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A B S T R A C T   

Apolipoprotein E receptor 2 (Apoer2) is a synaptic receptor in the brain that binds disease-relevant ligand 
Apolipoprotein E (Apoe) and is highly alternatively spliced. We examined alternative splicing (AS) of conserved 
Apoer2 exons across vertebrate species and identified gain of exons in mammals encoding functional domains 
such as the cytoplasmic and furin inserts, and loss of an exon in primates encoding the eighth LDLa repeat, likely 
altering receptor surface levels and ligand-binding specificity. We utilized single molecule, long-read RNA 
sequencing to profile full-length Apoer2 isoforms and identified 68 and 48 unique full-length Apoer2 transcripts 
in the mouse and human cerebral cortex, respectively. Furthermore, we identified two exons encoding protein 
functional domains, the third EGF-precursor like repeat and glycosylation domain, that are tandemly skipped 
specifically in mouse. Our study provides new insight into Apoer2 isoform complexity in the vertebrate brain and 
highlights species-specific differences in splicing decisions that support functional diversity.   

1. Introduction 

The human genome contains about 20,000 protein coding genes [1], 
comparable to much simpler organisms such as worms or flies. However, 
over 100,000 unique proteins are thought to be synthesized in humans 
[2]. One major determinant in proteome diversity is RNA alternative 
splicing (AS). In AS, different combinations of splice sites are used 
during pre-mRNA splicing leading to multiple unique RNA isoforms 
from an individual gene. AS can occur in different forms, including use 
of alternative 5′ or 3′ splice-sites, cassette-exon inclusion or skipping and 
intron retention [3]. 92–94% of human genes undergo AS, with 86% of 
those genes demonstrating a minor isoform frequency of 15% or more 
[4]. This greatly expands the proteome and generates complexity from 
individual genes, as RNA isoforms can possess altered stability, locali-
zation, translation competency or coding sequence [5,6]). Notably, 
about 15% of disease causing mutations in humans lead to mRNA 
splicing defects [7,8]. 

AS is more prevalent in higher eukaryotes compared to lower eu-
karyotes, particularly in vertebrates [9,10]. The prevalence of cassette 
exon skipping increases further up the evolutionary tree, suggesting that 
exon skipping may be the type of AS that contributes most to phenotypic 

complexity [10,11]. In addition, splicing regulatory protein families 
have expanded further up the evolutionary tree, including families such 
as the serine/arginine proteins (SR proteins) and the heterogenous nu-
clear ribonucleoproteins (hnRNPs) family [12]. 

In exons themselves, a correlation has been observed between the 
borders of exons and individual domains at the protein level [13] that 
becomes stronger as organismal complexity increases [14]. This 
modular design, likely produced through exon shuffling [15], allows for 
diversification at the protein level with the addition or subtraction of 
unique protein domains, provided AS events do not disrupt the protein 
open reading frame. Interestingly, many modular proteins generated 
through exon shuffling are involved in mediating cell-cell or cell- 
extracellular matrix interactions, including members of the Low Den-
sity Lipoprotein Receptor (LDLR) family [16,17]. Conserved alternative 
exons between mice and humans are also enriched for genes expressed 
in the brain [18]. 

Apolipoprotein E receptor 2 (Apoer2), official gene name Lrp8, is a 
modular type I transmembrane receptor of the LDLR family that is 
enriched in the vertebrate brain [19]. Mouse Apoer2 regulates the 
layering of the neocortex in development [20] and long term potentia-
tion (LTP) in the adult brain [21]. Importantly, Apoer2 is an 
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Apolipoprotein E (Apoe) receptor [19]. Apoe is a secreted glycoprotein 
that acts as a cholesterol carrier and signaling molecule [22–24] and 
serves as an isoform-specific risk factor for sporadic Alzheimer’s disease 
[25,26]. Interestingly, human and mouse Apoer2 are highly alternatively 
spliced in the brain [27,28], potentially altering the receptor’s ability to 
interact with critical ligands like Apoe. Some Apoer2 AS events 
demonstrate conservation across multiple vertebrate species, including 
chickens and mice [19,29], and exhibit isoform-specific functions, 
including ligand binding properties [30–32]. 

Human APOER2 consists of five functional domains [19] that 
contain distinct modular protein domains. The first is an amino terminal 
ligand binding domain made up of two types of binding repeats: LDL 
receptor type A (LDLa) repeats and epidermal growth factor (EGF) 
precursor-like repeats. The second functional domain is the YWTD 
β-propeller domain that facilitates ligand release and receptor recycling 
after endocytosis [33]. The third domain is an O-linked sugar domain 
critical for receptor glycosylation and surface expression [34]. The hy-
drophobic transmembrane region makes up the fourth functional 
domain. Lastly, the fifth domain is a short cytoplasmic tail containing an 
NPXY motif critical for clathrin-mediated endocytosis and binding of 
adaptor proteins [35–37]. The cytoplasmic tail of Apoer2 also includes a 
proline rich 59 amino acid insert that is essential for Reelin-induced 
enhancement of LTP in mice [30] and is unique to Apoer2 [19]. These 
individual APOER2 protein domains are largely encoded by distinct 
cassette exons that are in phase, allowing for cassette exon skipping 
events that preserve the open reading frame and generate multiple 
unique proteins [38]. Furthermore, conservation of several of these AS 
events across species, such as chicken, mice and humans [27,29,39,40], 
suggests these events may have important biological function since the 
splicing event has avoided negative selection [10]. 

Apoer2 was originally thought to be two distinct receptors of the 
LDLR family due to the presence of an eighth LDLa repeat that is present 
in chickens and mice but not in humans [19,29,41]. Further analysis 
revealed that this exon was lost in monkeys and humans due to mutation 
of the 3′ splice site [38]. This indicates that there are evolutionary 
changes in Apoer2 across vertebrates, suggesting Apoer2 has undergone 
evolutionary selection in the vertebrate brain. Other exons encoding 
functional protein domains in Apoer2 have been identified as alterna-
tively spliced, including the cytoplasmic insert in mice and humans 
[29,30,40,42], the 39-nucleotide exon that introduces a furin cleavage 
site in mice and humans [29,43] and the glycosylation domain in mice 
and humans [27,34,44], among others. However, a systematic tracing of 
Apoer2 splicing events across the vertebrate lineage is lacking. It is un-
clear how many distinct Apoer2 isoforms are physiologically produced 
and how often individual Apoer2 cassette exon splicing events occur in 
tandem across the entire length of the Apoer2 transcript. 

