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Abstract.
Background: Apolipoprotein E4 (APOE4) is the most prevalent genetic risk factor of Alzheimer’s disease. Several stud-
ies suggest that APOE4 binding to its receptors is associated with their internalization and accumulation in intracellular
compartments. Importantly, this phenomenon also occurs with other, non-ApoE receptors. Based on these observations, we
hypothesized that APOE4 pathological effects are mediated by impairment in the life cycle of distinct receptors (APOER2,
LRP1, IR, VEGFR).
Objective: To examine the effects of APOE genotype on receptors protein levels and compartmentalization.
Methods: Primary mouse neurons were prepared from APOE3 or APOE4 targeted replacement mice, or APOE-KO mice.
Specific receptors protein levels were evaluated in these neurons, utilizing immunofluorescent staining. Additionally, sur-
face membrane protein levels of those receptors were assessed by cell surface biotinylation assay and ELISA. Receptors’
colocalization with intracellular compartments was assessed by double staining and confocal microscopy, followed by colo-
calization analysis. Finally, LRP1 or APOER2 were knocked-down with CRISPR/Cas9 system to examine their role in
mediating APOE4 effects on the receptors.
Results: Our results revealed lower receptors’ levels in APOE4, specifically on the membrane surface. Additionally, APOE4
affects the compartmentation of these receptors in two patterns: the first was observed with LRP1 and was associated with
decreased receptor levels in numerous intracellular compartments. The second was obtained with the other receptors and was
associated with their accumulation in early endosomes and their decrease in the late endosomes.
Conclusions: These results provide a unifying mechanism, in which APOE4 drives the down regulation of various receptors,
which plays important roles in distinct APOE4 related pathological processes.

Keywords: ABCA1, Alzheimer’s disease, APOE4 pathology, APOER2, Apolipoprotein E4, insulin receptors, LRP1, lipida-
tion, receptor recycling, VEGFR

INTRODUCTION

Many brain disorders lead to cognitive decline and
dementia, among which Alzheimer’s disease (AD)
is the most prevalent [1]. Studies exploring genetic
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risk factors for AD, revealed an association with sev-
eral genes [2–7], the most important of which is the
apolipoprotein E gene on chromosome 17 (APOE
gene, ApoE protein).

The involvement of APOE in AD was first sug-
gested by Strittmatter and Roses [8], who showed
that of the three polymorphic forms of APOE, namely
APOE2, APOE3, and APOE4, carriers of APOE4 are
more likely to develop AD. Furthermore, the cog-
nitive changes in APOE4 carriers were shown to
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occur several years earlier, with a dose-dependent
effect [9].

Although the ApoE protein is synthesized primary
in the liver, it is also produced in the brain and func-
tions there in many capacities, some of which may
be relevant to AD. One of the major roles of ApoE in
the brain, which is similar to its effects in the rest of
the body, is related to lipid transport and cholesterol
homeostasis, a function that was shown to be geno-
type dependent [10–12]. Specifically, APOE4 was
shown to be hypolipidated relative to the AD benign
lipoprotein ApoE3, and less effective than APOE3 in
inducing cholesterol efflux [13]. Taken together, this
suggests that the pathological effects of APOE4 may
be related to lipid metabolism, and distribution.

Additionally, APOE4 is associated with numer-
ous AD-related biochemical abnormalities including
A� metabolism [14–18], tau phosphorylation and
metabolism [19–21], disruption of mitochondrial
function [22–24], neuroinflammation [25–28], dis-
ruption of vascular integrity [12, 29–31], and
dysfunctional insulin and VEGF signaling [32–36]
(for review, see Safieh et al. [1]). The plethora of
phenotypes associated with APOE4 raises the possi-
bility of them being driven by a common fundamental
upstream biochemical mechanism which, by affect-
ing different cellular systems, results in a large
spectrum of varied responses.

Key physiological effects of APOE4 are medi-
ated by ApoE-receptors: the low-density lipoprotein
receptor family, which includes LRP1, APOER2,
LDLR, and VLDLR, as key players [37, 38]. These
receptors have an NPXY motif at their cytoplas-
mic domain and have been implicated in endocytosis
[37, 39, 40], which results in the trafficking of the
receptors between the cell surface and intracellular
compartments [41, 42]. Specifically, the endocytosis
of LRP1 [43–45] and APOER2 [37, 42] triggers the
internalization of The N-methyl-D-aspartate recep-
tor (NMDA) and �-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPA) receptors
which are the key players of synaptic excitatory trans-
mission. Importantly, APOE4 modulates the effects
of APOER2 on NMDA and AMPA receptors such
that it reduces the surface expression of APOER2 in
primary cultured neurons and in targeted replacement
(TR) APOE4 mice [46–49]. This then, leads to inacti-
vation and decreased phosphorylation of NMDA and
AMPA receptors [46], and to the reduction of their
levels in the plasma membrane as well as to their
sequestering in intracellular compartments [46], lead-
ing to impaired glutamate signaling, and excitatory

activity. Similar effects of APOE4 on LRP1 have been
observed in neuronal cultures [50, 51].

Diabetes and impaired insulin signaling, including
low levels of brain insulin, and insulin receptors, are
linked to the pathogenesis of AD [18, 52–54], which
inspired the study of the effects of APOE genotype on
the levels of insulin receptors in mice and correspond-
ing cellular cultures. This revealed that brain insulin
metabolism in AD is differentially affected by the
various APOE isoforms [55], and that APOE4 results
in lower surface expression of insulin receptors (IR)
and impairs its trafficking by trapping it in the early
endosomes [56]. Furthermore, this phenomenon was
shown to be LRP1 dependent, such that LRP1 defi-
ciency in LRP1 knock out mice neurons lead to an
impairment of brain insulin signaling and glucose
metabolism [18, 57].

Additional studies revealed that other growth
factor receptors are also affected by APOE4. Accord-
ingly, the levels of the vascular endothelial growth
factor receptor 2 (VEGFR2), a tyrosine kinase recep-
tor which plays important roles in regulating vascular
development, angiogenesis, and neuronal plasticity
[58–60], are significantly lower in the hippocampus
of APOE4 TR mice compared to the correspond-
ing APOE3 mice [36]. The mechanisms underlying
this APOE4-driven effect, and the involvement of the
ApoE receptors in these processes calls for further
investigation.

All in all, these findings suggest that APOE4 has
important effects on the levels and trafficking of
several classes of receptors, including ApoE recep-
tors, and growth factor receptors, each of which can
result in varied phenotypes (e.g., vascular pathology,
and impaired neuronal signaling in the case of the
VEGFR, and insulin-related impairments in the case
of the IR).

This study examines the impact of APOE4 on the
levels and trafficking of ApoE receptors, specifically
LRP1 and APOER2, as well as growth factor recep-
tors VEGFR and IR. Additionally, it investigates the
mechanisms underlying these effects. This was done
utilizing APOE3 and APOE4 primary neuronal cul-
tures prepared from APOE3 and APOE4 TR mice.
The research focuses first on the characterization
of the effect of ApoE3 and APOE4 on the plasma
membrane levels and on intracellular trafficking of
these receptors. The current paper includes measure-
ments of the localization of the receptors in early
and late endosomes as well as in recycling endo-
somes and lysosomes. it also assesses the extent to
which these receptors are affected by similar or dif-
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ferent pathways. furthermore, it examines the role of
interactions between APOE4 and the ApoE receptors,
APOER2 and LRP1, in mediating the pathological
effects of APOE4 on the growth factor receptors IR
and VEGFR.

MATERIALS AND METHODS

Primary neuronal cultures

Primary mouse neurons were prepared from 1–3
days old pups of either APOE3 or APOE4 TR mice
or APOE-KO mice, these mice were on �-syn-/-
background. previous study in our laboratory showed
that � -syn-/- does not affect the upstream lipida-
tion impairment of APOE4, and importantly, it acts
as a “second hit” enhancer of the subsequent APOE4-
driven pathologies [61, 62]. The protocol was
performed as follows, the mice brains were excised
and incubated with Hanks’ Balanced Salt Solution
buffer (HBSS- Gibco 14175-053), after which the
neuronal cells were separated from the rest of the
mix utilizing the protocol described in Katzenell et
al. (2017) [63]. Briefly, mice brains were incubated
for 20 min with dissociation solution (HBSS-HEPES
with 2.5 mM CaCl2 and 0.83 mM EDTA) containing
L-cysteine, DNAse (Sigma- D5025-150KU) and 100
units of papain. After which, the buffer was removed
by centrifugation and the tissue was resuspended
with plating medium: Neurobasal A medium (Gibco
10888022) containing 2% B-27 supplement (Gibco
17504044), 1% GlutaMAX (Gibco 35050061), 0.5%
Penicillin-Streptomycin (Gibco 15140122), and 5%
Fetal Bovine Serum (FBS- Gibco A4736301). After
waiting a few seconds, a gradient appeared in the
tubes and only cells below the surface and above the
large tissue pieces were extracted, filtered, and plated.

