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Abstract: Cleavage and polyadenylation are essential processes that can impact many aspects of mRNA
fate. Most eukaryotic genes have alternative polyadenylation (APA) events. While the heterogeneity
of mRNA polyadenylation isoform choice has been studied in specific tissues, less attention has
been paid to the neuronal heterogeneity of APA selection at single-nucleus resolution. APA is highly
controlled during development and neuronal activation, however, to what extent APA events vary in
a specific neuronal cell population and the regulatory mechanisms are still unclear. In this paper,
we investigated dynamic APA usage in different cell types using snRNA-seq data of 1424 human
brain cells generated by single-cell 3’ RNA sequencing. We found that distal APA sites are not
only favored by global neuronal cells, but that their usage also varies between the principal types
of neuronal cell populations (excitatory neurons and inhibitory neurons). A motif analysis and
a gene functional analysis indicated the enrichment of RNA-binding protein (RBP) binding sites and
neuronal functions for the set of genes with neuron-enhanced distal PAS usage. Our results revealed
the extensive involvement of APA regulation in neuronal populations at the single-nucleus level,
providing new insights into roles for APA in specific neuronal cell populations, as well as utility in
future functional studies.

Keywords: alternative polyadenylation; neuronal heterogeneity; snRNA-seq; RBP binding motif;
neuronal populations; excitatory neurons; inhibitory neurons; APA regulation

1. Introduction

Cleavage and polyadenylation (C/P) is an essential process of almost all eukaryotic mRNAs,
which is coupled to the determination of 3" ends and synthesis of poly(A) tail. C/P is defined by a set
of sequence motifs around the poly(A) site (PAS). Over two-thirds of human genes have multiple PASs,
also known as alternative polyadenylation (APA), leading to different transcript isoforms with distinct
3’ untranslated region (3" UTR) and/or their coding sequence (CDS) [1,2]. Since some cis-regulatory
elements for posttranscriptional regulation are located in 3" UTR, such as binding sites for microRNAs
(miRNAs) and RNA binding proteins (RBPs), many aspects of mRNA fate were impacted, including
mRNA and protein localization, mRNA stability and translation [3]. It has also been implicated that
APA is highly involved in the regulation of mRNA metabolism, protein diversity, gene expression,
cellular functions and development of both normal cells and cancer cells [4-7]. Although evidence
suggesting that genome-wide APA changes were broadly observed in specific tissues, different cell
types and neuronal activation [8-10], it is largely unknown to what extent APA regulation varies
between cell subpopulations of a specific cell type. In addition, the regulation mechanisms of APA
have not been fully understood.
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The diverse landscape of APA has emerged as new evidence for their important modulatory roles
under different biological conditions. The APA phenomenon was originally reported in early studies,
demonstrating that changes in APA usage can lead differentially post-transcriptional regulation in
a tissue/cell type-specific or developmentally specific manner [11]. This has been shown in many
recent studies. For example, proximal PASs were generally preferred in cells of the testis, whereas
neuronal cells have the opposite trend, favoring distal PASs [12,13]; a global 3" UTR shortening
caused by APA was found in proliferating T cells of humans and mice [14]; differential APA sites
formation occurs during mouse embryonic development [15,16]. Moreover, a large number of specific
signals significantly impacted by APA have been observed, such as neuronal activities. Different
APA isoforms show distinct functions in neurons. For instance, the distal APA isoforms of BDNF is
localized to dendrites and translated upon the neuronal activity, but the short isoforms are restricted
to somata [17,18]; Memol transcripts shifted from selecting a proximal APA isoform to a distal APA
isoform during excitatory neurons’ differentiation [19].

During past few years, a growing number of APA profiles have been examined across multiple
tissues for mammal species, using next-generation sequencing methods and technologies to capture
the 3’-end of transcripts [20-22]. However, these NGS-based methods generate bulk genome or
transcriptome data, which cannot provide a high-resolution view of cell-to-cell variation. Recently,
single-nucleus RNA sequencing (snRNA-seq) technology has been increasingly used to investigate
cellular heterogeneity because of high throughput and low technical noise. The study of the variability
in APA selection at the single-nucleus level has only just started. Single-nucleus transcriptomics can
provide important insights into APA regulation in specific cell types by capturing the 3" end using
single-cell 3’ RNA sequencing, i.e., 10x genomics, however, this information has rarely been used for
investigating APA within a specific cell type, such as neurons.

To obtain insights into the comprehensive regulation of APA in the human brain, more specifically,
in neuronal populations, we characterized the APA usage variability in neuronal cells using
the paired-end snRNA-seq data of human brain cells generated from 10X Genomics Single Cell
3’ library prep, and a computational model for identifying the polyadenylation sites (PAS). A general
trend was observed that brain cells generally prefer to express distal APA isoforms. We showed
that APA isoform percent usage for the same gene is variable between two major types of neuronal
populations. A motif analysis for RBP binding sites provided the explanations for potential mechanisms
of APA regulation. We further demonstrated that the gene set with differential APA selection was
significantly enriched in neuronal functions, which provided evidence for important roles for APA
regulation in single neuronal cell type resolution.

2. Materials and Methods

2.1. Sample Preparation and Single-Nucleus Sequencing

For single-nucleus sample preparation, the human brain tissues were obtained post-mortem from
amygdala, which individual aged >18 years, no head injury at time of death, lack of developmental
disorder, no recent cerebral stroke, no history of other psychiatric or neurological disorders, no history
of intravenous or polydrug abuse, negative screen for AIDS and hepatitis B/C, and postmortem interval
within 48 h. Small pieces of brain tissues in 500 pL chilled Nuclei EZ Lysis Buffer (Sigma-Aldrich,
St. Louis, MI, USA) were homogenized with the pestle in a 1.5 mL microfuge tube, following
Frankenstein protocol (https://community.10$\times$genomics.com/t5/Customer-Developed-Protocols/
ct-p/customer-protocols). Resulting nuclei suspension was immediately sent to flow core for single
nuclei sorting by a FACS fusion sorter to collect 17K nuclei directly into the RT reaction mix (subtracting
RT enzyme). We brought up and immediately measured the volume to 90 uL, and then added 10 uL
RT enzyme for emulsion.

