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Human APOER2 Isoforms Have Differential Cleavage
Events and Synaptic Properties
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Human apolipoprotein E receptor 2 (APOER2) is a type I transmembrane protein with a large extracellular domain (ECD)
and a short cytoplasmic tail. APOER2-ECD contains several ligand-binding domains (LBDs) that are organized into exons
with aligning phase junctions, which allows for in-frame exon cassette splicing events. We have identified 25 human APOER2
isoforms from cerebral cortex using gene-specific APOER2 primers, where the majority are exon-skipping events within the
N-terminal LBD regions compared with six identified in the heart. APOER2 undergoes proteolytic cleavage in response to
ligand binding that releases a C-terminal fragment (CTF) and transcriptionally active intracellular domain (ICD). We tested
whether the diversity of human brain-specific APOER2 variants affects APOER2 cleavage. We found isoforms with differing
numbers of ligand-binding repeats generated different amounts of CTFs compared with full-length APOER2 (APOER2-FL).
Specifically, APOER2 isoforms lacking exons 5–8 (Dex5–8) and lacking exons 4–6 (Dex4–6) generated the highest and lowest
amounts of CTF generation, respectively, in response to APOE peptide compared with APOER2-FL. The differential CTF gen-
eration of Dex5–8 and Dex4–6 coincides with the proteolytic release of the ICD, which mediates transcriptional activation
facilitated by the Mint1 adaptor protein. Functionally, we demonstrated loss of mouse Apoer2 decreased miniature event fre-
quency in excitatory synapses, which may be because of a decrease in the total number of synapses and/or VAMP2 positive
neurons. Lentiviral infection with human APOER2-FL or Dex4–6 isoform in Apoer2 knockout neurons restored the miniature
event frequency but not Dex5–8 isoform. These results suggest that human APOER2 isoforms have differential cleavage
events and synaptic properties.
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Significance Statement

Humans and mice share virtually the same number of protein-coding genes. However, humans have greater complexity of
any higher eukaryotic organisms by encoding multiple protein forms through alternative splicing modifications. Alternative
splicing allows pre-mRNAs transcribed from genes to be spliced in different arrangements, producing structurally and func-
tionally distinct protein variants that increase proteomic diversity and are particularly prevalent in the human brain. Here,
we identified 25 distinct human APOER2 splice variants from the cerebral cortex using gene-specific APOER2 primers, where
the majority are exon-skipping events that exclude N-terminal ligand-binding regions of APOER2. We show that some of the
APOER2 variants have differential proteolytic properties in response to APOE ligand and exhibit distinct synaptic properties.

Introduction
Human apolipoprotein E receptor 2 (APOER2, official gene
name LRP8) is enriched in the brain and displays a high degree
of cassette exon splicing events where inclusion or skipping of an
exon will insert or delete a sequence from the final mRNA (Kim
et al., 1996; Clatworthy et al., 1999; Gallo et al., 2020, 2022).
Similarly, mouse Apoer2 is one of the top neuronal genes related
to cell-type exon skipping events (Zhang et al., 2014). Human
APOER2 is composed of five functionally distinct domains
including the ligand-binding domain (LBD), which consists of
two types of repeats, LDL receptor type A (LDLa, exons 2–6) and
epidermal growth factor (EGF) precursor-like repeats (exons 7–8
and 14) that bind extracellular ligands such as Reelin and APOE
(Brandes et al., 1997; reviewed in Dlugosz and Nimpf, 2018; Fig.
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Figure 1. Structure of human APOER2. A, APOER2 is a type I transmembrane (TM) protein with a large extracellular domain and a short cytoplasmic tail. Functional domains are indicated
by color, including the extracellular LDLa (blue) and EGF repeats (brown) that make up the ligand-binding domain. The LY repeats (green) form the beta-propeller domain. Exon 1 encodes the
signal peptide. Exon 15 contains the O-linked glycosylation domain. Exons 16 and 17 include the hydrophobic residues that encompassed the TM domain and conserved endocytic NPxY motif.
The dotted lines indicate exon boundaries. Bottom, The amino acid positions. B, Schematic diagram from https://GTExportal.org representing human exon-level RNAseq data for LDLR family
from frontal cortex. Boxes represent specific exons and are color coded based on relative expression, with higher expressed exons in dark blue and low expressed exons in white. Exon junctions
are indicated by colored circles above the exons; dark red indicates high usage, whereas white indicates low usage. (GTEx Analysis Release V8 dbGaP Accession phs000424.v8.p2; Brain - Cortex
the GTEx Portal on 03/24/2021). C, Schematic diagram illustrating the APOER2 PCR amplification scheme. The N-terminal (;1307 bp) and C-terminal (;1614 bp) ORFs of APOER2 were ampli-
fied independently from mRNA isolated from human cerebral cortex and heart using gene-specific primers by RT-PCR. N-terminal primers (green) encompassed exons 1–9, and C-terminal pri-
mers (orange) encompassed exons 9–19 with internal AgeI site within exon 9. Both external EcoRI and XhoI restriction sites were designed for cloning.
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1A). Adjacent to the ligand-binding domain are five LDL recep-
tor class B (LY) repeats (exons 9–13) that form the b -propeller
domain, which is critical for ligand release and receptor recycling
(Rudenko et al., 2002). The third domain (exon 15) contains
clustered O-linked carbohydrate chains critical for receptor sort-
ing to the cell surface and stabilization (Kim et al., 1996; Wasser
et al., 2014). The fourth domain is the hydrophobic transmem-
brane region (exons 16–17) and the fifth domain is the cytoplas-
mic tail (exon 18–19) that directs the receptor to clathrin-coated
pits necessary for endocytosis and binds cytosolic adaptor pro-
teins (Kim et al., 1996; Novak et al., 1996; Brandes et al., 1997;
Gotthardt et al., 2000; Stockinger et al., 2000; Hoe et al., 2006; He
et al., 2007; Myant, 2010).

Most of the splicing events in mouse Apoer2 occur in func-
tionally important domains such as the LBD (Brandes et al.,
2001; Hibi et al., 2009), the O-linked sugar domain (May et al.,
2003; Wasser et al., 2014), or the cytoplasmic signaling tail
(Beffert et al., 2005, 2006). For example, Reelin-mediated
enhancement of long-term potentiation depends on the presence
of the alternative spliced exon 19 of mouse Apoer2, which enco-
des the cytoplasmic insert (Beffert et al., 2005). Mice lacking
Apoer2 exon 19 perform poorly in learning and memory tasks,
demonstrating the importance of Reelin in conjunction with
regulated alternative splicing of Apoer2 associated with synaptic
function (Beffert et al., 2005). Supporting studies showed Reelin
binding to Apoer2 triggers epigenetic changes of neuronal
enhancers required for transcriptional regulation of synaptic
plasticity genes during memory formation (Telese et al., 2015).
This epigenetic signature requires g -secretase cleavage of Apoer2,
revealing a critical role for the Apoer2 intracellular domain in reg-
ulating synaptic-generated signals (Telese et al., 2015). However,
the role of APOE-APOER2 signaling in receptor proteolysis and
synaptic function in naturally occurring human APOER2 splice
variants remains largely unexplored.

Here, we amplified the N-terminal and C-terminal open-
reading frame (ORF) of APOER2 using gene-specific APOER2
primers from normal adult human cerebral cortex or heart
mRNA. We identified a large number of in-frame APOER2
products from brain compared with the heart. The majority of
human APOER2 from heart was represented by the full-length
APOER2 (APOER2-FL) isoform. Meanwhile, APOER2 lacking
exon 5 (Dex5), which contains three ligand-binding repeats,
APOER2 lacking exons 5 and 8 (Dex5, Dex8), and APOER2-FL
were predominantly expressed in the brain. In fact, most of the
other APOER2 clones lacked exon 5 in combination with
other skipped exons, suggesting an important role for exon 5
in the brain. For the C-terminal APOER2 clones, we con-
firmed common splice variants skipping exons 15 and 18.
We systematically tested a number of APOER2 splice var-
iants lacking various LBDs and found APOER2 splice var-
iants influence APOER2 receptor processing, transcriptional
activation, and basal synaptic transmission.

Materials and Methods
Human APOER2 splice variant screen. The APOER2 splice variant

constructs were derived from a PCR-based screen of cDNA isolated from
adult human normal cerebral cortex and heart (Invitrogen). Because of
the large size of the APOER2 coding sequence (2892 bp), we amplified
the N-terminal open reading frame (;1307bp) using a 59 primer
(AAAAAAGAATTCCCCGCCATGGGCCTCCCCGAGCCGGGCCCT)
with EcoRI before the Kozak and ATG start site at 6 bp and a 39 primer
(CCTCCGCACCTCGTACCGGTTGGTGAAGAT) with AgeI in the mid-
dle of APOER2 at 1272bp. We then amplified the C-terminal ORF

(;1614bp) using a 59 primer (ATCTTCACCAACCGGTACGAGGT
GCGGAGG) with AgeI, which overlapped with the above sequence, and a
39 primer (AAAAAACTCGAGTCAGGGTAGTCCATCATCTTCAAGG
CT) with XhoI after the APOER2 termination signal at 2892bp. The PCR
fragments were TOPO-TA cloned (Thermo Fisher Scientific) and sub-
cloned together using the EcoRI-AgeI-XhoI restriction sites to form full-
length APOER2 constructs and subsequently subcloned into the pcDNA3
vector (Invitrogen).

