stem cell state,

and oncogene activation in cancer cells [19, 20, 24–26]. In

addition, altered RNA polyadenylation has been associated

with numerous neurological, immunological, oncological,

hematological, and endocrine disorders [3, 11, 12, 20]. For

instance, myotonic dystrophy is characterized by disruption

of developmentally regulated APA events as a result of

diminished MBNL activity due to sequestration by

microsatellite expansion RNAs [27, 28]. Copy-number

variations spanning NUDT21, which encodes a subunit of

pre-mRNA cleavage factor Im (CFIm25), cause neu-

ropsychiatric disease by increasing usage of the distal pA

site in the MECP2 30UTR [29]. Similarly, a mutation

within the polyadenylation signal (PAS) of the FOXP3

gene results in an unstable mRNA due to lengthened

30UTR, leading to IPEX, a disease characterized by dys-

function of regulatory T cells and subsequent

autoimmunity [30, 31].

The 30UTR diversity was recently recognized to be

particularly widespread in the CNS of Drosophila and

mammals [32, 33]. The previous studies have been pri-

marily focused on the tissue specificity of APA and

developmental APA change of the whole organism

[32, 34–38]; there is, however, lack of systematic surveys

of complex usage of APA during CNS development. As a

part of CNS, the retina has a complex layered structure

with several layers of neurons interconnected by synapses

[39, 40]. The development of retina is a process tightly

regulated at multiple levels to ensure the generation of

appropriate cell types and quantity of neurons necessary for

assembling the functional retinal circuitry [41–43], which

imposes a challenge for the understanding of the APA

regulation that shapes this complexity.

In this study, we conducted global analysis of alternative

polyadenylation usage at various stages of mouse retinal

development, and identified stage-specific pA sites that are

enriched for genes critical for retinal development and

visual perception. Moreover, we demonstrated 30UTR
lengthening and increased usage of intronic pA sites over

the course of retinal development that would result in

gaining many different RBP (RNA-binding protein) and/or

miRNA target sites. Furthermore, we showed that a con-

siderable number of polyadenylated long non-coding

RNAs (lncRNAs) are co-expressed with protein-coding

genes involved in retinal cell development, phototrans-

duction, synaptogenesis, and so on. These data reveal a

dynamically changed APA landscape during retinal

development, which implicates APA as an important

mechanism of gene regulation underlying CNS

development.

Materials and methods

PA-seq

We used the PA-seq procedure as previously described

[44, 45]. Retinas were collected from C57BL/6J mice at

stages E13.5, E15.5, E18.5, P0, P6, and P21. These time

points were chosen to cover the major developmental

stages, with retinas at E13.5 containing mostly dividing

progenitors and retinas at P21 containing differentiated

retinal cell types. Total RNA was extracted from collected

retinas using the TRIzol reagent (Invitrogen) according to

the manufacturer’s instruction. Two separate PA-seq

libraries were then constructed from each RNA sample for

sequencing as described [44]. The raw reads and processed

files have been deposited in the NCBI Gene Expression

Omnibus under accession number GSE80206.
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Identification of polyadenylation sites

The PA-seq sequencing reads of 42 bp in length were

mapped to the Mus musculus genome (mm10, downloaded

from UCSC). BWA (version 0.7.5a-r405) was used for

mapping reads to the genome where a maximum of two

mismatches and no gaps were allowed [46]. The duplicated

reads were discarded and the alignments with mapping

quality C20 were kept. A total number of 2.7–4.3 million

paired-end reads were used for further analysis after the

removal of low-quality, unmapped, and multiple mapped

reads (Supplementary Table S1).

The PA-seq reads from all the samples were first com-

bined to obtain a global profile of the polyadenylation

events. The F-seq [47] was applied to find pA peaks with a

feature length of 30 bp and a fragment length of 1 bp. The

peak sites were filtered with a minimum enrichment score

of 3 and a minimum number of tags of 40. To remove the

effects of internal priming [44, 45], the number of As in the

downstream 20-nucleotide (nt) region of the identified sites

was counted and the sites with fewer than 12 As were kept.

Distribution of polyadenylation sites

The annotation of genes was obtained from Ensembl

(version GRCm38.p4), including 21,965 protein-coding

genes, 9059 long non-coding genes, 9939 pseudogene, and

6017 small non-coding genes. The annotation of pA sites

was obtained from Gencode (version M8), including seven

genomic regions: 30UTR, 3 kb downstream of the anno-

tated 30UTR (extended 30UTR), exon (Exon), intron

(Intron) of protein-coding genes, exon (lncRNA_Exon) and

intron (lncRNA_Intron) of lncRNA genes, and 3 kb

downstream of the annotated lncRNA (Extended lncRNA),

with priority (30UTR[Extended_30UTR[Exon[ In-

tron[ lncRNA_Exon[ lncRNA_Intron[Extended

lncRNA). Since the actual cleavage position typically

fluctuates by about 10 nt around the major cleavage posi-

tion [20], we define the identified pA sites located within

10 nt of the annotated pA sites as annotated sites (annotated

pAs). The pA sites located outside 10 nt of the annotated

pA sites were defined as novel pA sites (novel pAs). The

number of pA sites and normalized read number (reads per

million, RPM) were estimated for each of these categories.

Time-specific gene expression and polyadenylation

sites

The 30UTR isoform abundance at different developmental

stages was quantified using the PA-seq tags of the corre-

sponding pA sites, and the average RPM of the two

technical replicates were computed for subsequent analy-

sis. The time specificity of the identified pA genes/sites was

measured using the Shannon entropy [48]. The entropy

scores H and Q were calculated based on the PA-seq tags,

also called PA-seq reads, indicating the degree of the

overall specificity of a gene/pA site and the specificity to a

particular developmental stage, respectively.