A single nucleus 3" RNA-seq experiment is conducted using the Chromium single-cell system (10x
Genomics, Inc., Pleasanton, CA, USA) and the NovaSeq 6000 sequencer (Illumina, Inc., San Diego, CA,
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USA). The single cell suspension was first counted on the Countess II FL for cell number, cell viability,
and cell size. Depending on the quality of the initial cell suspension, the single cell preparation includes
re-suspension, centrifugation, and filtration, to remove cell debris, dead cells, and cell aggregates.
An appropriate number of cells were loaded on a multiple-channel micro-fluidics chip of the Chromium
Single Cell Instrument (10x Genomics) with a targeted cell recovery of 10,000. Single cell gel beads in
emulsion containing barcoded oligonucleotides and reverse transcriptase reagents were generated
with the 3'v2 single cell reagent kit (10X Genomics). Following cell capture and cell lysis, cDNA was
synthesized and amplified. An Illumina sequencing library was then prepared with the amplified
cDNA. The resulting library was sequenced using a custom program on an Illumina NovaSeq 6000
sequencer. The sample (ID: AMG-5U234) was sequenced with the recommended cycles (26 bp for
R1: barcode and UMI; 91 bp for R2: ¢cDNA). In order to capture the 3’ termination sequences and
accurately detect the PAS, a second sequencing run was performed for the same library (sample ID:
Chrm_039_AMG-5U234), using more cycles than the recommended number, generating 2 x 150 bp
paired-end constructs (R1 and R2). R1 contains the 16 bp 10x Barcode, 10 bp UMI, 30 bp poly(dT)
primer sequence, and poly(A)-spanning reads; R2 contains the sequence of cDNA (Figure S1).

2.2. snRNA-Seq Data Analysis

The processing of raw sequence data was performed using CellRanger v2.1.0 (10x Genomics).
Briefly, CellRanger generated the FASTQ files and then aligned them to the human reference genome
GRCh38 with RNAseq aligner STAR. The filtered gene-cell barcode matrices and BAM alignment files
output from CellRanger were used for the downstream analysis (R 3.4.4). The initial cells were filtered
and clustered using the ‘Seurat v2.3’ R package [23]. The cell type was assigned for each individual
cell and cell cluster using the ‘SingleR’ R package. The visualization of each cell clustering process
such as t-SNE plot was performed using R.

For human data, all initial 1424 cells were used for further analysis. Seven cell clusters were
initially identified and then six different cell types including neurons (excitatory and inhibitory neurons)
were classified based on the marker genes obtained from Tasic et al., 2016 [24].

2.3. PAS Identification

To exclude the low-quality data, a series of QC was required. Barcode, UMI and Poly(dT) primer
were trimmed from poly(A)-spanning reads (R1). Trimmed reads were filtered based on their sequence
length (Minimum length is 12 bp). Read trimming and length filtering were processed in a paired-end
manner to be prepared for the alignment. The good quality reads were aligned to the GRCh38.p12
reference genome using STAR. Poly(A)-spanning reads (R1 from the second sequencing run) and
insert cDNA reads (R2 from the first sequencing run) were aligned in paired-end and single-end
mode, separately. Only uniquely mapped reads were used for further analysis. To accurately identify
the original number of transcripts, PCR duplicates were removed using UMI-tools [25]. Protein coding
genes were selected to annotate the 3’ positions of processed reads using bedtools v2.17.

To identify the poly(A) sites (PAS), at the bulk cell level, a one-dimensional Gaussian mixture model
(GMM) was used to model the 3’ end of snRNA-seq reads. A Gaussian mixture model is parameterized
by two types of values; the mixture component weights or probabilities and the component means and
variances. For a sample of n independent observations x = {x1, xy, ..., x,}, the distribution is specified
by the following probability density function:

p(x) = Zil @iN (xi, 0i), 1)

N(x'yi, 0;) = o-\l/z_neXp[_%] )
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where K is the number of components; &; is the weight for the ith component, with the constraint
that @; > 0, Z,K: 19 = 1 so that the total probability distribution normalizes to 1. N (x|,ui,ai) is
the ith component density for observation x, which is a Gaussian distribution with a mean of ;
and variance of g;. The mean vector ; is the center of ith distribution, representing a candidate PAS.
These unknown parameters (@, y;, 0;) for each component were estimated using the ‘clustCombi’
function of the ‘Mclust’ package in R [26,27].

Only genes with more than 100 reads and non-overlap with other genes at the chromosomal
coordinates were used. To reduce the false-positive derived from ‘internal priming’, the genomic
sequence in a +10 nt window around the candidate PAS was examined. If the sequence has six
continuous As/Ts, or more than 70% As/Ts, it is considered as an internal priming site, which should be
filtered out. However, if an internal priming site was supported by a poly(A) signal (AAUAAA or
11 variants) in 40 nt upstream of the candidate PAS, it is considered as a real poly(A) site.

Because a lot of continuous 5" Ts would lead to the deterioration of sequencing quality, the read
quality of insert reads (R2) is much higher than that of Poly(A)-spanning reads (R1); we use R1 for PAS
identification, R2 for PAS usage quantification. PAS usage was calculated as the fraction of reads that
support the PAS compared to the total reads that support the APA sites of each gene. A similar PAS
identification procedure was taken for R2. To find a highly confident PAS, a series of filtering strategies
was needed. A PAS identified from R2 that was supported by the PAS from R1, at least 10 reads and
with the usage of 1% or more became part of the atlas. After performing the filtering criteria above,
we identified 49,305 PAS in 7240 protein-coding genes, based on the bulk cell level.

All the detected PAS were compared with the annotated PAS from PolyA_DB version 3 (http:
//exon.umdnj.edu/polya_db/) and GENCODE release 29 (https://www.gencodegenes.org/human/
release_29.html). Considering the distance between PAS (from R2) and the 3’ termination of transcript
caused by sequencing protocol, they were identical if an annotate PAS or poly(A) signal located within
~200 nt downstream of the detected PAS. We thus generated a table of alternative polyadenylation
(APA) for each gene, including gene ID, PAS position and UMI (unique molecular indices) count.
For downstream analysis, we only focus on the top 2 most abundant PAS (n = 12,770) for 6385 genes.
The top 2 PAS were further defined to distal PAS and proximal PAS, separately (relative to 5" end).

2.4. Differential APA Usage Testing

We mapped the PAS to two interested cell groups (excitatory neurons and inhibitory neurons),
according to the information of PAS detected above from bulk cells, separately, using ‘normalmixEM’
function in R. The usage of the top 2 most abundant APA for each cell group was thus quantified.

Fisher’s exact test was performed to evaluate whether a specific APA is differentially used in
two neuron sub-groups. Odds ratio (OR) was calculated using the number of distal and proximal
PAS reads in two groups. APA genes with OR > 2 and FDR < 0.05 were considered significant distal
PAS isoforms up-regulated in excitatory neurons, while APA genes with OR < 0.5 and FDR < 0.05
were considered significant distal PAS isoforms down-regulated in excitatory neurons. Manual
browsing to validate transcript isoforms was performed using the WashU Epigenome Browser [28]
(http://epigenomegateway.wustl.edu/legacy/).