Plasmids. To generate the GFP-tagged APOER2 splice variants, we
PCR amplified APOER2 from the full-length pcDNA3 constructs as
described above using a 59 primer (AAAAGTCGACATGGGCCTCC
CCGAGCCGGGCCCTCTCCGG) with SalI before the ATG start site
and 39 primer (CCCCGGATCCGGGTAGTCCATCATCTTCAAGGC
TTAATGC) with BamHI site and subcloned into pEGFP-N3 vector
(Clontech Laboratories) using the SalI and BamHI sites. The lentiviral
APOER2 constructs were subcloned into the untagged pFUW vector
using the XbaI and EcoRI sites and generating pFUW-APOER2-FL,
pFUW–APOER2–Dex5–8, and pFUW–APOER2–Dex4–6 for lentiviral
production. For the transactivation plasmids, the luciferase and b -galac-
tosidase plasmids were previously described (Cao and Südhof, 2001),
and eukaryotic expression vectors containing Gal4 or Gal4/VP16 were
based on pMst (Gal4) or pMst-GV (Gal4/VP16), which is derived from
the mammalian expression pM vector (Clontech Laboratories). We first
generated pMst-APOER2-ICD, pMst-GV-APOER2-ICD by cloning the
intracellular domain of APOER2-FL (APOER2-ICD, residues 849–964)
into the BamHI and SalI sites of pMst or pMst-GV. The APOER2-ICD
was amplified using the following 59 primer (AAAAGGATCCAAAGA
AACTGGAAGCGGAAGAACA) with BamHI site and 39 primer
(CCCCGTCGACGTCAGGGTAGTCCATCATCTTCAAGGCTTAAT-
GC) with SalI site. Next, we amplified the appropriate APOER2-ECD
using the following 59 primer (AAAACCATGGATGGGCCTCCCCGA
GCCGGGCCCTCTCCGG) with NcoI site and 39 primer (CCCCGCT
AGCAACCAGATCAGGTATCCACTCATG) with NheI site for
APOER2-FL, Dex5–8 or Dex4–6. The APOER2-ECD PCR fragments
were subcloned into the NcoI and NheI sites of the pMst-APOER2-ICD,
pMst-GV-APOER2-ICD to obtain the final pMst-APOER2-FL, pMst–
APOER2–Dex5–8, pMst–APOER2–Dex4–6, pMst-GV-APOER2-FL,
pMst–GV–APOER2–Dex5–8, and pMst–GV–APOER2–Dex4–6 used for
the transactivation assay.

Primary murine neuronal cultures. Primary hippocampal and corti-
cal neuronal cultures were prepared from individual newborn Apoer2
mice of either sex that were from a cross of a heterozygous Apoer2 male
with a homozygous Apoer2 female (B6;129S6-Lrp8tm1Her/J, stock
#003524, The Jackson Laboratory) as previously described (Kavalali et
al., 1999). All animal experiments were approved by the Boston
University Institutional Animal Care and Use Committee, and methods
were performed in accordance with relevant guidelines and regulations.
Briefly, the cortex and the hippocampi were independently dissected out
from each individual mouse and dissociated with trypsin for 10min at 37°
C, triturated and plated with plating medium onto precoated Matrigel
(Corning) coverslips (BD Biosciences) and placed in 24-well plates.
Neurons were maintained in humidified incubator with 5% CO2 at 37°C.

Lentivirus preparation and infection of neuronal cultures.
Recombinant lentivirus was produced by transfecting HEK293T cells as
described previously (Chaufty et al., 2012). Briefly, HEK293T cells were
cotransfected with lentiviral pFUW plasmids for APOER2-FL and
APOER2 Dex5–8 or Dex4–6 with viral enzymes and envelope proteins
(pRSV/REV, pMDLg/RRE, and pVSV-G) using FuGENE6 reagent
(Roche). The initial media was changed into neuronal growth media af-
ter 6 h of transfection. Lentivirus-containing conditioned media were
harvested 48 h after transfection, filtered to remove debris, aliquoted,
and stored at �80°C. Primary murine neurons were infected at 2 d in
vitro (DIV) and maintained throughout until experiment.

Luciferase transactivation assay. The luciferase transactivation assay
was conducted using the constructs previously described (Biederer et al.,
2002). Briefly, a 24-well plate of COS7 cells at 50–80% confluency was
cotransfected using FuGENE6 (Roche) with the following plasmids:
pG5E1B-luc, pCMV-LacZ, pMst (Gal4), or pMst-GV (Gal4/VP16)
construct for the receptor of interest (pMst-APOER2-FL, pMst–
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APOER2–Dex5–8, pMst–APOER2–Dex4–6, pMst–GV–APOER2–
FL, pMst-GV-APOER2 Dex5–8, pMst-GV-APOER2 Dex4–6, or
pMs-APP). For the adaptor screen, COS7 cells were transfected with
pCMV, pCMV-Dab1, pCMV-Dab2, pCMV-JIP1, pCMV-JIP2, pCMV-
Mint1, pCMV-Mint2, pCMV-Tip60, pCMV-Fe65, or pCMV-PSD95
(gifts from Thomas Südhof and Joachim Herz’s laboratory). In experi-
ments with DAPT, cells were treated with 1 mM of DAPT for 24 h before
collection. Cells were harvested 48–72 h after transfection in 100ml re-
porter lysis buffer (Promega) and freeze thawed to achieve cell lysis. The
resulting lysates were spun down at 15,000 � g for 1min, then split into
20ml for the luciferase assay and 30ml for the b -galactosidase assay, and
the remainder reserved for validation. Luciferase activity was measured
on the Victor3 luminescence plate reader (PerkinElmer) directly follow-
ing application of the luciferase reagent (Promega), and b -galactosidase
was measured in a colorimetric plate reader (Bio-Rad) following the
mammalian b -galactosidase assay kit (Thermo Fisher Scientific). For
quantifications, the luciferase activity was standardized by the b -galac-
tosidase activity to control for transfection efficiency, and the resulting
data were normalized by using the transactivation activity from Gal4
alone (pMst) as the baseline. Transactivation assays were performed in
duplicates and replicated at least two times.

Biochemical analysis and quantitative immunoblotting.HEK293T or
COS7 cells were transfected with various APOER2 splice variants indi-
vidually using FuGENE6 reagent (Roche). For DAPT treatment, 25 mM

stock solution of DAPT (Calbiochem) in DMSO was added to the final
concentration as specified in the figure legends. DMSO served as the ve-
hicle control. For APOE mimetic peptide treatment, the lyophilized pep-
tide (LRVRLASHLRKLRKRLL, Peptide 2.0) was reconstituted in PBS
(20 mM stock) and stored in �20°C in single-use aliquots, and PBS was
used as vehicle control. After 48 h, cell lysates were collected in sample
buffer containing 200 mM Tris-Cl, pH 6.8, 8% SDS, 0.4% bromophenol
blue, and 40% glycerol, and boiled in the presence of 1% b -mercapto-
ethanol for 10min. Proteins were analyzed by SDS-PAGE and trans-
ferred onto nitrocellulose membranes using the Trans-Blot tank transfer
system (Bio-Rad) at 400mA for 2 h at 4°C. Membranes were blocked in
LI-COR blocking buffer for 1 h and incubated overnight at 4°C with the
following primary antibodies diluted in LI-COR blocking buffer: 2561,
rabbit anti-APOER2 C-terminal (gift from Joachim Herz’s laboratory,
1:1000), rabbit anti-APOER2 (1:1000; Abcam), mouse anti-GAPDH
(1:2000; EMD Millipore), rabbit anti-GFP (1:500; Synaptic Systems).
Membranes were subsequently washed with PBS and incubated for 1 h
at room temperature with the compatible immunoreactive (IR) dye sec-
ondary antibodies diluted in LI-COR blocking buffer IRDye 680RD
goat anti-rabbit, IRDye 800CW goat anti-mouse (1:10,000; LI-COR).
Quantitative analysis was performed using the Odyssey Infrared Imager
CLx scanner and Image Studio 5.2.5 software (LI-COR). Signals were
quantified in the Image Studio software (LI-COR).

Immunoprecipitation. COS7 cells were cotransfected with GFP-
Mint1 and individual APOER2 constructs for 48 h. Cells were collected
in cold immunoprecipitation (IP) buffer containing the following: 20
mM Tris HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, pH 8.0, and 1% NP-
40) with fresh additions of protease and phosphatase inhibitors
(Biotool). The cell suspension was passed through a 28-gauge syringe,
and the lysate was centrifuged in a microcentrifuge at 21,000 � g for
20min and subjected to 2 h of immunoprecipitation using rabbit anti-
GFP (1:500; Synaptic Systems) followed by an overnight incubation with
protein A Ultralink resin (Thermo Fisher Scientific). The resin was
washed 3–5 times with IP buffer and boiled for 10min in reducing SDS
sample buffer to collect precipitated proteins.

