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Abstract

Apolipoprotein E (APOE) is a lipid-transport protein expressed in almost all tissues, including the brain. In
addition to lipid delivery, brain APOE also regulates amyloid beta clearance and aggregation. In humans,
there are three main isoforms, APOE2, APOE3 and APOE4, with structural differences that influence protein
function. APOE4 is the most important genetic risk factor for Alzheimer’'s disease and Dementia with Lewy
bodies.

In this review, we will focus on the genetic variability of APOE and its association with different diseases
(mainly neurodegenerative, psychiatric and lipid-related). Despite the increasing number of studies, the
association of APOE genetic variants with other neurological conditions beyond Alzheimer’s disease and
Dementia with Lewy bodies is still far from clear.

We will also discuss the association of different structural and functional aspects of APOE with different
diseases, particularly the amyloid beta-dependent and -independent mechanisms, such as tau-mediated
neurodegeneration, associated with Alzheimer’s disease pathogenesis.

As the most significant genetic risk factor for Alzheimer's disease, APOE has a central role in the risk
assessment of this disease. Consequently, a better understanding of the impact of common and rare APOE
variants will not only contribute to a more accurate risk management of these patients, but it will also clarify
the potential of APOE as a therapeutic target.
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Revisitando a genética da APOE
Susana Carmona, Célia Kun-Rodrigues, José Bras, Rita Guerreiro

Resumo

A apolipoproteina E, usualmente denominada como APOE, é uma proteina essencial no transporte de
lipidos com expressédo na maioria dos tecidos. No cérebro, para além do seu envolvimento no metabolismo
dos lipidos, contribui também para a eliminagdo e agregacdo da proteina beta amiléide. No organismo
humano existem varias isoformas da APOE, sendo as isoformas APOE2, APOE3 e APOE4 as mais
frequentes. As diversas isoformas apresentam diferencas estruturais com consequéncia na funcao proteica.
A isoforma APOE4 tem sido identificada por consecutivos estudos como o principal factor de risco genético
para a doenca de Alzheimer e para a deméncia com corpos de Lewy.

Neste estudo iremos focar-nos na variabilidade genética do gene APOE e na sua associagao com diferentes
doencas: doencas neurodegenerativas, psiquiatricas e associadas ao metabolismo lipidico. Apesar do
crescente nimero de estudos realizados, a influéncia das variantes genéticas do gene APOE na maioria
destas doencas ainda ndo é totalmente conhecida, com excepc¢do da doenca de Alzheimer e da deméncia
com corpos de Lewy.

Seréd também destacada a relacdo entre as diferencas estruturais e os aspectos funcionais da APOE em
diferentes patologias, em particular nos mecanismos dependentes e independentes de beta amil6ide, como
a neurodegeneracgéo associada a proteina tau, envolvidos na patogénese da doenca de Alzheimer.

Como factor de risco genético mais significativo para a doenca de Alzheimer, o APOE tem potencialmente
um papel na avaliacdo do risco desta doenca. Consequentemente, uma melhor compreensdo do impacto
das variantes neste gene ndo soO contribuird para uma avaliagdo de risco de doenga mais assertiva, como
também ajudara a esclarecer o potencial da APOE como alvo terapéutico.
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Introduction

Apolipoprotein E (APOE) was first described in 1973 by Shore and Shore (1), but it was only in 1975 that
Utermann and collaborators decided to denominate this glycoprotein as APOE (2). APOE is an amphipathic
protein that belongs to the family of apolipoproteins (3). In humans, three major APOE isoforms exist with
different properties (4). In the early 90s, the association between the APOE4 isoform and Alzheimer’s
disease (AD) was discovered (5) and since then multiple studies have been performed to understand the
impact of APOE in AD pathogenesis. In addition, the impact of APOE genotype has also been shown in
other neurological conditions (6). In this article we review the genetics of APOE, its relation with protein
structure and function and association with diseases. We focus essentially on neurological conditions,
particularly in AD and how the information obtained from the genetic study of APOE can improve the risk
assessment of these patients.

Gene and locus

The APOE gene is located on chromosome 19g13.32, it includes 4 exons separated by three introns and
comprises 3646 bp (7). Exon 1 and the beginning of exon 2 correspond to the 5’ untranslated region (UTR),
while the last portion of exon 4 encodes the 3’-UTR (Figure 1). The APOE gene is in close proximity to other
apolipoproteins genes, such as APOC1, APOC4, and APOC2. Strong linkage disequilibrium (LD) was
observed between variants located in APOE and those in surrounding genes spanning 50 Kb (8). Using 21
APOE single nucleotide polymorphisms (SNPs), Yu and collaborators identified 35 different haplotypes in
Caucasian individuals, with five haplotypes corresponding to over 75% of the haplotypic distribution, and 13
haplotypes corresponding to over 95%. Furthermore, different ethnic groups showed distinct LD patterns (8).
Regarding methylation status, APOE has a CpG island located in the 3’ coding region (exon 4) and CpG
sites are hypo or hypermethylated according to the genomic location (9). CpG sites in the promoter and in
exon 4 were shown to be hypermethylated, while CpG sites in the first two exons and introns exhibited
hypomethylation. The genotype of specific variants influences the methylation level. The allele A of the
promoter variant -219T/G (rs405509) increases the methylation in some CpG sites reducing gene expression
and the three main APOE alleles (APOE €2, APOE €3 and APOE €4) have different methylation levels with
the presence of CpG sites in APOE €4 allele (10).

Expression

APOE production and secretion occurs in most human tissues. Plasmatic APOE is mainly synthesised by
hepatocytes (up to 75%). Moreover, other cells and tissues such as macrophages, adipocytes, spleen, and
kidney are also important sources of APOE (11). In the brain, APOE is mainly produced by astrocytes , but
also by neurons and microglia in stress situations (12), and cerebrovascular pericytes (13).

Proximal and distal regulatory binding sites are involved in the complex process of regulation of APOE
transcription that takes place in a cell-specific manner. Several transcription factors bind to APOE promoter,
such as AP2, LXRa/RXRa and LXRB/RXRa (14). In hepatic cells two enhancers were identified, HCR.1 and
HCR.2, that control the apoE/apoCl/apoCIV/apoCll gene cluster expression (15); while in macrophages and
adipose tissue two multi-enhancer regions have been identified: ME.1 and ME.2 (16).

Protein
The translated APOE product is a 36.2 KDa protein composed of 317 amino acids. This precursor protein

has a signal peptide of 18 amino acids on the N-terminal that is removed cotranslationally. Subsequently, in
the Golgi apparatus, APOE suffers O-linked glycosylation and sialylation and finally the 34 KDa glycoprotein
is secreted (17).

In 2011, Chen and collaborators revealed, for the first time, the full structure of APOE. Using nuclear
magnetic resonance (NMR), the authors reported an helix-bundle structure with three domains: an N-
terminal domain (residues 1-167) containing antiparallel four-helix-bundle, a hinge domain (residues 168-
205) with two helices that regulates the interaction between N- and C-terminals, and a C-terminal domain
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(residues 206-299) composed by three helices. A salt-bridge between Lys95 and Glu255 and an H-bond
between Arg61 and Thr194 promote the interaction of both terminals (18).

Functions

APOE is a glycoprotein mainly involved in the transport of lipids and cholesterol throughout the body. APOE
is an important constituent of lipoproteins such as very low density lipoproteins (VLDL) synthesized by the
liver and chylomicrons generated in the intestine from dietary fat and cholesterol (11). The lipid ligation
occurs through the lipid binding domain located in the C-terminal (residues 244-272). Moreover, APOE also
has a receptor binding region located in the N-terminal (residues 136-150), allowing this protein to function
as a ligand in receptor-mediated endocytosis of lipoprotein particles (Figure 1). APOE binds to cell surface
receptors culminating in the internalization of transported lipids by hepatic and extrahepatic cells. Low
density lipoprotein receptor (LDLR), LDLR-related protein 1 (LRP1), VLDL receptor (VLDLR), and APOEE
receptor 2 (APOER2) are the major APOE receptors. The binding affinity to these receptors depends on
APOE lipidation status and isoform. In addition, APOE can also bind to cell surface heparan sulfate
proteoglycan (HSPG) (19). APOE secreted by macrophages and present in HDL particles participates in
reverse transport of cholesterol, redirecting excess cholesterol produced by peripheral tissues to the liver for
elimination (20).

In the brain, APOE has an important role in neuroplasticity. It is the predominant apolipoprotein of HDL in the
central nervous system (21). Lipidated APOE binds to LDL receptor family members and is endocytosed.
The released cholesterol is used in synaptogenesis and maintenance of synaptic connections, while APOE
can be recycled back to cell surface or be degraded (22). APOE also acts as a chaperone protein required in
amyloid B (AB) clearance (23). According to the classical view, when lipidated, APOE binds to AR and the
AB-APOE complex is internalized by LRP1 in the blood brain barrier (BBB) and brain cells (22). It also
influences the aggregation and deposition of AB (22). However, Verghese and collaborators argue that the
physical interaction between soluble A and APOE observed in previous studies just occurred due an
overload of soluble AR compared to APOE lipoprotein. The authors concluded that in physiological ratios
soluble AB does not bind to lipidated APOE. The alternative model proposes that soluble AR and APOE
compete for the receptor LRP1, and consequently APOE impairs soluble AB clearance (24). Supporting this
theory, it was observed an increase in AB clearance in the presence of reduced APOE levels (25) and a
direct clearance of AR through LRP1 (26). Despite these evidences, the direct binding of APOE to AB can not
be completely ruled out, since APOE is present in plaques (27). Furthermore, APOE was also shown to be
involved in the regulation of inflammation, tau phosphorylation, actin polymerization and long-term
potentiation (LTP), as described later in this review.

Isoforms and genetic variants

Three major isoforms are described for APOE: APOE2, APOE3 and APOEA4. The three isoforms differ at
positions 112 and 158 of the protein. APOE4 is the ancestral isoform and has the amino acid arginine in
positions 112 and 158 of the protein. The APOES3 isoform is derived from APOE4 and presents a cysteine in
position 112 and an arginine in residue 158 of the protein. APOE2 contains cysteines in both positions (4). At
the gene level, these isoforms correspond to three alleles: APOE €2, APOE €3 and APOE ¢4 that are
associated with two SNPs, rs429358 and rs7412, corresponding to the previously described amino acid
changes at positions 112 and 158, respectively.

APOE €3 is the most frequent allele (77.9% in Caucasians) followed by APOE €4 (13.7%) and APOE €2
(8.4%) with slight differences between distinct ethnic groups (28). In Portugal, the allele frequencies fit within
the range of values obtained for other European populations: 83.6%-88.2% for APOE €3, 7.4%-10.0% for
APOE €4 and 4.4%-6.4% for APOE €2 (29-31). A study performed with 126 healthy unrelated individuals
born in the Azores also obtained similar allele frequencies: 83.7%, 9.5% and 6.8% for alleles APOE €3,
APOE €4 and APOE €2, respectively (32). Eisenberg and collaborators found a lower APOE €4 frequency in
populations living in regions with moderate latitude and temperatures compared to populations that live in
extreme environments. This difference may be related to higher metabolic rates in the individuals living in


https://paperpile.com/c/rwnZQs/KMv6
https://paperpile.com/c/rwnZQs/B0q5
https://paperpile.com/c/rwnZQs/b08c
https://paperpile.com/c/rwnZQs/YnEk
https://paperpile.com/c/rwnZQs/oneX
https://paperpile.com/c/rwnZQs/ahZV
https://paperpile.com/c/rwnZQs/MZrc
https://paperpile.com/c/rwnZQs/ahZV
https://paperpile.com/c/rwnZQs/ahZV
https://paperpile.com/c/rwnZQs/6eXU
https://paperpile.com/c/rwnZQs/Hqoe
https://paperpile.com/c/rwnZQs/qHNu
https://paperpile.com/c/rwnZQs/7o82
https://paperpile.com/c/rwnZQs/P3qO
https://paperpile.com/c/rwnZQs/Ow0bQ
https://paperpile.com/c/rwnZQs/0Wo5+uDZn+rrzm
https://paperpile.com/c/rwnZQs/G9qh

extreme environments, which requires higher cholesterol levels. In accordance, APOE €4 carriers were
found to have higher cholesterol levels (33).