2.5. Motif Analysis

Sequences around the polyadenylation sites (PAS) (+100 nt) were scanned for RBP binding motifs
using HOMER software from UCSD (http://homer.ucsd.edu/homer/) [29]. The searching sequence
was divided into four regions relative to the PAS coordinate Pi (i = 1,2; representing the proximal and
distal PAS), i.e., —100/-41, —40/-1, +1/+40 and +41/+100 nt. Known RBP binding motifs to check for
enrichment were obtained from the cisBP database [30]. The portions of edPAS in excitatory neurons
relative to inhibitory neurons were scanned for searching the known RBP motifs enrichment.
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2.6. Functional Enrichment Analysis

To investigate whether the genes with significant differential APA usage in different cell groups
were enriched in specific GO term and functional pathways, the genes were subject to KEGG pathway
and GO enrichment analysis using clusterProfiler (Fisher’s exact test, p-value < 0.05) [31]. Pathway
annotations and gene function (Biological Process and Molecular Function) annotations of human
were retrieved from the Bioconductor package—org.Hs.eg.db.

3. Results

3.1. Evaluation of APA Based on snRNA-seq Data

To investigate APA events in the human brain based on single-nucleus RNA-seq data, we used
a density-based method to identify candidate poly(A) sites, using 1424 brain cells detected from
single human post-mortem brain. The single cell 3’ libraries were prepared following the standard
recommendations by 10X genomics single cell protocols. Then, the resulting libraries were sequenced
with not only the recommended cycles (26 X 91 bp), but also more cycles than regularly (150 PE),
thus generating cDNA reads (~514 M) and poly(A) spanning reads (~99 M), separately. To achieve
an accurate identification and the quantification of real poly(A) sites, we processed the snRNA-seq
in paired-end mode. The poly(A) spanning reads (150 bp) were used for poly(A) site identification,
and the cDNA reads (91 bp) were used for PAS usage quantification (Figure S1 and Table 1). We first
needed to perform the quality control for the raw reads. Barcode, UMI and Poly(dT) primer were
trimmed from the raw poly(A) spanning reads. Notably, 7.6% of reads with over 90% bases of As or Ts
were removed. The trimmed reads were then aligned to HG38 using STAR and filtered by the rules
that the two paired-end reads were uniquely mapped to the same chromosome. We performed UMI
deduplication for the filtered reads and finally obtained around 11.6% (11.5 M) of processed poly(A)
spanning reads for further analysis (Tables S1 and S2).

Having established the snRNA-seq data for detecting PAS, we first asked how often genes
selected more than one active PAS. As described in the methods, the 3’ most location of reads were
fitted by a Gaussian mixture model (GMM), and the mean of each Gaussian density was defined as
the coordinate of candidate poly(A) site. Protein coding genes, excluding overlapping genes, were
used for annotation. A series of filtering criteria were taken to narrow down the highly confident
PAS. To remove the false positive, internal priming events were removed from the candidate PAS.
Finally, we identified 49,305 PAS covered by 7240 protein-coding genes from the pooled cells dataset.
As shown in Figure 1a, around 90% of the 7240 protein-coding genes expressed more than one PAS,
counting all genes with at least 10 molecules that supported a PAS. The same trend was also observed
for a more conservative subset of genes, with expression in at least one-third of all cells (Figure S2).
We focus on the top two most abundant PAS (n = 12,770) of 6385 genes for downstream analysis.

To characterize the APA usage of cell types, the top two most abundant PAS identified from
snRNA-seq data were compared with genome-wide PAS annotations obtained from PolyA_DB version
3 [32] and GENCODE release 29. Not surprisingly, we found that over 57% of PAS (n = 7363) were
overlapped with annotation, with a distance of less than 200 bp from their nearest PAS annotation
(Figure 1b and Figure S3). This result showed a good match between our detected PAS and the reference
PAS. We also observed that a considerable fraction of PAS identified in our dataset did not overlap
annotate records; a similar phenomenon can be found by other studies [33,34]. The non-overlap set
can be considered as a valuable resource for the discovery of novel PAS. Next, the top two PASs were
assigned to distal PAS and proximal PAS, separately (relative to 5 end), for testing the preference
of PAS in different cell groups. Again, over 53% of these snRNA-seq PAS show consistence with
PAS inferred by human brain PolyA-seq studied by Xu C et al. 2018 [35] (40% overlapping distal
PAS and 13% overlapping proximal PAS, Figure S4). As shown in Figure 1c,d, cells were clustered
and classified into six cell types, including astrocytes, OPC, oligodendrocytes, microglia, excitatory
neurons, and inhibitory neurons, according to the information of marker genes. The number of cells,
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protein-coding genes and UMISs of each cell type were summarized in Table 2. As expected, a general
trend was observed in our data that almost all the cell groups prefer to use distal PAS rather than
proximal PAS (Figure 1e). These results were highly consistent with the findings reported by previous
studies, demonstrating that cells seem to express significantly longer 3" UTR isoforms in the central
nervous system [36].

Table 1. Summary metrics for 10X Genomics snRNA-seq. The estimates were produced by CellRanger
on raw data. Sample AMG-SU234 (Read 2) was used for quantification and main poly(A) site
(PAS) analysis; sample Chrm_039_AMG-SU234 (Read 1) was used for sequencing poly(A) spanning
reads and PAS identification. For detailed definitions of metrics, refer to the 10x Genomics support
website, https://support.10$\times$genomics.com/single-cell-gene-expression/software/pipelines/latest/

output/summary.
AMG-SU234 Chrm_039_AMG-SU234
Estimated Number of Cells 1424 1224
Mean Reads per Cell 361,026 78,650
Median Genes per Cell 622 162
Number of Reads 514,102,287 96,268,648
Valid Barcodes 97.4% 98.5%
Sequencing Saturation 96.3% 64.7%
Q30 Bases in Barcode 93.9% 98.7%
Q30 Bases in RNA Read 90.9% 20.3%
Q30 Bases in Sample Index 92.1% -
Q30 Bases in UMI 93.9% 98.8%
Reads Mapped to Genome 91.8% 15.4%
Reads Mapped Confidently to Genome 88.4% 7.6%
Reads Mapped Confidently to Intergenic Regions 8.0% 1.2%
Reads Mapped Confidently to Intronic Regions 44.2% 4.3%
Reads Mapped Confidently to Exonic Regions 36.2% 2.0%
Reads Mapped Confidently to Transcriptome 33.5% 1.8%
Reads Mapped Antisense to Gene 1.4% 0.2%
Fraction Reads in Cells 64.6% 63.9%
Total Genes Detected 20,591 16,395
Median UMI Counts per Cell 791 202
a ;gﬁ, Hl;'i\:ebser of detected snRNA-seq b [ i}
1% Detected PolyA sites PolyA sites
10% (Genecode + PolyA_DB3)
N 9%5%8% 20 2:0PC ‘3 Fxcéﬁ;‘?}fmns
5 - 348086 PN 2o
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Figure 1. Single-nucleus alternative polyadenylation (APA) evaluation. (a) Distribution of poly(A) sites
per gene; (b) Detected snRNA-seq poly(A) sites overlap with poly(A) annotation for protein coding
genes; (c) Cell type identification; (d) Marker genes expression; (e) Distribution of percent usage of
distal and proximal PAS (relative to 5" end), which were selected from the top 2 most used APAs for
each gene. *** p-value < 0.0001.
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Table 2. Number of cells, protein coding genes and UMIs per cell type in our snRNA-seq data.