Surface biotinylation. COS7 cells were transfected with APOER2-FL,
Dex5-8, or Dex4-6 plasmids using FuGENE6 transfection reagent. After
48 h, cells were incubated with 1mg/ml sulfo-NHS-LC-Biotin (Thermo
Fisher Scientific) in PBS for 20min on ice, quenched with Tris-buffered
saline (150 mM NaCl and 50 mM Tris, pH 7.5), and lysed with RIPA
buffer containing the following: 65 mM Tris, pH 7.4, 150 mM NaCl, 1%
Triton, 0.1% SDS, 0.5% Na-deoxycholate, 1 mM EDTA, pH 8.0, 50 mM

NaH2PO4, 50 mM NaF, 10 mM Na4P2O7, 1 mM Na3VO4, and Protease
Inhibitor Cocktail (Biotool). Biotinylated surface proteins were precipi-
tated with RIPA-equilibrated NeutrAvidin beads (50:50 slurry; Thermo

Fisher Scientific) overnight at 4°C with gentle rocking to precipitate the
biotinylated proteins. Beads were washed with RIPA buffer and spun at
800 � g for 1min. Proteins were eluted from the NeutrAvidin beads by
boiling for 10min in reducing sample buffer and resolved by SDS-PAGE
and immunoblotted for rabbit anti-APOER2 (1:1000; Abcam). Surface
expression was determined by comparing surface APOER2 to total
APOER2 protein expression levels.

Electrophysiology.Miniature excitatory postsynaptic recordings from
DIV14 hippocampal neurons were placed in the recording chamber con-
taining the recording solution containing the following (in mM): 140
NaCl, 3 KCl, 1.5 MgCl2, 2.5 CaCl2, 11 glucose, and 10 HEPES (305
mOsm, pH 7.4), which was supplemented with tetrodotoxin (TTX; 1
mM) to block action potentials, APV (50 mM) to block NMDARs, and
bicuculline (20 mM) to block GABAA receptor-mediated currents.
Whole-cell voltage-clamp recordings were taken with the membrane
potential clamped at �70mV using patch pipettes filled with intracellu-
lar solution containing the following (in mM): 110 Cs-methanesulfonate,
10 CsCl, 10 HEPES, 0.2 EGTA, 4 Mg-ATP, 0.3 Na2-GTP, and 10 sodium
phosphocreatine (295 mOsm, pH 7.4). The miniature EPSC (mEPSC)
was recorded with an Axopatch 200B amplifier and a Digidata 1440A
digitizer acquisition system (Molecular Devices). Subsequent analysis
was conducted using Clampfit 10.7 software (Molecular Devices).

Immunocytochemistry. Primary murine hippocampal neurons cul-
tured in a 24-well plate on 12 mm glass coverslips (Carolina Biological
Supply) were briefly rinsed with PBS and fixed in 4% paraformaldehyde
(Thermo Fisher Scientific) for 8min and washed with PBS. Cells were
blocked in 10% goat serum and permeabilized with 0.01% saponin in
PBS for 30min and incubated with primary antibodies in blocking buffer
(10% goat serum in PBS) at 4°C overnight. Primary antibodies used
included mouse anti-PSD-95 (1:250; Novus Biologicals), rabbit anti-syn-
apsin P610 (1:250; gift from Thomas Südhof’s laboratory), and mouse
anti-VAMP2 (1:250; Synaptic Systems). Following PBS washes, neurons
were incubated with the following fluorophore-conjugated secondary
antibodies: goat anti-rabbit IgG Alexa Fluor-488 (1:500; Invitrogen) and
goat anti-mouse IgG Alexa Fluor-546 (1:500; Invitrogen) for 1 h at room
temperature. Coverslips were mounted on Superfrost microscope slides
(Fisher Scientific) in ProLong-Gold Antifade mount with DAPI
(Invitrogen) and stored at 4°C until image acquisition.

Image acquisition and analysis. Images were captured using a Carl
Zeiss LSM700 scanning confocal microscope with image acquisition set-
tings kept constant between coverslips in independent experiments,
including settings for the laser gain and offset, scanning speed, and pin-
hole size. These settings yielded images in which the brightest pixels
were not oversaturated. To assess synapse number, a single slice image
was acquired of the neurons using a 63� oil objective. The region of in-
terest was selected manually on each image using well-isolated neuronal
processes. Individual puncta were quantified with the cell counter plug-
in and normalized by the length of each process using National
Institutes of Health ImageJ (http://imagej.nih.gov/ij) software.
Colocalization between synapsin and PSD95 was determined visually
and used to indicate a synapse.

Statistical analyses. All statistical analyses were performed using
Prism 6 software (GraphPad) and presented as means 6 SEM.
Significance was set as p , 0.05. Experiments were repeated at least two
times, and statistical information is reported in the corresponding figure
legends. For p values for all statistical tests, see Table 6 and Extended
Data Figures 2-1, 3-1, 4-1, 5-1, 6-1, 7-1.

Results
Prevalence of APOER2 splicing in human brain compared
with the heart
We examined genome-wide RNAseq data from thousands of
human samples through the online Genotype-Tissue Expression
(GTEx) database, which provides gene expression at the exon
level. Human APOER2 had a high degree of alternative splicing
events in frontal cortex, far greater than other receptors of the
low-density lipoprotein receptor (LDLR) family including LRP1,
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LDLR, and VLDLR (Fig. 1B). Most of the splicing events were
cassette exon splicing events, where inclusion or exclusion of an
exon will insert or delete a sequence from the final mRNA. Also,
the majority of the splicing events occur in functionally impor-
tant domains such as the ligand-binding domains (exons 2–8),
the O-linked glycosylation domain (exon 15), or the cytoplasmic
insert (exon 18). The high level of APOER2 splicing is further
supported by a study that identified genes with the most splicing
events enriched in a number of mouse brain cell types, where
Apoer2 was found to be in the top neuronal genes that display
cell-type splicing events (Zhang et al., 2014). However, the full
extent of human APOER2 alternative splicing in brain remains
unclear.

To determine the diversity of APOER2 splice variants in the
adult human brain compared with other tissues, we amplified
the N-terminal (;1307 bp) and C-terminal (;1614 bp) ORF of
APOER2 by RT-PCR using gene-specific primers from human
cerebral cortex or heart mRNA (Fig. 1C). The resulting PCR
products were TOPO cloned, and individual ORFs were
sequenced in their entirety using vector and gene-specific pri-
mers. For N-terminal clones, we noted 281 in-frame products
and a total of 25 different splice variant combinations in the
human cerebral cortex. The three most common human
APOER2 isoforms in the cerebral cortex were deletion of exons 5
and 8 (Dex5, Dex8, 14.9% prevalence), deletion of exon 5 (Dex 5,
13.5% prevalence) followed by the full-length isoform of
APOER2 (12.5% prevalence; Table 1). Interestingly, most other
N-terminal APOER2 clones lacked exon 5 in combination with
other skipped exons, suggesting an important functional role for
exon 5, which contains three ligand-binding LDLa repeats. In
comparison, we only found 69 in-frame products and a total of

six different splice variant combinations in the human heart with
APOER2-FL as the most prevalent variant (68.1%; Table 2).

For C-terminal clones of human APOER2 found in the brain,
we confirmed the existence of common splice variants lacking
exon 15 (Dex15, 16.7% prevalence) and lacking exon 18 (Dex18,
28.6% prevalence), and splice variants lacking both exons 15 and
18 (Dex15, Dex18, 38.1% prevalence), as well as splice variants
lacking exon 14, 15, and 18 (Dex14, Dex15, Dex18, 2.4% preva-
lence; Table 3). The prevalence of skipping exons 15 and 18 is of
note, as both these exons play important roles in regulating syn-
aptic plasticity as well as learning and memory (Beffert et al.,
2005; Wasser et al., 2014). In total, only four and five different C-
terminal variant combinations were identified from human heart
and brain, respectively (Tables 3, 4). In addition, the most preva-
lent C-terminal APOER2 splice variant in the heart lacked both
exons 15 and 18 (Dex15, Dex18, 46.4% prevalence).

In the cerebral cortex, exon 5 was the most commonly spliced
out exon. Seventy-nine percent of the APOER2 isoforms either
lacked exon 5 alone or in combination with other skipped exons
(Table 5). Exon 5 encodes three ligand-binding LDL receptor
type A repeats within the LBD, unlike the other exons (2, 3, 4
and 6) that encode a singular LDL receptor type A repeat. In
addition, exon 5 contains the predicted APOE binding site based
on sequence homology to the LDLR, suggesting a functional role
for exon 5 (Martínez-Oliván et al., 2014). Exon 6B was also com-
monly excluded in 77.2% of APOER2 variants in the cerebral
cortex, and nearly all APOER2 variants lacked exon 6B in the
heart (98.6% excluded; Table 5). Exon 6B encodes a furin cleav-
age site in APOER2, and the proteolytic cleavage of APOER2

Table 1. Prevalence of N-terminal APOER2 clones amplified from human cere-
bral cortex mRNA

APOER2 splice variant Count Percentage

Full length 35 12.5
Dex5, Dex8 42 14.9
Dex5 38 13.5
Dex5 1ex6B 27 9.6
Dex4–6 19 6.8
Dex5–6 18 6.4
Full length 1ex6B 18 6.4
Dex5–8 16 5.7
Dex4–6, Dex8 13 4.6
Dex4–5 11 3.9
Dex5, Dex7, Dex8 8 2.8
Dex8 5 1.8
Dex5–6, Dex8 5 1.8
Dex4–5, Dex8 4 1.4
Dex4, Dex5, 1ex6B 3 1.1
Dex5, 1ex6B, Dex7, Dex8 3 1.1
Dex5, Dex7 2 0.7
Dex5, Dex6, 1ex6B 2 0.7
Dex5, 1ex6B, Dex8 2 0.7
Dex3-5, 1ex6B 2 0.7
Dex4, Dex5, 1ex6B, Dex7 2 0.7
Dex4, Dex5, 1ex6B, Dex8 2 0.7
Dex4, Dex5, 1ex6B, Dex7, D8 2 0.7
Dex4–8 1 0.4
Dex5, 1ex6B, Dex7 1 0.4
Total 281 100

D represents the deletion of exon, for example Dex5 is deletion of exon 5. Also, 1ex6B represents inclu-
sion of exon 6B.