Each culture was created using 2-3 pups pooled
together to ensure enough cells for the experiments.
Neuronal enriched cultures were seeded at a density
of 120,000 cells per well in 12-well plates in the plat-
ing medium. The next day, the medium was removed
and replaced with serum-free growth medium. At
day 3, the cells were treated with FUDR (25.0 mg
5-fluro-2-deoxyuridine, 62.5 mg uridine in 12.5 ml
neurobasal-A medium) to inhibit astrocytic and glia
cells proliferation, thereby rendering the culture neu-
ronal rich. The cultures were incubated at 37◦C with
pH of 7.2 to 7.5 and a relative humidity of about 95%,
and the growth medium was replaced every 3 days.
Experiments were performed on day 21 of the culture.
We repeated each experiment at least three times to

ensure statistical reliability, each repetition is referred
to as ‘cohort’ in the results section and it indicated
a different pups’ sacrifice. The specific number of
cohorts used in each experiment is indicated in the
relevant results section.

Immunofluorescent labeling

Following the indicated treatments, primary cul-
tures were fixed in Dulbecco’s Phosphate Buffered
Saline (DPBS, Biological industries, 02-020-1A)
containing 4% paraformaldehyde (PFA) at room tem-
perature for 10 min and then permeabilized with 0.3%
PBST (1X Phosphate-Buffered Saline, 0.1% Tween)
for 10 min. After blocking in PBST containing 3%
bovine serum albumin (BSA) and 3% donkey serum
for 30 min at room temperature, the cells were incu-
bated with primary antibodies (Abs) for 1 h (Details
of Abs used are presented in Table 1). Afterwards,
they were washed with 0.1% PBST three times and
incubated with the appropriate secondary Abs for 1 h
at room temperature (Details of Abs used are pre-
sented in Table 1). Co-labelling was done by using
two separate primary Abs originating from different
species. Utilizing distinct secondary Abs, which were
attached to two different fluorophores, we were able
to analyze the extent of colocalization of different
proteins. Control experiment utilizing one of the two
Abs revealed that there was no leakage of the staining
of one of the parameters to the channel of the other
parameter. Following immunostaining, the cells were
washed three times in 0.1% PBST and mounted in
ProLong Gold Antifade mounting medium (Molecu-
lar probes, P36931). Images were taken with confocal
microscopy (Leica sp8) at X63 magnification fol-
lowed by zoom X3 and quantified using Image Pro
10 image processing program (Media Cybernetics).

Image analysis

Neuronal cultures were co-stained with two Abs
simultaneously: an anti-receptor antibody and an
anti-intracellular compartment antibody, which were
coupled with a fluorophore labelled secondary Abs of
different wavelength (488 nm and 633 nm for exam-
ple). The capturing of each label (channel) was done
separately using confocal microscopy. It is important
to note that we selected neurons for the analysis by
morphological distinction. The method we used for
cell selection was that in each culture, we randomly
selected 10 fields that were in a specific radius from
the slide center, and in each field, we distinguished
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Table 1
A list of the primary and secondary antibodies (Abs) used in this study, as well as of the concentration used and their commercial source

Ab Host Dilution Ratio Company Cat. Number

Primary Abs Receptors APOER2 Rabbit 1 : 500 Santa Cruz
Biotechnology

sc-20746

IR Rabbit 1 : 500 Abcam ab137747
VEGFR-2 Rabbit 1 : 500 Cell Signalling 55B11
LRP1 Rabbit 1 : 500 Abcam ab92544

Intracellular
compartment

Rab5 (early
endosomes)

Goat 1 : 1000 MyBioSource MBS249664

Rab7 (late
endosomes)

Goat 1 : 1000 MyBioSource MBS448054

CatD (lysosomes) Goat 1 : 1000 Santa Cruz
Biotechnology

Sc-6486

Rab11 (recycling
endosomes)

Rat 1 : 500 Abcam ab95375

Others GFAP Goat 1 : 1000 Sigma G9269
NeuN Goat 1 : 1000 Abcam ab177487

Secondary Abs Donkey anti rabbit Alexa fluor 488nm 1 : 1000 Thermo Fisher
Scientific

A11055

Donkey anti goat Alexa fluor 647nm 1 : 1000 Thermo Fisher
Scientific

A21206

Donkey anti rat Alexa fluor 488nm 1 : 1000 Abcam ab150155

the neurons from other cell types morphologically
and captured the neurons for analysis. We analyzed
each neuron separately, and in each cohort, we cap-
tured at least 10 neurons for statistical analysis. The
quantification of the results was done by averaging
the values of all captured neurons. Using image pro-
cessing program- Image Pro-10, the analysis of the
images was then performed at the following two lev-
els:

1. Each channel by itself:
a. For the receptors we chose to use Inte-

grated Optical Density (IOD) which is
equivalent to the pixels area times mean
intensity. This value represents the num-
ber of receptors present in the region of
interest.

b. For the compartments we choose to use
the parameter “%area” to evaluate the total
area of the compartments out of the region
of interest.

2. The extent of colocalization:

This was measured utilizing the “M1” parame-
ter which addresses the question: “How much of the
receptor of interest is colocalized with the compart-
ment of interest?”. M1 calculates the ratio of the
receptors’ intensity that is colocalized with the com-
partment (S1icoloc), out of the total intensity of the
receptor (S1i), as mathematically described below
[64, 65]: This ratio is indicative of the percentage of

the receptor which is colocalized to a specific com-
partment.

M1 =
∑

i S1i, coloc
∑

i S1i

Cell surface biotinylation

To further investigate the receptors’ localization,
we determined how much of the receptors are located
on the external surface and is thus potentially active.
For that end, we used cell surface biotinylation
technique. This was done utilizing a commercially
available kit (Pierce A44390) and performed accord-
ing to the kit’s protocol. Specifically, neurons were
washed with PBS once, and then incubated in PBS
containing 0.5 mg/mL sulfo-NHS-SS-biotin (Pierce
cell surface protein biotinylation and isolation kit-
A44390) for 30 min at 4◦C with shaking. Excess
reagent was quenched by rinsing in cold PBS con-
taining 50 mM glycine. These cells were then lysed
with RIPA buffer (Sigma- 89900) containing protease
inhibitor cocktail for 20 min at 4◦C. After which, the
cell lysate was centrifuged at 10,000 g for 10 min, and
the supernatant was collected. After protein quan-
tification with BCA kit (Pierce- 23225), cell lysates
with the same amount of protein were incubated
with 100uL of NeutrAvidin agarose kit- A44390) for
30 min. Agarose beads were washed three times in
PBS containing protease inhibitor cocktail and the
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labeled proteins were eluted using the elusion buffer
supplied in the kit. The levels of biotinylated surface
proteins and total proteins were analyzed by ELISA.

ELISA

Levels of LRP1, APOER2, IR, and VEGFR were
determined by ELISA according to the manufacturer
instructions (LSBio Mouse APOER2/LRP8 kit- LS-
F15529, LSBio Mouse LRP1/CD91 kit- LS-F33153,
LSBio Mouse INSR/Insulin Receptor kit- LS-F9939
and LSBio Mouse KDR/VEFGR2/FLK1 kit- LS-
F2595). In brief, plates pre-coated by the manufacture
with capture antibodies specific to each of the recep-
tors were used. The corresponding receptors which
bound to the plates were then reacted with a biotin-
conjugated detection antibody directed specifically
at the receptor. The second anti-receptor antibody
which bound to the corresponding receptor were than
visualized by Avidin-Horseradish peroxidase (HPR)
which results in color formation. A sulfuric acid stop
solution was added to terminate the reaction followed
by measurements of optical density at 450 nm. The
amount of receptor thus bound to the plates was cal-
culated utilizing a standard curve (provided with the
kit).