In this study, we have performed a direct comparison of Apoer2 
alternatively spliced exons across vertebrates, including zebrafish, 
chickens, rabbits, mice, monkeys and humans. We demonstrate that AS 
of Apoer2 increases with evolutionary complexity and show the loss of 
the eighth LDLa repeat from mice to monkeys. Our analyses indicate the 
exon encoding a furin cleavage site appears to have evolved between 
chicken and rabbits, which coincides with the appearance of the alter-
natively spliced cytoplasmic insert. Furthermore, to investigate coordi-
nated splicing of Apoer2 cassette exons, we have utilized single 
molecule, long-read sequencing to profile splicing events across Apoer2 
in the cerebral cortex of mice and humans. We demonstrate a rich 
complexity of AS combinations across both humans and mice, some of 
which are conserved. Conservation of AS events suggests they have 
significant effects at the functional level, which has already been shown 
for AS of the cytoplasmic insert in mouse Apoer2 [30]. Therefore, it is 
likely that other AS events or AS combinations in Apoer2 also endow 
distinct functional properties at the protein level in the brain, such as 
modulating Apoe binding. We also observed and validated a tandem 
splicing event of the exons encoding the third EGF precursor-like repeat 
and the glycosylation domain in mice, but not humans, suggesting 

differential splicing regulation exists across the two species. 

2. Materials and methods 

2.1. Phylogenetic and isoform analysis 

All annotated Lrp8 RNA isoforms were downloaded from each NCBI 
and Ensembl gene databases for Danio rerio (zebrafish), Gallus gallus 
(chicken), Oryctolagus cuniculus (rabbit), Mus musculus (mouse), Macaca 
fascicularis (cynomolgus monkey/macaque) and Homo sapiens (human). 
Sequences were analyzed and compared to their corresponding refer-
ence genome in NCBI and exons annotated manually using SnapGene 
software. To examine homology between species at the protein level, the 
longest coding isoform was selected for each species and the corre-
sponding protein sequence was aligned with that of all other species. 
NCBI’s Constraint-based Multiple Alignment Tool (COBALT) was used to 
generate protein alignment and phylogenetic tree using the default 
COBALT parameters [45]. To visualize protein alignment, FASTA output 
was input into ExPASY’s BoxShade tool with an output of RTF_new 
(Fig. S1). 

2.2. RNA isolation, cDNA synthesis and RT-PCR 

Total RNA was isolated from the brains of four adult wild-type 
zebrafish brains using TRIzol reagent (Invitrogen) according to manu-
facturer instructions. Genomic DNA depletion was performed immedi-
ately after using DNase I in Qiagen’s RNeasy Kit according to 
manufacturer instructions. Total RNA from the whole brain of chicken 
(CR-201), rabbit (TR-201) and cynomolgus monkey (KR-201) was pur-
chased from Amsbio. Total RNA from the cerebral cortex of mouse 
(636661) and human (636561) was purchased from Takara Biosciences. 
RNA was quantified using a NanoDrop spectrophotometer. cDNA syn-
thesis was carried out using Superscript IV First-Strand Synthesis System 
(Invitrogen). 1.5 μg of RNA was used as input for annealing of oligo-dT 
primers. Final clean-up was performed with 1 μL of RNase H. 

RT-PCR was performed using either PrimeStar Polymerase (Takara 
Biosciences) or Q5 Hot-Start High-Fidelity Polymerase (NEB) depending 
on optimization. Optimal annealing temperature was determined using 
a gradient thermocycler. Primers were designed and screened for spec-
ificity using NCBI’s Primer-BLAST [46] (Supplemental Dataset S2). 

RT-PCR reactions were separated out by agarose gel electrophoresis 
in 1× TAE Buffer. Ethidium bromide was used for visualization. All DNA 
bands generated from RT-PCR reactions were individually excised and 
purified using BioBasic’s Plasmid DNA Isolation Miniprep Kit according 
to manufacturer protocol for agarose gel DNA purification. Each product 
was then individually cloned for sequencing using Invitrogen’s Zero 
Blunt TOPO PCR Cloning Kit. Two to ten clones were picked per indi-
vidual RT-PCR band and verified by sanger sequencing with vector 
specific primer M13F. Sequencing analysis was carried out using Snap-
Gene and NCBI BLAST [47]. 

2.3. Pacific Biosciences library preparation and long read sequencing 

Similar to the methodology used in Treutlein, et al. [48], gene spe-
cific first strand cDNA synthesis was first performed targeting Lrp8, 
followed by further Lrp8 specific RT-PCR. Briefly, 1 μg of RNA per 
sample was incubated with 1 μL of 10 mM dNTPs and 1 μL Lrp8 reverse 
primer (Human REV: 5′- TCA GGG TAG TCC ATC ATC TTC AAG GC-3′, 
Mouse REV: 5′-TCA GGG CAG TCC ATC ATC TTC AAG AC- 3′) in a 10 μL 
reaction for 5 min at 65 ◦C. The reaction was then cooled on ice for at 
least 2 min. The reaction was then supplemented to 20 μL with 5× First 
Strand Buffer (Invitrogen), DTT, Superase In RNAse Inhibitor and Su-
perScript RTase followed by first strand synthesis: 1 h at 55 ◦C, 15 min at 
70 ◦C, hold at 4 ◦C. 2 units (1 μL) of RNase H was then added prior to a 
20-min incubation at 37 ◦C. 

RT-PCR reaction was performed in multiple 50 μL reactions and 
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pooled for subsequent AMPure XP SPRI clean-up. RT-PCR mix utilized: 
5× Q5 Buffer (NEB), 5 μg BSA, 1 M Betaine, 3% DMSO, 0.2 mM dNTP, 
0.2 μM FWD primer (Human FWD: 5′-ATG GGC CTC CCC GAG CC -3′, 
Mouse FWD: 5′- CTA TTA TGG GCC GCC CAG AAC TGG G- 3′), 0.2 μM 
REV primer (Human REV, Mouse REV), Q5 High Fidelity Polymerase, 
and 2 μL of first strand synthesis reaction per 50 μL. Cycle utilized for 
human RT-PCR is as follows: 98 ◦C 2 min; 30 cycles of: 98 ◦C- 10 s, 64 ◦C- 
30 s, 65 ◦C- 1 min 40 s; 72 ◦C- 10 min, 4 ◦C hold. Cycle utilized for mouse 
RT-PCR is as follows: 98 ◦C 2 min; 30 cycles of: 98 ◦C- 10 s, 68.6 ◦C- 30 s, 
72 ◦C- 2 min; 72 ◦C- 10 min, 4 ◦C hold. 

RT-PCR reactions were then pooled and subject to 0.5× SPRI clean- 
up using AMPure XP beads, with a final elution using 20 μL nuclease-free 
water. To determine concentration and purity, cDNA amplicons were 
then quantified using both NanoDrop Spectrophotometer and Qubit 
Fluorometer. 1 μg of DNA amplicon was prepared for PacBio library 
preparation. 

500 ng of each cDNA pool was prepared via the express template 
preparation kit 2.0 from Pacific Biosciences. Each sample underwent 
single-strand overhang removal, DNA damage repair, and end repair/a- 
tailing by standard methods. Barcoded overhang SMRTbell adapters 
were used for each sample in place of the standard unbarcoded 
SMRTbell adapters. After ligation, samples were pooled in an equimolar 
fashion to a total mass of 1000 ng per pool. Pooled libraries were cleaned 
and concentrated with 0.45× AMPure beads and underwent polymerase 
annealing and binding by standard methods. Primer v4 was used. Each 
library was loaded with Sequel loading kit 2.1 at 60pM. A 2-h pre- 
extension time and a 24-h movie was used. CCS and barcode demulti-
plexing were carried out by SMRTlink v8.0. 