Table 2. Prevalence of N-terminal APOER2 clones amplified from human heart
mRNA

Splice variant Count Percentage

Full length 47 68.1
Dex5 13 18.8
Dex5, Dex8 5 7.2
Dex5, Dex7 2 2.9
Dex8 1 1.4
Dex5, 1ex6B, Dex7, Dex8 1 1.4
Total 69 100

D represents the deletion of exon, for example Dex5 is deletion of exon 5. Also, 1ex6B represents inclu-
sion of exon 6B.

Table 3. Prevalence of C-terminal APOER2 clones amplified from human cere-
bral cortex mRNA

Splice variant Count Percentage

Full length 6 14.3
Dex15, Dex18 16 38.1
Dex18 12 28.6
Dex15 7 16.7
Dex14, Dex15, Dex18 1 2.4
Total 42 100

Table 4. Prevalence of C-terminal APOER2 clones amplified from human heart
mRNA

Splice variant Count Percentage

Full length 9 32.1
Dex15, Dex18 13 46.4
Dex18 4 14.3
Dex14, Dex15 2 7.1
Total 28 100
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creates a secreted soluble form of the receptor that can bind and
sequester Reelin, acting as a dominant-negative inhibitor of
APOER2 (Koch et al., 2002). Near the C-terminal, both exons 15
and 18 were commonly excluded in both the cerebral cortex and
heart. Combinations of the N-terminal APOER2 clones along
with full-length C-terminal domain were subsequently created to
generate full-length ORFs allowing for biochemical and func-
tional analysis such as measurement of protein stability, receptor
cleavage, and synaptic activity in a variety of cell types including
neuronal cells.

APOER2 splice variants display differential cleavage events
APOER2 is cleaved by extracellular metalloproteases to produce
a secreted APOER2 ectodomain (APOER2-ECD) and a C-termi-
nal fragment (APOER2-CTF; Fig. 2A; Hoe and Rebeck, 2005;
von Arnim et al., 2005). The APOER2-CTF is subsequently
cleaved by g -secretase, releasing an intracellular domain
(APOER2-ICD) that traffics to the nucleus and leads to tran-
scriptional changes associated with learning and memory
(Fig. 2A; Telese et al., 2015). The generation of APOER2-
ICD can be blocked by g -secretase inhibitor DAPT, which
leads to APOER2-CTF accumulation. An antibody directed
against the carboxyl terminus of APOER2 from COS7 cell
lysates transfected with APOER2-FL detected two full-length
APOER2 bands where the upper band is the mature glycosyl-
ated form, and the lower band is the immature form (Fig.
2B). In addition to the full-length receptor, a smaller proteo-
lytic CTF is detected. When we compared APOER2-FL with
the APOER2 splice variant lacking exon 18 (Dex18, lacking
59 residues) in the cytoplasmic domain, we detected a
decrease in the size of the CTF, consistent with the exclusion
of intracellular exon 18 (Fig. 2B). To confirm g -secretase-de-
pendent cleavage, we treated transfected COS7 cells with the
g -secretase inhibitor DAPT. As expected, inhibition of
g -secretase leads to accumulation of the APOER2-CTF for
both APOER2-FL and APOER2 Dex18 splice variants. In
addition, we treated primary murine neurons with DAPT
and found an increase in Apoer2-CTF generation within 24
h confirming Apoer2 cleavage occurs in neurons (Fig. 2C).

We next sought to determine whether the diversity of
APOER2 splice variants affects APOER2 cleavage events. We
therefore transiently transfected individual APOER2 splice var-
iants into COS7 cells and treated them with DAPT to evaluate
APOER2-CTF generation (Fig. 2D). We found that alternative
splicing of certain APOER2 exons generated different amounts
of CTFs compared with APOER2-FL. The pattern was not sim-
ply based on the number of ligand-binding domains, suggesting
that exclusion of certain exons may alter the tertiary structure of
the receptor to make the receptor more or less accessible to
cleavage and generation of CTFs. For example, the APOER2
splice variant lacking exons 5–8 (Dex5–8) showed high levels of
CTF generation, 215% of APOER2-FL levels, whereas APOER2
splice variants Dex5, Dex4–5, and Dex4–6 generated lower CTF
levels compared with APOER2-FL (decreased by 47, 55, and
65%, respectively). We did not detect any changes in full-length
APOER2 bands, including both the mature glycosylated form
and immature form following DAPT treatment for any of the
APOER2 variants (Fig. 2E).

APOER2 splice variants influence receptor processing
To further characterize how splicing of APOER2 influences recep-
tor cleavage, we examined APOER2 Dex5–8 and Dex4–6, which
generated the highest and lowest amounts of CTF generation,
respectively, compared with APOER2-FL. We measured CTF gen-
eration in transfected COS7 cells in response to DAPT (Fig. 3A).
All APOER2 variants demonstrated an increase in CTF response to
increasing concentration of DAPT. However, APOER2 Dex5–8
consistently had a twofold higher CTF generation compared with
APOER2-FL as opposed to Dex4–6, which showed at least twofold
lower levels of CTF generation (Fig. 3B). We did not observe any
changes in the amount of the glycosylated form over the immature
form of APOER2 Dex5–8 and Dex4–6 (Fig. 3C).

To exclude the possibility that altered CTF generation of
APOER2 Dex5–8 and Dex4–6 could arise from impaired transit

Table 6. Summary of statistical analyses, degrees of freedom, and significance
for each figure

Figure Test used
Minimum
sample size Degrees of freedom, p

2D One-way ANOVAa 5 F(13,125) = 12.24, p , 0.0001
3B Two-way ANOVAa 3 F(6,59) = 8.773. p , 0.0001

DAPT effect, F(3,59) = 79.68, p , 0.0001
APOER2 effect, F(2,59) = 97.48, p , 0.0001

3C One-way ANOVAa 5 F(2,25) = 1.263, p = 0.3002
3D One-way ANOVAa 2 F(2,3) = 0.1782, p = 0.8450
4B One-way ANOVAb 8 F(3,30) = 97.57, p , 0.0001
4C One-way ANOVAb 6 F(6,74) = 53.92, p , 0.0001
4D One-way ANOVAb 12 F(2,41) = 129.4, p , 0.0001
5A One-way ANOVAa 8 F(10,77) = 6.086, p , 0.0001
5B One-way ANOVAa 3 F(10,34) = 3.635, p = 0.0023
5C One-way ANOVAa 3 F(10,21) = 10.42, p = 0.0001
5F Unpaired t test 6 APOER2-FL, t(11) = 2.207, p = 0.495

D5-8, t(11) = 2.775, p = 0.0181; D4-6,
t(10) = 2.609, p = 0.0261

5G One-way ANOVAb 3 F(11,32) = 2.886, p = 0.0095
6C Two-way ANOVAa 3 F(6,28) = 23.05, p , 0.0001

APOER2 effect, F(3,28) = 256.4, p , 0.0001
APOE effect, F(2,28) = 293.5, p , 0.0001

6E Two-way ANOVAb 5 F(2,44) = 1.587, p = 0.2160
APOE effect, F(1,44) = 135.3, p , 0.0001
APOER2 effect, F(2,44) = 13.1, p , 0.0001

6G,I Two-way ANOVAa 2 F(14,63) = 2.185, p = 0.0182
Time effect, F(7,63) = 36.52, p , 0.0001
APOER2 effect, F(2,63) = 8.495, p = 0.0005

7C One-way ANOVAb 4 F(4,33) = 12.38, p , 0.0001
7D One-way ANOVAb 6 F(4,30) = 0.542, p = 0.7061
7F One-way ANOVAb 3 F(4,175) = 37.54, p , 0.0001
7G One-way ANOVAb 31 F(4,174) = 2.033, p , 0.0001
7H One-way ANOVAb 30 F(4,170) = 33.18, p , 0.0001
7J One-way ANOVAb 19 F(4,134) = 12.7, p , 0.0001
a Dunnett’s multiple comparisons test.
b Sidak’s multiple comparisons test.

Table 5. Individual APOER2 exon splice frequency from human brain and heart
tissue

Exon exclusion Brain Heart

ex3 0.7% 0.0%
ex4 21.4% 0.0%
ex5 79.0% 30.4%
ex6 26.3% 0.0%
ex6B 77.2% 98.6%
ex7 12.5% 4.3%
ex8 36.7% 10.1%
ex14 2.4% 7.1%
ex15 57.1% 53.6%
ex18 69.0% 60.7%

Percentages represent total N-terminal or C-terminal clones that exclude specified exon. Note exons 1, 9,
and 19 are where primer sites were located, and their splicing cannot be detected using RT-PCR. Exons not
listed were not detected and were excluded.