Western blotting

Conditioned media from neuronal cultures were
collected at day 21 of the culture and were aliquoted
and stored at –70◦C. The samples were mixed with
sample buffer and boiled for 10 min prior to gel
electrophoresis, after which the electrophoresis and
immunoblot assays were performed utilizing anti-
ApoE antibody 1 : 10,000 (goat anti-ApoE, Santa
Cruz, sc-6384). A scale for quantitative results of

ApoE levels was prepared of known quantities of
recombinant ApoE. The immunoblot bands were
visualized utilizing the ECL chemiluminescent sub-
strate (Pierce), after which the bands were imaged
using Bio Rad chemidoc touch imaging system and
quantified utilizing image j, image processing soft-
ware.

CRISPR/CAS9

To elucidate the involvement of specific ApoE
receptors, we knocked them down by genome editing
as previously described [66, 67] with the follow-
ing modifications. Guide RNA (gRNA) sequences,
directed at either APOER2 or LRP1, were designed
and cloned into Adeno-associated virus (AAv) by
VectorBuilder company. The viruses cloned with the
gRNAs and the Cas9 were introduced to the neu-
rons at a ratio of 1 : 1 on day 3 of the culture for
an overnight incubation at 37◦C. This was performed
by diluting 105 gene copies from the vials supplied
by the company in neuronal media and applying it
directly on the prewashed cells. On the following day,
the virus-containing media was removed and replaced
with fresh growth medium. The cells were collected
for immunofluorescent labeling after 10 days. Details
regarding the AAvs from the VectorBuilder company
are presented in Table 2 below.

To determine the working concentration, neu-
rons were transduced at a multiplicity of infections
ranging between 104 to 106 genome copies, as recom-
mended by the VectorBuilder company. The first step
was to calibrate the system to reach optimal genome
copies. This yielded a desired working concentration
that is equal to 105 genome copies per well. The
transfection of the cells was evaluated daily using
microscopy since the vectors themselves were flo-

Table 2
Details of the designed AAvs containing either gRNA directed at APOER2, gRNA directed at LRP1, or Cas9

Target Cat. Number Description

APOER2 AAV9 S (VB200212-1070wfu) pAAV[2gRNA]-U6 > mLrp8[gRNA#1]-U6 > mLrp8[gRNA#2]-CMV mKate2: WPRE
(Vector ID:VB200212-1070wfu) Custom single-gRNA AAV9 virus (no Cas9) (>1011

GC/ml, 10x 25 �l, PBS buffer)
EGFP control AAV9 virus (>1011 GC/ml, 100 �l, PBS buffer), made from vector:
VB190926- 1395dab

LRP1 AAV9 S (VB200511-1421qaq) pAAV[2gRNA]-U6 > mLrp1[gRNA#1]-U6 > mLrp1[gRNA#2]-CMV>mKate2:
WPRE (Vector ID:VB200511-1421qaq) Custom single-gRNA AAV9 virus (no Cas9)
(typical titer:>1012 GC/ml, minimum titer:>2x1011 GC/ml, 10x25 �l, PBS buffer)
EGFP control AAV9 virus (>2x1011 GC/ml, 1000 �l, PBS buffer), made from vector:
VB190926- 1395dab

Cas9 AAV9M (VB200212-1013fen) pAAV[Exp]-SYN1 > SaCas9(Vector ID:VB200212- 1013fen) Custom gene
expression AAV9 virus (>1011 GC/ml, 10x 100 �l, PBS buffer)
EGFP control AAV9 virus (>1011 GC/ml, 2x 100 �l, PBS buffer), made from vector:
VB190926- 1395dab
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rescent, we choose this concentration as it achieved
maximum transfection while maintaining maximal
cell viability. Additionally, it is important to note that
the analysis of the cells was based on their transfec-
tion, meaning that only positively transfected cells
were further analyzed in the experiments.

Statistical analysis

Statistically significance was analyzed utilizing the
GraphPad Prism software (Version 9.5.1). Experi-
ments that contained two groups were analyzed using
Student’s T-test, whereas experiments with more than
two groups were analyzed using ANOVA, followed
by further post hoc Bonferroni analysis to test for
individual effects, and these findings are depicted
in the figures. A p value of < 0.05 was considered
statistically significant.

It is important to note that in the immunoflu-
orescent experiments, a minimum of two cohorts
were used for each condition (APOE3, APOE4,
APOE-KO, with and without treatment); each group
contained at least 10 neurons that were captured and
analyzed. as previously mentioned, (‘image analysis’
subsection in ‘materials and methods’), the analy-
sis variable chosen for the receptors was IOD, which
shows the area labeled multiplied by the intensity of
the labeling, thus giving us the best metric for the
quantity of the protein in a specific area. For the
compartments, we choose %Area, which is a vari-
able that calculate the percentage of the area labeled
by the Abs, to the total area, thus showing the exact
area of the compartment, with no regard to the levels
of the marker used to identify the compartment. For
the colocalization between each receptor and com-
partment we choose the variable M1 (see detailed
explanation in the image analysis section above).

The biochemical results that were obtained by
biotinylation, ELISA or blots, were performed on
three cohorts with each cohort containing a pool of
neurons of at least two mice, and they are presented
jointly after normalization of each of the experiments
relative to the APOE3 control group. Similar results
were obtained when the cohorts were analyzed sepa-
rately, and thus no covariance was conducted.

RESULTS

Primary cultures were prepared as detailed in the
materials and methods section. To assess their neu-
ronal specificity, we evaluated the neuronal/astrocytic
ratio by staining them for both NeuN (a neuronal

marker) and GFAP (an astrocytic marker). Utilizing
confocal microscopy, 20 stacks (Z-stacks) were cap-
tured (1�m apart), and each section was analyzed
individually. The stacks included the whole volume
of the cultures. Analysis of the images revealed that
GFAP staining was present only in the lower sec-
tions (close to the plate), and that NeuN staining was
present in more sections, specifically, in the upper
sections. Additionally, further staining of the cultures
were analyzed for each cell individually, and those
cells had the structure and shape of neurons. Based on
this data, we can determine that the culture used was
primarily neuronal, and the neurons were surrounded
by astrocytic extensions. Representative images are
shown in Fig. 1.

The effects of APOE genotype on the levels and
surface distribution of ApoE and growth factor
receptors

The effect of APOE genotype on the levels of
LRP1 and APOER2

These experiments investigated the effects of the
different APOE genotypes on the levels of the neu-
ronal ApoE-receptors; LRP1 and APOER2. This
was performed utilizing immunofluorescent staining
of the primary APOE4 and APOE3 cultures with
anti-LRP1 and anti-APOER2 antibodies. Utilizing
an image processing program, the integrated opti-
cal density (IOD) of each parameter was evaluated.
This analysis revealed significant decrease in the
levels of both LRP1 (Fig. 2A) (32.05% reduction,
p < 0.05) and APOER2 (Fig. 2B) (39.26% reduction,
p < 0.0001) in the APOE4 neurons, in comparison to
APOE3 neurons.

The effects of APOE genotype on growth factor
receptors, IR and VEGFR

The effects of APOE genotype on the levels of IR
and VEGFR were evaluated using immunofluores-
cent staining. The results thus obtained are presented
in Fig. 3. These results indicate that the levels of both
IR and VEGFR are lower in APOE4 neurons when
compared to APOE3 neurons (IR: 40% decrease,
p < 0.05. VEGFR:30.73% decrease, p < 0.05).

The effect of APOE genotype on the external
membranal expression of the receptors

To measure the percentage of the receptors which
are localized on the external surface of the plasma
membrane, we used the surface biotinylation assay.
The corresponding total levels were obtained using
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Fig. 1. Neurons/astrocytes ratio in primary cultures. Primary cultures were stained for both NeuN (marked in red in A) and GFAP (marked
in yellow in B). DAPI staining for cells’ nucleus is marked in blue. As can be seen, the levels of NeuN were much higher than those of
GFAP, and together with the DAPI staining indicate that the culture is mostly neuronal, as expected.