The PA-seq tags assigned to the 30UTR and extended

30UTR regions of each protein-coding gene were combined

as the approximation of the expression level of the corre-

sponding gene. To evaluate the estimation of gene

expression by PA-seq, RNA-seq data of the mouse retina

from the same or similar developmental stages were

downloaded from GEO data set (accession GSE52006)

[49], and mapped to the Mus musculus genome (mm10,

downloaded from UCSC) using Tophat [50]. The expres-

sion level for all the protein-coding genes was quantified

using HTSeq-count [51], and the Pearson correlation of

read counts between PA-seq and RNA-seq was evaluated.

The relative expression of a gene g at a particular

developmental stage t is defined as pt|g = wg,t/P
1 B t B Nwg,t, where wg,t is the expression level of the

gene estimated by the sum of the PA-seq tags of all the pA

sites for the given gene normalized by the library size. The

entropy of a gene’s expression distribution is Hg =P
1 B t B N - pt|glog2(pt|g), and the categorical time

specificity is Qg|t = Hg - log2(pt|g). For time-specific pA

sites, the normalized expression of each pA site of a gene at

a developmental stage is computed as wg,t,p = (ng,t,p ? 1)/

(ng,t ? Ng), where ng,t,p is the PA-seq tags of a pA site p for

gene g at stage t, ng,t is the total number of PA-seq tags for

the gene g at stage t, and Ng is the number of pA sites for

gene g. The probability of observing a pA site p at a par-

ticular developmental stage t is then defined as pt|p = wg,t,p/P
1 B t B Nwg,t,p.

The smaller entropy scores imply higher specificity. The

genes/pA sites with the entropy scores H and Q less than

the median minus 1.5 standard deviations were defined as

categorical time-specific genes/pA sites, accounting for

about -10.5%/5.2% of the expressed genes/identified pA

sites; and the pA sites with the entropy score H more than

the median plus 0.5 standard deviation were defined as

common pA sites, accounting for about 18.2% of the

identified pA sites. To test the significance of the identified

time-specific genes/pA sites, permutation tests were con-

ducted. The null hypothesis assumes that the genes/pA sites

are not regulated in a time-specific manner. First, the rel-

ative expression of each gene/pA site was scaled across

stages, and mean expression of time-specific genes/pA sites

within each stage was calculated. Second, empirical dis-

tribution of mean expression from each permutation (5000

permutations) was generated for the genes/pA sites

specifically expressed/used at each stage, respectively. For

each gene/pA site, the developmental stages were permuted

for 5000 times. For each stage, we generated a background
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of gene/pA sites by re-sampling the same number of time-

specific genes/pA sites also for 5000 times. The shuffle of

the stage labels and re-sampling were performed in sepa-

rate rounds. Finally, the statistical significance was

assessed by comparing the observed mean expression with

the empirical distribution. The same statistical test was

implemented for the genes/pA sites specifically expressed/

used at each stage, respectively. Gene set enrichment

analysis (GSEA) was conducted for both the time-specific

genes and genes associated with the time-specific pA sites

using the Bioconductor Package Piano [52].

30UTR length estimation

The annotated transcripts of a given gene were merged if

they shared the same stop codon. The RUD (relative

expression of 30UTR isoforms using distal pA sites) score

for each gene is defined as the usage of distal pA sites

minus the summed usage of the other pA sites located in

30UTR and extended_30UTR regions [38], which reflects

the relative expression of 30UTR isoforms using distal pA

sites at a specific developmental stage. The 30UTR length

of each gene for all the developmental stages was subse-

quently defined as the average length of all the 30UTRs
weighted by the number of PA-seq tags [44]. The calcu-

lated weighted 30UTR length was abbreviated as 30UTR
length in this paper. Genes that varied by 100 nt in the

30UTR length between stages were defined as shortened/

lengthened genes.

Motif analysis

The sequence composition around the identified pA sites

was compared between the annotated and novel identified

pA sites. The information content with default color

scheme was generated using Weblogo version 2.8 (http://

weblogo.threeplusone.com). The sequence surrounding the

pA site usually contains a polyadenylation signal (PAS),

such as AAUAAA and other hexamer variants. The fre-

quency of the canonical PAS AAUAAA and the most

common 12 variants reported (AUUAAA, UAUAAA,

AGUAAA, UUUAAA, CAUAAA, AAUAUA, AAUACA,

GAUAAA, AAGAAA, AAAAAG, AAAACA, and

AAUAGA) [53] were calculated in the upstream 10–30 nt

region of the identified pA sites. The sequence motif of

other cis-elements in the upstream 10–30 nt of the pA sites

was discovered using the MEME suite (version 4.10.2)

[54].

The target sites of a total of 93 reported RNA-binding

proteins (RBPs) and 1915 miRNA sequences in the seed

region were searched within the lengthened 30UTR regions

resulting from alternative usage of the distal polyadenyla-

tion signal. The motifs of these RNA-binding proteins were

downloaded from the CisBP-RNA database [16, 55], and

the seed sequences of the miRNA were downloaded from

the miRBase sequence database [56]. The Analysis of

Motif Enrichment (AME, Version 4.10.2) [57] method of

the MEME suite was utilized to identify the target sites of

RBPs and miRNAs that were enriched in the lengthened

30UTR regions.

qRT-PCR analysis

Quantitative RT-PCR analysis was performed as described

previously [58, 59]. Total RNA was isolated using the

TRIzol reagent from retinas of E15.5, P0, and P6 C57BL/

6J mice. Gene-specific primers in proximal and distal

regions of 30UTRs used for qRT-PCR validation are listed

in Supplementary Table S2.