Omuro et al. · APOER2 Splicing, Proteolysis, and Synaptic Function J. Neurosci., May 18, 2022 • 42(20):4054–4068 • 4059



of APOER2 to the cell surface, we measured cell surface
APOER2 by surface biotinylation. COS7 cells were transfected
with APOER2-FL, Dex5–8, or Dex4–6 and incubated with sulfo-
NHS-LC-Biotin to label cell-surface proteins. Biotinylated surface
proteins were then precipitated and immunoblotted for APOER2.
We detected only the upper mature glycosylated form and found
no difference in surface glycosylated APOER2 for both Dex5–8
and Dex4–6 compared with APOER2-FL, indicating that surface
expression is similar among these isoforms (Fig. 3D,E).

To verify that the changes we observed in COS7 cells reflect
similar changes in neurons, we cultured neurons from new-
born Apoer2 knock-out mice and infected neurons with lenti-
virus that encodes human APOER2-FL, Dex5–8, or Dex4–6 at
2 DIV. At 14 DIV, neurons were treated with DAPT for 24 h
and CTF levels were measured. APOER2 Dex5–8 showed
higher CTF generation compared with both APOER2-FL and
Dex4–6, suggesting that splicing of APOER2 influences recep-
tor processing similarly in neurons (Fig. 3F).

Figure 2. Proteolytic cleavage of APOER2 splice variants. A, Schematic of APOER2 cleavage. APOER2 is first cleaved by an extracellular protease (1), generating a soluble ectodomain
(APOER2-ECD) and a C-terminal fragment (APOER2-CTF), and (2) g -secretase cleaves to generate intracellular domain (APOER2-ICD). The generation of APOER2-ICD can be blocked by g -secre-
tase inhibitor DAPT. Inclusion and exclusion of exon 18 in APOER2 will produce different sizes of APOER2-CTF and ICD. B, APOER2 is cleaved by g -secretase and generates a CTF that is short-
ened by splicing of exon 18 (Dex18). COS7 cells were transfected with APOER2-FL (lanes 2, 4) or APOER2-Dex18 (lanes 3, 5) and incubated with 0.001% DMSO control or the g -secretase
inhibitor DAPT at 25mM for 24 h (lanes 4, 5). Representative immunoblots show results using a C-terminal rabbit anti-APOER2 antibody. Top, Blot displays the full-length forms where the top
band indicates the glycosylated (Gly) form, and the lower band indicates the immature form of APOER2. Bottom, Blot shows APOER2-CTF where Dex18 has a lower molecular weight because
of the deletion of exon 18. C, APOER2-CTF detected in murine neurons and accumulates within 24 h following g -secretase inhibitor treatment. Primary murine cortical neurons at
14 DIV were treated with 25 mM DAPT for 2, 4, 8, 12, or 24 h. GAPDH served as a loading control. D, COS7 cells were transiently transfected with APOER2 splice variants and
treated with either 0.0004% DMSO as control or 1 mM DAPT for 24 h. Cell lysates were blotted using the C-terminal rabbit anti-APOER2 antibody to detect both full-length and
CTF fragments of APOER2. Shown are immunoblots and quantification of APOER2-CTF, which is normalized to each APOER2 variant (total, shown in E), and then normalized
against APOER2-FL. APOER2 Dex5–8 (red) displayed an increase in CTF generation following DAPT treatment compared with APOER2-FL (blue; ***p = 0.0001). In contrast,
APOER2 Dex5, Dex4–5, and Dex4–6 (green) showed lower CTF generation (*p = 0.0278, *p = 0.0231, **p = 0.0007, respectively). Quantifications were based on n = 3 inde-
pendent transfections, and data represent mean6 SEM, and statistical significance was evaluated using one-way ANOVA with Dunnett’s multiple comparisons test. For complete
statistical analyses, see Table 6 and Extended Data Figure 2-1. E, Both columns represent immunoblots of full-length APOER2 splice variants displaying both the glycosylated and
full-length immature form of APOER2.
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APOER2 splice variants regulate proteolytic release of
APOER2-ICD
Previous studies suggested that g -secretase-dependent release of
APOER2-ICD functions in transcriptional regulation (Telese et
al., 2015). Because APOER2 Dex5–8 and Dex4–6 showed differ-
ential CTF generation, we wanted to test whether CTF changes
alter transcriptional activation mediated by APOER2 as an indi-
rect measure for APOER2 cleavage. We therefore inserted Gal4-
VP16 domain at the cytoplasmic boundary of the APOER2
transmembrane region. Gal4-VP16 is a fusion of the yeast Gal4
DNA binding protein with VP16 that serves as the viral tran-
scriptional activator (Sadowski et al., 1988; Biederer et al., 2002).
This allows for transactivation independent of potentially neces-
sary transcriptional coactivators while still requiring APOER2
cleavage and the translocation of the APOER2-ICD into the nu-
cleus (Fig. 4A). We transfected the APOER2-Gal4/VP16 fusion
protein into COS7 cells and measured transactivation from a
cotransfected Gal4-dependent reporter plasmid that encodes lu-
ciferase. In addition, cells were cotransfected with a constitutive
b -galactosidase expression vector to control for transfection
efficiency. Transfection of APOER2-FL-Gal4/VP16 transac-
tivated Gal4-dependent transcription by 309%, suggesting
APOER2 was cleaved and the APOER2-ICD released (Fig.
4B). When we transfected the APOER2 Dex5–8-Gal4/VP16
construct, the reporter luciferase activity was increased 2.8-
fold over APOER2-FL, an even more potent transactivator
compared with APOER2-FL. In contrast, APOER2 Dex4–6
showed twofold lowered luciferase activity compared with
APOER2-FL suggesting APOER2 splice isoforms play an im-
portant role in modulating APOER2-ICD transactivation.

To confirm APOER2-ICD generation is g -secretase-de-
pendent and contributes to the increase in reporter lucifer-
ase activity, we treated transfected COS7 cells with DAPT,
which blocks APOER2-ICD generation. Blocking g -secre-
tase activity decreased the reporter luciferase activity for
APOER2-FL, Dex5–8, and Dex4–6 variants (Fig. 4C). As a
positive control for the transactivation assay, we tested
APP, which has been shown to robustly activate the re-
porter luciferase activity and is sensitive to DAPT treat-
ment. (Fig. 4D; Cao and Südhof, 2001).

Mint1 adaptor protein promotes APOER2-Gal4
transactivation
The C terminus of APOER2 has been shown to bind to several
cytosolic adaptor proteins such as Dab, JIP, Fe65, and Mint pro-
teins (Gotthardt et al., 2000; Stockinger et al., 2000; Hoe et al.,
2006; He et al., 2007). To determine whether any of these adaptor
proteins affect APOER2 cleavage and signaling, we used the
transactivation assay, where we only introduced Gal4 into the
cytoplasmic tail for APOER2-FL, Dex5–8, and Dex4–6 variants
to study the effects of several adaptor proteins including Dab1,
Dab2, JIP1, JIP2, Mint1, Mint2, and Fe65 on APOER2 cleavage.
Mint1 was the only adaptor protein that enhanced transactiva-
tion of APOER2-FL (1.8-fold), and Dex5–8 (1.4-fold) compared
with Gal4 alone (Fig. 5A,B). Meanwhile, Dab2 and both Mints 1
and 2 increased transactivation of APOER2 Dex4–6, by 1.5-, 2.1-
, and 1.7-fold, respectively (Fig. 5C). PSD95 has been shown to
bind intracellularly to APOER2 and affect synaptic plasticity but
had no effect on transactivation for APOER2-FL, Dex5–8, and
Dex4–6 variants.

Figure 3. Splicing of APOER2 leads to differential CTF generation in COS7 cells. A, B, Representative immunoblots and quantitative analysis showing COS7 cells transfected with APOER2-FL,
Dex5–8, or Dex4–6 and treated with 0.004% DMSO or an increasing concentration of DAPT, up to 10 mM. GAPDH served as a loading control (A). The graph shows the quantification of
APOER2-CTF levels over total APOER2 and normalized to APOER2-FL (B). APOER2 Dex5–8 (red) displayed higher CTF generation compared with APOER2-FL (blue; *p = 0.0181 at 0 mM,
***p = 0.0007 at 0.1mM, ***p = 0.0001 at 1 and 10mM). Conversely, APOER2 Dex4–6 (green) showed lower levels of CTF generation compared with APOER2-FL; ***p = 0.0001 at 1 and 10
mM. Quantifications are based on n = 3 independent transfections, and data with error envelope represent mean6 SEM. C, Graph shows the quantification of the ratio of glycosylated band
over total APOER2 expressed. N = 3 independent transfections. D, E, Representative immunoblots and quantification analysis from two independent transfections showing COS7 cells transfected
with APOER2-FL, Dex5–8, orDex4–6 and surface biotinylated. Precipitated proteins (lanes 4–6) and total input lysates (lanes 1–3) were immunoblotted for APOER2, and the amount of glyco-
sylated surface APOER2 was taken as the measure of band intensity against input and normalizing to APOER2-FL. N = 2 independent transfections. F, Primary mouse Apoer2 knock-out cortical
neurons were infected with lentivirus that expressed human APOER2-FL, Dex5–8, or Dex4–6 and treated with 25mM DAPT for 24 h. Immunoblots show that APOER2 Dex5–8 showed higher
CTF generation compared with APOER2-FL. GAPDH served as loading control. All data represent mean6 SEM, and statistical significance was evaluated using one-way ANOVA with Dunnett’s
multiple comparisons test. For complete statistical analyses, see Table 6 and Extended Data Figure 3-1.
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Because APOER2-FL has been shown to
bind Mint1 (Minami et al., 2010), we wanted
to examine whether the APOER2 variants
also bind Mint1 as efficiently as APOER2-FL.
We cotransfected COS7 cells with pcDNA,
APOER2-FL, Dex5–8, or Dex4–6 variant and
GFP-Mint1. We immunoprecipitated with GFP
and immunoblotted for APOER2 and found all
three APOER2 variants coprecipitated with
Mint1 (Fig. 5D). Western blot analysis con-
firmed that the levels of total APOER2 and
Mint1 were consistent across transfections (indi-
cated by input blots).