The two polymorphisms confer different properties to the three isoforms. A higher molecular stability was
found for APOE2, while APOEA4 is the isoform with the lowest stability (34). Consequently APOEZ2 is the most
abundant isoform in plasma and CSF (35,36). Also, due to the presence of two cytosine nucleotides in the
variants rs429358 and rs7412, APOE ¢4 has more CpG sites and was found to be hypermethylated
comparatively to APOE €2 (10). APOE4 has more affinity to VLDL particles, but APOE2 and APOE3
preferentially associate with small HDL particles (37). Affinity to the receptors is also influenced by the
isoform: both APOE3 and APOE4 have similar affinity to the LDL receptor, but the affinity to this receptor is
less than 2% for APOE2 (38,39). These variations are associated with structural differences between the
isoforms. In APOE2 the cysteine residue at position 158 alters the conformation of the receptor binding
region, between residues 136 and 150, leading to a defective binding to the LDL receptor. APOE4 has a
closed conformation (a molten globule state) due to Arg112 residue. This arginine leads to the formation of a
salt bridge between Arg6l and Glu255 residues, culminating in a different C-terminal with an increased
affinity to lipids (40—-42).

There are other genetic variants located in the promoter, exons and introns, but almost all of these are rare
(minor  allele  frequency (MAF) <1%). |In fact, in the large gnomAD database
(http://gnomad.broadinstitute.org/) containing variants from over 123,000 exomes and 15,000 genomes there
are only 6 SNPs reported with a MAF > 1%: the two SNPs associated with alleles €2, €3 and €4, and four
intronic variants (Table I).

APOE and disease

APOE and Alzheimer’s disease

Alzheimer’'s disease is the most common form of dementia and is neuropathologically defined by the
combined presence of extracellular amyloid-beta (ABR) plaques and intracellular neurofibrillary tangles of
phosphorylated tau protein (43) in the brain of patients. APOE €4 is the main genetic risk factor for AD, being
associated with a semi-dominant inheritance of late onset AD (LOAD) (44,45). The impact of APOE €4 in AD
was reported for the first time in 1993 (5) and since then APOE has been a constant hit in genome wide
association studies (GWAS) when studying AD samples from different populations (44-49). In the
Portuguese population, Fernandes and collaborators (50) as well as Rocha and collaborators (51) also
demonstrated that APOE €4 is more frequent in AD patients when compared to controls. The last study
obtained an odds ratio of 5.93 for the association of APOE €4 with the risk of developing AD (51).

The risk for LOAD is dose related: it is 2-3-fold higher in individuals carrying one APOE ¢4 allele and
increases to 12-fold if carrying two copies of APOE €4 (52). APOE ¢4 also reduces the age of onset in a
dose dependent manner (53). Contrary to APOE €4, the APOE €2 allele has been shown to be associated
with a reduced risk and increased age at onset of AD (28,54,55).

The exact mechanism through which APOE ¢4 influences AD pathogenesis is still not fully known. APOE
and AB were found co-localised in senile plaques, in amyloid deposits found in vessel walls and in
neurofibrillary tangles of AD patients (56). APOE €4 carriers have a higher amyloid load in their brains than
non-carriers (57). Several studies have associated APOE with AB metabolism, aggregation and deposition.
Recently, Huang and collaborators showed that APOE binding to APOE receptors activates the DLK-MKK7-
ERK1/2 cascade, followed by cFos phosphorylation and stimulation of transcription factor AP-1, culminating
in APP transcription and A production (Figure 2). Activation of this pathway was stronger for APOE4 than
for APOE3 or APOE2 (58). It has also been shown that lipidated APOE binds to soluble AB in an isoform-
dependent manner (APOE2 > APOE3 >> APOE4) (59). It also promotes AR clearance by different
mechanisms, such as uptake and degradation by astrocyte, microglia and neurons (60), clearance through
the BBB (61) and extracellular proteolytic degradation (62), in the same isoform-dependent manner, which
leads to a reduced clearance in the presence of APOE4 isoform (63). APOE is known to promote AR
fibrillization, aggregation and deposition in an opposite isoform-dependent manner (APOE4 >> APOE3 >
APOE2) to that mentioned for Af clearance (63-65).

APOE4 also contributes to AD pathogenesis independently of AR (Figure 2). It has been shown to: increase
tau phosphorylation and neurofibrillary tangle formation (66,67); disrupt mitochondrial function due to lower
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levels and activity of mitochondrial respiratory enzymes (68); reduce cerebral glucose metabolism (69,70);
be associated with a less efficient transport of lipids and cholesterol, required for membrane repair and
synaptic plasticity (71); increase the levels of iron in the brain (72); reduce the anti-inflammatory properties of
APOE (73) and compromise vascular integrity and function, related with the accelerated pericyte loss (74).
More specifically, APOE4 delays the recycling after endocytosis of APOE receptors back to the membrane.
These receptors interact with PSD95 and NMDAR leading to Ca?* influx increasing long-term potentiation
(LTP) (75,76). The Ca?* influx also leads to ERK1/2 phosphorylation that activates CREB. CREB promotes
transcription of AID and BDNF, which provide broad-spectrum neuroprotective effects (77). In addition,
APOER2 and VLDLR are two reelin and APOE receptors also involved in tau phosphorylation and actin
polymerization regulation. Reelin inhibits tau hyperphosphorylation through the DAB1-PI3K-AKT pathway
that inactivates GSK3p, required for tau phosphorylation and LTP increase. PI3K activated by reelin also
activates LIMK1 that inhibits cofilin, reducing cofilin actin-depolymerizing activity, which leads to actin
polymerization and dendritic spine growth increase (78—-80). However, AR oligomers have the opposite effect
of reelin activation leading to GSK3p activation and LIMK1 blockage (81,82). As a consequence of APOER2
and VLDLR retention due to APOE4, the reelin pathway is blunted and loses its capacity to inhibit tau
phosphorylation, to promote LTP and actin polymerization and dendritic spine growth. These receptors also
regulate JNK activation (83,84), through JIP1/2 (85). JIP1/2 inhibits JNK signalling, a protein that contributes
to inflammation (85). In the presence of APOE4 this pathway is impaired leading to a lower APOE-mediated
anti-inflammatory effect (73).

More recently, it was also shown that APOE contributes to the changes in microglia phenotypes observed in
neurodegenerative diseases. APOE present in lipoproteins or bound to apoptotic neurons binds to TREM2
leading to their phagocytosis. After this, APOE mediates a switch from a homeostatic to a neurodegenerative
microglia phenotype (86,87). No APOE isoform-dependent differences in binding affinity between TREM2
and APOE were found (88,89) and further studies will be required to understand the impact of the different
APOE isoforms in the changes of microglia phenotypes. However, TREM2 expression was found to be
reduced in the presence of APOE4 comparatively to APOE3 (90).

In addition to the role of APOE2, APOE3 and APOE4 isoforms in AD, the effect of other variants in the gene
has also been studied. Three promoter polymorphisms, -491A/T (rs449647), -427T/C (rs769446), and -
219T/G (rs405509), have been extensively studied but the results regarding an association with AD risk have
not been consistent. In 1998, Lambert and collaborators after studying 49 LOAD patients and 45 controls
reported an increased risk of occurrence of AD associated with the T allele of -219T/G polymorphism, a
decreased risk associated with T allele of -491A/T polymorphism and no association with AD for the -427T/C
polymorphism (91). Limon-Sztencel and collaborators also found a protective effect of the G allele of -
219T/G polymorphism (82). However, in a more recent meta-analysis carried out by Xiao and collaborators
the C allele of -427T/C was associated with an increased risk of AD, while the other two polymorphisms did
not show association with the disease (92). The intronic polymorphism +113G/C (rs440446) was found in
linkage with APOE ¢4 allele (93), and further studies did not find an independent association with AD (82,94).
The intronic SNP rs769449 was found associated with a reduction in AB42 levels and an increase in tau and
ptauis: levels in CSF (95,96).

In 2014, Medway and collaborators reported the impact of p.Leu28Pro, p.Argl45Cys and p.Val236Glu in
LOAD risk. The authors concluded that p.Leu28Pro was in complete linkage disequilibrium with APOE €4,
not representing an independent association with LOAD risk; the p.Arg145Cys was too rare to be analysed,
but p.vVal236Glu was associated with a decreased risk of LOAD (OR = 0.10) independently of APOE €2,
APOE €3 and APOE ¢4 haplotypes (97).

APOE and other neurological diseases

The association between APOE and Dementia with Lewy bodies (DLB) has been repeatedly demonstrated.
In fact, APOE is the strongest genetic risk factor for DLB. APOE ¢4 is associated with increased risk for DLB
with an APOE ¢4 allele frequency established within 24% and 32% in DLB patients in comparison to 7%-
15% in controls (98-102). Recent studies revealed that the APOE4 isoform confers a shorter disease
duration and earlier age of death (99,103,104). Similarly to AD, the APOE €2 allele reduces the risk for the
development of DLB and delays the onset of disease (105).
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In a recent study with patients with Parkinson’s disease (PD), Mengel and collaborators did not find APOE ¢4
affecting cognitive performance (106), contradicting previous results where this allele was associated with
worse cognitive performance (107,108). In 2004, a meta-analysis showed a positive association between
APOE €2 and sporadic PD (109), which was not replicated in recent genome-wide association studies.

The role of APOE in frontotemporal dementia (FTD) remains unclear too. Like for AD, APOE2 has been
suggested to have a protective effect while APOE4 has been associated with an increase in risk (110-112).
However, other studies presented APOE?2 as a risk factor for FTD (113). Authors argued that the presence of
an APOE association with clinical FTD cases is most likely due to the inclusion of cases misdiagnosed as
FTD that are in fact AD cases (114). Small studies found APOE4 carriers to show a more severe brain
atrophy in specific regions (115).

Cerebrovascular disorders are influenced by APOE isoforms as APOE4 is known to disrupt the BBB by
reducing the blood flow, increasing its leakiness and incorporating neurotoxic proteins (74,116). APOE
polymorphisms are significantly associated with susceptibility to vascular dementia (117). For ischemic
stroke, APOE4 is a risk factor as well, especially in Asian populations, but APOE2 does not seem to be
protective (118-120). In an association study of hemorrhagic stroke cases, strong independent hits were
found for both APOE2 and APOE4 (121).