Co-expression of polyadenylated lncRNAs

and protein-coding genes

The Pearson correlation co-efficiencies (R) between

polyadenylated lncRNAs and protein-coding mRNAs were

calculated based on their estimated expression level across

the developmental stages. For each lncRNA, GSEA was

consequently conducted for the protein-coding genes with

a high level of co-expression (R[ 0.9) using the Biocon-

ductor Package Piano [52]. The predicted cellular roles of

highly expressed lncRNAs (log10-transformed summed

RPM across stages larger than 2) were visualized using the

Cytoscape program [60].

cFig. 1 Distribution and motif sequences of the identified pA sites.

a Comparison of the number of the identified pA sites located in

protein-coding, long non-coding (lncRNA), other genes (pseudogenes

and small non-coding genes), and intergenic regions. b Distribution of

the identified pA sites across genomic regions divided into seven

categories including the annotated 30UTRs, extended 30UTRs (Ex-

tended_30UTR), exon (Exon) and intron (Intron) of protein-coding

genes, and exon (lncRNA_Exon) and intron (lncRNA_Intron) of

lncRNA genes. Number of the annotated pA sites (red) from Gencode

and the novel identified pA sites (cyan) for each category was labeled.

c Normalized read number (RPM) of pA sites (in logarithm scale) in

the genomic regions corresponding to those defined in

a (***p\ 0.001). d Box plots of the average usage of the pA sites

in different genomic regions for each gene. e Distribution of the

number of pA sites for protein-coding (blue) and lncRNA (green)

genes. f Information content of both the known (upper panel) and

novel identified pA sites (lower panel) around 50 nt of the pA site.

g Frequency of the polyadenylation signals (PAS), including the

canonical AAUAAA and 12 most common variants, reported in

human in the upstream 10–30 nt of the pA sites
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Results

Global analysis of pA sites during retinal

development

To investigate global changes during retinal development

and maturation, we profiled genome-wide polyadenylation

sites of the mouse retina using a modified polyadenylation

sequencing (PA-seq) strategy [44, 45], across six devel-

opmental stages, including the embryonic and postnatal

stages (E13.5, E15.5, E18.5, P0, P6, and P21). We also

performed two technical replicates for each developmental

stage and the Pearson correlation coefficients of replicates

ranged from 0.94 to 0.96. The PA-seq reads at all the stages

were first combined to identify reliable polyadenylation

sites during retinal development. A total number of 32,688

distinct pA sites were identified by the peak-finding algo-

rithm F-seq [47] after removal of the sites with more than

12 As in the 20-nucleotide region downstream to avoid the

effect of internal priming. Of these distinct pA sites, 59%

of them were novel/unannotated sites and only 41% were

present in the latest PolyA_DB database [61] (Supple-

mentary Fig. S1). A similar ratio was found when the

Gencode reference database was used (Fig. 1b).

The distribution of the identified pA sites on the geno-

mic regions was evaluated. We found that the cleavage and

polyadenylation of protein-coding genes accounted for a

major fraction (*71.3%) of the identified polyadenylation

events. Around 25.5% of pA sites are located in intergenic

regions, which might represent novel distal pA sites of

known genes in downstream 30UTR regions (Fig. 1a, b).

The identified pA sites were compared with the annotated

pA sites (Gencode, mouse version M8) and their distribu-

tion across genomic features, including 30UTR,
Extended_30UTR, Exon, Intron, lncRNA_Exon,

lncRNA_Intron, and Extended_lncRNA, was further

examined. About 36.3% of the pA sites matched the

Genecode-annotated pA sites (annotated pAs), and both the

annotated pAs and novel pAs favor 30UTR and extended

30UTR regions of protein-coding genes (Fig. 1b), indicat-

ing the usage of novel 30UTR isoforms during mouse

retinal development. In comparison, there are a smaller

number of pA sites (*6.5%) distributed in the intron and

exon of protein-coding genes. In addition, around 4% of

pA sites were found to be located in lncRNA and extended

lncRNA (3 kb downstream of the annotated lncRNA)

regions (Fig. 1b). Besides, the number of reads of the

annotated pA sites accounts for more than 60% of total

mapped reads, suggesting that the annotated pA sites are

preferentially used compared to the novel pA sites.

Of all the mapped sequence reads, a large fraction is

located in pA sites of protein-coding genes, which is

significantly higher than that located in pA sites of

lncRNA or intergenic regions (Fig. 1c). We further

defined the average usage of the pA sites in a genomic

region as the normalized read number of the pA sites that

are located in that genomic region for each gene

(Fig. 1d). The abundance of isoforms caused by cleavage

and polyadenylation in 30UTRs and extended 30UTRs was
significantly higher than that of the other genomic regions

(Fig. 1d, two-tailed t test, p\ 0.01). Since pA sites

associated with other genomic regions contribute to only a

minor part of the overall polyadenylation events, we will

mainly focus on the identified pA sites located in 30UTRs
and the extended 30UTRs of the protein-coding genes,

exons of lncRNA, and extended lncRNA regions. After

merging all 30UTRs with the same stop codons, we found

that around 49% (6,301/12,872) and 21% (195/722) of

transcribed protein-coding genes and lncRNA in the

mouse retinal tissue harbor more than one pA sites,

respectively (Fig. 1e), suggesting a potential mechanism

of regulation of gene activity by APA during retinal

development.