We next examined whether Mint1 affects
CTF generation of APOER2 variants. We
cotransfected APOER2-FL, Dex5–8, or Dex4–6
variant with either GFP or GFP-Mint1 and
consistently found Mint1 increased APOER2
protein levels for all three variants compared
with GFP control, suggesting Mint1 affects
APOER2 protein stability (Fig. 5E,F). The
apparent increase in abundance of APOER2
protein induced by Mint1 expression is consist-
ent with APOER2 Dex5–8 having higher CTF
generation compared with APOER2-FL and
increased in response to DAPT (Fig. 5G).

Mimetic APOE peptide influences APOER2
splice variant receptor processing
Previous studies have demonstrated that mouse
Apoer2 cleavage by g -secretase can be induced
in a ligand-regulated manner by both Reelin
and APOE (Hoe and Rebeck, 2005; Telese et
al., 2015). To determine whether APOE affects
APOER2 splice variant cleavage, we took
advantage of a short 17 amino acid APOE mi-
metic peptide (133–149 residues), also known
as COG-133, derived from the receptor-bind-
ing region (Laskowitz et al., 2001; Fig. 6A). The
APOE mimetic peptide binds to LDLR and
has been validated in multiple in vitro, in
vivo, and clinical applications (Lynch et al.,
2003; Azevedo et al., 2012; Vitek et al., 2012;
Latypova et al., 2014; White et al., 2014). In
addition, the APOE mimetic peptide excludes
the amino acid positions that vary between
APOE isoforms (at position 112, 158) and the
lipid-binding domain (244–272 residues), mak-
ing it a pan-APOE peptide (Fig. 6A). COS7
cells were transfected with individual APOER-
FL, Dex5–8, or Dex4–6 variants and pretreated
with a low dosage of 0.1 mM DAPT for 24 h. At 48 h, transfected
cells were treated with an increasing amount of APOE mimetic
peptide ranging from 5 to 50mM for 30min. Cell lysates were col-
lected and processed for detection of APOER2-CTFs. APOER2
Dex5–8 generated a twofold higher CTF generation compared
with APOER2-FL and consistently increased in response to the
increasing concentration of APOE peptide (Fig. 6B–D). In con-
trast, Dex4–6 showed 1.6-fold lowered levels of CTF generation
compared with APOER2-FL (Fig. 6B–D). APOEmimetic peptide
induced the most pronounced increase in CTF generation at 50
mM for all three APOER2 variants compared with each corre-
sponding vehicle treatment (fourfold for APOER2-FL, 2.4-fold

for Dex5–8, and 3.2-fold for Dex4–6; Fig. 6E). We also evaluated
the time course of the APOE peptide effects on APOER2-CTF
generation and found 30min to 3 h was the optimal time of
APOER2-CTF generation with Dex5–8 having a 1.3-fold increase
compared with APOER2-FL. By 12 h, the APOEmimetic peptide
had no effects on APOER2-CTF generation (Fig. 6F–I). We did
not detect any changes between APOER2-FL and Dex4–6 iso-
form (Fig. 6I).

APOER2 splice variants have differential synaptic properties
It has been well established that mouse Apoer2 mediates synaptic
signaling through both presynaptic and postsynaptic mecha-
nisms (Beffert et al., 2005; Qiu et al., 2006; Bal et al., 2013).

Figure 4. APOER2 splice variants display differential transcriptional activation. A, Constructs for the transactivation
assay were generated with the Gal4/VP16 domain (green) inserted at the cytoplasmic boundary of the APOER2 trans-
membrane region. B, APOER2-Gal4/VP16 fusion constructs were cotransfected into COS7 cells along with a Gal4-de-
pendent luciferase reporter plasmid and a b -galactosidase plasmid (control for transfection efficiency); pMst alone
was used as a negative control. For quantification, luciferase activity was normalized to b -gal activity and calculated
relative to the cells expressing pMst alone. APOER2 Dex5-8 showed an increase in transactivation compared with
APOER2-FL, ***p , 0.0001; whereas Dex4-6 showed a decrease in transactivation compared with APOER2-FL, *p =
0.0361. N = 3 independent transfections. C, APOER2 splice variants transcriptional activity is dependent on g -secre-
tase. APOER2-Gal4/VP16 fusion constructs were cotransfected into COS7 cells along with a Gal4-dependent luciferase
reporter plasmid and a b -galactosidase plasmid and treated with either 0.001% DMSO or 25 mM of DAPT for 24 h.
DAPT treatment reduces transactivation compared with DMSO control for APOER2-FL, *p = 0.0297; Dex5–8, ***p,
0.0001; and Dex4–6, **p = 0.0028, based on n = 3 independent transfections. D, Graph represents the quantification
for APP transactivation that is dependent on g -secretase, which serves as a positive control for the transactivation
assay. DAPT treatment inhibits APP-ICD transactivation; ***p, 0.0001, n = 3 independent transfections. All data rep-
resent mean 6 SEM, and statistical significance was evaluated by a one-way ANOVA with Sidak’s multiple compari-
sons test. For complete statistical analyses, see Table 6 and Extended Data Figure 4-1.
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However, the functional role of human APOER2 splice variants
on synaptic transmission is largely unexplored. We cultured hip-
pocampal neurons from Apoer2 heterozygous and homozygous
knock-out mice individually. To examine the synaptic properties
of human APOER2 splice variants, we infected Apoer2 knock-
out neurons with lentiviral human untagged APOER2-FL,
Dex5–8, or Dex4–6 at 2 DIV and performed whole-cell record-
ings starting at 14 DIV. We verified APOER2 protein expression in
Apoer2 knock-out neurons rescued with APOER2-FL, Dex5–8, or
Dex4–6 lentivirus (Fig. 7A). To monitor the frequency and ampli-
tude of spontaneous postsynaptic currents, neurons were treated
with TTX to block action potentials. Loss of Apoer2 decreased mini-
ature event frequency by 76% but not amplitude in excitatory syn-
apses compared with Apoer2 heterozygous neurons (Fig. 7B–D).
This selective deficit in mEPSC frequency suggests that loss of
Apoer2 may alter presynaptic release probability. We next tested
whether expression of lentiviral human APOER2-FL, Dex5–8, or
Dex4–6 rescued the effects of Apoer2 knock-out neurons on

mEPSCs. We found APOER2-FL restored the miniature event fre-
quency in excitatory synapses, inducing a nearly twofold increase
compared with Apoer2 heterozygous neurons, but Dex5–8 did not
rescue miniature event frequency. In addition, Dex4–6 restored the
miniature event frequency similar to Apoer2 heterozygous neurons.

We next examined whether the decrease in spontaneous neu-
rotransmission in Apoer2 knock-out neurons and Dex5–8
infected neurons are because of changes in the number of synap-
ses. We, therefore performed immunofluorescence labeling using
antibodies against the presynaptic protein synapsin and the post-
synaptic marker PSD95 on Apoer2 knockout neurons rescued
with lentiviral human APOER2-FL, Dex5–8, or Dex4–6 at 14
DIV. We measured the number of synapsin and PSD95 puncta
independently and the number of synapses defined by the coloc-
alization of synapsin and PSD95 (Fig. 7E). Apoer2 knock-out
neurons decreased the number of synapsin puncta by 56% com-
pared with Apoer2 heterozygous neurons. Human APOER2-FL
lentivirus rescued the Apoer2 knock-out phenotype similar to