The role of APOE in schizophrenia is not completely clear. In 1995, Harrington and collaborators found an
increased frequency of APOE ¢4 allele in schizophrenic patients, considering this allele as a risk factor for
schizophrenia (122). Another study demonstrated that female patients carriers of APOE €4 alleles presented
an earlier age of onset and a higher risk of suffering from the negative syndrome subtype of disease when
compared to schizophrenic women non-carriers of APOE €4 (123). However, subsequent studies did not
replicate this association (124-127). The APOE €2 allele and genotype €3/¢2 were less frequent in patients
with this disease, suggesting that the €2 allele might have a protective effect (128), but other studies showed
contradictory results. A recent study by Al-Asmary and collaborators found higher frequencies of APOE €2
allele and genotypes €2/e3 and €2/¢4 in patients when compared to controls. Interestingly, the authors also
found that the frequency of the €4 allele was significantly higher in patients with positive symptoms. In this
study lower frequencies were also obtained for APOE €3 allele and €3/e3 genotype (129), which was found
by others too (130). A study performed in 60 Mexican families found an increase of female carriers with
APOE €3, whereas APOE-219G was preferentially transmitted in males (131). These conflicting results may
be associated with the number of samples, ethnicity of the studied cohorts or environmental factors.
Increased APOE levels were also found in cerebral regions implicated in schizophrenia (132,133).

The impact of APOE genotypes has also been studied in bipolar disorder. Early onset bipolar patients
presented a higher APOE ¢4 allele frequency compared to late onset patients or controls (134) and this allele
was also associated with worse performance in executive tasks performed by young non-treated patients
(135). Similar to schizophrenia conflicting results have also been seen for bipolar disease, with other authors
not finding differences in APOE allele frequencies between bipolar disorder cases and controls (136,137). In
this disease a decreased plasmatic expression of APOE was reported (138) and APOE expression in the
brain was also found to be region specific in patients with this disease (139).

The APOE €2 allele was reported to have a protective effect in major depressive disorder in Taiwanese
patients (140). A meta-analysis performed in 2008 confirmed the same result in Caucasians (141). However,
no association between APOE and major depressive disorder was found in 17,507 British adults (142) and in
Russian patients (143). Again, some studies have shown an association between late-life depression and
APOE ¢4 allele (144), while others did not show a significant association between APOE genotype and this
disease (145).

Several studies have also been carried out to understand the impact of APOE in multiple sclerosis (MS)
(146), but the conclusions remain controversial. Some studies have reported APOE ¢4 as a risk factor for MS
or associated with progression of cognitive deficits (147,148). However, absence of association was also
found (149,150). Studies in the Portuguese population did not identify any correlation between APOE
genotype and MS (151,152).

APOE and other diseases
The impact of APOE in non-neurological conditions has also been recognised decades ago. Due to APOE2
reduced capacity to bind to LDL receptor, the presence of two APOE €2 alleles is associated with the
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recessive form of type Ill hyperlipoproteinemia. However, this allele does not have a complete penetrance:
its presence is necessary but not always sufficient to induce the disease. Furthermore, several rare APOE
mutations have been described as causative of a dominant form of type Ill hyperlipoproteinemia and the
majority of these mutations involve substitutions of arginine or lysine residues located in the receptor-binding
region (153,154). Other APOE mutations are causative of lipoprotein glomerulopathy, a dominant disorder
with incomplete penetrance involving the kidney. In this disease, the most common APOE mutations are
located in the LDL-receptor binding domain (154,155). APOE €4 has been associated with increased LDL
cholesterol levels and consequent increased cardiovascular risk, including in Portuguese individuals (31).
APOE genotypes have also been associated with viral infections. Carriers of the APOE €4 allele were shown
to develop more recurrent cold sores caused by HSV-1 (156) and higher rate of oral herpetic lesions (157).
The offspring of APOE4 mice female progenitors were found to have higher HSV-1 levels in the brain
comparatively to those of APOE3 female progenitors (158). APOE €4/¢4 genotype was also found to be
associated with an accelerated HIV infection and progression to death when compared with the APOE €3/e3
genotype (159). Other studies did not confirm the association between APOE genotype and time of death
caused by HIV (160). APOE is also known to be necessary for HCV assembly and release (161). In this case
and contrary to HSV-1 and HIV, studies suggest that APOE €4 allele has a protective role in HCV infection
(162,163).

Clinical implications of APOE genotype in AD

The genetic risk prediction of complex LOAD is not straightforward. Although APOE ¢4 is the main LOAD
genetic risk factor, it is neither necessary nor sufficient to cause LOAD and its testing is largely not
recommended in a clinical setting due to the absence of current effective therapies or preventive options.
Additionally, different studies have shown that different factors such as sex, ethnic group, environmental
exposure and genetic modifier variants may influence APOE ¢4 risk and complicate the interpretation of
results (28,164). More recently it has been shown that the combination of non-APOE alleles significantly
improves LOAD risk prediction over APOE alone. These different genetic variants can be combined into a
polygenic risk score to improve predictive ability. The results also improve when considering other
characteristics such as family history of disease, age at onset and biomarkers. However, so far, this has not
yet achieved the values of sensitivity and specificity required for clinical use (165-167).

Clinical trials have been conducted to reduce A production or aggregation, or to facilitate Ap clearance. The
genetic study of individuals included in these trials may contribute to better results. In the TOMORROW trial
the risk prediction for LOAD includes APOE and TOMMA40 genotypes (168). Furthermore, a clinical trial using
an anti-Af antibody did not reveal a significant efficacy, but potential differences were found between APOE
€4-negative and APOE ¢4-positive individuals, suggesting that individuals without the APOE ¢4 allele had a
better response to the antibody and, consequently, that this drug could be more useful for these patients
(169). Together these data indicate that genetic information of cohorts included in clinical trials should be
taken into account and suggest the utility of genetic stratification.

Therapeutic options based on APOE have also been explored. Some examples are the modulation of the
structure of APOE4 in order to make it similar to that of APOE3; regulation of APOE levels; inhibition of
APOE aggregation and proteolysis; use of APOE-mimetic peptides; gene therapy directed towards APOE;
blockage of the APOE/Af interaction; and modulation of the APOE lipidation state (19,63).

Conclusions

Two common polymorphism in APOE produce three isoforms with structural differences. As a consequence
the three isoforms have different functions in lipid transport, in brain homeostasis and neuronal plasticity. It is
clear that the ¢4 allele of APOE is the major genetic risk factor for AD and DLB. However, the exact
mechanisms involved in the pathogenesis of these diseases are not known yet, but seem to include AB-
dependent and -independent pathways. Other neurological conditions have also been associated, in some
studies, with APOE genotype. However, in these cases, the results have been inconsistent over the years
and the role of APOE in these conditions remains largely inconclusive. The APOE €2 allele and rare variants
are associated with lipidic disorders, sometimes, with cardiovascular consequences.
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With the increase in the number of sequencing studies being performed, novel variants are being identified in
known and new diseases. This will allow for a better understanding of the role of APOE in disease as well as
the impact of the different variants in risk prediction and penetrance.

In AD, the genetic study of APOE already allows for the identification of individuals with high risk for the
development of the disease and can, in the future, permit early-life interventions. Given the important genetic
role of APOE in this disease, it should not only be considered in clinical trials, but should also be the focus of
new therapeutical strategies.

References

1.

10.

11.

12.

13.

14.

15.

Shore VG, Shore B. Heterogeneity of human plasma very low density lipoproteins. Separation of
species differing in protein components. Biochemistry. 1973;12: 502-507.

Utermann G, Jaeschke M, Menzel J. Familial hyperlipoproteinemia type lll: deficiency of a specific
apolipoprotein (apo E-IIl) in the very-low-density lipoproteins. FEBS Lett. 1975;56: 352—355.

Huebbe P, Rimbach G. Evolution of human apolipoprotein E (APOE) isoforms: Gene structure, protein
function and interaction with dietary factors. Ageing Res Rev. 2017;37: 146-161.

Fullerton SM, Clark AG, Weiss KM, et al. Apolipoprotein E variation at the sequence haplotype level:
implications for the origin and maintenance of a major human polymorphism. Am J Hum Genet.
2000;67: 881-900.

Strittmatter WJ, Saunders AM, Schmechel D, et al. Apolipoprotein E: high-avidity binding to beta-
amyloid and increased frequency of type 4 allele in late-onset familial Alzheimer disease. Proc Natl
Acad Sci U S A. 1993;90: 1977-1981.

Giau VV, Bagyinszky E, An SSA, Kim SY. Role of apolipoprotein E in neurodegenerative diseases.
Neuropsychiatr Dis Treat. 2015;11: 1723-1737.

APOE apolipoprotein E [Homo sapiens (human)] - Gene - NCBI [Internet]. [cited 26 Sep 2017].
Available: https://www.ncbi.nlm.nih.gov/gene/348

Yu C-E, Seltman H, Peskind ER, et al. Comprehensive analysis of APOE and selected proximate
markers for late-onset Alzheimer’'s disease: patterns of linkage disequilibrium and disease/marker
association. Genomics. 2007;89: 655—-665.

Yu C-E, Cudaback E, Foraker J, et al. Epigenetic signature and enhancer activity of the human APOE
gene. Hum Mol Genet. 2013;22: 5036-5047.

Ma Y, Smith CE, Lai C-Q, et al. Genetic variants modify the effect of age on APOE methylation in the
Genetics of Lipid Lowering Drugs and Diet Network study. Aging Cell. 2015;14: 49-59.

Mahley RW. Apolipoprotein E: cholesterol transport protein with expanding role in cell biology. Science.
1988;240: 622—630.

Xu Q, Bernardo A, Walker D, Kanegawa T, Mahley RW, Huang Y. Profile and regulation of
apolipoprotein E (ApoE) expression in the CNS in mice with targeting of green fluorescent protein gene
to the ApoE locus. J Neurosci. 2006;26: 4985-4994.

Casey CS, Atagi Y, Yamazaki Y, et al. Apolipoprotein E Inhibits Cerebrovascular Pericyte Mobility
through a RhoA Protein-mediated Pathway. J Biol Chem. 2015;290: 14208-14217.

Kardassis D, Gafencu A, Zannis VI, Davalos A. Regulation of HDL genes: transcriptional,
posttranscriptional, and posttranslational. Handb Exp Pharmacol. 2015;224: 113-179.

Allan CM, Taylor S, Taylor JM. Two hepatic enhancers, HCR.1 and HCR.2, coordinate the liver
expression of the entire human apolipoprotein E/C-I/C-IV/C-1l gene cluster. J Biol Chem. 1997;272:
29113-29119.


http://paperpile.com/b/rwnZQs/Hyjm
http://paperpile.com/b/rwnZQs/Hyjm
http://paperpile.com/b/rwnZQs/Z8Uu
http://paperpile.com/b/rwnZQs/Z8Uu
http://paperpile.com/b/rwnZQs/kGx8
http://paperpile.com/b/rwnZQs/kGx8
http://paperpile.com/b/rwnZQs/P3qO
http://paperpile.com/b/rwnZQs/P3qO
http://paperpile.com/b/rwnZQs/P3qO
http://paperpile.com/b/rwnZQs/09nk
http://paperpile.com/b/rwnZQs/09nk
http://paperpile.com/b/rwnZQs/09nk
http://paperpile.com/b/rwnZQs/09nk
http://paperpile.com/b/rwnZQs/09nk
http://paperpile.com/b/rwnZQs/Z8Hg
http://paperpile.com/b/rwnZQs/Z8Hg
http://paperpile.com/b/rwnZQs/KTlK
http://paperpile.com/b/rwnZQs/KTlK
https://www.ncbi.nlm.nih.gov/gene/348
http://paperpile.com/b/rwnZQs/JrZh
http://paperpile.com/b/rwnZQs/JrZh
http://paperpile.com/b/rwnZQs/JrZh
http://paperpile.com/b/rwnZQs/xdb2
http://paperpile.com/b/rwnZQs/xdb2
http://paperpile.com/b/rwnZQs/xxFJ
http://paperpile.com/b/rwnZQs/xxFJ
http://paperpile.com/b/rwnZQs/B0q5
http://paperpile.com/b/rwnZQs/B0q5
http://paperpile.com/b/rwnZQs/UPEG
http://paperpile.com/b/rwnZQs/UPEG
http://paperpile.com/b/rwnZQs/UPEG
http://paperpile.com/b/rwnZQs/XPvA
http://paperpile.com/b/rwnZQs/XPvA
http://paperpile.com/b/rwnZQs/bdCn
http://paperpile.com/b/rwnZQs/bdCn
http://paperpile.com/b/rwnZQs/nwhZ
http://paperpile.com/b/rwnZQs/nwhZ
http://paperpile.com/b/rwnZQs/nwhZ

16.