Fig. 2. The effects of APOE genotypes on the total levels of APOER2 and LRP1 in APOE3 and APOE4 primary neurons. APOE3 and
APOE4 primary neurons were stained for LRP1 (A) and APOER2 (B). Representative images are shown on the left, whereas quantifications
of the results are shown on the right. The results show a significant downregulation, in APOE4 neurons, of the levels of both LRP1
(APOE3 = 1.00 ± 0.11, APOE4 = 0.68 ± 0.086, p < 0.05, N = 53–58 cells from 4 different preparations) and APOER2 (APOE3 = 1.00 ± 0.071,
APOE4 = 0.60 ± 0.040, p < 0.0001, N = 86–101 cells from 6 different preparations). The scalebar on the images indicate 10 �m. *indicates
p < 0.05, ***indicates<0.001.

lysates of corresponding cultures. Total and biotiny-
lated levels of the receptors were then obtained by
ELISA. The resulting surface/total ratios of the dif-
ferent receptors are presented in Fig. 4. The results
obtained show that the ratio of the externally ori-
ented receptors to the total, was significantly lower
in APOE4 neurons of APOER2 (Fig. 4A, 53% reduc-
tion, p < 0.05) and LRP1 (Fig. 4B, 48.03% reduction,
p < 0.05) than those of the corresponding APOE3
cells. Similar, though less prominent, pattern was evi-
dent in IR (Fig. 4 C, 28.77% reduction, p = 0.07), and
VEGFR (Fig. 4D, 9.90% reduction, p = 0.15).

These results indicate that in addition to the
decrease in the total levels of APOER2, LRP1, IR and
VEGFR in APOE4 neurons, their relative presenta-
tion on the external membrane, is also decreased.

The effects of APOE genotype on the
intracellular compartmentation of the receptors

Next, we investigated the extent to which the sur-
face reduction of the four receptors is associated
with changes in their intracellular compartmentation.
Accordingly, neuronal cultures were stained simulta-
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Fig. 3. The effects of APOE genotype on the total levels of IR and VEGFR. APOE3 and APOE4 primary neurons were stained for IR
(A) and VEGFR (B). Representative images are shown on the left, whereas quantifications of the results are shown on the right. The
results show that both IR (APOE3 = 1.00 ± 0.12, APOE4 = 0.59 ± 0.08, p < 0.05, N = 48–68 cells from 4 different preparations), and VEGFR
(APOE3 = 1.00 ± 0.11, APOE4 = 0.69 ± 0.04, p < 0.05, N = 41–46 cells from 4 different preparations) are downregulated in APOE4 primary
neurons. The scalebar on the images indicate 10 �m. *p < 0.05.

Fig. 4. The APOE genotype’s effects on the surface-to-total ratio of APOER2, LRP1, IR, and VEGFR. External membranal proteins
were labelled using a biotinylating kit. Subsequently, using commercial ELISA kits directed at the specific receptors investigated, both the
biotinylated extract and the total lysates were evaluated and the surface to total ratio was calculated. The results obtained show that APOE3
cells whose levels were set as 100%, while APOE4 cells had significantly lower surface levels of APOER2 (APOE3 = 100%±11.08,
APOE4 = 47.02%±8.54, p < 0.05, N = 3) and LRP1 (APOE3 = 100%±4.88, APOE4 = 51.97%±15.50, p < 0.05, N = 3). A similar trend
was seen in IR (APOE3 = 100%±8.26, APOE4 = 71.23%±13.75, p < 0.05, N = 3, p = 0.07, N = 3), and VEGFR (APOE3 = 100%±1.34,
APOE4 = 91.10%±2.82, p < 0.05, N = 3, p = 0.15, N = 3). *p < 0.05.

neously with two labels; an anti-receptor antibody
and an anti-intracellular compartment antibody, and
then analyzed by confocal microscopy. The images
were analyzed as described in the materials and meth-
ods section, for each label separately, as well as for
the colocalization of the labels.

In the following section, the results of the
colocalization analysis of all four receptors with
early endosome (marked by Rab5), late endosomes
(marked by Rab7), lysosomes (marked by CatD) and
recycling endosomes (marked by Rab11) are pre-
sented.
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Colocalization of ApoE receptors with early
endosomes

Figure 5 presents the effects of the APOE geno-
type on the levels of LRP1 and APOER2 in early
endosomes, as well as their colocalization. This
experiment revealed that the levels of the ApoE recep-
tors in APOE4 neurons was lower than those of
APOE3 neurons, a result that is consistent with the
results shown in Fig. 2. On the other hand, the APOE
genotype had no significant effect on the levels of
Rab5, which is a marker for early endosomes (see
Fig. 7 for the quantification of the early endosomes
area).

Evaluation of the extent of colocalization of the
ApoE receptors with the early endosomes (marked
in yellow pixels in Fig. 5) revealed that there is a
greater localization of LRP1 in early endosomes in
APOE3 neurons (0.24 ± 0.02, N = 21 from 2 differ-
ent preparations) compared to APOE4 (0.11 ± 0.016,
N = 27 from 2 different preparations). This differ-
ence between the APOE4 and the APOE3 cells is
highly significant (p < 0.001). Similar analysis of the
effect of the APOE genotype on the colocalization
of APOER2 with the early endosomes revealed an
opposite effect to that seen with LRP1; Accordingly,
more APOER2 is localized in the early endosomes
in APOE4 cells as indicated by the M1 colocaliza-
tion variable described in the material and methods
section (0.50 ± 0.03, N = 31 from 3 different prepa-
rations) than in the APOE3 cells (0.37 ± 0.04, N = 20
from 3 different preparations) neurons (p < 0.05).
Taken together these results show that localization of
the ApoE receptors to the early endosome is depen-
dent on APOE genotype, and that this effect differs
between LRP1 and APOER2.

Evaluating the extent of colocalization of growth
factor receptors with early endosomes

The extent of colocalization of the growth factor
receptors, IR and VRGFR, with early endosomes
were next determined. similar to the results pre-
viously presented in Fig. 3, the levels of IR and
VEGFR were found to be downregulated in APOE4
neurons in these experiments as well, whereas the
levels of early endosomes showed no significant dif-
ference between the genotypes (see Fig. 7 for the
quantification). The extent of colocalization of these
receptors with the early endosomes was affected by
the APOE genotype and was higher in the APOE4
cells. Quantification of these results revealed that
the colocalization of IR with early endosomes was
significantly higher in APOE4 neurons (0.36 ± 0.02,

N = 34 from 4 different preparations) than in the
APOE3 neurons (0.28 ± 0.02, N = 48, from 4 differ-
ent preparations, p < 0.05), as was the colocalization
of VEGFR with early endosomes which was higher
in APOE4 neurons (0.39 ± 0.03, N = 19 from 2 dif-
ferent preparations) than and in APOE3 neurons
(0.24 ± 0.02, N = 20, from 2 different preparations,
p < 0.01).

These results, when combined with previously pre-
sented results, indicate that in APOER2, VEGFR and
IR, the downregulation of both the externally oriented
and total levels of the receptors is accompanied with
their accumulation in the early endosomes. In con-
trast for LRP1, who’s total and surface areas levels
are also downregulated in the APOE4 cells, the extent
of their colocalization with early endosomes is lower
in the APOE4 than the APOE3 neurons.

The effects of APOE genotype on distinct
endosomal and lysosomal compartments

The following experiments examined the effects of
APOE genotype on the intracellular compartments:
early endosomes, late endosomes, lysosomes, and
recycling endosomes.

The results show that the area of the early endo-
somes (as indicated by the staining of Rab5) and the
recycling endosomes (Rab11) were similar in both
APOE3 and APOE4 neurons. On the other hand, the
area of late endosomes (Rab7) and lysosomes (catD)
were reduced in the APOE4 relative to the APOE3
neurons. Quantifications of the results revealed that,
APOE4 neurons present a significant decrease in the
areas of both the late endosomes (13% decrease,
p < 0.05, N = 69 from 7 different preparations) and
lysosomes (23.6% decrease, p < 0.0001, N = 62 from
6 different preparations), while no significant dif-
ferences were obtained with the early and recycling
endosomes (N = 65–86 from 6 to 8 different prepara-
tions).

Colocalization of the receptors with distinct
endosomal compartments and with lysosomes

These experiments focused on assessment of the
colocalization of the different receptors with early,
late, and recycling endosomes, as well as with lyso-
somes (Fig. 8). The analysis of these experiments
revealed two main patterns of intracellular distribu-
tions of the receptors were observed. The first pattern
which was observed with LRP1, shows that lower
levels of colocalization of this receptor in the early
endosomes in APOE4 neurons (seen also in Fig. 5)
was accompanied by lower levels of their colocaliza-
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tion with late endosomes (46.7% decrease, p < 0.01)
and lysosomes (20.2% decrease, p < 0.05), while no
difference between the genotypes was seen in the
corresponding recycling endosomes.