Cell Type # Cells # Genes # UMIs
Astrocytes 660 14,161 1,193,903
orc 211 12,339 354,322
Excitatory neurons 177 14,180 1,175,543
Oligodendrocytes 156 10,489 162,259
Microglia 114 9915 116,823
Inhibitory neurons 106 13,035 525,975

Note: “#” represents the number of cells, genes or UMIs.

3.2. Cell-Type Specific APA Usage in Excitatory and Inhibitory Neurons

Since the distal APA was preferred by brain cells, it is likely to play an important role in
the regulation of neuronal properties. To further investigate the dynamic changes in APA usage
and the regulation of APA in a different type of neurons, we selected the top two most abundant
APA (n =12,154), expressed in excitatory neurons and/or inhibitory neurons for comparison. Fisher’s
exact test and BH corrections were performed to test the statistical significance of results. Significant
differential distal APA usage was identified with FDR = 0.05, odds ratio > 2 or odds ratio < 0.5.
As aresult, a large number of APA switching was observed between two neuronal cell types, some of
which show that distal PAS is used more than proximal PAS in excitatory neurons; these PAS were
termed as excitatory neuron-enhanced distal PAS usage (edPAS); conversely, they were termed as
inhibitory neuron-enhanced distal PAS usage (idPAS). The proportion of idPAS isoforms is slightly
higher than that of edPAS isoforms, accounting for 21% and 20%, separately (Figure 2a, Table S3).

Among 6077 APA genes, a total of 2503 genes were identified statistically, differentially expressing
APA isoforms in excitatory and inhibitory neurons (Figure 2b). Although global profiles of gene
expression were generally well correlated between the two major neuronal cell types with the Pearson
correlation coefficient of 0.69 (p-value < 2.2 x 107!, Figure S5), APA may contribute to the gene
expression regulation in specific cell types, leading to the neuronal heterogeneity. To address
this hypothesis, we further analyzed the relationship between relative usage of distal APA (odds ratio
of distal APA events to proximal APA events in excitatory and inhibitory neurons) and the relative
(fold) change between the average gene expression level in excitatory neurons and inhibitory neurons
for the APA genes. Average gene expression was calculated using the log normalized gene expression
measurements for two types of neurons. As shown in Figure 2c, the increase or decrease of gene
expression in excitatory neurons relative to inhibitory were significantly influenced by the selection
of edPAS or idPAS (p-value = 9.5 x 107#, Chi-square test). Genes with increased expression in
excitatory neurons prefer using edPAS, whereas genes with declined expression have the opposite
trend, favoring idPAS. This result indicated that changes in gene expression between neuron subtypes
may be explained by the distal APA site usage. Variations of distal APA site usage can also be
discerned among different embryonic tissues, having a significant correlation with gene expression
level, either positive or negative, coinciding with the regulation of different biological processes [37].
A global trend was observed by Chen et al. that distal PAS preference led to a global lengthening of 3
UTRs and reduced gene expression in senescent cells [32]. This phenomenon was also observed in
part of our data. For example, around 51% of the cases, in excitatory neurons where the longer APA
isoform of the gene is preferred, the gene expression level is lower compared to that in inhibitory
neurons. This result provides new insight into the potential role of APA in influencing gene expression
in different neuron cell types. Distal APA isoform has a longer 3" UTR region, that may serve as
a platform to recruit post-transcriptional regulators, such as miRNA. This observation was consistent
with the prediction of miRNA 3" UTR targets, using a random-forest-based approach integrated by
the miRWalk database [38]. Here, we observed a considerably larger proportion of miRNA gene
targets in the edPAS set compared with that of the idPAS set (Figure 56). In addition, a large number of
genes (~49%) were also up-regulated when the distal APA site is used, implying the existence of other
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potential mechanisms of APA. Thus, the changes of distal APA usage couple with the gene expression
pattern in neuronal cells.
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Figure 2. Cell-type specific APA usage in excitatory and Inhibitory neurons. (a) Significant changes of
top 2 APAs (distal and proximal) usage in excitatory neurons, versus inhibitory neurons based on Fisher’s
exact (FDR = 0.05, odd ratio less than 0.5 or more than 2). idPAS indicates inhibitory neuron-enhanced
distal PAS usage; edPAS indicates excitatory neuron-enhanced distal PAS usage; (b) Differential
percent usage of top 2 APAs between excitatory (Ext) and inhibitory (Int) neurons (FDR = 0.05). Colors
represent the percentage of distal PAS and proximal PAS for 2503 genes: red indicates a high level,
blue indicates a low level; (c) Scatterplots showing the relative (fold) change between the average gene
expression level in excitatory neurons and inhibitory neurons (excitatory/inhibitory, x axis) response to
the relative changes (log odds ratio) between distal PAS and proximal PAS (y axis). Red dots showing
edPAS; blue dots showing idPAS; (d) snRNA-seq tracks for a cell-type specific APA selection gene
(HACD2, ABCG1), showing evidence for different APA selection in excitatory neurons compare to
inhibitory neurons. The colored regions correspond to mapped single cell 3’ RNA-seq reads from each
cell group. Green indicates the reads of excitatory neurons (Ext). Pink indicates the reads of inhibitory
neurons (Int).

Furthermore, a cell-type specific APA selection pattern was found in this dynamic APA changing
set, showing a specific selection of distal or proximal APA in excitatory neurons and inhibitory neurons.
The top significant idPAS or edPAS genes can also be used to classify neuronal subpopulations,
such as ST13, SHISA6, PTPRR, RABL6, MUM1 and HACD?2 (Figure 2c, Figure S7). Genes undergoing
differential APA selection in different neuronal cell types seem to impact neuronal activity. For example,
HACD2 has two APA sites expressed in bulk cells but showing a cell-type specific selection—the distal
APA site was predominant in excitatory neurons, whereas proximal APA was preferred in inhibitory
neurons (Figure 2d). Previously, APA was also found to be highly tissue-specific [9]. These results
identified neuronal cell-type specific APA regulation patterns, providing potential explanations for
cell-type specific regulation mechanisms.
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3.3. RBP-Binding Motif Enrichment Analysis