2.4. Processing of Pacific Biosciences single molecule, long-read 
sequencing data 

SMRTlink v8.0 was used to process demultiplexed sequencing files. 
PacBio primers and Lrp8 specific RT-PCR primers were clipped, primer 
concatemers were removed and sequences were clustered into polished 
high-quality isoforms using SMRTlink v8.0 pipeline with standard Iso-
Seq parameters. High-quality isoforms were collapsed into unique iso-
forms using cDNA Cupcake (https://github.com/Magdoll/cDN 
A_Cupcake, v17.0.0) with a maximum 5′ and 3′ difference of 50 base 
pairs and without merging shorter isoforms. cDNA Cupcake was also 
used to generate isoform abundance using SMRTLink cluster reports and 
5′ fragments were filtered out along with any isoforms with a full-length 
read count less than two. cDNA Cupcake generated fastq files were then 
reference corrected against the mouse (mm10) or human (hg38) genome 
using SQANTI3 v.2.0.0 [49]. 

2.5. Transcript annotation and homology analysis 

Corrected transcript output from SQANTI3 [49] was parsed in R [50] 
to include only Apoer2 transcripts. All transcripts were filtered based off 
the isoform FASTA file so that they contained the final sequence of 
Apoer2 located in the last exon, just prior to the reverse primer, since the 
small length of this sequence prevented annotation as an individual 
exon. The intersection of isoforms after these two filtering steps was 
moved into further analysis. For exon annotation, the SQANTI3 gff3 
output file was parsed for Apoer2 exons, and unique exons were 
extracted and manually annotated using the Broad Institute’s Integrative 
Genomics Viewer (IGV) [51]. Exons corresponding to individual iso-
forms were then assembled into a binary splice matrix in R, and exons 
were labeled using previous manual IGV annotation. Apoer2 isoform 
sequences were deposited in NCBI’s GenBank (see Supplementary 
Dataset S4 for accession numbers). 

To determine homologous transcripts between mice and humans, 
homologous exons were matched based off previous Apoer2 protein 
alignment and exon annotation (Supplementary Dataset S3). Transcripts 
with exons outside of known homologous exons between the two species 

were filtered out. Remaining isoforms were matched between the two 
species in R based on having matching patterns of corresponding exons 
across the transcript. 

2.6. Transcript mapping and exon level analysis 

The binary splice matrix was assembled into a transcript matrix using 
ggplot2 [52] and publicly available code deposited in github from 
Flaherty, et al. [53]. Coincidence was calculated by counting the number 
of times an exon was spliced in at the same time as each other exon, 
weighted by transcript abundance and then divided by the total number 
of transcripts. Heatmaps and barplots were generated using ggplot2. 
Frequency spliced in was calculated by counting the number of times an 
exon was spliced in over all transcripts weighted by transcript abun-
dance. Transcript length, cumulative frequency and parts of a whole 
annotation graphs were generated using GraphPad Prism v 9.2.0. Cor-
relation matrices were generated using the binary splice matrix and R 
packages Hmsic [54] and corrplot [55] to analyze the Pearson correla-
tion coefficient. A significance level of 0.01 was used. 

3. Results 

3.1. Apoer2 cassette exon skipping across vertebrates 

To examine Apoer2 homology across vertebrates, we aligned full- 
length Apoer2 protein sequences from zebrafish, chicken, rabbit, 
mouse, macaque and human (Fig. S1). Fig. 1A demonstrates the phy-
logeny of Apoer2 as phenotypic complexity increases from zebrafish to 
humans. To understand how Apoer2 protein domains changed over 
evolution from zebrafish to humans, we mapped the known protein 
domains of human APOER2 onto the protein alignment to determine 
whether these domains were conserved in other species. We found that 
chickens and mice contain an eighth LDLa ligand binding repeat in their 
extracellular domain, while monkeys and humans do not (Fig. 1B), 
consistent with previous studies [29,38,40]. We also observed the 
presence of the eighth LDLa repeat in zebrafish and rabbits. Apoer2 also 
contains a 39-nucleotide exon at the end of its LDLa repeats in mice and 
humans that encodes a cleavage site for the furin protease [29,43]. This 
39-nucleotide exon appears to be present in both rabbits and macaques 
yet lacking in zebrafish and chickens. Lastly, Apoer2 contains a unique 
59 amino acid proline rich insert in its cytoplasmic region that has been 
reported as present in mice but lacking in birds [29,56]. Based on our 
protein alignment, neither zebrafish nor chickens possess the cyto-
plasmic insert; however, it is apparent in vertebrates higher than the 
rabbit in this study. 

To understand what is currently known about AS events in Apoer2 
across species, we curated all known Apoer2 isoforms deposited in Na-
tional Center for Biotechnology Information (NCBI) [57] and Ensembl 
[58] online databases. There is a general increase in the number of an-
notated Apoer2 isoforms as evolutionary complexity increases (Fig. 1C). 
However, published work has demonstrated alternative isoforms of 
Apoer2 do exist in chickens [29,41], which is not currently reflected in 
these annotation databases. This is perhaps due to the widespread usage 
of mice or human cells and tissue to study splicing and other biological 
processes resulting in greater sequencing coverage. To address this 
discrepancy, we analyzed the splicing patterns of known alternative 
exons in Apoer2 including the exons encoding the eighth LDLa repeat, 
the furin cleavage site, the glycosylation domain and the cytoplasmic 
insert. We mapped the protein sequence of each species used for align-
ment back onto their corresponding RNA transcript to identify the ho-
mologous exons to target (Supplementary Dataset S1). RT-PCR primers 
were placed as indicated, flanking the alternative exons of interest, as 
demonstrated for mouse and human Apoer2 in Fig. 1D. RT-PCR re-
actions will yield one band for exon inclusion and an additional one for 
exon skipping, if it occurs. The eighth LDLa repeat and the furin cleavage 
site were captured using the same RT-PCR reaction, generating the 
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possibility of observing four bands indicative of inclusion and exclusion 
of each the exon encoding the eighth LDLa repeat and the exon encoding 
the furin cleavage site. Whole brain total RNA from zebrafish, chicken, 
rabbit and monkey and total RNA from the cerebral cortex of mice and 
humans were subject to oligo-dT based cDNA synthesis and RT-PCR 
targeting the Apoer2 regions of interest. RT-PCR reactions were then 
visualized by gel electrophoresis (Fig. 2A–B) and all bands were 
confirmed by sequencing. 

Zebrafish demonstrate constitutive inclusion of the eighth LDLa 
ligand binding repeat (Fig. 2C) and do not appear to have the furin insert 
as indicated by the presence of a strong band in Lane 1 around 300 bp. A 
faint band just above 700 bp is also visible, which sequencing demon-
strated as off-target amplification. In Lanes 2 and 4, there is no evidence 
of AS of the glycosylation domain or presence of the cytoplasmic insert, 
respectively. The control reaction in Lane 3 targets the transmembrane 
region of the receptor, which demonstrates a diffuse band indicative of 
some nucleotide diversity. At the annotation level, an 18-nucleotide 
difference is annotated at the boundary of zebrafish exon 18, which 
appears to be unique to the species. We confirmed the presence of both 
+/− 18-nucleotide products in this band indicating the use of an 
alternative 3′ splice site. 