It has been well documented that the cleavage and

polyadenylation events involve the upstream AU-rich pA

signal and the downstream U/GU-rich element [53, 62]. In

our data, these two elements were also detected within the

first 30 nucleotides flanking the cleavage sites of both the

annotated and novel identified pA sites (Fig. 1f). We

searched for the hexamer motif sequences of the PAS, and

found that 85% of the PAS were the canonical recognition

signal AAUAAA or the most common 12 variants reported

in the human [53] in a region 10–30 bases upstream of the

pA sites (Fig. 1g). The sequence composition and elements

surrounding the PAS agreed well with those reported in

human tissues [44].

Time-specific gene expression and pA site usage

To assess the overall relationship of gene expression levels

of the polyadenylation sites across all the stages, we

applied principal component analysis (PCA) to the nor-

malized read number (RPM) of both replicates of samples

from all the different developmental stages, where the first

three principal components contributed to about 98% of the

explained variance (Fig. 2a). Interestingly, we observed

that most of the stages, including embryonic stages (E13.5,

E15.5, and E18.5) and postal day 0, are clustered, while P6

and P21 are in a relative far distance from the main cluster

(Fig. 2a; Supplementary Fig. S2).

The previous studies have shown that expression levels

of the protein-coding genes are highly correlated with gene

expression levels estimated by tag counts of pA sites

[35, 44, 63]. To estimate the expression of the protein-
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coding genes, the tag/read counts of the identified pA sites

located in 30UTR and extended 30UTR regions were sum-

med up. To validate the estimated gene expression, we

downloaded two RNA-seq data sets of the mouse retina

[49] (GEO accession: GSE52006) and compared the gene

expression levels from RNA-seq with our estimated gene

expression. The estimated gene expression levels at P0 and

P21 were highly correlated with those from RNA-seq data

at P2 and P21, respectively (Pearson correlation

coefficients ranging between 0.74 and 0.69) (Supplemen-

tary Fig. S3), indicating that the PA-seq tag counts can be

used to estimate the transcript abundance.

We further used Shannon entropy to measure categorical

time specificity of gene expression (Supplementary

Fig. S4A) and the pA site usage (Fig. 2b). Categorical time

specificity ranks a gene/pA site according to the degree to

which its expression pattern is skewed toward expression at

that particular stage [48]. A permutation test was

Fig. 2 Identification and characterization of the time-specific pA

sites during retinal development. a First three principal components of

PCA analysis applied to the normalized read number (RPM) of both

replicates of samples from all the developmental stages tested. b Heat

map of log-transformed RPM for all time-specific pA sites, row-wise

normalization was applied. Each row of the heat map represents a pA

site using RPM Z score values normalized for each pA site

individually, across all developmental stages. Red indicates high

expression and blue indicates low expression. The color vector with

group information of time-specific pA sites for each stage was added

to the left side of the heat map corresponding to the color labels in

a. c Number of time-specific pA sites (dark blue and green) and genes

(light blue and green) at each developmental stage. Blue and green

indicate protein-coding and lncRNA genes, respectively. d Distribu-

tion of time-specific pA sites in different genomic regions at each

developmental stage
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performed based on the mean expression values of the pA

sites, revealing that the time-specific genes and pA sites

identified based on Shannon entropy showed significant

specificity at the corresponding stages (p\ 0.0001). Con-

sistent with the principal component analysis, a large

proportion of the time-specific genes were identified at P6

and P21 (Fig. 2c). Gene set enrichment analysis (GSEA)

showed that P6- or P21-specific genes were significantly

enriched in the pathways associated with retinal develop-

ment and functions, such as neurophysiological process of

visual perception, detection of stimulus involved in sensory

perception, phototransduction, transmission of nerve

impulse, and photoreceptor cell maintenance (Supplemen-

tary Fig. 4B).

A considerable number of time-specific pA sites were

identified across all the developmental stages (Fig. 2c).

Most of the stage-specific pA sites were located in the

30UTRs and extended 30UTRs of protein-coding genes,

rather than those of lncRNAs (Fig. 2d). The proportion of

time-specific pA sites located in the extended 30UTRs at

postnatal stages is higher than those at embryonic stages

(Fig. 2d), suggesting a preferential usage of distal pA sites

at postnatal stages. GSEA analysis showed that the genes

associated with embryonic stage-specific pA sites are

enriched for cytoskeleton remodeling, cell cycle and

G-protein signaling. Those associated with P0-specific pA

sites are primarily involved in negative regulation of

developmental process and apoptosis, while those associ-

ated with P6- and P21-specific pA sites are enriched in the

visual pathway, including detection of stimulus involved in

sensory perception, phototransduction, and neurophysio-

logical process of visual perception (Fig. 3). The GSEA

result thus suggests that the time-specific usage of pA sites

is associated with both the retinal developmental process

and the acquisition of visual perception.

Regulation of alternative polyadenylation

during retinal development

To explore the change of the 30UTR length for the protein-

coding genes with APA, the RUD score was calculated.