17.

18.

19.

20.

21.

22.

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Shih SJ, Allan C, Grehan S, Tse E, Moran C, Taylor JM. Duplicated downstream enhancers control
expression of the human apolipoprotein E gene in macrophages and adipose tissue. J Biol Chem.
2000;275: 31567-31572.

Lee Y, Kockx M, Raftery MJ, Jessup W, Griffith R, Kritharides L. Glycosylation and sialylation of
macrophage-derived human apolipoprotein E analyzed by SDS-PAGE and mass spectrometry:
evidence for a novel site of glycosylation on Ser290. Mol Cell Proteomics. 2010;9: 1968-1981.

Chen J, Li Q, Wang J. Topology of human apolipoprotein E3 uniquely regulates its diverse biological
functions. Proc Natl Acad Sci U S A. 2011;108: 14813-14818.

Zhao N, Liu C-C, Qiao W, Bu G. Apolipoprotein E, Receptors, and Modulation of Alzheimer’s Disease.
Biol Psychiatry. 2017; doi:10.1016/j.biopsych.2017.03.003

Zanotti |, Pedrelli M, Poti F, et al. Macrophage, but not systemic, apolipoprotein E is necessary for
macrophage reverse cholesterol transport in vivo. Arterioscler Thromb Vasc Biol. 2011;31: 74-80.

Pitas RE, Boyles JK, Lee SH, Hui D, Weisgraber KH. Lipoproteins and their receptors in the central
nervous system. Characterization of the lipoproteins in cerebrospinal fluid and identification of
apolipoprotein B,E(LDL) receptors in the brain. J Biol Chem. 1987;262: 14352—-14360.

Kim J, Basak JM, Holtzman DM. The role of apolipoprotein E in Alzheimer’s disease. Neuron. 2009;63:
287-303.

Chouraki V, Seshadri S. Genetics of Alzheimer’s disease. Adv Genet. 2014;87: 245-294.

Verghese PB, Castellano JM, Garai K, et al. ApoE influences amyloid-§ (AB) clearance despite minimal
apoE/AB association in physiological conditions. Proc Natl Acad Sci U S A. 2013;110: E1807-16.

Bien-Ly N, Gillespie AK, Walker D, Yoon SY, Huang Y. Reducing human apolipoprotein E levels
attenuates age-dependent AB accumulation in mutant human amyloid precursor protein transgenic
mice. J Neurosci. 2012;32: 4803-4811.

Deane R, Wu Z, Sagare A, et al. LRP/amyloid beta-peptide interaction mediates differential brain efflux
of Abeta isoforms. Neuron. 2004;43: 333-344.

Wisniewski T, Frangione B. Apolipoprotein E: a pathological chaperone protein in patients with cerebral
and systemic amyloid. Neurosci Lett. 1992;135: 235-238.

Farrer LA, Cupples LA, Haines JL, et al. Effects of age, sex, and ethnicity on the association between
apolipoprotein E genotype and Alzheimer disease. A meta-analysis. APOE and Alzheimer Disease
Meta Analysis Consortium. JAMA. 1997;278: 1349—-1356.

Carmo Martins M, Lima Faleiro L, Rodrigues MO, Albergaria |, Fonseca A. [Influence of the APOE
genotypes in some atherosclerotic risk factors]. Acta Med Port. 2008;21: 433-440.

Seixas S, Trovoada MJ, Rocha J. Haplotype analysis of the apolipoprotein E and apolipoprotein C1 loci
in Portugal and S&o Tomé e Principe (Gulf of Guinea): linkage disequilibrium evidence that APOE*4 is
the ancestral APOE allele. Hum Biol. 1999;71: 1001-1008.

Rodrigues MO, Fonseca A, Matias Dias C, et al. APOE genotypes and dyslipidemias in a sample of the
Portuguese population. Clin Chem Lab Med. 2005;43: 907-912.

Bettencourt C, Montiel R, Santos C, et al. Polymorphism of the APOE locus in the Azores Islands
(Portugal). Hum Biol. 2006;78: 509-512.

Eisenberg DTA, Kuzawa CW, Hayes MG. Worldwide allele frequencies of the human apolipoprotein E
gene: climate, local adaptations, and evolutionary history. Am J Phys Anthropol. 2010;143: 100-111.

Acharya P, Segall ML, Zaiou M, et al. Comparison of the stabilities and unfolding pathways of human
apolipoprotein E isoforms by differential scanning calorimetry and circular dichroism. Biochim Biophys
Acta. 2002;1584: 9-19.

Rasmussen KL, Tybjaerg-Hansen A, Nordestgaard BG, Frikke-Schmidt R. Plasma levels of


http://paperpile.com/b/rwnZQs/XTGc
http://paperpile.com/b/rwnZQs/XTGc
http://paperpile.com/b/rwnZQs/XTGc
http://paperpile.com/b/rwnZQs/IIDP
http://paperpile.com/b/rwnZQs/IIDP
http://paperpile.com/b/rwnZQs/IIDP
http://paperpile.com/b/rwnZQs/KMv6
http://paperpile.com/b/rwnZQs/KMv6
http://paperpile.com/b/rwnZQs/b08c
http://paperpile.com/b/rwnZQs/b08c
http://dx.doi.org/10.1016/j.biopsych.2017.03.003
http://paperpile.com/b/rwnZQs/YnEk
http://paperpile.com/b/rwnZQs/YnEk
http://paperpile.com/b/rwnZQs/oneX
http://paperpile.com/b/rwnZQs/oneX
http://paperpile.com/b/rwnZQs/oneX
http://paperpile.com/b/rwnZQs/ahZV
http://paperpile.com/b/rwnZQs/ahZV
http://paperpile.com/b/rwnZQs/MZrc
http://paperpile.com/b/rwnZQs/6eXU
http://paperpile.com/b/rwnZQs/6eXU
http://paperpile.com/b/rwnZQs/Hqoe
http://paperpile.com/b/rwnZQs/Hqoe
http://paperpile.com/b/rwnZQs/Hqoe
http://paperpile.com/b/rwnZQs/qHNu
http://paperpile.com/b/rwnZQs/qHNu
http://paperpile.com/b/rwnZQs/7o82
http://paperpile.com/b/rwnZQs/7o82
http://paperpile.com/b/rwnZQs/Ow0bQ
http://paperpile.com/b/rwnZQs/Ow0bQ
http://paperpile.com/b/rwnZQs/Ow0bQ
http://paperpile.com/b/rwnZQs/0Wo5
http://paperpile.com/b/rwnZQs/0Wo5
http://paperpile.com/b/rwnZQs/uDZn
http://paperpile.com/b/rwnZQs/uDZn
http://paperpile.com/b/rwnZQs/uDZn
http://paperpile.com/b/rwnZQs/rrzm
http://paperpile.com/b/rwnZQs/rrzm
http://paperpile.com/b/rwnZQs/G9qh
http://paperpile.com/b/rwnZQs/G9qh
http://paperpile.com/b/rwnZQs/ipjc
http://paperpile.com/b/rwnZQs/ipjc
http://paperpile.com/b/rwnZQs/3rju
http://paperpile.com/b/rwnZQs/3rju
http://paperpile.com/b/rwnZQs/3rju
http://paperpile.com/b/rwnZQs/nOtf

36.

37.

38.

39.

40.

41,

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

apolipoprotein E and risk of dementia in the general population. Ann Neurol. 2015;77: 301-311.

Cruchaga C, Kauwe JSK, Nowotny P, et al. Cerebrospinal fluid APOE levels: an endophenotype for
genetic studies for Alzheimer’s disease. Hum Mol Genet. 2012;21: 4558—-4571.

Dong LM, Wilson C, Wardell MR, et al. Human apolipoprotein E. Role of arginine 61 in mediating the
lipoprotein preferences of the E3 and E4 isoforms. J Biol Chem. 1994;269: 22358-22365.

Weisgraber KH, Innerarity TL, Mahley RW. Abnormal lipoprotein receptor-binding activity of the human
E apoprotein due to cysteine-arginine interchange at a single site. J Biol Chem. 1982;257: 2518-2521.

Huang Y, Mahley RW. Apolipoprotein E: structure and function in lipid metabolism, neurobiology, and
Alzheimer’s diseases. Neurobiol Dis. 2014;72 Pt A: 3—-12.

Mahley RW. Apolipoprotein E: from cardiovascular disease to neurodegenerative disorders. J Mol Med .
2016;94: 739-746.

Chetty PS, Mayne L, Lund-Katz S, Englander SW, Phillips MC. Helical structure, stability, and dynamics
in human apolipoprotein E3 and E4 by hydrogen exchange and mass spectrometry. Proc Natl Acad Sci
USA. 2017;114: 968-973.

Kara E, Marks JD, Fan Z, et al. Isoform- and cell type-specific structure of apolipoprotein E lipoparticles
as revealed by a novel Forster resonance energy transfer assay. J Biol Chem. 2017;292: 14720-14729.

Mahoney-Sanchez L, Belaidi AA, Bush Al, Ayton S. The Complex Role of Apolipoprotein E in
Alzheimer’s Disease: an Overview and Update. J Mol Neurosci. 2016;60: 325-335.

Genin E, Hannequin D, Wallon D, et al. APOE and Alzheimer disease: a major gene with semi-
dominant inheritance. Mol Psychiatry. 2011;16: 903-907.

Guerreiro R, Escott-Price V, Darwent L, et al. Genome-wide analysis of genetic correlation in dementia
with Lewy bodies, Parkinson’s and Alzheimer's diseases. Neurobiol Aging. 2016;38: 214.e7-214.e10.

Li H, Wetten S, Li L, et al. Candidate single-nucleotide polymorphisms from a genomewide association
study of Alzheimer disease. Arch Neurol. 2008;65: 45-53.

Harold D, Abraham R, Hollingworth P, et al. Genome-wide association study identifies variants at CLU
and PICALM associated with Alzheimer’s disease. Nat Genet. 2009;41: 1088-1093.

Jun G, Naj AC, Beecham GW, et al. Meta-analysis confirms CR1, CLU, and PICALM as alzheimer
disease risk loci and reveals interactions with APOE genotypes. Arch Neurol. 2010;67: 1473—-1484.

Tan L, Yu J-T, Zhang W, et al. Association of GWAS-linked loci with late-onset Alzheimer’s disease in a
northern Han Chinese population. Alzheimers Dement. 2013;9: 546-553.