Figure 5. Adaptor protein screen reveals Mint1 as the main cytosolic adaptor protein mediating APOER2 transactivation. A–C, COS7 cells were transiently cotransfected with pMst-Gal4-
APOER2-FL (A), pMst–Gal4–Dex5–8 (B), or pMst–Gal4–Dex4–6 (C) plasmids along with Gal4-luciferase reporter plasmid, a b galactosidase plasmid, and the various adaptor protein plas-
mids as indicated in the labels (bottom). Transactivation is shown as the fold change compared with Gal4 alone. Mint1 enhanced transactivation of APOER2-FL and Dex5–8 (***p = 0.0001).
Meanwhile, Dab2 and both Mints 1 and 2 increased transactivation of APOER2 Dex4–6 (**p = 0.0022, ***p = 0.0001, Mint1; and ***p = 0.0003, Mint2; n = 3 independent transfections).
Data represent mean6 SEM, and statistical significance was evaluated using one-way ANOVA with Dunnett’s multiple comparisons test. D, All three APOER2 splice variants coimmunoprecipi-
tate with Mint1 protein. COS7 cells were cotransfected with pcDNA, APOER2-FL, Dex5–8, or Dex4–6 variant and GFP-Mint1. Cell lysates were immunoprecipitated with anti-GFP and immuno-
blotted with anti-APOER2 and anti-GFP antibody (right), input (left). E, Mint1 stabilizes APOER2 protein levels. COS7 cells were cotransfected with APOER2-FL, Dex5–8, or Dex4–6 variant
with either GFP or GFP-Mint1 (indicated across top). Cells were treated with either 0.00,004% DMSO as vehicle control or 0.1 mM DAPT and immunoblotted for anti-GFP to detect Mint1 and
anti-APOER2. GAPDH serves as loading control. F, Quantification of total APOER2 from E shows an increase in total APOER2 levels in the presence of Mint1 across all three APOER2 splice variants
with n = 3 independent transfections; *p = 0.0495, APOER2-FL; *p = 0.0181, Dex5–8; *p = 0.0261, Dex4–6. Data represent mean6 SEM, and statistical significance was evaluated using
two-tailed unpaired t test. G, Quantification of APOER2-CTF levels from E. N = 3 independent transfections. Data represent mean6 SEM, and statistical significance was evaluated by a one-
way ANOVA with Sidak’s multiple comparisons test where *p = 0.0325. For complete statistical analyses, see Table 6 and Extended Data Figure 5-1.
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Apoer2 heterozygous neurons. However, Dex5–8
infected neurons had a 18% decrease in the num-
ber of synapsin puncta compared with APOER2-
FL (Fig. 7F). We also found a similar 20% decrease
in the number of PSD95 puncta in neurons
infected with Dex5–8 lentivirus compared with
APOER2-FL (Fig. 7G). Loss of Apoer2 led to a
35% decrease in the total number of synapses
compared with Apoer2 heterozygous neurons,
which was rescued by APOER2-FL lentivirus (Fig.
7H). APOER2 Dex5–8 consistently had a 20%
reduction in the number of synapses compared
with APOER2-FL.

In addition, we immunostained with the pre-
synaptic marker VAMP2, a protein essential in
synaptic vesicle fusion process (Fig. 7I). We found
a 30% reduction in VAMP2 puncta in Apoer2
knock-out neurons compared with Apoer2 hetero-
zygous neurons. Lentiviral infection of human
APOER2-FL rescued the decrease in VAMP2
puncta of Apoer2 knock-out neurons. However,
Dex5–8 infected neurons decreased in the number
of VAMP2 puncta by 19% compared with
APOER2-FL (Fig. 7J). Overall, these results sug-
gest that the decrease in the total number of syn-
apses and/or VAMP2 may contribute to the
decrease in miniature event frequency found in
Apoer2 knock-out neurons and Dex5–8 infected
neurons.

Discussion
In this study, we identified a number of distinct
in-frame human APOER2 isoforms from the cere-
bral cortex that arise from exon-skipping events,
generating a large portfolio of APOER2 splice var-
iants with differing combinations of ligand-bind-
ing repeats. The majority of the individual exon–
exon junctions identified within ORFs corre-
sponded to junctions curated in databases such as
GTEx (GTEx Consortium, 2015) and the National
Center for Biotechnology Information, suggesting
that most clones in our collection were derived
from genuine splicing events. For example, we
detected the same junctions associated with skip-
ping of exons 5, 15, and 18. Less than 1% of
sequenced PCR products led to nonsense medi-
ated decay. We found APOER2-FL is a predomi-
nant isoform in human brain, with similar
percentages to the isoform lacking exon 5 (Dex5)
and another lacking exon 5 in combination with
exon 8. Exon 5 skipping in APOER2 is a common
event and occurs in combination with many other
skipped exons, with 79% of brain transcripts lack-
ing exon 5 alone or in combination with other
skipped exons. Importantly, the vast majority of
the skipped exons led to in-frame transcripts
because of the shared codon phase in all the
ligand-binding domains and first two EGF
repeats. As the increased diversity of isoforms
occurs primarily in the ligand-binding regions of
APOER2, we propose splicing of APOER2 can al-
ter the binding profile for critical ligands to

Figure 6. Mimetic APOE peptide induces APOER2 splice variant processing. A, Schematic of APOE and
APOE mimetic peptide (in red, 133–149 residues) within the receptor binding domain. APOE isoforms
(E2, E3, and E4) lies outside the APOE mimetic peptide at positions 112 and 158. B–D, Representative
immunoblots and quantitative analysis of COS7 cell lysates that was transfected with APOER2-FL (B,
D), Dex5–8 (B) or Dex4–6 (D), treated with 0.00,004% DMSO or low 0.1 mM DAPT for 24 h followed
by increasing concentration of APOE mimetic peptide. Quantification showing APOER2 Dex5–8 (red)
had higher CTF generation compared with APOER2-FL (blue) at all concentrations (C); ***p = 0.0001.
Conversely, APOER2 Dex4–6 (green) showed lower CTF generation compared with APOER2-FL at 10
mM (*p = 0.0172) and 50 mM (***p = 0.0001). N = 3 independent transfections. Data represent mean
6 SEM, and statistical significance was evaluated by a one-way ANOVA with Dunnett’s multiple com-
parisons test. E, Graph shows induction of APOER2-CTF generation across APOER2-FL, Dex5–8, and
Dex4–6 at 50 mM of mimetic APOE peptide treatment; *** p , 0.0001. N = 3 independent transfec-
tions. Data represent mean 6 SEM, and statistical significance was evaluated by a one-way ANOVA
with Sidak’s multiple comparisons test. F–I, Representative immunoblots and quantitative analysis of
COS7 cell lysates that was transfected with APOER2-FL (F, H), Dex5–8 (F, G) or Dex4–6 (H, I), treated
with 0.00,004% DMSO or low 0.1 mM DAPT for 24 h followed by treatment followed by 50 mM APOE mi-
metic peptide at multiple time points starting at 15 min to 12 h. Data represent mean 6 SEM. APOER2
Dex5–8 had a greater effect compared with APOER2-FL (**p = 0.0091 at 0 min, *p = 0.0149 at
15 min, *p = 0.0298 at 30 min, *p = 0.0279 at 3 h, **p = 0.0061 at 6 h with n = 2 independent trans-
fections). By 12 h, the APOE mimetic peptide had no effects on APOER2-CTF generation. Data represent
mean 6 SEM, and statistical significance was evaluated using one-way ANOVA with Dunnett’s multiple
comparisons test. For complete statistical analyses, see Table 6 and Extended Data Figure 6-1.
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regulate function (Fig. 8). In contrast, Reelin binds to exon 2
of APOER2 (D’Arcangelo et al., 1999; Yasui et al., 2010),
and, interestingly, exon 2 splicing was not found in any of
our screens, nor is it identified as a spliced exon on GTEX,

suggesting that retention of the Reelin-APOER2 interaction
is a crucial function. Another important observation is that
exon skipping of APOER2 is far more common in the brain
compared with the heart, suggesting an important functional

Figure 7. Mouse Apoer2 knock-out neurons show reduced spontaneous synaptic transmission that can be rescued by human APOER2-FL. A, Representative immunoblot showing neuronal
lysates isolated from primary murine neuronal cultures of Apoer2 knock-out cortices (lane 1) that were infected with human APOER2-FL (lane 2), Dex5–8 (lane 3), or Dex4–6 (lane 4) lentivi-
rus using a rabbit anti-APOER2 C-terminal antibody. GAPDH served as a loading control. B, Sample traces showing miniature excitatory postsynaptic current (mEPSC) for Apoer2 heterozygous
and homozygous knockout hippocampal neurons at 14–17 DIV. Apoer2 knock-out neurons were infected with human APOER2-FL, Dex5–8, or Dex4–6 lentivirus. C, D, Bar graphs of quantifica-
tion revealed a decrease in miniature frequency but not amplitude in Apoer2 knockout neurons compared with heterozygous neurons, *p = 0.012. Addition of lentiviral expressing APOER2-FL
to Apoer2 knock-out neurons rescues the frequency (***p, 0.0001), and increased mEPSC compared with Apoer2 heterozygous neurons (**p = 0.007) but not Dex5–8. There was a decrease
in mEPSC when we compared Dex5–8 to APOER2-FL, ***p , 0.0001. N = 5 independent neuronal cultures. E, Hippocampal neuronal processes of Apoer2 heterozygous and homozygous
knock-out neurons. Apoer2 knock-out neurons were infected with human APOER2-FL, Dex5–8, or Dex4–6 lentivirus stained with synapsin (green) and PSD95 (red) at 14 DIV. Scale bar,
10mm. F, Bar graph of quantification revealed a decrease in the number of synapsin puncta in Apoer2 knockout neurons compared with Apoer2 heterozygous neurons, ***p , 0.0001.
Infection of human APOER2-FL rescues the Apoer2 knockout phenotype, ***p , 0.0001, and increased in synapsin puncta compared with Apoer2 heterozygous neurons, *p = 0.0237. There
was a decrease in synapsin puncta when we compared Dex5–8 with APOER2-FL, *p = 0.023. G, Quantification of the number of PSD95 puncta showed a decrease in the number of PSD95
puncta between Dex5–8 and APOER2-FL, *p , 0.0356. H, Quantification of synapsin and PSD95 colocalization in neuronal processes show a decrease in the number of total synapses in
Apoer2 knock-out neurons compared with heterozygous neurons, ***p , 0.0001. Infection of human APOER2-FL rescues the Apoer2 knock-out phenotype, ***p , 0.0001; and increased
when we compared with Apoer2 heterozygous neurons, ***p, 0.0001. However, there was a decrease in the number of synapse when we compared Dex5–8 to APOER2-FL, *p = 0.024. I,
Hippocampal neuronal processes were stained with VAMP2 at 14 DIV. Scale bar, 10mm. J, Bar graph of quantification revealed a decrease in the number of VAMP2 puncta in Apoer2 knock-out
neurons compared with Apoer2 heterozygous neurons, ***p , 0.0001. Infection of human APOER2-FL rescues the Apoer2 knock-out phenotype, ***p , 0.0001. There was a decrease in
VAMP2 puncta when we compared Dex5–8 with APOER2-FL, **p = 0.002. N = 2 independent neuronal cultures for E–J. All data represent mean6 SEM, and statistical significance was eval-
uated by a one-way ANOVA with Sidak’s multiple comparisons test. For complete statistical analyses, see Table 6 and Extended Data Figure 7-1.
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consequence of increased transcript diversity in the brain
(Yeo et al., 2004).