We observed a progressive increase in the median RUD

over the course of retinal development, and the slope of the

overall RUD across stages using a simple linear regression

model (adjusted R2 0.0010) is 0.012885 with a significant

difference from 0 (p\ 0.001), indicating a relatively

higher abundance of the isoforms with a longer 30UTR
length resulted from the usage of distal pA sites at later

developmental stages (Fig. 4a). The length of 30UTR iso-

forms [44] was further quantified, and the median length

was found to increase about 74 bp from 1238 at E13.5 to

1312 at P21. Compared to E13.5, the number of lengthened

genes defined by a change of 100 nucleotides in 30UTR
length showed a gradual increase at each later stage,

whereas the number of shortened genes displayed a slight

downward trend over time (Fig. 4b; Supplementary

Fig. S5A). We experimentally validated APA events for

four randomly selected genes using the qRT-PCR assay

Fig. 3 Gene set enrichment analysis (GSEA) of the genes associated with time-specific pA sites. The significance of enrichment is represented

by the negative log10-transformed FDR-corrected p values

cFig. 4 Dynamic changes of 30UTR length. a Box plots of the RUD of

the genes with APA during retinal development. Two-tailed pairwise

t test was performed and revealed significant differences between all

neighboring stages (***p\ 0.001). b Number of the lengthened

(blue)/shortened (red) genes that vary by 100 nt between E13.5 and

later stages. c–f qRT-PCR validation of representative lengthened

(Bcat, c, d) and shortened (Aak1, e, f) genes caused by differential

usage of alternative pA sites. The height of each wiggle plot

represents the number of PA-seq tags for the identified pA site

(P proximal, D distal) at each developmental stage (c, e). The location
of primer pairs used for PCR validation is indicated (c, e). The

histograms represent the amount ratio of proximal/distal regions of

the RNA transcript determined by qRT-PCR assays of retinal samples

at the indicated developmental stages (d, f)
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Table 1 Genes with a high degree of change in 30UTR length ([1.6 kb) during retinal development

Gene Symbol
Change of weighted 3'UTR length

Description Retina_
specificaE15.5-

E13.5
E18.5-
E13.5

P0-
E13.5

P6-
E13.5

P21-
E13.5

Hnrnpr 3,465 1,507 2,977 1,036 4,365 Heterogeneous Nuclear Ribonucleoprotein R 1
Clmnb 850 826 801 2,123 3,393 Calmin 1
Homer2 297 -519 70 1,240 3,351 Homer Homolog 2 (Drosophila) 0
Dnmt3a 235 1,207 848 3,129 3,235 DNA Methyltransferase 3A 0
Slc4a8 1,036 958 569 1,455 3,082 Solute Carrier Family 4 (Anion Exchanger), Member 8 1
Camk4 1,660 1,151 2,899 2,140 2,823 Calcium/Calmodulin-Dependent Protein Kinase Iv 0
Pura 684 21 232 1,659 2,700 Purine Rich Element Binding Protein A 0
Ikbkg 370 325 2,096 1,803 2,589 Inhibitor of Kappab Kinase Gamma 0
Rps15a 0 46 2,022 2,151 2,569 Ribosomal Protein S15A 0
Gpr26 1,223 2,326 1,754 2,541 2,569 G Protein-Coupled Receptor 26 0
Chrm1 1,491 1,580 2,717 2,533 2,538 Cholinergic Receptor, Muscarinic 1, Cns 0
Ppp1r7 -168 524 1,099 1,322 2,426 Protein Phosphatase 1, Regulatory (Inhibitor) Subunit 7 0
1200014J11Rik -73 412 -26 939 2,329 Riken cDNA 1200014J11 Gene 0
Rnf217 859 906 707 963 2,302 Ring Finger Protein 217 1

Cdc73 529 667 665 1,681 2,237 Cell Division Cycle 73, Paf1/RNA Polymerase II 
Complex Component 0

Lyrm9 875 204 1,996 1,665 2,222 Lyr Motif Containing 9 0

Mkln1 981 1,306 1,878 1,754 2,046 Muskelin 1, Intracellular Mediator Containing Kelch 
Motifs 0

Nmd3 275 902 1,220 1,127 1,946 Nmd3 Homolog (S. Cerevisiae) 0
Strbp 556 1,341 3,013 2,091 1,934 Spermatid Perinuclear Rna Binding Protein 1
D1Ertd622e 171 28 228 -3 1,830 DNA Segment, Chr 1, Erato Doi 622, Expressed 1
Lifr 344 1,242 -549 1,496 1,803 Leukemia Inhibitory Factor Receptor 0

Kcnb2 892 1,048 1,133 631 1,797 Potassium Voltage Gated Channel, Shab-Related 
Subfamily, Member 2 0

Nop58 -164 482 1,136 1,080 1,738 Nop58 Ribonucleoprotein 0
Slitrk2 -67 809 236 787 1,738 Slit and Ntrk-Like Family, Member 2 1
Slc35g1 483 353 217 1,083 1,723 Solute Carrier Family 35, Member G1 0

Cds2 -94 488 1,332 2,003 1,621 CDP-Diacylglycerol Synthase (Phosphatidate 
Cytidylyltransferase) 2 0

Itsn1 442 546 615 1,505 1,619 Intersectin 1 (Sh3 Domain Protein 1A) 0
Lsamp -39 368 1,008 1,343 1,601 Limbic System-Associated Membrane Protein 1

Vapb 266 381 1,615 1,677 1,449 Vesicle-Associated Membrane Protein, Associated 
Protein B and C 1

Nck1 1,331 198 1,785 1,042 1,266 Non-Catalytic Region of Tyrosine Kinase Adaptor 
Protein 1 0

Igf1 -241 1,882 281 959 1,183 Insulin-Like Growth Factor 1 0
Paqr9 1,200 1,027 2,429 1,412 1,140 Progestin and Adipoq Receptor Family Member Ix 0
Pvrl3 -1,990 -423 95 91 909 Poliovirus Receptor-Related 3 1

Hecw2 624 479 2,419 1,564 876 HECT, C2 and WW Domain Containing E3 Ubiquitin 
Protein Ligase 2 0

Mars2 618 726 1,102 1,756 841 Methionine-tRNA Synthetase 2 (Mitochondrial) 0
Radil 801 881 1,804 958 804 Ras Association and DIL Domains 0

Slc6a2 1,816 908 1,601 495 363 Solute Carrier Family 6 (Neurotransmitter Transporter, 
Noradrenalin), Member 2 0