Fernandes MA, Oliveira CR, Oliveira LM, Nogueira AJ, Santiago B, Santana |. Apolipoprotein E
epsilon4 allele is a risk factor for Alzheimer’s disease: the central region of portugal (Coimbra) as a case
study. Eur Neurol. 1999;42: 183-184.

Rocha L, de Mendonga A, Garcia C, Lechner MC. Apolipoprotein E genotype of a Portuguese control
population and Alzheimer’s disease patients. Eur J Neurol. Blackwell Publishing Ltd; 1997;4: 448—-452.

Michaelson DM. APOE ¢4: the most prevalent yet understudied risk factor for Alzheimer’s disease.
Alzheimers Dement. 2014;10: 861—-868.

Corder EH, Saunders AM, Strittmatter WJ, et al. Gene dose of apolipoprotein E type 4 allele and the
risk of Alzheimer’s disease in late onset families. Science. 1993;261: 921-923.

Corder EH, Saunders AM, Risch NJ, et al. Protective effect of apolipoprotein E type 2 allele for late
onset Alzheimer disease. Nat Genet. 1994;7: 180-184.

Suri S, Heise V, Trachtenberg AJ, Mackay CE. The forgotten APOE allele: a review of the evidence and
suggested mechanisms for the protective effect of APOE €2. Neurosci Biobehav Rev. 2013;37: 2878—
2886.


http://paperpile.com/b/rwnZQs/nOtf
http://paperpile.com/b/rwnZQs/Ms42
http://paperpile.com/b/rwnZQs/Ms42
http://paperpile.com/b/rwnZQs/RKLV
http://paperpile.com/b/rwnZQs/RKLV
http://paperpile.com/b/rwnZQs/fRpV
http://paperpile.com/b/rwnZQs/fRpV
http://paperpile.com/b/rwnZQs/TCu3
http://paperpile.com/b/rwnZQs/TCu3
http://paperpile.com/b/rwnZQs/i3b4
http://paperpile.com/b/rwnZQs/i3b4
http://paperpile.com/b/rwnZQs/2V1l
http://paperpile.com/b/rwnZQs/2V1l
http://paperpile.com/b/rwnZQs/2V1l
http://paperpile.com/b/rwnZQs/dhve
http://paperpile.com/b/rwnZQs/dhve
http://paperpile.com/b/rwnZQs/EYE8
http://paperpile.com/b/rwnZQs/EYE8
http://paperpile.com/b/rwnZQs/wGsm
http://paperpile.com/b/rwnZQs/wGsm
http://paperpile.com/b/rwnZQs/7Ork
http://paperpile.com/b/rwnZQs/7Ork
http://paperpile.com/b/rwnZQs/1XCz
http://paperpile.com/b/rwnZQs/1XCz
http://paperpile.com/b/rwnZQs/JzEN
http://paperpile.com/b/rwnZQs/JzEN
http://paperpile.com/b/rwnZQs/QoPx
http://paperpile.com/b/rwnZQs/QoPx
http://paperpile.com/b/rwnZQs/xUkw
http://paperpile.com/b/rwnZQs/xUkw
http://paperpile.com/b/rwnZQs/EGYe
http://paperpile.com/b/rwnZQs/EGYe
http://paperpile.com/b/rwnZQs/EGYe
http://paperpile.com/b/rwnZQs/ABAB
http://paperpile.com/b/rwnZQs/ABAB
http://paperpile.com/b/rwnZQs/AASY
http://paperpile.com/b/rwnZQs/AASY
http://paperpile.com/b/rwnZQs/vnxX
http://paperpile.com/b/rwnZQs/vnxX
http://paperpile.com/b/rwnZQs/Wl1M
http://paperpile.com/b/rwnZQs/Wl1M
http://paperpile.com/b/rwnZQs/9s62
http://paperpile.com/b/rwnZQs/9s62
http://paperpile.com/b/rwnZQs/9s62

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Namba Y, Tomonaga M, Kawasaki H, Otomo E, Ikeda K. Apolipoprotein E immunoreactivity in cerebral
amyloid deposits and neurofibrillary tangles in Alzheimer's disease and kuru plaque amyloid in
Creutzfeldt-Jakob disease. Brain Res. 1991;541: 163-166.

Reiman EM, Chen K, Liu X, et al. Fibrillar amyloid-beta burden in cognitively normal people at 3 levels
of genetic risk for Alzheimer’s disease. Proc Natl Acad Sci U S A. 2009;106: 6820—-6825.

Huang Y-WA, Zhou B, Wernig M, Stdhof TC. ApoE2, ApoE3, and ApoE4 Differentially Stimulate APP
Transcription and AR Secretion. Cell. 2017;168: 427-441.e21.

Aleshkov S, Abraham CR, Zannis VI. Interaction of nascent ApoE2, ApoE3, and ApoE4 isoforms
expressed in mammalian cells with amyloid peptide beta (1-40). Relevance to Alzheimer’s disease.
Biochemistry. 1997;36: 10571-10580.

Mulder SD, Nielsen HM, Blankenstein MA, Eikelenboom P, Veerhuis R. Apolipoproteins E and J
interfere with amyloid-beta uptake by primary human astrocytes and microglia in vitro. Glia. 2014;62:
493-503.

Deane R, Sagare A, Hamm K, et al. apoE isoform-specific disruption of amyloid beta peptide clearance
from mouse brain. J Clin Invest. 2008;118: 4002—-4013.

Jiang Q, Lee CYD, Mandrekar S, et al. ApoE promotes the proteolytic degradation of Abeta. Neuron.
2008;58: 681-693.

Yu J-T, Tan L, Hardy J. Apolipoprotein E in Alzheimer's disease: an update. Annu Rev Neurosci.
2014;37: 79-100.

Ma J, Yee A, Brewer HB Jr, Das S, Potter H. Amyloid-associated proteins alpha 1-antichymotrypsin and
apolipoprotein E promote assembly of Alzheimer beta-protein into filaments. Nature. 1994;372: 92-94.

Youmans KL, Tai LM, Nwabuisi-Heath E, et al. APOE4-specific changes in AR accumulation in a new
transgenic mouse model of Alzheimer disease. J Biol Chem. 2012;287: 41774-41786.

Huang Y, Liu XQ, Wyss-Coray T, Brecht WJ, Sanan DA, Mahley RW. Apolipoprotein E fragments
present in Alzheimer's disease brains induce neurofibrillary tangle-like intracellular inclusions in
neurons. Proc Natl Acad Sci U S A. 2001;98: 8838—-8843.

Zhou M, Huang T, Collins N, et al. APOE4 Induces Site-Specific Tau Phosphorylation Through Calpain-
CDKS5 Signaling Pathway in EFAD-Tg Mice. Curr Alzheimer Res. 2016;13: 1048-1055.

Chen H-K, Ji Z-S, Dodson SE, et al. Apolipoprotein E4 domain interaction mediates detrimental effects
on mitochondria and is a potential therapeutic target for Alzheimer disease. J Biol Chem. 2011;286:
5215-5221.

Drzezga A, Riemenschneider M, Strassner B, et al. Cerebral glucose metabolism in patients with AD
and different APOE genotypes. Neurology. 2005;64: 102—-107.

Lehmann M, Ghosh PM, Madison C, et al. Greater medial temporal hypometabolism and lower cortical
amyloid burden in ApoE4-positive AD patients. J Neurol Neurosurg Psychiatry. 2014;85: 266-273.

Mahley RW. Central Nervous System Lipoproteins: ApoE and Regulation of Cholesterol Metabolism.
Arterioscler Thromb Vasc Biol. 2016;36: 1305-1315.

Ayton S, Faux NG, Bush Al, Alzheimer's Disease Neuroimaging Initiative. Ferritin levels in the
cerebrospinal fluid predict Alzheimer’s disease outcomes and are regulated by APOE. Nat Commun.
2015;6: 6760.

Rebeck GW. The role of APOE on lipid homeostasis and inflammation in normal brains. J Lipid Res.
2017;58: 1493-1499.

Tai LM, Thomas R, Marottoli FM, et al. The role of APOE in cerebrovascular dysfunction. Acta
Neuropathol. 2016;131: 709-723.

Beffert U, Weeber EJ, Durudas A, et al. Modulation of synaptic plasticity and memory by Reelin involves


http://paperpile.com/b/rwnZQs/dNMf
http://paperpile.com/b/rwnZQs/dNMf
http://paperpile.com/b/rwnZQs/dNMf
http://paperpile.com/b/rwnZQs/VZER
http://paperpile.com/b/rwnZQs/VZER
http://paperpile.com/b/rwnZQs/LiLb
http://paperpile.com/b/rwnZQs/LiLb
http://paperpile.com/b/rwnZQs/1wUa
http://paperpile.com/b/rwnZQs/1wUa
http://paperpile.com/b/rwnZQs/1wUa
http://paperpile.com/b/rwnZQs/vKrp
http://paperpile.com/b/rwnZQs/vKrp
http://paperpile.com/b/rwnZQs/vKrp
http://paperpile.com/b/rwnZQs/fCcX
http://paperpile.com/b/rwnZQs/fCcX
http://paperpile.com/b/rwnZQs/lQfj
http://paperpile.com/b/rwnZQs/lQfj
http://paperpile.com/b/rwnZQs/unNu
http://paperpile.com/b/rwnZQs/unNu
http://paperpile.com/b/rwnZQs/ZMml
http://paperpile.com/b/rwnZQs/ZMml
http://paperpile.com/b/rwnZQs/aFas
http://paperpile.com/b/rwnZQs/aFas
http://paperpile.com/b/rwnZQs/aOOu
http://paperpile.com/b/rwnZQs/aOOu
http://paperpile.com/b/rwnZQs/aOOu
http://paperpile.com/b/rwnZQs/gQiN
http://paperpile.com/b/rwnZQs/gQiN
http://paperpile.com/b/rwnZQs/WbxG
http://paperpile.com/b/rwnZQs/WbxG
http://paperpile.com/b/rwnZQs/WbxG
http://paperpile.com/b/rwnZQs/byUu
http://paperpile.com/b/rwnZQs/byUu
http://paperpile.com/b/rwnZQs/HmQa
http://paperpile.com/b/rwnZQs/HmQa
http://paperpile.com/b/rwnZQs/FJX2
http://paperpile.com/b/rwnZQs/FJX2
http://paperpile.com/b/rwnZQs/8cM3
http://paperpile.com/b/rwnZQs/8cM3
http://paperpile.com/b/rwnZQs/8cM3
http://paperpile.com/b/rwnZQs/p0tb
http://paperpile.com/b/rwnZQs/p0tb
http://paperpile.com/b/rwnZQs/znTi
http://paperpile.com/b/rwnZQs/znTi
http://paperpile.com/b/rwnZQs/8l9H

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

differential splicing of the lipoprotein receptor Apoer2. Neuron. 2005;47: 567-579.

Nakajima C, Kulik A, Frotscher M, et al. Low density lipoprotein receptor-related protein 1 (LRP1)
modulates N-methyl-D-aspartate (NMDA) receptor-dependent intracellular signaling and NMDA-induced
regulation of postsynaptic protein complexes. J Biol Chem. 2013;288: 21909-21923.

Benarroch EE. NMDA receptors: recent insights and clinical correlations. Neurology. 2011;76: 1750—
1757.

Chen Y, Durakoglugil MS, Xian X, Herz J. ApoE4 reduces glutamate receptor function and synaptic
plasticity by selectively impairing ApoE receptor recycling. Proc Natl Acad Sci U S A. 2010;107: 12011—
12016.