To examine the underlying regulatory sequence motifs for the cell-type specific APA events,
we performed RBP-binding protein (RBP) motif enrichment analysis based on the genes with significant
differential PAS usage in two neuron sub-groups. Here, we focus on the cis-elements regulating APA
sites” usage level between excitatory neurons and inhibitory neurons. Two sets of APA sites were
compared, which were edPAS versus idPAS. Six or eight hexamer frequencies in four regions around
the PAS were compared, then the known RBP binding motifs were found and combined in the end,
using HOMER (Figure 3a). As a result, 10 human RBP binding motifs were significantly enriched
in these regions. Four RBPs were found to be involved in APA regulation in the region of around
proximal PAS, including ELAVL1, STAR-PAP, SRSF3 and ELAVL2 [39,40]. Some RBPs were observed
to be specifically expressed in neuron groups, such as SRSF3 (p-value = 0.04, Wilcoxon rank sum test)
and ELAVL2 (p-value = 1.17 X 107, Wilcoxon rank sum test), although six identified RBPs have zero
gene expression level in the majority of the cells from all the clusters (Figure 3b). Differential splicing
was also observed for the gene coding of ELAVL2 [41], which were specifically expressed in inhibitory
neurons in our dataset. This indicates that these sequence motifs may bind with RBPs, which in
turn recruit more polyadenylation complex factors and specifically regulate the APA events. We also
tested how the enrichment of RBP binding motifs for the sequences of the same regions around idPAS
compare with edPAS, by exchanging the background dataset. Although the signals tested were slightly
different from the previous one, some meaningful motifs are still observed, such as MSI1, MSI2 and
PCBP2 (Figure S8A). PCBPs were found to regulate axonogenesis in neurodevelopment [42]. The two
Musashi RBP protein family members, Musashil (MSI1) and Musashi2 (MSI2), have been previously
observed to mediate polyadenylation [43,44]. Interestingly, MSI2 was also found to be specifically
expressed in inhibitory neurons in our dataset (Figure S8B).
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Figure 3. Identification of RNA-binding protein (RBP)-binding motifs around PAS. (a) Known
RBP-binding motifs based on comparison of edPAS versus idPAS. Yellow colored RBPs were found to
be involved in regulating APA (Neve J et al. RNA Biology. 2017; Camron D. Bryant et al. Genes Brain
Behav.2016). * represents p-value is less than 0.05; ** represents p-value is less than 0.01; *** indicates
p-value is less than 0.001; (b) Neuron specific expression of RBPs. Y axis value showing the normalized
and natural log-transformed single cell expression. X axis showing the cell types, excitatory neurons
colored in red and inhibitory neurons colored in green. p-value indicates evidence of differential
expression of RBP between two groups examined using the Wilcoxon Rank Sum test.

3.4. Distal APA Contributions to Neural Function

To address the functional consequences of APA events, we tested for the enrichment of
gene ontology and functional pathway annotations among the genes with differentially APA
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used in excitatory neurons compare to inhibitory neurons (a combined gene set with edPAS and
idPAS). Not surprisingly, these genes were highly enriched for biological processes relating to
neural development or neural function (Figure 4a). Among these biological processes’ terms,
the highest statistical enrichment observed was “regulation of neuron projection development”
(adjust p-value = 1.05 x 1078). Other categories of strongly enriched neural related biological processes
included the positive regulation of neuron differentiation (adjust p-value = 4.27 x 1077), the positive
regulation of neurogenesis (adjust p-value = 1.78 x 107°), axonogenesis (adjust p-value = 1.78 x 107°),
and the positive regulation of neuron differentiation (adjust p-value = 1.78 x 107°). For the molecular
function terms, we observed various categories of “binding” and “activity” (Figure 4b). For the pathway
enrichment, a high statistical enrichment observed was “Neurotrophin signaling pathway”,
with a p-value of 5.37 x 107 (Figure 4c). It has been demonstrated that neurotrophin can control
many aspects of neuronal development and function. Neurotrophin also regulates cell fate decisions,
axon growth, dendrite growth and the expression of proteins, such as transmitter biosynthetic enzymes
and neuropeptide transmitters that are essential for the normal function of neurons [45]. In summary,
we observed that a set of genes with neuronal regulatory functions was preferentially subject to
distal APA.
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Figure 4. Enrichment of gene ontology annotation for the genes with significant changes of APA usage
between two types of neurons. (a) Biological Process; (b) Molecular Function; (¢) KEGG pathway.

4. Discussion

We have examined the use of APAs in different cell types, using a dataset comprising thousands
of human brain cells, and found that APA selection can differ between specific neuronal cells.
This variability was supported by statistical significance. Furthermore, the enrichment of RBP binding
sites and neuronal functions were found in the set of isoforms preferring distal APA.

To investigate the involvement of APA in human neurons on a genome-wide scale, we performed
a model based poly(A) site identification and quantification approach in a single-nucleus.
Polyadenylation has previously been widely examined in bulk data [6,35,46,47]. However, the dynamic
APA isoform expression in single-cell or single-nucleus is beyond the scope of bulk APA research.
As with other recent APA studies, we found that the utility of state-of-the-art snRNA-seq or scRNA-seq
technology can help us to investigate APA usage on a transcriptom-wide scale at a high resolution
level [48-50], e.g., cell-to-cell heterogeneity or cellular heterogeneity. A similar recent approach
(BATSeq) was applied to characterize the extent of 3" UTR choice variability in single cells [48]. We used
the same sequencing protocol, that is using an oligo-dT primer containing a unique molecular identifier
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(UMI) and cell barcode to anchor the poly(A) tail, and obtained 3’ termination information for further
APA analysis. While the sequencing protocol is similar, the strategy of data processing, identification
and measurement of the APA usage was different. For example, BATSeq used a window based method
to identify the PAS and assign the alignment position to the closest PAS. In this work, a density model
based method was used to identify and quantify PAS. The limitation of the method in this work
requires sufficient read coverage for fitting mixtures of probability distributions. When the average
coverage is very low, the algorithm may fail to fit the low-coverage distribution, and further located
the accurate PAS location. Considering sample size is a potential limitation of this study, the extensive
APA changes observed in different cell types may still not be a global conclusion, due to individual
heterogeneity. Based on these differences in PAS identification methods, we predict that approaches
using high-throughput scRNA-seq or snRNA-seq data with more samples and cells will achieve
greater accuracy for APA analysis. Previously, the preferential 3’ UTR extension in neural tissues
has been observed [51], which is likely to be an important mechanism to control cellular functions.
These distal APA isoforms leading to longer 3" UTR length could harbor some important binding
sites, recruit RNA binding complexes, and play roles in post-transcriptional regulation through cis
and/or trans mechanisms. Here, we investigated the important APA events which may contribute to
the distinct cellular properties of different neuronal cell types at single-nucleus resolution, and achieved
considerable accuracy in PAS identification and quantification. We observed a consistent trend with
previous studies that distal APA was preferentially selected by neurons.

The causal factor for the APA diversity between cell types profiled in this study remains unclear.
Although we examined multiple binding sites for RBPs which involved APA regulation, the underlying
mechanism is unclear. Similarly, like the complex gene regulation network, APA regulation may be
determined by the sum of mediation of cis and trans contributions. The additional levels of APA
regulation and their driver factors contribute to the cell-to-cell heterogeneity that will need to be
studied in the future.