Lrrc58 -3,102 881 -2,668 -2,495 82 Leucine Rich Repeat Containing 58 0
Spopl -2,015 736 -1,818 -805 -289 Speckle-Type Poz Protein-Like 0
Cntnap5a -1,851 -1,427 -1,078 -716 -495 Contactin Associated Protein-Like 5A 0
Slc25a35 -1,691 -1,580 -801 -1,552 -970 Solute Carrier Family 25, Member 35 0
Pla2r1 -1,914 -892 -1,021 -1,401 -1,287 Phospholipase A2 Receptor 1 0
Nova2 331 -315 -199 -563 -1,860 Neuro-Oncological Ventral Antigen 2 1
Aak1 -1,048 -1,197 -1,266 -2,333 -3,257 Ap2 Associated Kinase 1 0
aRetina-specific genes are indicated by 1 and non-specific genes by 0. bRed fonts indicate genes specifically 
mentioned in the Results section.
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and the results were consistent with APA events identified

by PA-seq (Fig. 4c–f; Supplementary Fig. S5B–E). Fig-

ure 4 shows two representative genes Bcat1 (Fig. 4c, d)

and Aak1 (Fig. 4e, f) as examples of the lengthened and

shortened genes.

Overall, 44 genes showed notable changes of 30UTR
length, defined by lengthened/shortened by at least 1.6 kb

at the later stages compared to E13.5 (Table 1). Among

these genes, 11 were previously identified as ‘‘retina-

specific’’ [64], indicating important roles of 30UTR length

in the regulation of retinal development and function. In

particular, Clmn and Strbp were implicated in neural

development [65, 66]; Nova2 regulated neuron-specific

splicing [67, 68]; Slc4a8 was required for modulating pH-

dependent glutamate release [69]; and Pvrl3 played an

important role in lens and ciliary body formation [70].

Aside from the APA events in 30UTRs, we further

investigated the pA sites located in other genomic regions

[14, 71] (Fig. 5a). Using E13.5 as a baseline, we quantified

the number of upregulated and downregulated pA sites

located in the exons and introns as well as those located in

the proximal, middle, and distal regions of 30UTRs
(Fig. 5b). Consistent with 30UTR lengthening during reti-

nal development, there is a trend of increase in the fraction

of upregulated distal pA sites and a decrease in that of

downregulated distal pA sites. For the proximal and middle

pA sites, we observed an opposite trend (Fig. 5b). More-

over, there are more upregulated than downregulated

intronic pA sites (Fig. 5b).

Comparing PAS motifs of proximal and distal pA sites

for the lengthened and shortened genes showed a con-

spicuous change in the usage of the canonical signal

AAUAAA (Fisher’s exact test, p\ 0.0001), where the

usage of the canonical PAS at distal sites is 19% higher

than that at the proximal sites (Fig. 5c). We also searched

for the de novo sequence motif in the upstream 10–30 nt of

the pA sites using the MEME suite. In addition to the

canonical motif and 12 previously identified variants

recovered by our motif analysis, we also identified a highly

enriched motif (log-likelihood ratio of 1421 and E value of

2.9E-012) (Fig. 5d), indicating a possible new PAS in the

mouse retinal tissue. Since the 30UTR length displays a

global increase during retinal development, the shorter

30UTR isoforms are more abundantly produced at the early

stages, suggesting a preferential usage of the weaker

proximal pA sites. The expression of genes encoding

cleavage and polyadenylation-associated (CPA) factors

that are reported to participate in the regulation of pA site

selection, including more than 80 proteins constituting the

30 processing complex, such as the cleavage and

polyadenylation specificity factor, cleavage stimulation

factor, and poly(A) polymerase [16, 24, 35], was quantified

by the summed PA-seq tags of all the pA sites

corresponding to the same gene and compared between

developmental stages. Most of the CPA genes showed

higher expression at early embryonic stages (Fig. 5e),

consistent with the finding from the previous studies indi-

cating that increased expression levels of the CPA-

associated factors may be correlated with the preference for

the weaker proximal pA sites at the early stages

[24, 35, 38].

Regulatory role of alternative polyadenylation

in gene expression

Scatter plots revealed that the fold change of the transcript

abundance between E13.5 and later stages showed pro-

gressively higher variance as retinal development

progresses. This is in concordance with the gradually

increased differences of the 30UTR length (Fig. 6a), sug-

gesting possible involvement of APA in regulating gene

expression. Weak negative correlations between the 30UTR
length and the transcript abundance of the corresponding

genes were observed at E13.5 (Fig. 6b), E15.5 (Fig. 6c),

and E18.5 (-0.13, -0.12, and -0.11, respectively),

whereas little correlations were observed at P0, P6, and

P21 (-0.1, -0.07, and -0.03, respectively). The weak

reverse correlation between 30UTR length and gene

expression level agrees with the previous studies in zeb-

rafish and human [35, 44, 72].