A different colocalization pattern was seen in
APOER2, IR, and VEGFR, where the accumu-
lation of these receptors in the early endosomes
in APOE4 neurons (see also Figs. 5 and 6) is
accompanied with lower levels of colocalization
in late endosomes relative to those obtained with
APOE3 cells. This decrease in late endosomes
was significant for both IR and VEGFR with a
similar trend observed in APOER2 (IR: 25.80%
decrease, p < 0.05; VEGFR: 47.74% decrease,
p < 0.05; APOER2 : 22.09% decrease, p = 0.156).

Additionally, there was also a decrease in the colo-
calization of the receptors with the lysosomes in
APOE4 neurons that was significant in APOER2
and VEGFR but not in the IR (APOER2 : 35.89%
decrease, p < 0.0001; VEGFR: 31.30% decrease,
p < 0.05), and in the recycling endosomes in all three
receptors (APOER2 : 11.16% decrease, p = 0.5154;
IR: 30.88% decrease, p < 0.05; VEGFR: 29.02%
decrease, p < 0.05) when compared to APOE3 neu-
rons.

The role of ApoE levels in mediating the effects
of APOE genotype on the receptors

The extent to which the observed effects of APOE4
on the levels and intracellular distribution of the
receptors, is due to differences in the intrinsic prop-
erties of APOE4 and APOE3 or to differences in the
concentration of the different APOE isoforms was
next examined.

The levels of secreted ApoE in the primary neu-
ronal culture were measured by western blot analysis.
Representative blots thus obtained are presented in
Fig. 9A. The blots show that APOE4 cultures are
associated with significantly lower levels of ApoE.
Quantification of the blots (Fig. 9B) show that in
the APOE4 primary neuronal cultures the levels of
ApoE are significantly lower than those of the APOE3
cultures (52.1% decrease, p < 0.05, N = 3).

To assess the extent to which the presently
observed effects of APOE4 are due to its lower levels,
we turned to primary neurons prepared from APOE-
deficient mice and studied the effects of the addition
of similar levels of exogenous APOE3 and APOE4
on the receptors. The levels of the LRP1, APOER2,
VEGFR, and the IR in APOE deficient neurons in
the presence and absence of 100 nM of recombinant
APOE3 or APOE4, are presented in Fig. 10. This con-
centration was chosen following a thorough literature
review and based on the study conducted by Zhao et
al. (2017) [56].

This revealed that the levels of LRP1 were higher
in APOE3 treated neurons when compared to control,
in the absence of exogenous ApoE (45.8% increase
when compared to control, p < 0.05), with no change
in the levels of LRP1 in APOE4 treated neurons. Sim-
ilarly, APOER2 and VEGFR showed an increase in
APOE3 treated neurons (108.5%, p < 0.01 and 29.9%,
p = 0.09 respectively) relative to control, while no dif-
ference was seen in APOE4 treated neurons. On the
other hand, in IR, both APOE3 and APOE4 treated
neurons expressed lower levels of the receptor com-
pared to control (37.5% decrease in APOE3 treated
neurons and 55.2% decrease in the APOE4 treated
neurons relative to control in the absence of exoge-
nous ApoE).

Although APOE deficient neuronal cultures in the
presence of exogenous APOE4 or APOE3 may not
be identical to corresponding cultures prepared from
APOE4 and APOE3 mice, the data presented support
the suggestion that the observed effects of APOE4 on
the receptors in the APOE4 and APOE3 cultures is
not due to the lower levels of APOE4 but rather to
intrinsic differences between the two isoforms.

Unraveling the role of LRP1 and APOER2 in
mediating the genotype specific effects of ApoE
on the receptors

We next examined the extent to which the ApoE
receptors might mediate the effects of APOE3 and
APOE4 on other receptors. This was determined by
treating APOE3 and APOE4 primary cultures with

Fig. 5. Colocalization of ApoE receptors with early endosomes. The total levels of both LRP1 and APOER2 were downregulated in APOE4
neurons when compared to APOE3 neurons (see representative figures on the left and in Fig. 2) In contrast, the area covered by the early
endosomes staining was not affected by the APOE genotype (see Fig. 7). The extent of colocalization of LRP1 (A) and APOER2 (B)
with the early endosomes were determined utilizing double staining and confocal microscopy, followed by M1 colocalization analysis.
Representative images, shown on the left side of the figure whereas the quantified results are shown on the right. The results revealed that
LRP1 was significantly more localized to the early endosomes in APOE3 neurons (0.24 ± 0.02) than the APOE4 neurons (0.11 ± 0.01,
p < 0.001), while APOER2 showed an opposite effect where the receptors were significantly more localized with the early endosomes in
APOE4 (0.50 ± 0.04) than the APOE3 neurons (0.37 ± 0.037, p < 0.05). The scalebar on the images indicate 10 �m. *p < 0.05, ***p < 0.001.
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CRISPR/Cas9 system directed at knocking down the
expression of either LRP1 or APOER2 and examin-
ing the effects of the resulting knock-down of these
receptors, on the levels of IR and VEGFR, as well as
on the colocalization of these receptors with the early
endosomes. We chose to focus on the compartmenta-
tion of IR and VEGFR with the early endosomes due
to the interesting pattern we established previously;
trapping of APOER2, IR and VEGFR in APOE4 neu-
rons on one hand, and low levels of LRP1 on the other
hand (as detailed in Fig. 8).

Validation of the CRISPR/Cas9 system
As shown in Fig. 11A., CRISPR/cas9 treatment

directed at LRP1 decreased the levels of LRP1 in
both APOE3 (41.4% decrease compared to APOE3
control) and APOE4 (33.6% decrease compared to
APOE4 control) neurons and rendered them sim-
ilar. Similar results were obtained in APOER2
(Fig. 11B), where corresponding CRISPR/Cas9 treat-
ment, resulted in lower levels of APOER2 in both
APOE3 (42.9% decrease compared to APOE3 con-
trol) and APOE4 (36.8% decrease compared to
APOE4 control) resulting in similar levels.

The role of LRP1 in mediating the effects of
APOE genotypes on the receptors’ levels and
compartmentation

The effects of downregulating LRP1 by
CRISPR/Cas9, on the levels of APOER2, IR,
and VEGFR, and their colocalization with the early
endosomes were measured, and the results are pre-
sented in Fig. 12. As can be seen, the downregulation
of LRP1 had no significant effects on the total levels
of the receptors, had no effect on the size of early
endosomes (not shown), but did abolish the excess
colocalization of these receptors with early endo-
somes in APOE4 neurons (the percent of reduction
when compared to APOE4 control equals to 38.8%
in APOER2, 48.9% in IR, and 64.1% in VEGFR).
Whereas in APOE3 neurons, the knock-down of
LRP1 resulted only in a small, but significant
downregulation of the colocalization of VEGFR

with the early endosomes (21.6% reduction), but it
had no effect on the colocalization of IR.

The role of APOER2 in mediating the effects of
APOE genotypes on the receptors’ levels and
compartmentation

The effect of APOER2 knock-down on the levels of
the receptors (A) and of their colocalization with early
endosomes (B) are presented in Fig. 13. Treatment
with CRISPR/Cas9 directed at APOER2 resulted in
the following pattern: it decreased the levels of LRP1
receptors in APOE3 neurons (32.1% reduction rela-
tive to APOE3 control) but had no effect on the levels
of LRP1 in APOE4 neurons. Additionally, knock-
down of APOER2 did not affect the intracellular
localization of LRP1.

A different pattern was observed with the growth
factor receptors IR and VEGFR, where knocking
down APOER2 increased the levels of IR (50.9%
increase relative to APOE4 control) and VEGFR
(21.3% increase relative to APOE4 control) in
APOE4 neurons and decreased their colocalization
with early endosomes (IR: 55.1% reduction, and
VEGFR: 52.6% reduction relative to APOE4 con-
trol). In contrast, both the levels and the colocalization
of IR and VEGFR in APOE3 neurons were not
affected by APOER2 knock down.