In chickens, two bands were observed in Lane 1, just above 300 bp 
and below 200 bp, indicating the eighth LDLa repeat is alternatively 
spliced (Fig. 2D). A faint upper band between 400 and 600 bp is also 
apparent in Lane 1. Sequencing analysis indicated this band is a mixture 
of nonspecific amplification and sequence demonstrating inclusion of 
the eighth LDLa repeat. The band at 300 bp that appears like a doublet 
revealed only sequence indicating inclusion of the eighth LDLa repeat 

and no evidence of the 39-nucleotide exon encoding the furin insert, 
which is consistent with published literature [29,56]. To understand 
whether the exon encoding the furin cleavage site is present in the 
genome but constitutively spliced out at the RNA level, we examined the 
chicken Lrp8 locus in comparison to the mouse Lrp8 locus, which does 
contain this exon. We found no evidence of a conserved region in the 
chicken genome (Fig. S2), indicating the exon encoding the furin 
cleavage site was likely introduced into the genome at a point evolu-
tionarily later than chickens. In Lane 2, the glycosylation domain ap-
pears to be constitutively included. Interestingly, in Lane 3 we detected 
an upper band around 300 bp in addition to the expected control 
product targeting the transmembrane region. Sequencing identified the 
upper band to be an intron retention event, capturing chicken Apoer2 
exon 17, the intervening intron and exon 18. We also saw no evidence of 
the cytoplasmic insert (Lane 4) in chickens as has been published [29]. 

Rabbits demonstrated more diversity at the RNA level than both 
zebrafish and chickens, as shown in Fig. 2E. In Lane 1, at least four 
distinct bands are present, indicating the AS of the eighth LDLa repeat as 
well as the furin insert, which are found in all four possible splicing 
combinations, including skipping of both exons in tandem. Sequencing 
of clones from the topmost diffuse band also returned a variation of 
rabbit Apoer2 that has a unique exon following the eighth LDLa repeat, 
which maps to a region of the genome between the eighth LDLa repeat 
and the furin insert (Fig. S3). Lane 2 indicates constitutive inclusion of 
the glycosylation domain. Lane 4 confirms the introduction of the 
alternatively spliced cytoplasmic insert, which is dynamically spliced in 
and out. The presence of a third band is intriguing and suggests addi-
tional splicing diversity in this region. However, efforts to sequence the 

Fig. 1. Apoer2 protein and isoform diversity across vertebrates. (A) Phylogenetic tree of Apoer2 spanning from Danio rerio (zebrafish) to Homo sapiens (humans) 
displaying Grishin evolutionary distance. (B) Table indicating presence or absence of Apoer2 protein domains of interest across vertebrates based off protein 
reference annotations. (C) Bar graph depicting the number of annotated Apoer2 isoforms for each vertebrate species in each the NCBI and Ensembl online databases. 
(D) Schematic of Apoer2 protein domains and corresponding coding exons in each mice and humans. RT-PCR primer schemes are indicated using arrows. 
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third (middle) band have only returned sequence including or excluding 
the cytoplasmic insert, making it unclear exactly why there is an 
apparent nucleotide size difference between these bands. One sequenced 
TOPO clone returned sequence in which 67 bp at the end of rabbit exon 
18 were excluded and 61 bp at the beginning of exon 19 were excluded, 
which would suggest the use of two alternative splice sites. As only one 
clone returned this sequence, it seems more likely to be a PCR or cloning 
artifact than AS events, although it is possible these are real AS events 
present at low frequency. 

In the mouse cerebral cortex, multiple bands are apparent in Fig. 2F 
Lane 1, indicating AS of the eighth LDLa repeat and the furin insert. 
Sequencing of clones confirmed species containing the following com-
binations: eighth LDLa repeat but lacking the furin insert, lacking the 
eighth repeat but containing the furin insert and species lacking both 
exons. Interestingly, no clones were identified containing both the 
eighth LDLa repeat and the furin insert. In Lane 2, constitutive inclusion 
of the glycosylation domain was observed, despite published evidence 
suggesting this exon is alternatively spliced in mice [44]. After extensive 
optimization of RT-PCR parameters, including testing of multiple 
annealing temperatures, addition of PCR additives and use of an alter-
native polymerase, we failed to identify any bands indicating AS of the 

glycosylation domain in mice. Lane 4 indicates AS of the cytoplasmic 
insert, as well as the presence of a third band; similar to rabbits (Fig. 2E 
Lane 4), all sequenced clones returned mouse sequence either contain-
ing or lacking the entire cytoplasmic insert. 

Loss of the eighth LDLa repeat becomes apparent in primates when 
examining the expression profile of the macaque. Fig. 2G Lane 1 dem-
onstrates only two bands, neither of which contain the eighth LDLa 
repeat, but do contain AS of the 39-nucleotide furin insert. In Lane 2, AS 
of the glycosylation domain is observed, whereas this exon was consti-
tutively included in all other lower vertebrates analyzed (Fig. 2C–F). 
Consistent with rabbits and mice, monkeys demonstrated AS of the 
cytoplasmic insert in Lane 4, as well as the presence of a third band 
shifted in size that returned sequence both including or lacking the 
entire cytoplasmic insert. 

Lastly, we examined the AS pattern of APOER2 in humans (Fig. 2H). 
As expected, we observed no inclusion of the eighth LDLa repeat but did 
observe exclusion and inclusion of the 39-nucleotide furin insert in Lane 
1. Like macaques, AS of the glycosylation domain was observed in Lane 
2. AS of the cytoplasmic insert is also conserved in humans, with bands 
observed indicating both its presence and absence. As seen in rabbits, 
mice and monkey, a third band is also present, for which sequencing 

Fig. 2. Apoer2 alternative splicing complexity in the brain increases across vertebrate evolution. (A) Schematic demonstrating RT-PCR primer design along with the 
corresponding exon to protein functional domain each primer set amplifies. Expected splicing combinations are depicted on the right side along with a band number 
corresponding to the cartoon agarose gel (B) (generated using Biorender.com) depicting potential RT-PCR banding patterns if all combinations of cassette exon 
decisions are used. (C–H) Gels depicting RT-PCR analysis of Apoer2 alternative exons encoding the eighth LDLa repeat and furin insert (Lane 1), glycosylation domain 
(Lane 2), control transmembrane region (Lane 3) and cytoplasmic insert (Lane 4) across vertebrate species: (C) zebrafish, (D) chicken, (E) rabbit, (F) mouse, (G) 
macaque and (H) human. Bands in each lane are annotated below the gel according to the numbering displayed in (A). 
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returned cassette splicing of the cytoplasmic insert. 
Overall, the RT-PCR analysis indicates the addition of the furin insert 

and the cytoplasmic insert sometime between the evolution of chicken 
and rabbits and the loss of the eighth LDLa ligand binding repeat from 
mice to monkeys. Interestingly, we only observed AS of the glycosyla-
tion domain in primates, including monkeys and humans. 