In summary, we found a significant diversity of APA usage between neuronal cell types.
This finding provides a complementary explanation for post-transcriptional regulatory mechanisms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/6/709/s1,
Figure S1: Capturing 3" end of polyadenylated mRNA transcripts in single nucleus, Figure S2: The number of
poly(A) sites per gene for 133 genes expressing in over one-third of all cells, Figure S3: Distribution of distance
between detected snRNA-seq PAS and their nearest poly(A) annotations, Figure S4: Pie chart for the overlap of
detected distal and proximal snRNA-seq PAS (n = 12,770) and PAS inferred by human brain PolyA-seq studied by
XuC, et al., 2018. Figure S5: Correlation with gene expression between excitatory neurons and inhibitory neurons,
Figure S6: miRNA gene targets in edPAS set compare with that of idPAS set, Figure S7: Differentially APA usage,
Figure S8: Identification of RBP-binding motifs around PAS, Table S1: Data processing polyA-spinning reads,
Table S2: 3’ end annotation for processed polyA-spinning reads, Table S3: Comparison of APA usage between
excitatory and inhibitory neurons.

Author Contributions: Conceptualization and project administration, Y.W. and W.E,; investigation, YW., WEE, S.X.;
methodology, Y.W. and B.H.; supervision and resources, B.H.; formal analysis, visualization and writing—original
draft preparation, Y.W.; writing—review and editing, all co-authors. All authors have read and agreed to
the published version of the manuscript.

Funding: This research is supported by China National Natural Science Foundation (61471139); Natural Science
Foundation of Heilongjiang Province (F2016006); HEU Fundamental Research Funds for the Central University
(3072020CFT0401).

Acknowledgments: The authors would like to thank the members in the Feng lab for their support during
the research process.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Derti, A.; Garrett-Engele, P.; Macisaac, K.D.; Stevens, R.C.; Sriram, S.; Chen, R.; Rohl, C.A.; Johnson, ].M.;
Babak, T. A quantitative atlas of polyadenylation in five mammals. Genome Res. 2012, 22, 1173-1183.
[CrossRef] [PubMed]


http://www.mdpi.com/2073-4425/11/6/709/s1
http://dx.doi.org/10.1101/gr.132563.111
http://www.ncbi.nlm.nih.gov/pubmed/22454233

Genes 2020, 11, 709 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Shi, Y. Alternative polyadenylation: New insights from global analyses. RNA 2012, 18, 2105-2117. [CrossRef]
[PubMed]

Di Giammartino, D.C.; Nishida, K.; Manley, ].L. Mechanisms and consequences of alternative polyadenylation.
Mol. Cell 2011, 43, 853-866. [CrossRef]

Mayr, C.; Bartel, D.P. Widespread shortening of 3’ UTRs by alternative cleavage and polyadenylation
activates oncogenes in cancer cells. Cell 2009, 138, 673—-684. [CrossRef]

Berkovits, B.D.; Mayr, C. Alternative 3’ UTRs act as scaffolds to regulate membrane protein localization.
Nature 2015, 522, 363-367. [CrossRef]

Tian, B.; Manley, ].L. Alternative polyadenylation of mRNA precursors. Nat. Rev. Mol. Cell Biol. 2017,
18, 18-30. [CrossRef]

Mayr, C. What Are 3’ UTRs Doing? Cold Spring Harb. Perspect. Biol. 2019, 11. [CrossRef] [PubMed]
Sandberg, R.; Neilson, J.R.; Sarma, A.; Sharp, P.A.; Burge, C.B. Proliferating cells express mRNAs with
shortened 3’ untranslated regions and fewer microRNA target sites. Science 2008, 320, 1643-1647. [CrossRef]
Smibert, P.; Miura, P.; Westholm, J.O.; Shenker, S.; May, G.; Duff, M.O.; Zhang, D.; Eads, B.D.; Carlson, J.;
Brown, ].B; et al. Global patterns of tissue-specific alternative polyadenylation in Drosophila. Cell Rep. 2012,
1,277-289. [CrossRef]

Ye, C.; Zhou, Q.; Hong, Y.; Li, Q.Q. Role of alternative polyadenylation dynamics in acute myeloid leukaemia
at single-cell resolution. RNA Biol. 2019, 16, 785-797. [CrossRef]

EdwaldsGilbert, G.; Veraldi, K.L.; Milcarek, C. Alternative poly(A) site selection in complex transcription
units: Means to an end? Nucleic Acids Res. 1997, 25, 2547-2561. [CrossRef] [PubMed]

Liu, D.; Brockman, J.M.; Dass, B.; Hutchins, L.N.; Singh, P.; McCarrey, ].R.; MacDonald, C.C.; Graber, ].H.
Systematic variation in mRNA 3 -processing signals during mouse spermatogenesis. Nucleic Acids Res. 2007,
35, 234-246. [CrossRef] [PubMed]

Tian, B.; Pan, Z.; Lee, ].Y. Widespread mRNA polyadenylation events in introns indicate dynamic interplay
between polyadenylation and splicing. Genome Res. 2007, 17, 156-165. [CrossRef] [PubMed]

Gruber, A.R.; Martin, G.; Muller, P; Schmidt, A.; Gruber, A.J.; Gumienny, R.; Mittal, N.; Jayachandran, R.;
Pieters, J.; Keller, W.; et al. Global 3’ UTR shortening has a limited effect on protein abundance in proliferating
T cells. Nat. Commun. 2014, 5, 5465. [CrossRef] [PubMed]

Wang, L.; Dowell, R.D.; Yi, R. Genome-wide maps of polyadenylation reveal dynamic mRNA 3’ -end
formation in mammalian cell lineages. RNA 2013, 19, 413-425. [CrossRef]

Huang, Y,; Xiong, Y.; Lin, Z.; Feng, X.; Jiang, X.; Songyang, Z.; Huang, J. Specific Tandem 3’ UTR Patterns and
Gene Expression Profiles in Mouse Thy1+ Germline Stem Cells. PLoS ONE 2015, 10, e0145417. [CrossRef]
An, ].J.; Gharami, K.; Liao, G.Y.; Woo, N.H.; Lau, A.G.; Vanevski, F,; Torre, E.R.; Jones, KR.; Feng, Y.; Lu, B.;
et al. Distinct role of long 3’ UTR BDNF mRNA in spine morphology and synaptic plasticity in hippocampal
neurons. Cell 2008, 134, 175-187. [CrossRef]

Lau, A.G;; Irier, H.A.; Gu, J.; Tian, D.; Ku, L; Liu, G.; Xia, M; Fritsch, B.; Zheng, ].Q.; Dingledine, R.; et al.
Distinct 3’ UTRs differentially regulate activity-dependent translation of brain-derived neurotrophic factor
(BDNF). Proc. Natl. Acad. Sci. USA 2010, 107, 15945-15950. [CrossRef]

Jereb, S.; Hwang, H.W.; Van Otterloo, E.; Govek, E.E.; Fak, ].].; Yuan, Y.; Hatten, M.E.; Darnell, R.B. Differential
3’ Processing of Specific Transcripts Expands Regulatory and Protein Diversity Across Neuronal Cell Types.
Elife 2018, 7. [CrossRef]