Altogether, these findings suggest that the levels
of all three receptors (APOER2, IR, and VEGFR) in
both the APOE4 and APOE3 cells are not affected by
LRP1 knock down whereas their colocalization with
early endosomes decreases specifically in APOE4
neurons. Additionally, when APOER2 is knocked
down, there’s an increase in the levels of VEGF
and IR receptors and decrease in their colocalization
with early endosomes. These findings suggest that
the interaction between APOER2 and APOE4 plays
a significant role in downregulating IR and VEGFR in
APOE4 neurons. Knocking down APOER2 counter-
acts these effects. Additionally, these results indicate
that both LRP1 and APOER2 are crucial for the accu-
mulation of these receptors in early endosomes.

Fig. 6. Colocalization of growth factor receptors with early endosomes. The levels of IR (A) and VEGFR (B) that are localized with the early
endosomes were evaluated utilizing double staining and confocal microscopy, followed by M1 colocalization analysis. The representative
images presented on the left show that the intensity of both IR and VEGFR is lower in APOE4 neurons when compared to APOE3 neurons, and
no significant effects of APOE genotype is evident in the staining areas of the early endosomes. On the other hand, the extent of colocalization
of these receptors (marked with yellow pixels) was higher in APOE4 neurons in both IR and VEGFR. Quantification of the results show that
APOE4 neurons exhibit significantly higher colocalization than APOE3 in both IR (APOE3 = 0.28 ± 0.02, APOE4 = 0.36 ± 0.02, p < 0.05)
and VEGFR (APOE3 = 0.24 ± 0.02, APOE4 = 0.39 ± 0.03, p < 0.001). The scalebar on the images indicate 10 �m. *p < 0.05, **p < 0.001.
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Fig. 7. The effects of APOE genotype on distinct endosomal and lysosomal compartments. APOE3 and APOE4 primary neurons were stained
for markers of early endosomes (Rab5; A), late endosomes (Rab7; B), lysosomes (CatD; C), and recycling endosomes (RAb11; D). The intra-
cellular areas of these compartments were then analyzed as described in the Materials and Methods. This revealed that the areas of both late
endosomes (APOE3 = 1.00 ± 0.03, APOE4 = 0.87 ± 0.05, p≤0.05) and lysosome (APOE3 = 1.00 ± 0.04, APOE4 = 0.76 ± 0.03, p < 0.0001)
are downregulated in APOE4 primary neurons. In contrast, the levels of the early endosomes (APOE3 = 1.00 ± 0.03, APOE4 = 1.1 ± 0.05,
p = 0.30) and recycling endosomes (APOE3 = 1.00 ± 0.06, APOE4 = 0.94 ± 0.07, p = 0.56) were not affected by APOE4. *p < 0.05,
***p < 0.0001.

DISCUSSION

This study investigated the effects of APOE4
on the levels and cellular compartmentation of
ApoE receptors: LRP1 and APOER2, as well as
growth factor receptors: IR and VEGFR, in pri-
mary neuronal cultures. The results obtained revealed
APOE-isoform-dependent differences in receptors’
levels, such that APOE4 was associated with lower
levels of the four receptors when compared to
APOE3. Additionally, the results show that APOE4 is
associated with a decrease in the levels of the active,
externally oriented membranal LRP1 and APOER2,
and with a similar trend in IR and VEGFR. When
examining intracellular compartments, our results
showed that APOE4 does not affect the size of

the early endosomes nor the recycling endosomes,
yet it significantly decreases the late endosomes
and the lysosomes when compared to APOE3. This
could indicate that APOE4s’ effects on intracellular
trafficking are mediated by interfering with the degra-
dation pathway rather than the recycling pathway.

APOE4 also affected the trafficking and intracellu-
lar compartmentation of these receptors. Two general
patterns were observed; the first, which includes
APOER2, VEGFR, and the IR, is associated with
increased localization of these receptors to early
endosomes, and with a parallel decrease in their
colocalization with late endosomes. APOER2 and
VEGFR but not the IR were also associated with
decreased colocalization to lysosomes. The second
pattern was observed with LRP1, which showed
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Fig. 8. Intracellular distribution of the receptors. The extent of colocalization of LRP1 (A), APOER2 (B), IR (C), and VEGFR (D) with
early, late, and recycling endosomes, as well as with lysosomes, was determined by double staining confocal microscopy, as described
in the Materials and Methods. The results shown correspond to 25–37 cells from 2-3 different preparations for each of the receptors and
compartment colocalization. The results obtained revealed two patterns: The first, exemplified by LRP1, shows that the levels of this receptor
in APOE4 neurons are lower in the early and late endosomes and unchanged in lysosomes and recycling endosomes. (Early endosomes:
APOE3 = 0.22 ± 0.022, APOE4 = 0.16 ± 0.015, p < 0.001. Late endosomes: APOE3 = 0.24 ± 0.023, APOE4 = 0.127 ± 0.031, p < 0.001. Lyso-
somes: APOE3 = 0.36 ± 0.031, APOE4 = 0.29 ± 0.027, p < 0.05. Recycling endosomes: APOE3 = 0.12 ± 0.024, APOE4 = 0.12 ± 0.023).
The second pattern is common to the APOER2, IR, and VEGFR where the elevation in the colocalization in the early
endosomes in APOE4 was accompanied by a decrease in localization to the other compartments, mainly, late endo-
some (APOER2- early endosomes: APOE3 = 0.37 ± 0.044, APOE4 = 0.51 ± 0.037, p < 0.05. Late endosomes: APOE3 = 0.49 ± 0.024,
APOE4 = 0.38 ± 0.059, p = 0.15. Lysosomes: APOE3 = 0.41 ± 0.024, APOE4 = 0.26 ± 0.019, p < 0.0001. Recycling endosomes:
APOE3 = 0.17 ± 0.025, APOE4 = 0.15 ± 0.017, p = 0.51. IR- early endosomes: APOE3 = 0.28 ± 0.02, APOE4 = 0.36 ± 0.02, p < 0.05.
Late endosomes: APOE3 = 0.41 ± 0.042, APOE4 = 0.31 ± 0.028, p < 0.05. Lysosomes: APOE3 = 0.33 ± 0.017, APOE4 = 0.33 ± 0.034,
p = 0.19. Recycling endosomes: APOE3 = 0.18 ± 0.015, APOE4 = 0.13 ± 0.022, p < 0.05. VEGFR- early endosomes: APOE3 = 0.22 ± 0.03,
APOE4 = 0.36 ± 0.04, p < 0.05. Late endosomes: APOE3 = 0.29 ± 0.04, APOE4 = 0.15 ± 0.03, p < 0.05. Lysosomes: APOE3 = 0.20 ± 0.02,
APOE4 = 0.14 ± 0.01, p < 0.05. Recycling endosomes: APOE3 = 0.27 ± 0.02, APOE4 = 0.19 ± 0.02, p < 0.05).

Fig. 9. ApoE levels in conditioned media of APOE3 and APOE4 primary neurons. The levels of ApoE in conditioned media of APOE3 and
APOE4 neuronal cultures were determined by western blot analysis as described in the Materials and Methods. Representative image of the
blot is presented in A; whereas, quantification of the blots is shown in B. The results show that the levels of ApoE in the APOE4 cultures,
were significantly lower than those of the APOE3 cultures (APOE3 = 1.00 ± 0.14, APOE4 = 0.40 ± 0.12, p < 0.05, N = 4). *p < 0.05.

lower colocalization with early endosome, as well
as with late endosomes and with lysosomes in the
APOE4 neurons.