3.2. Full-length Apoer2 isoform mapping in mice and humans identifies 
homologous isoforms 

In addition to AS of the exons encoding the eighth LDLa repeat, the 
furin insert, the glycosylation domain and the cytoplasmic insert, other 
Apoer2 exons have been reported to be alternatively spliced in mouse 
and human through RT-PCR analyses [27,29,38–40]. Therefore, we 
asked whether these AS events are often found in different combinations 
or whether most AS events occur in isolation within the full-length 
context of the Apoer2 transcript. To understand the full splicing land-
scape and complexity of Apoer2 isoforms across the brain, we performed 
Apoer2 specific long-read sequencing on RNA from the mouse and 
human cerebral cortices. Briefly, we performed Apoer2 specific first 
strand cDNA synthesis on total RNA from the cerebral cortex of mice and 
humans as schematized in Fig. 3A. We then performed RT-PCR targeting 
the entirety of the coding sequence of Apoer2, with a forward primer 
binding at the ATG site in exon 1 and reverse primer binding at the TGA 
stop site in exons 19 and 20 for humans and mice, respectively. After size 
selection, nucleic acid purification and library preparation, Apoer2 
cDNA amplicons for mice and humans were subject to Pacific Bio-
science’s single-molecule real-time (SMRT) sequencing to generate full- 
length Apoer2 transcript sequences. 

Sequencing data was processed into high quality isoforms then 
further collapsed into unique reference corrected isoforms. After data 
processing, the mouse and human samples yielded 3036 and 55,326 
high quality full-length reads for analysis, with 87% and 84% respec-
tively of those reads mapping to Apoer2. While the number of full- 
length, high-quality reads returned for the human was slightly lower 
than the mouse sample, the proportion of reads mapping to Apoer2 was 
comparable, giving both RT-PCRs similar precision and enabling tran-
script mapping and proportional comparisons between the two species. 
For mouse Apoer2, we identified 68 high quality Apoer2 transcripts that 
contained exons present in at least ten unique isoforms before filtering. 
As almost all introns have been spliced out, we are likely capturing 
mature processed RNA or genuine intron retention splicing events as 
opposed to pre-mRNA. The mean length of identified murine Apoer2 
transcripts clustered just under 2500 bp as shown in Fig. 3B. Full-length 
murine Apoer2, containing the coding sequence of all 21 exons captured 
within our primer design, would be about 3 kilobases. The compara-
tively lower average Apoer2 transcript length suggests there are 
numerous AS events in the identified transcripts, with some transcripts 
likely having multiple AS events. When examining the 68 murine Apoer2 
transcripts, we see a plethora of cassette exon skipping events occurring 
individually and in tandem across the length of murine Apoer2 (Fig. 3C). 
As our reverse primer bound at the nucleotides encoding the stop codon 
in the last coding exon (human exon 19 and mouse exon 20), we did not 
annotate this exon as a full exon in the transcript maps (Figs. 3C & 4B) 
since this full exon is much longer, encoding the 3’UTR which our RT- 
PCR scheme does not capture. The most abundant murine Apoer2 iso-
form we identified contained three AS events, with exclusion of exons 5, 
7 and 19, which encode 3 LDLa repeats, the eighth LDLa repeat and the 
cytoplasmic insert, respectively. Of interest, we identified novel AS of 
exon 3, which would remove an LDLa repeat, yet preserve the open 
reading frame, as well as transcripts that excluded exons 8 through 13 in 
tandem, which would remove the entire β-propeller domain and intro-
duce a premature stop codon after the LDLa repeats. We also identified a 
known alternative 3′ splice site near exon 6, which adds 3 nucleotides of 
the prior intron, CAG, into the coding sequence of the transcript. Sur-
prisingly, we identified multiple transcripts that contained tandem exon 

skipping of exons 15 and 16 which code for an EGF precursor-like repeat 
and the glycosylation domain respectively, while neither exon was 
identified to be skipped individually. 

Of the 68 unique transcripts identified in the mouse cerebral cortex, 
majority of the AS events result in the inclusion or exclusion of entire 
protein functional domains at the protein level, suggesting AS may alter 
or regulate specific Apoer2 protein function in the brain. Based off the 
number of full-length reads per isoform (Fig. 3C right), we examined the 
cumulative frequency of individual Apoer2 isoforms to understand how 
many isoforms make up the majority of Apoer2 expression (Fig. 3D). We 
observed about 6–7 isoforms make up 75% of Apoer2 expression in the 
mouse cerebral cortex, with the remaining isoforms found at lower 
levels. We also compared the 68 identified murine Apoer2 isoforms to 
the coding region (excluding UTRs which our primer strategy does not 
capture) of those annotated in the Ensembl gene database [58]. Using 
this comparison and a manual confirmation and comparison to the NCBI 
[57] annotated transcripts as well, we identified 13 isoforms that have 
been previously annotated and 55 novel Apoer2 isoforms (Fig. 3C&E). 

Lastly, we wanted to understand the frequency at which individual 
exons are found to be spliced into the Apoer2 transcript pool. We 
calculated a frequency spliced in value for each exon across all the 
isoforms weighted by their abundance as shown in Fig. 3F. Exon 5, 
encoding three LDLa repeats at the protein level, is spliced in only about 
40% of the time, as is exon 7, encoding the eighth LDLa repeat, and exon 
19, encoding the cytoplasmic insert. Exon 7B, encoding the furin insert, 
is included only about 15% of the time. While we observed many iso-
forms with AS of other exons, when these exons are examined on an 
individual level across all the transcripts weighted by their abundance, 
we see that most other exons are included at an almost constitutive level. 

We also profiled human APOER2 transcripts using a gene specific RT- 
PCR coupled with long-read sequencing and compared transcripts across 
the murine and human cerebral cortex (Figs. 3–4). We identified 48 high 
quality unique APOER2 isoforms in the human cerebral cortex. These 
isoforms had a mean length just under 2500 bp (Fig. 4A), similar to the 
murine sample (Fig. 3B), likely indicating the presence of multiple 
alternative events since the expected length of the longest canonical 
APOER2 product would be just over 2.9 kilobases. When we examine the 
individual human APOER2 transcripts identified (Fig. 4B), the most 
abundant APOER2 transcript is the canonical full-length APOER2 tran-
script, closely followed by an APOER2 transcript with exclusion of exon 
18, encoding the cytoplasmic insert. Interestingly, in humans the third 
most abundant APOER2 transcript contains cassette splicing of exon 15, 
encoding the glycosylation domain, which we did not observe to be 
alternatively spliced by itself in mice (Figs. 2D & 3C). We did observe 
tandem exclusion of exons 14 and 15, encoding an EGF precursor-like 
repeat and the glycosylation domains respectively, as was observed in 
mice (Fig. 3C). In humans, we observed one intron retention event, with 
the intron between exons 7 and 8 retained, and likely rendering that 
isoform a target for nonsense mediated decay. We also observed two 
alternative 3′ splice sites near exon 18, which encodes the cytoplasmic 
insert. Of these alternative 3′ sites, one was in the intron before exon 18, 
resulting in the inclusion of an additional 17 nucleotides, and the other 
was within exon 18, truncating the exon to only 61 base pairs. In mice, 
we did observe the presence of alternative 3′ splice sites at exon 19, 
corresponding to human exon 18; however, these transcripts dropped 
out of our exon abundance filtering. We analyzed whether those 
detected alternative sites in mouse were homologous to the two detected 
in human and did not observe homology at the protein level. However, 
the use of alternative splice sites at this exon boundary may be 
conserved. 