The RNA-binding proteins (RBPs) and/or microRNAs

(miRNAs) have been reported to interact with cis-regu-

latory elements in 30UTRs, and the gain/loss of these

elements during the change of 30UTR length is related

with RNA stability and/or translation efficiency [2, 3, 11,

20–23]. To examine possible involvement of RBPs and

miRNAs in regulating gene expression, the binding

motifs of RBPs and miRNAs were searched against the

lengthened/shortened regions of 30UTRs introduced by

alternative usage of the distal PAS (see ‘‘Materials and

methods’’ for details). We downloaded the binding motifs

of 93 RBPs generated by RNA-binding protein

microarrays [16]. In addition, we also retrieved a total of

1915 mouse miRNA sequences in the seed region from

the miRBase database [56]. We found that 15 RBPs and

six miRNAs were significantly enriched in the length-

ened/shortened regions of 30UTRs (Supplementary

Tables S3 and S4). Among the 15 RBPs, U2af2 and

Pabpc1 are known CPA factors [24, 73], and Hnrnpc has

been reported to bind to 30 UTRs to regulate the tran-

script abundance of target genes [16, 74, 75]. Thus, these

RBPs and miRNAs may target 30UTRs and play a role in

RNA stabilization/destabilization, implicating a mecha-

nism of gene regulation by APA through the gain/loss of

RBP and miRNA-binding sites during retinal

development.
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Polyadenylated lncRNAs during retinal

development

LncRNAs play important regulatory roles in neuronal

development and disease [76, 77]. In this study, lncRNAs

made up a considerable fraction of the polyadenylated

transcripts in the mouse retina (Fig. 1a–d). We, therefore,

sought to infer functions of lncRNAs by the pathway

analysis of co-expressed protein-coding mRNAs, where the

correlation of polyadenylated lncRNAs and mRNAs was

calculated by Pearson correlation, and co-expression net-

work was constructed based on the lncRNA/mRNA pairs

with R[ 0.9.

Through co-expression analysis, we identified 197

polyadenylated lncRNAs co-expressed with protein-coding

genes involved in phototransduction, visual perception,

neurophysiological processes, synaptogenesis, and synaptic

transmission, etc. (fdr\ 0.05). Figure 7 shows 51

lncRNAs with high expression level (log10 summed

RPM[ 2) and their associated functional pathways. The

relevance of some lncRNAs in the network to retinal

development has been shown in many previous studies.

Six3os1 and Vax2os have been demonstrated to be natural

antisense transcripts associated with genes involved in eye

development [78], with the former regulating retinal

development by modulating the activity of homeodomain

transcription factor Six3 and the latter controlling the cell

cycle progression of photoreceptor progenitors in the

mouse retina [79, 80]. Rncr4 is involved in controlling the

formation of proper retinal architecture by promoting timed

pri-miR-183/96/182 maturation in postnatal photoreceptors

[77]. LncRNA Cyrano (1700020I14Rik) is required for

proper embryonic development, and knockdown of cyrano

results in reduced brain and eye size and aberrant neural

tube opening in zebrafish [81]. Malat1 regulates neuronal

synaptogenesis and is significantly upregulated in retinas of

diabetic mice as well as in the aqueous humor and

fibrovascular membranes of diabetic patients [82, 83].

Discussion

As a part of CNS with easy accessibility and relative

simplicity, retina has long provided an ideal system in

which to study the molecular and cellular principles of

CNS development as well as relevant mechanisms of gene

regulation [41, 84]. The development of retina, like any

other CNS tissue, is a precise and complex process that

must be coordinately regulated at multiple levels, including

transcriptional, post-transcriptional, and epigenetic. To

investigate whether APA contributes to this important

developmental process, we profiled genome-wide pA sites

in the developing mouse retina from embryonic to post-

natal stages by a PA-seq approach. We identified

developmentally regulated APA events that may partici-

pate in stage-specific regulation of gene expression. As

retinal development progresses, there is a preference for the

usage of distal PASs over the proximal ones in 30UTRs,
resulting in overall lengthening of RNAs. Some RBP and

miRNA-binding sites were found to be enriched in the

lengthened/shortened regions of 30UTRs, which may par-

ticipate in the regulation of target gene expression.

Moreover, a substantial number of polyadenylated

lncRNAs showed a high level of co-expression with the

protein-coding genes involved in phototransduction, visual

perception, transmission of nerve impulse, neurophysio-

logical processes, circadian rhythm, and so on. Thus,

cleavage and polyadenylation events are regulated during

retinal development and should be considered as an

important mechanism of gene regulation underlying this

delicate CNS developmental process.

From the PA-seq reads of all tested stages in our

study, we found that approximately 60% of the distinct

pA sites are novel pA sites that have not yet been

annotated in the latest PolyA_DB or Gencode database

(Fig. 1b; Supplementary Fig. S1). Most of the annotated

pA sites are located in 30UTR, which display a signifi-

cantly higher expression of the associated transcripts

than those in the other genomic regions (Fig. 1d, two-

tailed test, p\ 0.0001). Therefore, most of the currently

annotated pA sites must be derived from abundantly

expressed gene isoforms, in particular, protein-coding

genes with a 30UTR. In contrast, the novel pA sites are

expressed in lower abundance than the annotated pA

sites, consistent with the fact that 44% of them are

located in the extended 30UTR, intron, and exon of

protein-coding and lncRNA genes (Fig. 1b). Indeed, it

has been shown that transcripts terminated at the intronic

pA site of the Zip3 gene and those at the exonic pA site

of the reelin gene are expressed in low levels [85, 86].

Our results thus have identified numerous novel unan-

notated pA sites in the mouse genome and suggest that

bFig. 5 Preferential usage of weak proximal pA sites at the early

developmental stages. a Schematic representation of different types of

pA sites. E, I, P, M, and D indicate exonic, intronic, proximal, middle,

and distal pA sites, respectively. b Number of downregulated (Down)

and upregulated (Up) pA sites of different types when later stages are

compared to E13.5. c Frequency of the PAS for different types of pA

sites. d Hexamer sequence motif identified by MEME analysis of the

upstream 10–30 nt region of the pA sites without canonical PAS or

the 12 most common variants in human. The log-likelihood ratio

(1421) and E value (2.9E-012) are significant compared with the

zero-order Makov model using the background letter frequencies.

e Heat map of fold change in expression level (RPM in logarithm

scale) of 94 cleavage and polyadenylation-associated (CPA) factor

genes when later stages are compared to E13.5. The expression level

is approximated by the summed tags of the pA sites assigned to the

same gene
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there are still many more to be discovered, particularly

those associated with low-abundant transcripts.