Mizuno K. Signaling mechanisms and functional roles of cofilin phosphorylation and dephosphorylation.
Cell Signal. 2013;25: 457—-469.

Zhu L-Q, Wang S-H, Liu D, et al. Activation of glycogen synthase kinase-3 inhibits long-term
potentiation with synapse-associated impairments. J Neurosci. 2007;27: 12211-12220.

Jo J, Whitcomb DJ, Olsen KM, et al. AB(1-42) inhibition of LTP is mediated by a signaling pathway
involving caspase-3, Aktl and GSK-3pB. Nat Neurosci. 2011;14: 545-547.

Limon-Sztencel A, Lipska-Zietkiewicz BS, Chmara M, et al. The algorithm for Alzheimer risk
assessment based on APOE promoter polymorphisms. Alzheimers Res Ther. 2016;8: 19.

Yang L, Liu C-C, Zheng H, et al. LRP1 modulates the microglial immune response via regulation of INK
and NF-kB signaling pathways. J Neuroinflammation. 2016;13: 304.

Baitsch D, Bock HH, Engel T, et al. Apolipoprotein E induces antiinflammatory phenotype in
macrophages. Arterioscler Thromb Vasc Biol. 2011;31: 1160-1168.

Stockinger W, Brandes C, Fasching D, et al. The reelin receptor ApoER2 recruits JNK-interacting
proteins-1 and -2. J Biol Chem. 2000;275: 25625-25632.

Atagi Y, Liu C-C, Painter MM, et al. Apolipoprotein E Is a Ligand for Triggering Receptor Expressed on
Myeloid Cells 2 (TREM2). J Biol Chem. 2015;290: 26043-26050.

Krasemann S, Madore C, Cialic R, et al. The TREM2-APOE Pathway Drives the Transcriptional
Phenotype of Dysfunctional Microglia in Neurodegenerative Diseases. Immunity. 2017;47: 566-581.e9.

Yeh FL, Wang Y, Tom |, Gonzalez LC, Sheng M. TREM2 Binds to Apolipoproteins, Including APOE and
CLU/APQJ, and Thereby Facilitates Uptake of Amyloid-Beta by Microglia. Neuron. 2016;91: 328—-340.

Bailey CC, DeVaux LB, Farzan M. The Triggering Receptor Expressed on Myeloid Cells 2 Binds
Apolipoprotein E. J Biol Chem. 2015;290: 26033-26042.

Liao F, Yoon H, Kim J. Apolipoprotein E metabolism and functions in brain and its role in Alzheimer’s
disease. Curr Opin Lipidol. 2017;28: 60-67.

Lambert JC, Berr C, Pasquier F, et al. Pronounced impact of Th1/E47cs mutation compared with -491
AT mutation on neural APOE gene expression and risk of developing Alzheimer’s disease. Hum Mol
Genet. 1998;7: 1511-1516.

Xiao H, Gao Y, Liu L, Li Y. Association between polymorphisms in the promoter region of the
apolipoprotein E (APOE) gene and Alzheimer’s disease: A meta-analysis. EXCLI J. 2017;16: 921-938.

Mui S, Briggs M, Chung H, et al. A newly identified polymorphism in the apolipoprotein E enhancer
gene region is associated with Alzheimer’'s disease and strongly with the epsilon 4 allele. Neurology.
1996;47: 196—-201.

Rebeck GW, Cheung BS, Growdon WB, et al. Lack of independent associations of apolipoprotein E
promoter and intron 1 polymorphisms with Alzheimer’s disease. Neurosci Lett. 1999;272: 155-158.

Deming Y, Li Z, Kapoor M, et al. Genome-wide association study identifies four novel loci associated


http://paperpile.com/b/rwnZQs/8l9H
http://paperpile.com/b/rwnZQs/lorg
http://paperpile.com/b/rwnZQs/lorg
http://paperpile.com/b/rwnZQs/lorg
http://paperpile.com/b/rwnZQs/Qbuw
http://paperpile.com/b/rwnZQs/Qbuw
http://paperpile.com/b/rwnZQs/c3zg
http://paperpile.com/b/rwnZQs/c3zg
http://paperpile.com/b/rwnZQs/c3zg
http://paperpile.com/b/rwnZQs/6oJG
http://paperpile.com/b/rwnZQs/6oJG
http://paperpile.com/b/rwnZQs/iRVv
http://paperpile.com/b/rwnZQs/iRVv
http://paperpile.com/b/rwnZQs/EbTn
http://paperpile.com/b/rwnZQs/EbTn
http://paperpile.com/b/rwnZQs/0qOs
http://paperpile.com/b/rwnZQs/0qOs
http://paperpile.com/b/rwnZQs/NrzU
http://paperpile.com/b/rwnZQs/NrzU
http://paperpile.com/b/rwnZQs/XLZE
http://paperpile.com/b/rwnZQs/XLZE
http://paperpile.com/b/rwnZQs/hDTU
http://paperpile.com/b/rwnZQs/hDTU
http://paperpile.com/b/rwnZQs/upey
http://paperpile.com/b/rwnZQs/upey
http://paperpile.com/b/rwnZQs/tlxr
http://paperpile.com/b/rwnZQs/tlxr
http://paperpile.com/b/rwnZQs/fc8E
http://paperpile.com/b/rwnZQs/fc8E
http://paperpile.com/b/rwnZQs/lUUy
http://paperpile.com/b/rwnZQs/lUUy
http://paperpile.com/b/rwnZQs/VGOs
http://paperpile.com/b/rwnZQs/VGOs
http://paperpile.com/b/rwnZQs/yrja
http://paperpile.com/b/rwnZQs/yrja
http://paperpile.com/b/rwnZQs/yrja
http://paperpile.com/b/rwnZQs/QBO2
http://paperpile.com/b/rwnZQs/QBO2
http://paperpile.com/b/rwnZQs/uIgo
http://paperpile.com/b/rwnZQs/uIgo
http://paperpile.com/b/rwnZQs/uIgo
http://paperpile.com/b/rwnZQs/50zO
http://paperpile.com/b/rwnZQs/50zO
http://paperpile.com/b/rwnZQs/pOif

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114,

with Alzheimer’s endophenotypes and disease modifiers. Acta Neuropathol. 2017;133: 839-856.

Cruchaga C, Kauwe JSK, Harari O, et al. GWAS of cerebrospinal fluid tau levels identifies risk variants
for Alzheimer’s disease. Neuron. 2013;78: 256—-268.

Medway CW, Abdul-Hay S, Mims T, et al. ApoE variant p.V236E is associated with markedly reduced
risk of Alzheimer’s disease. Mol Neurodegener. 2014;9: 11.

Bras J, Guerreiro R, Darwent L, et al. Genetic analysis implicates APOE, SNCA and suggests
lysosomal dysfunction in the etiology of dementia with Lewy bodies. Hum Mol Genet. 2014;23; 6139—
6146.

Keogh MJ, Kurzawa-Akanbi M, Griffin H, et al. Exome sequencing in dementia with Lewy bodies. Transl
Psychiatry. 2016;6: e728.

Tsuang D, Leverenz JB, Lopez OL, et al. APOE ¢4 increases risk for dementia in pure
synucleinopathies. JAMA Neurol. 2013;70: 223-228.

Meeus B, Verstraeten A, Crosiers D, et al. DLB and PDD: a role for mutations in dementia and
Parkinson disease genes? Neurobiol Aging. 2012;33: 629.e5-629.e18.

Kobayashi S, Tateno M, Park TW, et al. Apolipoprotein E4 frequencies in a Japanese population
with Alzheimer’s disease and dementia with Lewy bodies. PLoS One. 2011;6: €185609.

Geiger JT, Ding J, Crain B, et al. Next-generation sequencing reveals substantial genetic
contribution to dementia with Lewy bodies. Neurobiol Dis. 2016;94: 55-62.

Vijayaraghavan S, Darreh-Shori T, Rongve A, et al. Association of Butyrylcholinesterase-K Allele
and Apolipoprotein E €4 Allele with Cognitive Decline in Dementia with Lewy Bodies and Alzheimer’s
Disease. J Alzheimers Dis. 2016;50: 567-576.

Berge G, Sando SB, Rongve A, Aarsland D, White LR. Apolipoprotein E €2 genotype delays onset of
dementia with Lewy bodies in a Norwegian cohort. J Neurol Neurosurg Psychiatry. 2014;85: 1227—
1231.

Mengel D, Dams J, Ziemek J, et al. Apolipoprotein E €4 does not affect cognitive performance in
patients with Parkinson’s disease. Parkinsonism Relat Disord. 2016;29: 112-116.

Mata IF, Leverenz JB, Weintraub D, et al. APOE, MAPT, and SNCA genes and cognitive
performance in Parkinson disease. JAMA Neurol. 2014;71: 1405-1412.

Pavlova R, Mehrabian S, Petrova M, et al. Cognitive, neuropsychiatric, and motor features
associated with apolipoprotein E €4 allele in a sample of Bulgarian patients with late-onset Parkinson’s
disease. Am J Alzheimers Dis Other Demen. 2014;29: 614—-619.

Huang X, Chen PC, Poole C. APOE-[epsilon]2 allele associated with higher prevalence of sporadic
Parkinson disease. Neurology. 2004;62: 2198-2202.

Mishra A, Ferrari R, Heutink P, et al. Gene-based association studies report genetic links for clinical
subtypes of frontotemporal dementia. Brain. 2017; doi:10.1093/brain/awx066

van Blitterswijk M, Mullen B, Wojtas A, Heckman MG, Diehl NN, Baker MC, et al. Genetic modifiers
in carriers of repeat expansions in the COORF72 gene. Mol Neurodegener. 2014;9: 38.

Bernardi L, Maletta RG, Tomaino C, et al. The effects of APOE and tau gene variability on risk of
frontotemporal dementia. Neurobiol Aging. 2006;27: 702—709.

Chio A, Brunetti M, Barberis M, et al. The Role of APOE in the Occurrence of Frontotemporal
Dementia in Amyotrophic Lateral Sclerosis. JAMA Neurol. 2016;73: 425-430.