We examined the cumulative frequency of the identified human 
APOER2 transcripts (Fig. 4C) and found that 4–5 transcripts make up 
about 75% of APOER2 expression in the human cerebral cortex, with the 
remaining 25% of expression made up of numerous unique isoforms. We 
also compared the identified isoforms to the coding regions of annotated 
APOER2 transcripts in Ensembl [58] and NCBI [57] databases. Fourteen 
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Fig. 3. Full-length Apoer2 isoform mapping in the murine cerebral cortex. (A) Schematic depicting Apoer2 specific single molecule, long-read sequencing workflow 
(generated using Biorender.com). (B) Graph indicating mean transcript length ± SEM of unique murine Apoer2 isoforms detected in the cerebral cortex excluding RT- 
PCR primers. (C) Left: Transcript matrix depicting Apoer2 isoforms identified as individual rows. Transcripts with exons present in less than 10 unique transcripts 
before filtering were excluded, leaving 68 unique transcripts. Exons spliced in are colored, while skipped exons are white. Numbering at the left-hand margin in-
dicates transcript number. A white asterisk inside of exon 1 indicates a novel or previously unannotated transcript. Right: Bar plot indicating the log of the total 
number of full-length reads of each corresponding transcript in the adjacent matrix. All transcripts and their corresponding number of reads are colored coded based 
on whether there is a corresponding homolog isoform in humans (blue), the transcript contains the mouse specific exon encoding the eighth LDLa repeat (grey), or 
whether the transcript is specific to mouse but does not contain the exon encoding the eighth LDLa repeat (orange). (D) Cumulative frequency of detected Apoer2 
isoforms. (E) Graph indicating the proportion of detected transcripts that are either annotated in NCBI or Ensembl or novel. (F) Bar graph demonstrating the fre-
quency at which each Apoer2 exon is spliced in based on the detected transcripts and their number of full-length reads. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. APOER2 full length isoform mapping in the human cerebral cortex. (A) Graph indicating the mean transcript length ± SEM of unique APOER2 isoforms 
detected in the human cerebral cortex excluding RT-PCR primers. (B) Left: Transcript matrix displaying APOER2 isoforms identified in the human cerebral cortex as 
individual rows. Exons spliced in are colored, while skipped exons are white. Numbering at the left-hand margin indicates transcript number. A white asterisk inside 
of exon 1 indicates a novel or previously unannotated transcript. Right: Bar graph displaying the log of the number of full-length reads per isoform in the adjacent 
transcript matrix. All transcripts and their corresponding number of reads are colored orange if there is a corresponding homolog isoform in mouse or blue if the 
isoform is specific to humans. (C) Cumulative frequency graph of detected APOER2 isoforms. (D) Parts of a whole graph demonstrating the number of detected 
transcripts found to be annotated in NCBI or Ensembl databases or novel. (E) Bar graph indicating the frequency at which each APOER2 exon is spliced in across all 
the detected isoforms weighted by their abundance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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of the transcripts we identified are present in existing databases, 
whereas 34 of the isoforms described here are novel (Fig. 4B&D). Similar 
to the mouse, we calculated a frequency spliced in value for each indi-
vidual exon across all the human isoforms (Fig. 4E). Interestingly, we 
find exon 5 is included at a higher frequency of about 70% in humans 
compared to mice (Fig. 3F). Exon 8, encoding an EGF precursor-like 
repeat in humans and corresponding to exon 9 in mice, is also spliced 
out more in humans, with a frequency spliced in value of about 85% 
compared to its frequency close to 100% in mice. Exon 15, encoding the 
glycosylation domain, is also dynamically spliced in humans, with a 

frequency spliced in of about 75%. Exon 18, encoding the cytoplasmic 
insert in humans, demonstrates a frequency spliced in value of about 
50%, compared to the corresponding exon 19 in mice which is relatively 
similar around 40%. 

3.3. Coordinated alternative splicing in mouse and human Apoer2 

Since we observed that exons 15 and 16 were only spliced out in 
tandem in the mouse cerebral cortex (Fig. 3C), we wanted to examine 
the relationship of all individual AS events across Apoer2 to determine 

Fig. 5. Mouse Apoer2 exhibits tandem splicing of exons encoding the third EGF precursor-like repeat and glycosylation domain. (A) Heatmap examining the 
coincidence of individual murine Apoer2 exons compared to every other exon. Coincidence was calculated as the number of times the exons in each comparison pair 
were both spliced into the same transcript divided by the total number of transcripts. (B) Correlation matrix depicting Pearson’s correlation coefficient of alter-
natively spliced murine Apoer2 exons. Colour indicates value of Pearson’s coefficient and size of dot indicates magnitude of significance, with a cutoff of p < 0.01. (C) 
Heatmap displaying coincidence value for human cerebral cortex APOER2 exons. (D) Correlation matrix of Pearson’s correlation coefficient analysis of human 
alternatively spliced APOER2 exons. Significance is p < 0.01. (E) Schematic depicting mouse and human Apoer2 protein domains and corresponding coding exons 
along with RT-PCR strategy for F and G. (F) Gel depicting RT-PCR of mRNA from the murine cerebral cortex examining coordinated splicing of Apoer2 exons 15 and 
16. Arrowheads indicate detected bands that were excised and sequenced. (G) Gel analysis of RT-PCR from human cerebral cortex mRNA examining splicing of exons 
14 and 15 in APOER2. Arrowheads indicate detected bands excised for sequencing confirmation. 
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whether splicing is coordinated across the length of the transcript. We 
calculated a weighted exon coincidence value, or the frequency at which 
each individual exon was spliced in at the same time as each other in-
dividual exon, (Fig. 5A, C). Exons such as 1–4 and 8–18, that are 
included at an almost constitutive level, exhibit high coincidence values 
as they are almost always spliced in together. Alternative cassette exons 
including 5, 6, 7, 7B and 19 demonstrate lower coincidence values due 
to their occasional exclusion. There also appears to be a shift in coin-
cidence value between specific alternative exon pairs, such as exons 5 
and 7, 5 and 7B, 7 and 7B, and exon 19 with 5, 7 and 7B. To examine 
these pairs more closely and determine whether there is any correlation 
between paired exon inclusion, we generated a correlation matrix 
(Fig. 5B). We also included exons 15 and 16 due to the tandem exclusion 
events we observed of these exons in Fig. 3C, as well as exon 9 for 
comparison with human exon 8 (Fig. 5D). Our results indicate a signif-
icant negative correlation between exon 7B and exons 5, 7 and 19, with 
the strongest correlation observed between exons 7 and 7B, which is 
supported by our RT-PCR data (Fig. 2F). We also observed significant 
positive correlations between exons 5 and 7, exons 5 and 19 and exon 7 
and 19. Exons 15 and 16 demonstrate a perfect correlation of 1, which 
reflects the pattern of splicing observed for these exons previously 
(Fig. 3C). 