Hoque, M.; Ji, Z.; Zheng, D.; Luo, W.; Li, W.; You, B.; Park, ].Y,; Yehia, G.; Tian, B. Analysis of alternative
cleavage and polyadenylation by 3’ region extraction and deep sequencing. Nat. Methods 2013, 10, 133-139.
[CrossRef]

Jiang, Z.; Zhou, X,; Li, R;; Michal, ].].; Zhang, S.; Dodson, M.V.; Zhang, Z.; Harland, R.M. Whole transcriptome
analysis with sequencing: Methods, challenges and potential solutions. Cell. Mol. Life Sci. 2015, 72, 3425-3439.
[CrossRef] [PubMed]

Zhang, Y.; Carrion, S.A.; Zhang, Y.; Zhang, X.; Zinski, A.L.; Michal, ].].; Jiang, Z. Alternative polyadenylation
analysis in animals and plants: Newly developed strategies for profiling, processing and validation. Int. J.
Biol. Sci. 2018, 14, 1709-1714. [CrossRef]

Stuart, T.; Butler, A.; Hoffman, P.; Hafemeister, C.; Papalexi, E.; Mauck, W.M., 3rd; Hao, Y.; Stoeckius, M.;
Smibert, P; Satija, R. Comprehensive Integration of Single-Cell Data. Cell 2019, 177, 1888-1902. [CrossRef]


http://dx.doi.org/10.1261/rna.035899.112
http://www.ncbi.nlm.nih.gov/pubmed/23097429
http://dx.doi.org/10.1016/j.molcel.2011.08.017
http://dx.doi.org/10.1016/j.cell.2009.06.016
http://dx.doi.org/10.1038/nature14321
http://dx.doi.org/10.1038/nrm.2016.116
http://dx.doi.org/10.1101/cshperspect.a034728
http://www.ncbi.nlm.nih.gov/pubmed/30181377
http://dx.doi.org/10.1126/science.1155390
http://dx.doi.org/10.1016/j.celrep.2012.01.001
http://dx.doi.org/10.1080/15476286.2019.1586139
http://dx.doi.org/10.1093/nar/25.13.2547
http://www.ncbi.nlm.nih.gov/pubmed/9185563
http://dx.doi.org/10.1093/nar/gkl919
http://www.ncbi.nlm.nih.gov/pubmed/17158511
http://dx.doi.org/10.1101/gr.5532707
http://www.ncbi.nlm.nih.gov/pubmed/17210931
http://dx.doi.org/10.1038/ncomms6465
http://www.ncbi.nlm.nih.gov/pubmed/25413384
http://dx.doi.org/10.1261/rna.035360.112
http://dx.doi.org/10.1371/journal.pone.0145417
http://dx.doi.org/10.1016/j.cell.2008.05.045
http://dx.doi.org/10.1073/pnas.1002929107
http://dx.doi.org/10.7554/eLife.34042
http://dx.doi.org/10.1038/nmeth.2288
http://dx.doi.org/10.1007/s00018-015-1934-y
http://www.ncbi.nlm.nih.gov/pubmed/26018601
http://dx.doi.org/10.7150/ijbs.27168
http://dx.doi.org/10.1016/j.cell.2019.05.031

Genes 2020, 11, 709 13 of 14

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Tasic, B.; Menon, V.; Nguyen, TN.; Kim, TK.; Jarsky, T.; Yao, Z.; Levi, B.; Gray, L.T.; Sorensen, S.A.; Dolbeare, T.;
et al. Adult mouse cortical cell taxonomy revealed by single cell transcriptomics. Nat. Neurosci. 2016,
19, 335-346. [CrossRef] [PubMed]

Smith, T.; Heger, A.; Sudbery, I. UMI-tools: Modeling sequencing errors in Unique Molecular Identifiers to
improve quantification accuracy. Genome Res. 2017, 27, 491-499. [CrossRef] [PubMed]

Forbes, F; Peyrard, N.; Fraley, C.; Georgian-Smith, D.; Goldhaber, D.M.; Raftery, A.E. Model-based
region-of-interest selection in dynamic breast MRI. J. Comput. Assist. Tomogr. 2006, 30, 675-687. [CrossRef]
Baudry, ].P; Raftery, A.E.; Celeux, G.; Lo, K.; Gottardo, R. Combining Mixture Components for Clustering.
J. Comput. Graph. Stat. 2010, 9, 332-353. [CrossRef]

Zhou, X.; Wang, T. Using the Wash U Epigenome Browser to examine genome-wide sequencing data.
Curr. Protoc. Bioinformatics 2012, 40, 10.10.1-10.10.14. [CrossRef] [PubMed]

Heinz, S.; Benner, C.; Spann, N.; Bertolino, E.; Lin, Y.C,; Laslo, P; Cheng, J.X.; Murre, C.; Singh, H.; Glass, C.K.
Simple combinations of lineage-determining transcription factors prime cis-regulatory elements required for
macrophage and B cell identities. Mol. Cell 2010, 38, 576-589. [CrossRef] [PubMed]

Ray, D.; Kazan, H.; Cook, K.B.; Weirauch, M.T.; Najafabadi, H.S.; Li, X.; Gueroussov, S.; Albu, M.; Zheng, H.;
Yang, A.; et al. A compendium of RNA-binding motifs for decoding gene regulation. Nature 2013,
499, 172-177. [CrossRef] [PubMed]

Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. clusterProfiler: An R package for comparing biological themes among
gene clusters. OMICS 2012, 16, 284-287. [CrossRef]

Wang, R.; Nambiar, R.; Zheng, D.; Tian, B. PolyA_DB 3 catalogs cleavage and polyadenylation sites identified
by deep sequencing in multiple genomes. Nucleic Acids Res. 2018, 46, D315-D319. [CrossRef] [PubMed]
Chen, M.; Lyu, G.; Han, M.; Nie, H.; Shen, T.; Chen, W.; Niu, Y,; Song, Y,; Li, X.; Li, H; et al. 3" UTR
lengthening as a novel mechanism in regulating cellular senescence. Genome Res. 2018. [CrossRef]

Elkon, R.; Drost, J.; van Haaften, G.; Jenal, M.; Schrier, M.; Oude Vrielink, J.A.; Agami, R. E2F mediates
enhanced alternative polyadenylation in proliferation. Genome Biol. 2012, 13, R59. [CrossRef] [PubMed]
Xu, C.; Zhang, ]. Alternative Polyadenylation of Mammalian Transcripts Is Generally Deleterious,
Not Adaptive. Cell Syst. 2018, 6, 734-742.€734. [CrossRef] [PubMed]

Wang, L.; Yi, R. 3’ UTRs take a long shot in the brain. Bioessays 2014, 36, 39—45. [CrossRef]