APOER2 is cleaved by secretase enzymes, leading to CTF gen-
eration (Hoe and Rebeck, 2005; von Arnim et al., 2005). We
found the length of the final protein, as determined by an
increasing number of skipped exons, may not determine the
accessibility to secretase enzymes and CTF generation. For exam-
ple, APOER2 Dex5–8 generated the largest amount of CTF,
whereas Dex4–6 generated the least amount of CTF compared
with APOER2-FL. In LDLR, which shares a similar number and
organization of exons as well as functional protein domains to
APOER2, the ligand-binding domain folds back over the b -pro-
peller via the calcium-binding loop (Rudenko et al., 2002). Thus,
the ligand-binding domain of APOER2 may fold back toward
the plasma membrane, possibly through contacts between the
ligand-binding domain and the b -propeller domain. We pro-
pose that alternative splicing of APOER2 removes ligand-bind-
ing repeats known to interact with the b -propeller domain,
causing a change in folding and accessibility of secretase enzymes
to their site of action (Fig. 8).

APOER2 cleavage also leads to generation of an ICD that can
translocate to the nucleus and alter the epigenetic signature in
learning and memory transcripts that is dependent on Reelin
binding (Telese et al., 2015). We verified that the changes
in APOER2-CTF generation also lead to similar changes in
ICD transactivation using an in vitro luciferase assay, where
APOER2-FL led to an increase in luciferase activation. An
APOER2 isoform-specific increase was observed with Dex5-
8, whereas Dex4–6 had reduced transactivation relative to
APOER2-FL. These results suggest that APOER2 cleavage
generates both an intracellular CTF, followed by ICD gen-
eration, which can translocate to the nucleus and presum-
ably alter transcription. Further, different APOER2 splice
variants affect this process by altering the amount of CTF
and ICD generated. However, the direct consequences of

ICD changes on transcriptional regulation and other down-
stream functional signaling remain to be elucidated (Fig. 8).

Although it is clear Reelin acts as a signaling molecule by
binding to APOER2 and VLDLR to activate downstream signal-
ing pathways essential for brain development and synaptic plas-
ticity (Trommsdorff et al., 1999; Beffert et al., 2005), not much is
known regarding the functional consequences of APOE binding.
APOE was originally not thought to be a signaling molecule,
largely because of the high micromolar concentrations found in
the brain and other tissues (Pitas et al., 1987; Mahley, 1988;
Grehan et al., 2001). However, recent studies show that APOE
acts as a signaling molecule via binding to LDLR, which in turn,
stimulates phosphorylation of the ERK/MAPK signaling path-
way (Huang et al., 2017). We posit that APOE signaling may
occur through regulated surface expression of distinct APOER2
isoforms that allow neurons to finely tune and activate down-
stream signaling pathways. Indeed, our data show a potential
role of APOE in regulating transient APOER2 cleavage that may
have transcriptional regulation. As such, tight regulation of
APOER2 splicing in the ECD could mediate specific interactions
with APOE or other ligands. In the closely related LDLR, APOE
was shown to bind to the analogous exon 5 (Fisher et al., 2004).
Our results demonstrate that APOER2 splice variants (Dex5–8
and Dex4–6) missing exon 5 are capable to respond to APOE
and affect APOER2 cleavage, thus suggesting APOE binding is
not restricted to exon 5. The LDLa repeats within exons 2 and 3
or EGF-like repeats can certainly bind APOE, and future experi-
ments should elucidate the specific interactions of APOE to
APOER2 splice variants.

The binding of Reelin to APOER2 mediates synaptic signal-
ing through both presynaptic and postsynaptic mechanisms
(Weeber et al., 2002; Beffert et al., 2005; Chen et al., 2005; Qiu et
al., 2006; Bal et al., 2013). Mouse Apoer2 is important for Reelin-
induced hippocampal LTP, and LTP induction is regulated by al-
ternative splicing of exon 19 in mouse (exon 18 in human),
which encodes an intracellular domain that interacts with

Figure 8. Model of the differential cleavage events and synaptic properties of human APOER2 isoforms. Alternative splicing of APOER2 removes ligand-binding repeats that could alter the
binding profile for critical ligands such as APOE, Reelin, and unidentified ligands. Changes in APOER2 ligand-binding repeats can also modify the structural components known to interact with
the b -propeller domain causing a change in folding and accessibility of secretase enzymes to their site of action. The differential cleavage events of APOER2 in turn may generate different
transcriptional signatures regulated by ligands and alter synaptic properties both at the presynaptic and postsynaptic levels suggesting a role of APOER2 variants as regulators of synaptic
function.
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postsynaptic PSD95 adaptor protein (Beffert et al., 2005). Reelin
also acts presynaptically to selectively augment spontaneous neu-
rotransmitter release, which requires an increase in presynaptic
Ca21 initiated by Apoer2 signaling (Bal et al., 2013). Neurons
lacking Apoer2 did not elicit a Reelin-dependent increase in
spontaneous transmission (Bal et al., 2013). Similarly, we found
loss of mouse Apoer2 decreased mEPSC frequency, but not am-
plitude, suggesting loss of Apoer2 may alter presynaptic neuro-
transmitter release. Lentiviral rescue with APOER2-FL restored
the mEPSC frequency, but not Dex5–8. In addition, Dex4–6
restored the mEPSC frequency to a level similar to heterozygous
Apoer2 neurons. These results suggest that mouse Apoer2 is
required for spontaneous neurotransmitter release in mature
neurons, and human APOER2 splice variants have differential
synaptic properties signifying a role of APOER2 splice variants
as regulators of synaptic function (Fig. 8). APOER2 interaction
with neuronal adaptor Mint1 (He et al., 2007) also supports a
role of APOER2 in presynaptic function as knock out of Mint
adaptor proteins lead to a decline in spontaneous neurotransmit-
ter release (Ho et al., 2006).

A limitation of this study is that we amplified the N-terminal
and C-terminal ORF of APOER2 separately, which does not cap-
ture the entire APOER2 full-length transcripts. To address this
in a separate study, we used long-read sequencing to map the
entire APOER2 transcript from human brain (Gallo et al., 2022).
This study was an in-depth examination defining a repertoire of
diverse and novel full-length Apoer2 isoforms, where we high-
lighted species-specific differences in splicing decisions across
the mouse and human cerebral cortex. Indeed, we confirmed
both human APOER2 Dex5–8 and Dex4–6 are present in the
human cerebral cortex from long-read sequencing (Gallo et al.,
2022). APOER2 Dex5–8 was also found to be spliced in tandem
with Dex15 and/or with Dex18. Similarly, we found D4–6 spliced
in tandem with Dex18. Notably, both exon 15 (encodes glycosy-
lation domain) and exon 18 (cytoplasmic insert) demonstrate a
high prevalence of being excluded in the human cerebral cortex
of ;25 and 50%, respectively (Gallo et al., 2022). The glycosyla-
tion domain has been shown to regulate Apoer2 extracellular
processing as this region contains the cleavage site for matrix
metalloproteases. Exclusion of both glycosylation domain and
cytoplasmic insert in the mouse brain has been shown to affect
Apoer2 cell surface levels, synaptic strength, and long-term
potentiation (Wasser et al., 2014).

This study is a focused experimental approach to identify N-
terminal APOER2 variants and to test for differences in
APOER2 cleavage as a biological avenue to assess for function.
Future experiments are under way to determine the biological
function of entire APOER2 transcripts, specifically determining
the localization of APOER2 isoforms in cell types across the
brain. In particular, because APOER2 plays different roles in de-
velopment through interactions with ligands such as Reelin, it
will be interesting to compare the distribution of APOER2 splic-
ing in the developing brain. The APOER2 splicing landscape
may be entirely different compared with the adult brain, specifi-
cally as it relates to aging and disease.
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