When we examined coincidence across human APOER2 exons 
(Fig. 5C), it again highlighted alternatively spliced cassette exons, which 
have lower coincidence values, including exons 5, 8, 15 and 18. Certain 
pairs of alternative exons demonstrated an apparent shift in coincidence 
values which may indicate coordinated splicing, such as the pairs exon 5 
and 8, 5 and 18 and 8 and 18. Correlation analysis revealed significant 
positive correlation between exons 5 and 8, 5 and 18, 6B and 8, and 8 
and 18 (Fig. 5D). A small but significant positive correlation is also 
observed between exons 14 and 15; however, this correlation is smaller 
when compared to the correlation observed between the corresponding 
murine exons 15 and 16 (Fig. 5B). We also observed a significant 
negative correlation between exon 5 and 6B in humans. 

To validate the tandem splicing event that we observed in murine 
Apoer2 of exons 15 and 16 compared to corresponding human APOER2 
exons 14 and 15, we designed RT-PCR primers spanning both exons 
(Fig. 5E) and performed RT-PCR on cDNA generated using oligo-dT 
primers. In mouse cerebral cortex, we observed two bands present 
(Fig. 5F), with the top band of stronger intensity. Upon sequencing, we 
confirmed the top band to contain both murine exons 15 and 16, and the 
bottom faint band to lack both exons. In humans, we identified the 
presence of 3 bands (Fig. 5G). Sequencing analysis confirmed the top 
band to contain exons 14 and 15 and the second band to contain exon 14 
but lack exon 15. The smallest band contained tandem exclusion of both 
exons 14 and 15. We also identified one clone that contained exon 14 as 
well as a segment of 66 base pairs from the intron between exons 14 and 
15, perhaps indicating another alternative cassette exon event (Fig. S4). 
Together, this confirmed that in mice the last EGF precursor-like repeat 
and the glycosylation domain are only tandemly excluded, whereas in 
humans the glycosylation domain can be spliced out individually or in 
combination with the preceding exon. 

4. Discussion 

In this study, we utilized a combination of RT-PCR and single 
molecule, long-read RNA sequencing to map the Apoer2 isoform pool 
across vertebrates. We found clear evolution of the Apoer2 gene over 
vertebrate development along with changes in AS patterns, indicating 
gene diversification at multiple levels. This suggests Apoer2 has been 
specifically altered over time, likely to introduce new functional con-
sequences at the protein level. Application of SMRT long-read 
sequencing to Apoer2 has provided us with a new perspective on the 
complexity of AS events across individual Apoer2 transcripts in the ce-
rebral cortex of both mice and humans. We identified 68 and 48 unique 
Apoer2 isoforms in the cerebral cortex of each mice and humans, 

respectively, with only 19 isoforms homologous between the two spe-
cies. Our findings revealed that Apoer2 AS events occur in a plethora of 
combinations across the entire transcript and differ between species. 
Our results parallel recent findings published by the Allen Brain Atlas 
Team that highlight gene expression divergence in homologous cell 
types between mouse and human cortex despite overall conserved cell 
types [59]. This diversification in gene expression patterns between 
mouse and humans emphasizes the importance of species-specific 
studies, particularly in humans when relating gene function to disease 
and human functional biology. The identified diversity in Apoer2 iso-
form expression implicates differential functional effects at the protein 
level among isoforms and potentially between species and could influ-
ence ligand binding, receptor surface expression, receptor proteolysis, 
and downstream signaling events that affect synaptic function. 

We have found that the Apoer2 exon encoding the eighth LDLa 
repeat is constitutively included in zebrafish and alternatively spliced in 
chickens, rabbits and mice, yet lost in primates, which is consistent with 
published literature [38,56]. The functional consequences of losing the 
eighth LDLa repeat in primates is unclear, but it is possible that loss of 
this eighth repeat changes the binding properties of primate Apoer2 
compared to that in lower vertebrates, as Apoer2 binds numerous 
important ligands in addition to Apoe, such as Reelin [20,60], clusterin 
[61], selenoprotein P [62], and many others [63]. AS of the eighth LDLa 
repeat in combination with AS of the three LDLa repeats encoded by 
exon 5 has already been shown to decrease Apoer2 affinity for β-VLDL 
when compared to AS of exon 5 alone [39]. Furthermore, exclusion of 
the eighth LDLa repeat also increases the affinity of Apoer2 for Reelin 
fragments [32], suggesting perhaps loss of the eighth LDLa repeat 
occurred in primates to increase the affinity of Apoer2 for its endoge-
nous ligands. 

We have also shown that the 39-nucleotide exon encoding a furin 
cleavage site is present in rabbits, mice and primates, yet absent in 
zebrafish and chickens. Inclusion of this 39-nucleotide insert introduces 
a furin cleavage site at the protein level, which has been shown to be 
cleaved and to generate a soluble Apoer2 ectodomain fragment that acts 
as an antagonist to Reelin signaling [43], which is critical for neuronal 
migration in the developing brain [20] and ligand induced LTP in the 
adult brain [21]. It is unclear whether this secreted fragment would 
interfere with Apoer2-Apoe binding, although that seems likely. 
Furthermore, addition of the furin cleavage site between chickens and 
rabbits is especially interesting as chickens are not known to synthesize 
Apoe [41], suggesting perhaps diversification of the Apoer2 locus 
occurred to help modulate Apoe and other ligand binding in higher 
vertebrates. There is precedence for altered splicing of transmembrane 
receptors having potent effects on signaling, as ephrin transmembrane 
receptors have been shown to have either repulsive or adhesive effects 
on cell migration depending on which isoform is expressed [64]. 
Furthermore, AS has already been shown to play a role in the Reelin 
signaling pathway in development, as suppression by the splicing factor 
Nova2 of a specific isoform of Disabled-1, the adaptor protein that binds 
to Apoer2, is required for proper neuronal migration [65]. 

Interestingly, we found that AS of the glycosylation domain alone in 
Apoer2 appears to be restricted to primates. In mice, exon 16, encoding 
the glycosylation domain, has previously been reported to be alterna-
tively spliced in the brain [44]; however, despite thorough efforts to 
optimize RT-PCR conditions, we were not able to detect a cassette exon 
skipping event of solely exon 16 in mice. Intriguingly, in mice we did 
detect coordinated AS of exon 16 with exon 15, which encodes the third 
EGF precursor-like repeat in Apoer2. As exons 15 and 16 are in the same 
phase, the open reading frame is likely preserved; however, the func-
tional consequences of this tandem skipping event are unclear. The 
glycosylation domain has been shown to regulate extracellular pro-
cessing of Apoer2, as this region contains the extracellular cleavage site 
for matrix metalloproteases [34]. It has also been found that exclusion of 
exon 16 in combination with AS of the cytoplasmic insert has unique 
functional consequences in the mouse brain, most notably on Apoer2 
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cell surface levels, synaptic strength and long term potentiation [34]. It 
is possible that AS of the glycosylation domain, whether in tandem with 
the EGF precursor-like repeat before it or by itself, emerged in mice and 
primates as a regulatory mechanism of Apoer2 surface levels, which are 
critical for maintaining the proper balance of dendritic spines [35]. 