Hernandez |, Maule6n A, Rosense-Roca M, et al. Identification of misdiagnosed fronto-temporal
dementia using APOE genotype and phenotype-genotype correlation analyses. Curr Alzheimer Res.
2014;11: 182-191.


http://paperpile.com/b/rwnZQs/pOif
http://paperpile.com/b/rwnZQs/UnfS
http://paperpile.com/b/rwnZQs/UnfS
http://paperpile.com/b/rwnZQs/D3Hb
http://paperpile.com/b/rwnZQs/D3Hb
http://paperpile.com/b/rwnZQs/l2RF
http://paperpile.com/b/rwnZQs/l2RF
http://paperpile.com/b/rwnZQs/l2RF
http://paperpile.com/b/rwnZQs/d9Tg
http://paperpile.com/b/rwnZQs/d9Tg
http://paperpile.com/b/rwnZQs/vuMK
http://paperpile.com/b/rwnZQs/vuMK
http://paperpile.com/b/rwnZQs/Dbhz
http://paperpile.com/b/rwnZQs/Dbhz
http://paperpile.com/b/rwnZQs/HQDq
http://paperpile.com/b/rwnZQs/HQDq
http://paperpile.com/b/rwnZQs/ize0
http://paperpile.com/b/rwnZQs/ize0
http://paperpile.com/b/rwnZQs/Uf5q
http://paperpile.com/b/rwnZQs/Uf5q
http://paperpile.com/b/rwnZQs/Uf5q
http://paperpile.com/b/rwnZQs/OqNh
http://paperpile.com/b/rwnZQs/OqNh
http://paperpile.com/b/rwnZQs/OqNh
http://paperpile.com/b/rwnZQs/jnPI
http://paperpile.com/b/rwnZQs/jnPI
http://paperpile.com/b/rwnZQs/Eqid
http://paperpile.com/b/rwnZQs/Eqid
http://paperpile.com/b/rwnZQs/EYkN
http://paperpile.com/b/rwnZQs/EYkN
http://paperpile.com/b/rwnZQs/EYkN
http://paperpile.com/b/rwnZQs/2VR8
http://paperpile.com/b/rwnZQs/2VR8
http://paperpile.com/b/rwnZQs/8ac7
http://paperpile.com/b/rwnZQs/8ac7
http://dx.doi.org/10.1093/brain/awx066
http://paperpile.com/b/rwnZQs/dAF5
http://paperpile.com/b/rwnZQs/dAF5
http://paperpile.com/b/rwnZQs/9bur
http://paperpile.com/b/rwnZQs/9bur
http://paperpile.com/b/rwnZQs/02bp
http://paperpile.com/b/rwnZQs/02bp
http://paperpile.com/b/rwnZQs/R2BF
http://paperpile.com/b/rwnZQs/R2BF
http://paperpile.com/b/rwnZQs/R2BF

115.

116.

117.

118.

1109.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Agosta F, Vossel KA, Miller BL, et al. Apolipoprotein E epsilon4 is associated with disease-specific
effects on brain atrophy in Alzheimer’s disease and frontotemporal dementia. Proc Natl Acad Sci U S A.
2009;106: 2018-2022.

Bell RD, Winkler EA, Singh I, et al. Apolipoprotein E controls cerebrovascular integrity via cyclophilin
A. Nature. 2012;485: 512-516.

Rohn TT, Day RJ, Sheffield CB, Rajic AJ, Poon WW. Apolipoprotein E pathology in vascular
dementia. Int J Clin Exp Pathol. 2014;7: 938-947.

McCarron MO, Delong D, Alberts MJ. APOE genotype as a risk factor for ischemic cerebrovascular
disease: a meta-analysis. Neurology. 1999;53: 1308-1311.

Kumar A, Kumar P, Prasad M, Misra S, Kishor Pandit A, Chakravarty K. Association between
Apolipoprotein ¢4 Gene Polymorphism and Risk of Ischemic Stroke: A Meta-Analysis. Ann Neurosci.
2016;23: 113-121.

Das S, Kaul S, Jyothy A, Munshi A. Association of APOE (E2, E3 and E4) gene variants and lipid
levels in ischemic stroke, its subtypes and hemorrhagic stroke in a South Indian population. Neurosci
Lett. 2016;628: 136-141.

Biffi A, Sonni A, Anderson CD, et al. Variants at APOE influence risk of deep and lobar intracerebral
hemorrhage. Ann Neurol. 2010;68: 934-943.

Harrington CR, Roth M, Xuereb JH, McKenna PJ, Wischik CM. Apolipoprotein E type epsilon 4 allele
frequency is increased in patients with schizophrenia. Neurosci Lett. 1995;202: 101-104.

Martorell L, Virgos C, Valero J, et al. Schizophrenic women with the APOE epsilon 4 allele have a
worse prognosis than those without it. Mol Psychiatry. 2001;6: 307-310.

Jonsson E, Lannfelt L, Engvall B, Sedvall G. Lack of association between schizophrenia and the
apolipoprotein E epsilon 4 allele. Eur Arch Psychiatry Clin Neurosci. 1996;246: 182—-184.

Arnold SE, Joo E, Martinoli MG, et al. Apolipoprotein E genotype in schizophrenia: frequency, age of
onset, and neuropathologic features. Neuroreport. 1997;8: 1523-1526.

Zhu S, Nothen MM, Uhlhaas S, et al. Apolipoprotein E genotype distribution in schizophrenia.
Psychiatr Genet. 1996;6: 75-79.

Saiz PA, Morales B, G-Portilla MP, et al. Apolipoprotein E genotype and schizophrenia: further
negative evidence. Acta Psychiatr Scand. 2002;105: 71-75.

Akanji AO, Ohaeri JU, Al-Shammri SN, Fatania HR. Apolipoprotein E polymorphism and clinical
disease phenotypes in Arab patients with schizophrenia. Neuropsychobiology. 2009;60: 67—-72.

Al-Asmary SM, Kadasah S, Arfin M, Tarig M, Al-Asmari A. Apolipoprotein E polymorphism is
associated with susceptibility to schizophrenia among Saudis. Arch Med Sci. 2015;11: 869-876.

Gonzélez-Castro TB, Tovilla-Zarate CA, Hernandez-Diaz Y, et al. No association between ApoE and
schizophrenia: Evidence of systematic review and updated meta-analysis. Schizophr Res. 2015;169:
355-368.

Tovilla-Zarate C, Medellin BC, Fresan A, et al. APOE-epsilon3 and APOE-219G haplotypes increase
the risk for schizophrenia in sibling pairs. J Neuropsychiatry Clin Neurosci. 2009;21: 440-444.

Martins-De-Souza D, Wobrock T, Zerr |, et al. Different apolipoprotein E, apolipoprotein A1 and
prostaglandin-H2 D-isomerase levels in cerebrospinal fluid of schizophrenia patients and healthy
controls. World J Biol Psychiatry. 2010;11: 719-728.

Gibbons AS, Thomas EA, Scarr E, Dean B. Low Density Lipoprotein Receptor-Related Protein and
Apolipoprotein E Expression is Altered in Schizophrenia. Front Psychiatry. 2010;1: 19.

Bellivier F, Laplanche JL, Schirhoff F, et al. Apolipoprotein E gene polymorphism in early and late
onset bipolar patients. Neurosci Lett. 1997;233: 45-48.


http://paperpile.com/b/rwnZQs/haWR
http://paperpile.com/b/rwnZQs/haWR
http://paperpile.com/b/rwnZQs/haWR
http://paperpile.com/b/rwnZQs/MHIX
http://paperpile.com/b/rwnZQs/MHIX
http://paperpile.com/b/rwnZQs/pqjS
http://paperpile.com/b/rwnZQs/pqjS
http://paperpile.com/b/rwnZQs/DxaZ
http://paperpile.com/b/rwnZQs/DxaZ
http://paperpile.com/b/rwnZQs/LgL2
http://paperpile.com/b/rwnZQs/LgL2
http://paperpile.com/b/rwnZQs/LgL2
http://paperpile.com/b/rwnZQs/vd0E
http://paperpile.com/b/rwnZQs/vd0E
http://paperpile.com/b/rwnZQs/vd0E
http://paperpile.com/b/rwnZQs/3ZZF
http://paperpile.com/b/rwnZQs/3ZZF
http://paperpile.com/b/rwnZQs/cURW
http://paperpile.com/b/rwnZQs/cURW
http://paperpile.com/b/rwnZQs/YKnx
http://paperpile.com/b/rwnZQs/YKnx
http://paperpile.com/b/rwnZQs/ox3s
http://paperpile.com/b/rwnZQs/ox3s
http://paperpile.com/b/rwnZQs/28gk
http://paperpile.com/b/rwnZQs/28gk
http://paperpile.com/b/rwnZQs/4Neh
http://paperpile.com/b/rwnZQs/4Neh
http://paperpile.com/b/rwnZQs/WcLR
http://paperpile.com/b/rwnZQs/WcLR
http://paperpile.com/b/rwnZQs/GNAa
http://paperpile.com/b/rwnZQs/GNAa
http://paperpile.com/b/rwnZQs/fjnU
http://paperpile.com/b/rwnZQs/fjnU
http://paperpile.com/b/rwnZQs/bAvR
http://paperpile.com/b/rwnZQs/bAvR
http://paperpile.com/b/rwnZQs/bAvR
http://paperpile.com/b/rwnZQs/GPEN
http://paperpile.com/b/rwnZQs/GPEN
http://paperpile.com/b/rwnZQs/3Lk3
http://paperpile.com/b/rwnZQs/3Lk3
http://paperpile.com/b/rwnZQs/3Lk3
http://paperpile.com/b/rwnZQs/VGoK
http://paperpile.com/b/rwnZQs/VGoK
http://paperpile.com/b/rwnZQs/tYjD
http://paperpile.com/b/rwnZQs/tYjD

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154,

Soeira-de-Souza MG, Soeiro de Souza MG, Bio DS, Dias VV, Martins do Prado C, Campos RN, et
al. SHORT COMMUNICATION: Apolipoprotein E genotype and cognition in bipolar disorder. CNS
Neurosci Ther. 2010;16: 316-321.

Kessing LV, Jgrgensen OS. Apolipoprotein E-epsilon 4 frequency in affective disorder. Biol
Psychiatry. 1999;45: 430-434.

Kerr DS, Stella F, Radanovic M, Aprahamian |, Bertollucci PHF, Forlenza OV. Apolipoprotein E
genotype is not associated with cognitive impairment in older adults with bipolar disorder. Bipolar
Disord. 2016;18: 71-77.

de Jesus JR, Galazzi RM, de Lima TB, et al. Simplifying the human serum proteome for
discriminating patients with bipolar disorder of other psychiatry conditions. Clin Biochem. 2017;
doi:10.1016/j.clinbiochem.2017.06.009

Digney A, Keriakous D, Scarr E, Thomas E, Dean B. Differential changes in apolipoprotein E in
schizophrenia and bipolar | disorder. Biol Psychiatry. 2005;57: 711-715.

Fan P-L, Chen C-D, Kao W-T, Shu B-C, Lung F-W. Protective effect of the apo epsilon2 allele in
major depressive disorder in Taiwanese. Acta Psychiatr Scand. 2006;113: 48-53.

Lopez-Ledn S, Janssens ACIW, Gonzalez-Zuloeta Ladd AM, et al. Meta-analyses of genetic studies
on major depressive disorder. Mol Psychiatry. 2008;13: 772—785.

Surtees PG, Wainwright NWJ, Bowman R, et al. No association between APOE and major
depressive disorder in a community sample of 17,507 adults. J Psychiatr Res. 2009;43: 843-847.

Bondarenko EA, Shadrina MI, Grishkina MN, et al. Genetic Analysis of BDNF, GNB3, MTHFR, ACE
and APOE Variants in Major and Recurrent Depressive Disorders in Russia. Int J Med Sci. 2016;13:
977-983.

Feng F, Lu S-S, Hu C-Y, et al. Association between apolipoprotein E gene polymorphism and
depression. J Clin Neurosci. 2015;22: 1232-1238.

Tsang RSM, Mather KA, Sachdev PS, Reppermund S. Systematic review and meta-analysis of
genetic studies of late-life depression. Neurosci Biobehav Rev. 2017;75: 129-139.

Ghaffar O, Feinstein A. APOE epsilon4 and cognitive dysfunction in multiple sclerosis: a review. J
Neuropsychiatry Clin Neurosci. 2010;22: 155-165.

Shi J, Tu J-L, Gale SD, et al. APOE ¢4 is associated with exacerbation of cognitive decline in
patients with multiple sclerosis. Cogn Behav Neurol. 2011;24: 128-133.

Enzinger C, Ropele S, Smith S, et al. Accelerated evolution of brain atrophy and “black holes” in MS
patients with APOE-epsilon 4. Ann Neurol. 2004;55: 563-569.