We have identified stage-specific pA sites during mouse

retinal development at most of the developmental stages

we tested (Fig. 2), suggesting that RNA polyadenylation is

highly regulated in development. For instance, embryonic

retinas consist mostly of dividing progenitor cells and we

found that the embryonic stage-specific pA sites are asso-

ciated with genes involved in cell cycle and cytoskeleton

remodeling. P6–P21 is a postnatal period characterized by

the differentiation and maturation of photoreceptors

[87, 88]. Indeed, we found that pA sites specific to P6 and

P21 are particularly associated with genes involved in

phototransduction, neurophysiological process of visual

perception, and detection of stimulus involved in sensory

perception. These results imply that APA may play an

important role in controlling photoreceptor differentiation

and function. Since dysfunction in RNA splicing machin-

ery results in photoreceptor-related degenerative retinal

disease retinitis pigmentosa [89], it is conceivable that

Fig. 6 Regulatory role of alternative polyadenylation in gene

expression. a Scatter plots of the difference in 30 UTR length and

log10-transformed fold change in transcript abundance when later

stages are compared to E13.5. b, c Scatter plots of the 30UTR length

and the expression estimated by the PA-seq tags of pA sites assigned

to the same gene at E13.5 (b) and E15.5 (c)
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disregulation in RNA polyadenylation may be involved in

retinal degeneration as well.

Our study also revealed a progressively global length-

ening of RNA transcripts due to the preferential usage of

the distal PAS in the 30UTR during retinal development.

This temporal pattern is consistent with the previous find-

ings that development and differentiation are associated

with upregulation of long 30UTR isoforms, whereas pro-

liferating cells tend to express short 30UTR isoforms

[14, 19, 24]. We found that the PASs of distal pA sites in

the 30UTRs are more likely to be the stronger canonical

signal AAUAAA than those of the proximal ones and that

the expression of genes for cleavage and polyadenylation-

associated factors tends to decrease as retinal development

progresses (Fig. 5c, e). As such, the long transcripts with a

stronger PAS would be more likely to be expressed than

the short ones when the 30 end processing activity is

diminished. Thus, the strength of the PAS and 30 end

processing may be a major determinant of global changes

in the length of RNA transcripts during development and

differentiation [14]. Besides regulated APA events in the

30UTR, interestingly, we found that retinal development is

Fig. 7 Polyadenylated lncRNA/mRNA co-expression network asso-

ciated with retinal functions constructed using the Cytoscape

program. The lncRNAs with a minimum expression level (log10

summed RPM) of 2 and a lncRNA-mRNA Pearson correlation

coefficient larger than 0.9 were selected to draw the functional

annotation network. The nodes indicate lncRNAs (green), biological

processes of GO enrichment (BP, blue), KEGG (purple), and GeneGo

(red) pathways. The transparency of the edges (yellow) represents the

significance of the functional annotation. The text transparency and

font size (black to light grey) of the lncRNA names are scaled to the

estimated expression level of the corresponding lncRNAs
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also accompanied by increased usage of intronic sites when

compared with E13.5 (Fig. 5a, b). Previously, biased usage

of the intronic pA sites has been shown to exist in different

human tissues and during development and differentiation

[14, 71].

The generation by APA of RNA transcript isoforms with

different 30UTR lengths provides a mechanism of post-

transcriptional gene regulation via the gain or loss of cis-

elements for miRNAs and RBPs, which often cause RNA

degradation [90–93]. We observed a weak negative cor-

relation between 30UTR length and the expression level of

the corresponding genes at E13.5, E15.5, and E18.5

(Fig. 6b, c), in agreement with the notion that 30UTR
lengthening leads to potential gain of binding sites for

destabilizing transacting factors. However, 30UTR length-

ening does not necessarily result in downregulated gene

expression. For instance, we failed to observe any corre-

lation between 30UTR length and the expression level of

the corresponding genes at P0, P6, and P21 in retinal

development. Similarly, there is only a weak reverse cor-

relation between 30 UTR length and gene expression level

among human tissues [44]. There are at least two expla-

nations for this phenomenon: (1) some RBPs can act as

stabilizing factors for target RNAs; (2) some RBPs may

antagonize the negative effect of miRNAs and/or other

RBPs on RNA stability [17, 94]. Therefore, post-tran-

scriptional gene regulation at 30UTRs during retinal

development may be combinatorial and complex, involving

both positive and negative mechanisms. In addition to

serving as a repository of cis-acting elements, some of the

30UTR extensions might be processed into a range of small

RNAs and long coding and non-coding RNAs, representing

a regulated mechanism to diversify the transcriptome

[33, 95].

In summary, this study is the first to survey and inves-

tigate in-depth the temporal landscape change of mRNA

and lncRNA polyadenylation during the developmental

process of a CNS tissue, the retina. We have identified

stage-specific pA sites that are enriched for genes critical

for retinal development and visual perception, as well as

demonstrated 30UTR lengthening and increased usage of

intronic pA sites over development that would result in

gaining many different RBP and/or miRNA target sites.

These data reveal a dynamically regulated APA pattern

during retinal development and maturation, and implicate

an important contribution of APA to gene regulation

underlying CNS development. Our findings provide a

framework with which to further dissect the roles of APA,

RBPs, miRNAs, and lncRNAs in retinal development and

diseases.
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