The observed effects of APOE4 on these recep-
tors were accompanied by lower levels of ApoE in
APOE4 neurons when compared to the APOE3 neu-
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Fig. 10. The effects of recombinant APOE3 and APOE4 on the levels of the receptors in APOE-KO derived primary neurons.
APOE-KO neurons were prepared as described in the Materials and Methods section. On day 14 of the cultures, the neurons were
treated with 100 nM of either recombinant APOE3 or APOE4 for 2 h. Following treatment, the neurons were stained for LRP1,
APOER2, VEGFR, or IR, after which the images were captured and analyzed. Quantification of the results show that APOE3 induced
an elevation in LRP1 (Control = 1.00 ± 0.13, recombinant APOE3 = 1.45 ± 0.18, recombinant APOE4 = 0.76 ± 0.10, p-value recombi-
nant3/control<0.05, p-value recombinant4/recombinant3 < 0.01, N = 28–31 from 3 different preparations), APOER2 (Control = 1.00 ± 0.09,
recombinant APOE3 = 2.08 ± 0.27, recombinant APOE4 = 0.1.16 ± 0.15, p < 0.01 when comparing recombinant3 with both control and
recombinant4, N = 20 from 2 different preparations) and VEGFR (Control = 1.00 ± 0.09, recombinant APOE3 = 1.30 ± 0.16, recombinant
APOE4 = 0.85 ± 0.08, p-value recombinant3/control=0.09, p-value recombinant4/ recombinant3 < 0.01, N = 15–20 from 2 different prepa-
rations) when compared to control and APOE4. On the other hand, both recombinant APOE3 and APOE4 resulted in lower levels of
IR when compared to control, more so in APOE4 treated neurons (Control = 1.00 ± 0.08, recombinant APOE3 = 0.59 ± 0.05, recombi-
nant APOE4 = 0.43 ± 0.04, p-value recombinant3/control<0.001, p-value recombinant4/recombinant4 < 0.05, N = 15–20 from 2 different
preparations). *p < 0.05, **p < 0.001.

rons (Fig. 9), bringing forward the possibility that
the observed effects of APOE4 on the receptors, are
driven by the lower levels of the ApoE protein, and
not by differential properties of APOE4 and APOE3.
It is important to note that the source of ApoE in our
cultures was not determined directly. Since ApoE is
mostly produced in astrocytes, we believe that the
main source of ApoE in our cultures is astrocytic.
However, since our culture consists of a majority of
neurons, and we know that ApoE can also be pro-
duced in neurons in specific conditions [68], it is
possible that neurons also contribute significantly to
the secreted ApoE. This differentiation is known to
be important [69, 70], and differences in the effects
of neuronal ApoE and astrocytic ApoE on various
systems have been thoroughly studied [68–71]. The
extent to which ApoE from astrocyte or from neurons
may differ in their activity and effects on the recep-

tors is beyond the scope of this article and it merits
further investigation.

Regardless of the source, examination of whether
the quantity or the intrinsic qualities of the different
APOE genotypes was examined utilizing APOE defi-
cient primary neuronal cultures treated with the same
levels of recombinant APOE4 or APOE3, revealed
that the effects of APOE4 were also apparent under
these conditions (Fig. 10), suggesting that the effects
observed on the receptors, are due to intrinsic differ-
ences between the genotypes, and not to differences
in the levels of APOE3 and APOE4. These APOE
knockout experiments also revealed that the isoform
specific effects of APOE on the levels of LRP1,
APOER2, and VEGFR, are driven by an APOE3
gain of function relative to APOE deficiency, whereas
the corresponding effect on the IR was associated
with loss of function, which was more pronounced in
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Fig. 11. Knock-down of LRP1 and APOER2 in the APOE3 and APOE4 neuronal cultures by CRISPR/Cas9. The APOE3 and APOE4
neuronal primary cultures were treated by CRISPR/Cas9 system directed at either LRP1 (A) or APOER2 (B); Following this treat-
ment, each culture was stained for the corresponding ApoE receptor, and the extent to which this treatment knocked down the targeted
receptor was determined. A) CRISPR/Cas9 system directed at LRP1 resulted in the downregulation of LRP1 in both APOE3 neurons
(APOE3 control = 1.00 ± 0.06, APOE3- LRP1 AAv = 0.58 ± 0.04, p < 0.0001, N = 83–89 from 9 different preparations) and APOE4 neu-
rons (APOE4 control = 0.84 ± 0.04, APOE4- LRP1 AAv = 0.56 ± 0.05, p < 0.05, N = 84–89 from 9 different preparations). B) CRISPR/Cas9
system directed at APOER2 resulted in the downregulation of APOER2 in both APOE3 (APOE3 control = 1.00 ± 0.08, APOE3- APOER2
AAv = 0.57 ± 0.04, p < 0.0001, N = 60–105 from 7-8 different preparations) and APOE4 neurons (APOE4 control = 0.71 ± 0.04, APOE4-
APOER2 AAv = 0.45 ± 0.04, p < 0.0001, N = 79–125 from 8-9 different preparations). *p < 0.05, ***p < 0.0001.

the APOE4 treated samples (Fig. 10). This is impor-
tant, specifically for the development of novel ApoE
related anti-AD treatments, since it suggests that to
correct for APOE4, you need to have more of it, or to
change it to a more APOE3-like activity, and not to
block it.

Our results are consistent with, and further extends
previous in vivo and in vitro studies which showed
that neuronal APOE4 is associated with decreased
levels of APOER2 [47, 49] and IR [56, 72] and with
their increased localization to early endosomes [37,
48]. The present results are also in accordance with
previous findings that the levels of LRP1 [73] and
VEGFR [36, 74] are down regulated by APOE4.
However, the effects of APOE4 on the intracellular
localization of these receptors in different intracellu-
lar compartments is novel and has not been previously
investigated. These findings are essential to unravel-
ing the molecular basis of the pathological features of
APOE4, and their underlying mechanisms. It should
be noted that the current study measured colocaliza-
tion of the receptors with intracellular compartments,
and the findings suggest a dysfunction in intracellu-
lar trafficking in APOE4 neurons when compared to
APOE3 neurons. However, further kinetic studies are
necessary to fully unravel the molecular mechanism
by which ApoE affects intracellular trafficking.

APOE4 is known to be structurally labile and
undergoes transformation to a molten globule state
at low pH values, while APOE3 is far more resistant
to low pH unfolding [74]. Accordingly, since the iso-

electric point of APOE4 is 6.4, which is similar to the
pH of the early endosomes [75], it was hypothesized
that the structural lability of APOE4, the tendency of
proteins to aggregate at their isoelectric pH, and the
binding of APOE4 to APOER2, provide the driving
force for the observed decreased levels of APOER2
and its recycling block in early endosomes [46, 48].
The observed decreased level of APOER2 in late
endosomes of the APOE4 neurons is most likely due
to their trafficking block in early endosome. Since
APOE4 can bind to IR [76], it is tempting to sug-
gest that the effects of APOE4 on the total levels of
IR and their colocalization with early and late endo-
somes are mediated by a mechanism that is similar to
that observed with APOER2. Although direct bind-
ing of APOE4 to VEGFR has not been reported, it
has been previously suggested that VEGFR binds to
APOER2 [47, 77]. It is thus possible that the effects
of APOE4 on the levels and intracellular trafficking
of VEGFR are mediated via a tertiary complex which
includes VEGFR and APOE4 bound to APOER2.

Whereas APOER2, like other ApoE receptors,
contains the endocytotic motif NpxY, LRP1 also con-
tains the motive YxxL [78]. This renders LRP1 as a
very fast endocytotic receptor and could be the rea-
son why, unlike the other receptors, APOE4 does not
affect LRP1, and its trafficking to specific compart-
ments. Alternatively, since LRP1 has a very large
number of ligands [79], it is possible that other ligands
mask the pathological effects of APOE4 on LRP1,
by their interactions with it. Interestingly, studies of
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Fig. 12. The effects of LRP1 knock-down on the receptors’ levels and their colocalization with early endosomes. APOE3 and APOE4 primary
neurons were treated with CRISPR/Cas9 system utilizing guide RNA directed at LRP1. The results show that the downregulation of LRP1
(presented in Fig. 11) had no effect on the levels of the rest of the receptors APOER2, VEGFR, and IR (A) but it was, however, accompanied
by downregulation in the levels of colocalization of the receptors with early endosomes in APOE4 neurons (B) (APOER2- APOE4 con-
trol = 0.44 ± 0.02, APOE4-LRP1 AAv = 0.20 ± 0.02, p < 0.0001, N = 50–53 from 5 different preparations. IR- APOE4 control = 0.53 ± 0.03,
APOE4-LRP1 AAv = 0.27 ± 0.03, p < 0.0001, N = 34–40 from 4 different preparations. VEGFR- APOE4 control = 0.45 ± 0.03, APOE4-LRP1
AAv = 0.16 ± 0.02, p < 0.0001, N = 23–27 from 3 different preparations) LRP1 downregulation also resulted in reduction in the colocalization
of VEGFR in the early endosomes of APOE3 neurons (APOE3 control = 0.35 ± 0.03, APOE3-LRP1 AAv = 0.28 ± 0.04, p < 0.05, N = 28–39
from 4 different preparations). *p < 0.05, ***p < 0.0001.