The cytoplasmic insert emerged somewhere between chickens and 
rabbits, likely with the divergence of placental mammals and marsu-
pials, which have been shown to lack the cytoplasmic insert [56]. While 
it is unclear where the cytoplasmic insert originated, as it is unique and 
not present in other LDLR family members [40], it is clear that it adds 
functional complexity in Apoer2 biology. Inclusion of the cytoplasmic 
insert is necessary for Reelin-induced LTP [30], neuronal survival [31] 
and intracellular adaptor protein binding [66–68]. Inclusion of the 
cytoplasmic insert in APOER2 has also been positively correlated with 
human global cognition and shown to be lowered in the temporal cortex 
of individuals with Alzheimer’s disease. Furthermore, increasing inclu-
sion of the cytoplasmic insert in an amyloid mouse model of Alzheimer’s 
disease with an antisense oligonucleotide can partially rescue some 
spatial learning deficits [42]. It is reasonable to posit that incorporation 
of the cytoplasmic insert into Apoer2 conferred isoform specific func-
tions and helped shape higher level vertebrate regulation of learning and 
memory. Apoer2 also undergoes sequential cleavage at the membrane, 
first extracellularly by matrix metalloproteases, and then intra-
membranously by γ-secretase, releasing an intracellular domain (ICD) 
that translocates to the nucleus and activates an enhancer profile 
necessary for the transcription of learning and memory genes [69]. It 
remains to be determined which form of the Apoer2 ICD is actually 
transcriptionally active, as the cytoplasmic insert is located in the ICD 
and its inclusion or exclusion would naturally change the size and likely 
structure of the ICD. 

From our long-read sequencing data, we observed 68 and 48 unique 
Apoer2 isoforms in the cerebral cortex of each mice and humans, 
respectively. The AS events that make up the unique identified isoforms 
largely occur in regions that encode functional domains at the protein 
level. This suggests that the different combinations of these AS events 
will alter the properties of individual Apoer2 isoforms at the protein 
level. Since Apoer2 AS events occur in many combinations, it highlights 
the need to understand how these events are regulated and whether they 
have diverse functional effects. Splicing is often controlled in a spatio-
temporal manner [70], and so combinatorial splicing across the Apoer2 
transcript provides multiple points at which to fine tune Apoer2 function 
as needed at different times and places in the brain. Indeed, we observed 
coordinated splicing in murine Apoer2, where the third EGF precursor- 
like repeat and the glycosylation domain are only alternatively spliced 
out together. This suggests some coordinated action of splicing involving 
these two exons. 

Our study utilized bulk tissue from the cerebral cortex for analysis in 
order to define a clear repertoire of diverse and novel full-length Apoer2 
isoforms and highlight species-specific differences in splicing decisions 
across the human and mouse cerebral cortex. It is likely that individual 
Apoer2 isoforms are expressed in a spatiotemporal manner or in a cell- 
type specific manner [10], which could give biological impact to some 
of the lowly expressed transcripts identified. It is also possible that the 
biological function of having several unique isoforms present at low 
levels could be to detract from having expression of some of the more 
abundant isoforms, in a type of splicing regulatory system. Therefore, it 
will be important for future studies to determine the localization of some 
of these isoforms within the cerebral cortex as well as determine if they 
exhibit cell-type specificity or cell to cell heterogeneity. Examining 
transcript localization is no easy task due to the need to identify the 
specific combination of exons across the length of the entire transcript. 
However, new methods are being developed to examine full length 
transcripts within individual cell types [71,72], which could prove 
interesting in the case of Apoer2 biology in the brain. Our finding of 68 
unique Apoer2 isoforms in the mouse cerebral cortex is not far off from 
the identified 50 Apoer2 transcripts identified in the retina and brain by 

Ray and colleagues [73]. As such, we are confident our isoform profiling 
of Apoer2 in mice and humans reflects true isoform diversity present in 
the brain. 

Humans demonstrate substantial heterogeneity at the genomic level, 
that can affect RNA sequence and splicing decisions. Our study focused 
on defining the full repertoire of Apoer2 isoforms in one sample per 
species to understand broadly the potential isoform diversity of Apoer2. 
We cannot exclude the fact that individual genetic variation will affect 
Apoer2 isoform biology. Therefore, future studies utilizing biological 
replicates within species will be necessary to understand if and how 
human genetic diversity contributes to APOER2 splicing diversity. With 
genomic sequencing of individual samples done in parallel, the field 
could also start to understand whether any genomic variation, perhaps 
in the form of single nucleotide polymorphisms, are associated with 
certain splicing choices, as has been seen with CD33 [74] and RBM23 
[75]. 

Overall, we have demonstrated that the Apoer2 gene has evolved 
over the vertebrate lineage from zebrafish to humans, both at the 
genomic and AS level. Particularly, Apoer2 shows an extremely high 
number of AS events that result in the inclusion or exclusion of different 
functional domains in numerous combinations that implicate differen-
tial functions for Apoer2. Therefore, Apoer2 can then be thought of as a 
multi-functional receptor that can be tightly controlled depending on 
the AS pattern it possesses. Moving forward, it will be important to 
understand how the many AS events observed in this study contribute to 
modulating Apoer2’s roles in brain development, synapse formation 
[35] and long-term potentiation [21] based on Apoe and Reelin binding 
[19,60]. 
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analysis of splicing quantitative trait loci across multiple tissues in the human 
genome, Nat. Commun. 12 (2021) 727, https://doi.org/10.1038/s41467-020- 
20578-2. 

C.M. Gallo et al.                                                                                                                                                                                                                                

https://doi.org/10.1101/2021.04.13.439527
https://doi.org/10.1101/2020.08.10.243543
https://doi.org/10.1038/s41467-020-17009-7
https://doi.org/10.1128/MCB.00568-18
https://doi.org/10.1038/s41467-020-20578-2
https://doi.org/10.1038/s41467-020-20578-2

	Single molecule, long-read Apoer2 sequencing identifies conserved and species-specific splicing patterns
	1 Introduction
	2 Materials and methods
	2.1 Phylogenetic and isoform analysis
	2.2 RNA isolation, cDNA synthesis and RT-PCR
	2.3 Pacific Biosciences library preparation and long read sequencing
	2.4 Processing of Pacific Biosciences single molecule, long-read sequencing data
	2.5 Transcript annotation and homology analysis
	2.6 Transcript mapping and exon level analysis

	3 Results
	3.1 Apoer2 cassette exon skipping across vertebrates
	3.2 Full-length Apoer2 isoform mapping in mice and humans identifies homologous isoforms
	3.3 Coordinated alternative splicing in mouse and human Apoer2

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