Ji, Z.; Lee, ].Y,; Pan, Z; Jiang, B.; Tian, B. Progressive lengthening of 3’ untranslated regions of mRNAs
by alternative polyadenylation during mouse embryonic development. Proc. Natl. Acad. Sci. USA 2009,
106, 7028-7033. [CrossRef]

Sticht, C.; De La Torre, C.; Parveen, A.; Gretz, N. miRWalk: An online resource for prediction of microRNA
binding sites. PLoS ONE 2018, 13, €0206239. [CrossRef]

Bryant, C.D.; Yazdani, N. RNA-binding proteins, neural development and the addictions. Genes Brain Behav.
2016, 15, 169-186. [CrossRef]

Neve, J.; Patel, R.; Wang, Z.; Louey, A.; Furger, A.M. Cleavage and polyadenylation: Ending the message
expands gene regulation. RNA Biol. 2017, 14, 865-890. [CrossRef]

Fogel, B.L.; Wexler, E.; Wahnich, A.; Friedrich, T.; Vijayendran, C.; Gao, F.; Parikshak, N.; Konopka, G.;
Geschwind, D.H. RBFOXI1 regulates both splicing and transcriptional networks in human neuronal
development. Hum. Mol. Genet. 2012, 21, 4171-4186. [CrossRef] [PubMed]

Thyagarajan, A.; Szaro, B.G. Phylogenetically conserved binding of specific Khomology domain proteins to the
3’ -untranslated region of the vertebrate middle neurofilament mRNA. J. Biol. Chem. 2004, 279, 49680-49688.
[CrossRef] [PubMed]

Charlesworth, A.; Meijer, H.A.; de Moor, C.H. Specificity factors in cytoplasmic polyadenylation.
Wiley Interdiscip. Rev. RNA 2013, 4, 437-461. [CrossRef] [PubMed]

MacNicol, M.C.; Cragle, C.E.; McDaniel, EK.; Hardy, L.L.; Wang, Y.; Arumugam, K.; Rahmatallah, Y.;
Glazko, G.V,; Wilczynska, A.; Childs, G.V,; et al. Evasion of regulatory phosphorylation by an alternatively
spliced isoform of Musashi2. Sci. Rep. 2017, 7, 11503. [CrossRef] [PubMed]

Reichardt, L.F. Neurotrophin-regulated signalling pathways. Philos. Trans. R. Soc. B Biol. Sci. 2006,
361, 1545-1564. [CrossRef]

Tian, B.; Huy, ].; Zhang, H.; Lutz, C.S. A large-scale analysis of mRNA polyadenylation of human and mouse
genes. Nucleic Acids Res. 2005, 33, 201-212. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nn.4216
http://www.ncbi.nlm.nih.gov/pubmed/26727548
http://dx.doi.org/10.1101/gr.209601.116
http://www.ncbi.nlm.nih.gov/pubmed/28100584
http://dx.doi.org/10.1097/00004728-200607000-00020
http://dx.doi.org/10.1198/jcgs.2010.08111
http://dx.doi.org/10.1002/0471250953.bi1010s40
http://www.ncbi.nlm.nih.gov/pubmed/23255151
http://dx.doi.org/10.1016/j.molcel.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20513432
http://dx.doi.org/10.1038/nature12311
http://www.ncbi.nlm.nih.gov/pubmed/23846655
http://dx.doi.org/10.1089/omi.2011.0118
http://dx.doi.org/10.1093/nar/gkx1000
http://www.ncbi.nlm.nih.gov/pubmed/29069441
http://dx.doi.org/10.1101/gr.224451.117
http://dx.doi.org/10.1186/gb-2012-13-7-r59
http://www.ncbi.nlm.nih.gov/pubmed/22747694
http://dx.doi.org/10.1016/j.cels.2018.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29886108
http://dx.doi.org/10.1002/bies.201300100
http://dx.doi.org/10.1073/pnas.0900028106
http://dx.doi.org/10.1371/journal.pone.0206239
http://dx.doi.org/10.1111/gbb.12273
http://dx.doi.org/10.1080/15476286.2017.1306171
http://dx.doi.org/10.1093/hmg/dds240
http://www.ncbi.nlm.nih.gov/pubmed/22730494
http://dx.doi.org/10.1074/jbc.M408915200
http://www.ncbi.nlm.nih.gov/pubmed/15364910
http://dx.doi.org/10.1002/wrna.1171
http://www.ncbi.nlm.nih.gov/pubmed/23776146
http://dx.doi.org/10.1038/s41598-017-11917-3
http://www.ncbi.nlm.nih.gov/pubmed/28912529
http://dx.doi.org/10.1098/rstb.2006.1894
http://dx.doi.org/10.1093/nar/gki158
http://www.ncbi.nlm.nih.gov/pubmed/15647503

Genes 2020, 11, 709 14 of 14

47.

48.

49.

50.

51.

Patel, R.; Brophy, C.; Hickling, M.; Neve, J.; Furger, A. Alternative cleavage and polyadenylation of genes
associated with protein turnover and mitochondrial function are deregulated in Parkinson’s, Alzheimer’s
and ALS disease. BMC Med. Genom. 2019, 12, 60. [CrossRef]

Velten, L.; Anders, S.; Pekowska, A.; Jarvelin, A.IL,; Huber, W.; Pelechano, V.; Steinmetz, L.M. Single-cell
polyadenylation site mapping reveals 3" isoform choice variability. Mol. Syst. Biol. 2015, 11, 812. [CrossRef]
Shulman, E.D.; Elkon, R. Cell-type-specific analysis of alternative polyadenylation using single-cell
transcriptomics data. Nucleic Acids Res. 2019, 47, 10027-10039. [CrossRef]

Ye, C.; Zhou, Q.; Wu, X;; Yu, C.; Ji, G; Saban, D.R;; Li, Q.Q. scDAPA: Detection and visualization of dynamic
alternative polyadenylation from single cell RNA-seq data. Bioinformatics 2020, 36, 1262-1264. [CrossRef]
Miura, P; Shenker, S.; Andreu-Agullo, C.; Westholm, ].O.; Lai, E.C. Widespread and extensive lengthening of
3’ UTRs in the mammalian brain. Genome Res. 2013, 23, 812-825. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1186/s12920-019-0509-4
http://dx.doi.org/10.15252/msb.20156198
http://dx.doi.org/10.1093/nar/gkz781
http://dx.doi.org/10.1093/bioinformatics/btz701
http://dx.doi.org/10.1101/gr.146886.112
http://www.ncbi.nlm.nih.gov/pubmed/23520388
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Preparation and Single-Nucleus Sequencing 
	snRNA-Seq Data Analysis 
	PAS Identification 
	Differential APA Usage Testing 
	Motif Analysis 
	Functional Enrichment Analysis 

	Results 
	Evaluation of APA Based on snRNA-seq Data 
	Cell-Type Specific APA Usage in Excitatory and Inhibitory Neurons 
	RBP-Binding Motif Enrichment Analysis 
	Distal APA Contributions to Neural Function 

	Discussion 
	References