LRP1 in astrocytes revealed that unlike in neurons,
LRP1 is trapped in endosomes following acidification
of the endosomal compartments [80], suggest-
ing that additional cell-specific mechanism may
affect the rate and extent of intracellular trafficking
of LRP1.

To further unveil the mechanisms underlying the
effects of APOE4 on the receptors, we wanted to
examine the involvement of APOER2 and LRP1 in
the APOE4 derived effects on the receptors’ levels
and localization, by knocking them down utilizing
CRISPR/Cas9. Knock-down of the LRP1 receptor
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Fig. 13. The effect of APOER2 knock-down on the receptor’s levels and colocalization with early endosomes. APOE3 and APOE4 primary
neurons were treated with CRISPR/Cas9 directed at APOER2, after which the levels and the extent of colocalization of the receptors with
early endosomes were evaluated. The results show that knock-down of APOER2 results in lower levels of LRP1 in APOE3 neurons (APOE3
control = 1.00 ± 0.06, APOE3- APOER2 AAv = 0.67 ± 0.05, p < 0.001, N = 78–89 from 8 different preparations) while not affecting the levels
in APOE4 neurons nor the extent of colocalization of LRP1 with early endosomes. On the other hand, knock-down of APOER2 resulted
in elevated levels of IR and VEGFR in APOE4 neurons (IR- APOE4 control = 0.54 ± 0.04, APOE4- APOER2 AAv = 0.82 ± 0.11, p < 0.05,
N = 32-35 from 3 different preparations. VEGFR- APOE4 control = 0.64 ± 0.05, APOE4- APOER2 Aav = 0.79 ± 0.11, p = 0.24, N = 27–29
from 3 different preparations) and in lower levels of colocalization of those receptors with early endosomes (IR- APOE4 control = 0.53 ± 0.03,
APOE4- APOER2 Aav = 0.24 ± 0.04, p < 0.0001, N = 34–38 from 3 different preparations. VEGFR- APOE4 control = 0.45 ± 0.03 APOE4-
APOER2 Aav = 0.20 ± 0.02, p < 0.0001, N = 24–28 from 3 different preparations), with no evident effect in APOE3 neurons. *p < 0.05,
**p < 0.001, ***p < 0.0001.

utilizing CRISPR/Cas9 methodology revealed no
effects on the total levels of APOER2, VEGFR and
IR, but resulted in reduction of their colocalization
with early endosomes. This suggests that LRP1 plays

a role in the trapping of the receptors in early endo-
somes, which is lost following downregulation of
LRP1, and do not take part in controlling recep-
tors’ levels. In contrast, downregulation of APOER2,



772 M. Safieh et al. / APOE4 and Membrane Receptor Trafficking in AD

resulted in reversal of the APOE4 driven decrease
in the levels of IR and VEGFR, as well as in their
decreased colocalization with early endosomes. Nei-
ther the level of LRP1, nor their colocalization with
early endosomes were affected by the knock-down
of APOER2. Taken together, these findings show
that APOER2 plays an important role in the APOE4
driven down regulation and endosomal trapping of
IR and VEGFR and have no effect on the levels and
extent of endosomal localization of LRP1, suggest-
ing that LRP1 is upstream to APOER2, and that its
effects are limited to receptors’ localization, while
APOER2 is affecting the other receptors in both
their levels, and their localization. Taken together, the
CRISPR/Cas9 experiments showed that LRP1 and
APOER2 are not only affected by APOE4 pathol-
ogy, but also serve as enhancers and collaborators
in inducing these APOE4 related pathologies. It has
previously been shown that the internalization of
APOER2 results in the sequestration of NMDA and
AMPA receptors in intracellular compartments, and
that this effect is driven by reduction in APOER2
driven phosphorylation of the glutamate receptors
[46]. This effect can induce robust effects on neu-
ronal and excitatory synaptic activity and might be
involved in various synaptic and neuronal deficits
in APOE4 positive brains, as well as the cognitive
deficits, and the development of AD. The extent to
which such phosphorylation mediates the APOE4-
driven APOER2-mediated effects on IR and VEGFR,
or the possibility that these effects are mediated by
a different mechanism remains to be determined.
The observation that neither LRP1, nor APOER2 are
markedly affected by knock-down of the other recep-
tor, suggest that these receptors are internalized and
colocalized intracellularly by different routes. This is
also supported by the finding that APOER2, but bot
LRP1, accumulate specifically in early endosomes of
APOE4 neurons.

APOE4 is associated with increased diabetic
phenotype [56, 81, 82], with increased vascular
pathology [36, 83–85], and impaired plasticity and
synaptic transmission [46, 86, 87]. The present
findings, that APOE4 is associated with downregu-
lation of IR and VEGFR, together with the previous
observation that glutamatergic receptors are down-
regulated by APOE4 [46, 48] suggest that these
varying APOE4 phenotypes are driven by a single
mechanism, whereby APOE4 decreases the levels
of these externally oriented receptors and affects
their intracellular trafficking, thus leading to a large
and varied spectrum of APOE4 driven pathologies.

These findings have important therapeutic impli-
cations, it suggests that instead of focusing on a
given APOE4 phenotype (e.g., vascular, diabetic,
and synaptic pathology), therapy should be directed
upstream at correcting the APOE4-APOER2 interac-
tion, which is expected to correct for all the other,
downstream pathological effects of APOE4. One
way of achieving this goal is to focus on structural
differences between APOE4 and APOE3, such as cor-
rection of the impaired lipidation of APOE4 which
has recently been shown to reverse the APOE4-driven
downregulation of APOER2 [88, 89].

In conclusion, this study unraveled a general mech-
anism via which APOE4 decreases the levels of ApoE
receptors, as well as growth factor receptors, and
impairs their intracellular trafficking, which are cru-
cial for their activity. The ApoE receptors APOER2
and LRP1 play an important role in these effects with
APOER2 affecting mainly the levels of the receptors,
and LRP1 their intracellular localization and traffick-
ing. These finding provide a unifying mechanisms
whereby different pathological effects of APOE4 are
driven by a similar converging mechanism, in which
APOE4 down regulates many distinct receptors, each
of which plays important roles in triggering differ-
ent metabolic pathways. This mechanism can serve
both in the study of APOE4 and its pathology, and
as a potential novel target for the development of
anti-APOE4 treatments, which will abolish its patho-
logical features (compared to APOE3), which render
it more involved in various diseases, with AD as the
most devastating of which.
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son NE, Lööv C, Ingelsson M, Chamberlain JS, Corey
DP, Aryee MJ, Joung JK, Breakefield XO, Maguire CA,
György B (2019) High levels of AAV vector integration
into CRISPR-induced DNA breaks. Nat Commun 10, 4439.

[68] Mahley RW (2016) Central nervous system lipoproteins.
Arterioscler Thromb Vasc Biol 36, 1305-1315.

[69] Li X, Zhang J, Li D, He C, He K, Xue T, Wan L, Zhang
C, Liu Q (2021) Astrocytic ApoE reprograms neuronal
cholesterol metabolism and histone-acetylation-mediated
memory. Neuron 109, 957-970.e958.

[70] Konings SC, Torres-Garcia L, Martinsson I, Gouras GK
(2021) Astrocytic and neuronal apolipoprotein E isoforms
differentially affect neuronal excitability. Front Neurosci 15,
734001.

[71] Huang S, Zhang Z, Cao J, Yu Y, Pei G (2022) Chimeric
cerebral organoids reveal the essentials of neuronal and
astrocytic APOE4 for Alzheimer’s tau pathology. Signal
Transduct Target Ther 7, 176.

[72] Chan ES, Chen C, Soong TW, Wong BS (2018) Differential
binding of human ApoE isoforms to insulin receptor is asso-
ciated with aberrant insulin signaling in AD brain samples.
Neuromol Med 20, 124-132.

[73] Rapp A, Gmeiner B, Hüttinger M (2006) Implication of
apoE isoforms in cholesterol metabolism by primary rat hip-
pocampal neurons and astrocytes. Biochimie 88, 473-483.

[74] Morrow JA, Hatters DM, Lu B, Höchtl P, Oberg KA, Rupp
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