Xuan C, Zhang B-B, Li M, Deng K-F, Yang T, Zhang X-E. No association between APOE ¢ 4 allele
and multiple sclerosis susceptibility: a meta-analysis from 5472 cases and 4727 controls. J Neurol Sci.
2011;308: 110-116.

Lill CM, Liu T, Schjeide B-MM, et al. Closing the case of APOE in multiple sclerosis: no association
with disease risk in over 29 000 subjects. J Med Genet. 2012;49: 558-562.

Bettencourt A, Martins da Silva A, Pinho E Costa P, Martins Silva B. Molecular genetic studies of
multiple sclerosis in the portuguese population. Acta Med Port. 2012;25: 224-230.

Santos M, Costa M do C, Edite Rio M, et al. Genotypes at the APOE and SCAZ2 loci do not predict
the course of multiple sclerosis in patients of Portuguese origin. Mult Scler. 2004;10: 153-157.

Matsunaga A, Saito T. Apolipoprotein E mutations: a comparison between lipoprotein
glomerulopathy and type Il hyperlipoproteinemia. Clin Exp Nephrol. 2014;18: 220—224.

Tudorache IF, Trusca VG, Gafencu AV. Apolipoprotein E - A Multifunctional Protein with Implications
in Various Pathologies as a Result of Its Structural Features. Comput Struct Biotechnol J. 2017;15:


http://paperpile.com/b/rwnZQs/2aoW
http://paperpile.com/b/rwnZQs/2aoW
http://paperpile.com/b/rwnZQs/2aoW
http://paperpile.com/b/rwnZQs/kdnM
http://paperpile.com/b/rwnZQs/kdnM
http://paperpile.com/b/rwnZQs/obIX
http://paperpile.com/b/rwnZQs/obIX
http://paperpile.com/b/rwnZQs/obIX
http://paperpile.com/b/rwnZQs/XfSW
http://paperpile.com/b/rwnZQs/XfSW
http://paperpile.com/b/rwnZQs/XfSW
http://dx.doi.org/10.1016/j.clinbiochem.2017.06.009
http://paperpile.com/b/rwnZQs/ozR3
http://paperpile.com/b/rwnZQs/ozR3
http://paperpile.com/b/rwnZQs/ov8F
http://paperpile.com/b/rwnZQs/ov8F
http://paperpile.com/b/rwnZQs/STlG
http://paperpile.com/b/rwnZQs/STlG
http://paperpile.com/b/rwnZQs/LZxX
http://paperpile.com/b/rwnZQs/LZxX
http://paperpile.com/b/rwnZQs/vc25
http://paperpile.com/b/rwnZQs/vc25
http://paperpile.com/b/rwnZQs/vc25
http://paperpile.com/b/rwnZQs/hTgu
http://paperpile.com/b/rwnZQs/hTgu
http://paperpile.com/b/rwnZQs/tQZV
http://paperpile.com/b/rwnZQs/tQZV
http://paperpile.com/b/rwnZQs/SJlH
http://paperpile.com/b/rwnZQs/SJlH
http://paperpile.com/b/rwnZQs/ez5c
http://paperpile.com/b/rwnZQs/ez5c
http://paperpile.com/b/rwnZQs/9ky5
http://paperpile.com/b/rwnZQs/9ky5
http://paperpile.com/b/rwnZQs/VUxx
http://paperpile.com/b/rwnZQs/VUxx
http://paperpile.com/b/rwnZQs/VUxx
http://paperpile.com/b/rwnZQs/mqL4
http://paperpile.com/b/rwnZQs/mqL4
http://paperpile.com/b/rwnZQs/a0z8
http://paperpile.com/b/rwnZQs/a0z8
http://paperpile.com/b/rwnZQs/gqGB
http://paperpile.com/b/rwnZQs/gqGB
http://paperpile.com/b/rwnZQs/JVJy
http://paperpile.com/b/rwnZQs/JVJy
http://paperpile.com/b/rwnZQs/Euy8
http://paperpile.com/b/rwnZQs/Euy8

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

359-365.

Stratikos E, Chroni A. A possible structural basis behind the pathogenic role of apolipoprotein E
hereditary mutations associated with lipoprotein glomerulopathy. Clin Exp Nephrol. 2014;18: 225-229.

Urosevic N, Martins RN. Infection and Alzheimer’s disease: the APOE epsilon4 connection and lipid
metabolism. J Alzheimers Dis. 2008;13: 421-435.

Koelle DM, Magaret A, Warren T, Schellenberg GD, Wald A. APOE genotype is associated with oral
herpetic lesions but not genital or oral herpes simplex virus shedding. Sex Transm Infect. 2010;86: 202—
206.

Burgos JS, Ramirez C, Sastre |, Valdivieso F. Apolipoprotein E genotype influences vertical
transmission of herpes simplex virus type 1 in a gender specific manner. Aging Cell. 2007;6: 841-842.

Burt TD, Agan BK, Marconi VC, et al. Apolipoprotein (apo) E4 enhances HIV-1 cell entry in vitro, and
the APOE epsilon4/epsilon4 genotype accelerates HIV disease progression. Proc Natl Acad Sci U S A.
2008;105: 8718-8723.

Becker JT, Martinson JJ, Penugonda S, et al. No association between Apog4 alleles, HIV infection,
age, neuropsychological outcome, or death. J Neurovirol. 2015;21: 24-31.

Crouchet E, Baumert TF, Schuster C. Hepatitis C virus-apolipoprotein interactions: molecular
mechanisms and clinical impact. Expert Rev Proteomics. 2017;14: 593—-606.

Mueller T, Fischer J, Gessner R, et al. Apolipoprotein E allele frequencies in chronic and self-limited
hepatitis C suggest a protective effect of APOE4 in the course of hepatitis C virus infection. Liver Int.
2016;36: 1267-1274.

Price DA, Bassendine MF, Norris SM, et al. Apolipoprotein epsilon3 allele is associated with
persistent hepatitis C virus infection. Gut. 2006;55: 715-718.

Goldman JS, Hahn SE, Catania JW, et al. Genetic counseling and testing for Alzheimer disease:
joint practice guidelines of the American College of Medical Genetics and the National Society of
Genetic Counselors. Genet Med. 2011;13: 597-605.

Ebbert MTW, Ridge PG, Wilson AR, et al. Population-based analysis of Alzheimer’s disease risk
alleles implicates genetic interactions. Biol Psychiatry. 2014;75: 732—737.

Escott-Price V, Sims R, Bannister C, et al. Common polygenic variation enhances risk prediction for
Alzheimer’s disease. Brain. 2015;138: 3673—-3684.

Sleegers K, Bettens K, De Roeck A, Van Cauwenberghe C, Cuyvers E, Verheijen J, et al. A 22-
single nucleotide polymorphism Alzheimer’s disease risk score correlates with family history, onset age,
and cerebrospinal fluid AB42. Alzheimers Dement. 2015;11: 1452-1460.

Van Cauwenberghe C, Van Broeckhoven C, Sleegers K. The genetic landscape of Alzheimer
disease: clinical implications and perspectives. Genet Med. 2016;18: 421-430.

Salloway S, Sperling R, Gilman S, et al. A phase 2 multiple ascending dose trial of bapineuzumab in
mild to moderate Alzheimer disease. Neurology. 2009;73: 2061-2070.


http://paperpile.com/b/rwnZQs/Euy8
http://paperpile.com/b/rwnZQs/zxae
http://paperpile.com/b/rwnZQs/zxae
http://paperpile.com/b/rwnZQs/qOnb
http://paperpile.com/b/rwnZQs/qOnb
http://paperpile.com/b/rwnZQs/WS0D
http://paperpile.com/b/rwnZQs/WS0D
http://paperpile.com/b/rwnZQs/WS0D
http://paperpile.com/b/rwnZQs/u4vl
http://paperpile.com/b/rwnZQs/u4vl
http://paperpile.com/b/rwnZQs/Cjv2
http://paperpile.com/b/rwnZQs/Cjv2
http://paperpile.com/b/rwnZQs/Cjv2
http://paperpile.com/b/rwnZQs/q0x4
http://paperpile.com/b/rwnZQs/q0x4
http://paperpile.com/b/rwnZQs/f6uP
http://paperpile.com/b/rwnZQs/f6uP
http://paperpile.com/b/rwnZQs/FLz4
http://paperpile.com/b/rwnZQs/FLz4
http://paperpile.com/b/rwnZQs/FLz4
http://paperpile.com/b/rwnZQs/7P3A
http://paperpile.com/b/rwnZQs/7P3A
http://paperpile.com/b/rwnZQs/8WDQv
http://paperpile.com/b/rwnZQs/8WDQv
http://paperpile.com/b/rwnZQs/8WDQv
http://paperpile.com/b/rwnZQs/68zqA
http://paperpile.com/b/rwnZQs/68zqA
http://paperpile.com/b/rwnZQs/MWdLr
http://paperpile.com/b/rwnZQs/MWdLr
http://paperpile.com/b/rwnZQs/MmhbM
http://paperpile.com/b/rwnZQs/MmhbM
http://paperpile.com/b/rwnZQs/MmhbM
http://paperpile.com/b/rwnZQs/TvOYV
http://paperpile.com/b/rwnZQs/TvOYV
http://paperpile.com/b/rwnZQs/tLnEj
http://paperpile.com/b/rwnZQs/tLnEj

Tables

Table | - APOE variants with alternative allele frequency > 1% present in the gnomAD database. Positions are given
according to GRCh37/hg19. Protein positions are relative to the translated protein containing the peptide signal of 18
amino acids. Global AAF represents alternative allele frequencies for the global population and were obtained from the
gnomAD database (http://gnomad.broadinstitute.org/). Chr: Chromosome; AAF: alternative allele frequencies.

Figures

Figure 1 - APOE locus, gene and protein.

In the middle panel (gene) the light blue areas represent untranslated regions 5° and 3°, while the dark blue areas
correspond to the coding region of the exons. The protein (bottom panel) is divided in three regions: N-terminal region
(blue) containing the receptor-binding domain (red), the hinge region (between amino acids 168 and 205), and the C-
terminal region (green) with the lipid-binding domain (yellow). The two polymorphisms, in positions 112 and 158 of
the protein, that distinguish the three more common APOE isoforms (APOE2, APOE3 and APOE4) are located in the
N-terminal region. Adapted from ([6,11]).

Figure 2 - Signaling pathways affected by APOEA4.

APOE binds to different receptors leading to the activation of several pathways and receptor endocytosis. The presence
of APOE4 leads to lower levels of APOE receptors and NMDAR in the membrane. This results in more inflammation,
tau hyperphosphorylation, actin depolymerization, increased LTP and reduced levels of neuroprotective molecules. In
addition, APOE4 stimulates the production of APP, leading to higher levels of AP in the brain. All these factors
contribute for the development of AD.
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Table |

Chr Position rsiD Reference Alter | Transcript Protein Type Global European
native [ Consequence Consequence AAF (Non-

Finnish)
AAF

19 45409579 rs769448 C T intron 0.02034 0.03342

19 45412079 1s7412 C T ¢.526C>T p.Argl76Cys missense 0.06538 0.07669

19 45410002 rs769449 G A intron 0.09179 0.1145

19 45411941 rs429358 T Cc c.388T>C p.Cys130Arg missense 0.14254 0.14893

19 45410444 rs769450 G A intron 0.39341 0.40434

19 45409167 rs440446 C G intron 0.62118 0.63565
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