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Abstract: Several studies, including genome wide association studies (GWAS), have strongly sug-
gested a central role for the ATP-binding cassette transporter subfamily A member 7 (ABCA7) in
Alzheimer’s disease (AD). This ABC transporter is now considered as an important genetic deter-
minant for late onset Alzheimer disease (LOAD) by regulating several molecular processes such as
cholesterol metabolism and amyloid processing and clearance. In this review we shed light on these
new functions and their cross-talk, explaining its implication in brain functioning, and therefore in
AD onset and development.
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1. Introduction

ATP-binding cassette (ABC) transporters are present in all living organisms. In hu-
mans, this family comprises 49 members that are classified based on their sequence ho-
mologies and their conserved nucleotide binding domains (NBDs) into seven subfamilies,
designated from A to G. These transporters play a significant role by transporting ions,
small organic or inorganic molecules, peptides, proteins and lipids from a cellular compart-
ment to another one or across the cell membranes [1,2]. Importantly, their physiological
functions strongly depend on their cellular localization (membrane, endoplasmic reticulum,
Golgi, etc.) as well as the organ and cell type in which they are expressed. For example,
members of the ABCB and ABCC subfamilies are expressed in physiological barriers such
as intestine and blood–brain interfaces to restrict the entry or mediate the exit of harmful
endogenous molecules or xenobiotics [3,4]. Overexpression of these ABC transporters has
been reported in several cancers and is responsible for the multidrug resistance (MDR)
phenotype of cancer cells [5]. Members of the ABCG and A subfamilies mediate cholesterol
and lipid efflux from cells to low- or high-density lipoproteins and are highly expressed by
cells involved in lipid homeostasis such as macrophages or hepatocytes.

It is therefore not surprising that ABC transporter deficiencies lead to major diseases
including but not limited to atherosclerosis, cystic fibrosis or neurodegenerative diseases
such as Alzheimer’s disease (AD) [2,6,7]. AD is the most common form of dementia in
the world. This disease is mainly characterized by brain atrophy as a consequence of
the deposition of amyloid-β (Aβ) peptides and tau protein hyperphosphorylation and
aggregation [8]. Since the early 2000s, several ABC transporters such as ABCB1, ABCA1,
ABCG2, ABCC1 and ABCG4 are under scrutiny in AD because of their in vitro and in vivo
involvement in Aβ peptide synthesis and/or its deposition. These different contributions
in the AD field are already summarized elsewhere [4,7,9,10].

The ATP-Binding cassette transporter subfamily A member 7 (ABCA7) was first
identified in the early 2000s [11]. As shown in Figure 1, ABCA7 was poorly studied until
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2011. These studies mainly investigated ABCA7 involvement in peripheral cholesterol
metabolism and phagocytosis processes. In 2011, Hollingworth et al. highlighted a very
strong association between ABCA7 polymorphisms and AD patients in a genome-wide
association study (GWAS) [12].

Figure 1. Number of searchable publications in Pubmed per year by the terms specified in the legend.
For the “ABCA7 + Alzheimer” search, a second analysis of the obtained publications was performed
to exclusively select studies and review investigating the role of ABCA7 in AD. Data source: Pubmed.
Search date 31/12/2020. Y-axis shows number of publications, X-axis shows years

Since then, the number of projects studying ABCA7 have been considerably increased,
and almost all of them have been realized with the objective to decipher the molecular role
of ABCA7 in AD (Figure 1).

This review aims to summarize the first roles of ABCA7 identified in the periphery,
but also to describe the most recent findings demonstrating its significant contribution in
brain functioning and in AD onset and development.

2. ABCA7 Expression Pattern and Structure
2.1. Tissue Localization of ABCA7

ABCA7 was first cloned in 2000 by Kaminski and colleagues from human
macrophages [11]. Distribution/expression of the ABCA7 mRNA in human tissues demon-
strated that it is highly expressed in myelo-lymphatic tissues (peripheral leucocytes, thy-
mus, spleen, bone marrow, fetal tissues) [11]. Preferential and high expression of Abca7
mRNA in lymphomyeloid tissues was immediately confirmed in mice and rats [13,14],
strongly suggesting a key role of this transporter in hematopoietic cell lineages. More
recently, analysis based upon ImmGen Deep RNA-seq data showed that Abca7 is one of the
most highly expressed ABC transporter in a purified population of mouse immune cells
like follicular B cells, NK cells, peritoneal macrophages, thus highlighting a role for ABCA7
in immunity [15]. In addition, it appears that ABCA7 expression is dependent of the
differentiation state of the cells since higher expressions were measured in differentiated
macrophages comparing to monocytes [11].

Interestingly, no ABCA7 mRNA signal was initially detected in total human brain
samples but this result was later refuted by several groups demonstrating mRNA and pro-
tein expression of ABCA7 in human and murine samples of the different cell types present
in the brain [16–23]. Therefore, it is now largely demonstrated that ABCA7 is expressed in
neurons, astrocytes, microglia, endothelial cells of the blood–brain barrier (BBB), brain peri-
cytes, not only in mice but also in humans ([16–24]—http://www.brainrnaseq.org/, http://
www.celltypes.org/ and https://www.proteinatlas.org/ENSG00000064687-ABCA7/brain,
accessed on 31 December 2020).

http://www.brainrnaseq.org/
http://www.celltypes.org/
http://www.celltypes.org/
https://www.proteinatlas.org/ENSG00000064687-ABCA7/brain
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2.2. ABCA7 Alternative Splicing

There are two isoforms of ABCA7, arising as a result of alternative splicing, both
of which are detected in the human brain [21,25]. The splicing variant is named Type II
ABCA7 and gives a protein with 28 amino acids in the N terminal tail instead of the 166
amino acids present in the full-length ABCA7. These variants show a tissue-dependent
expression pattern and differential cellular sub-localization. While full length ABCA7
has been detected on the cell surface and intracellularly, the so-called Type II ABCA7
splice variant is only detected in the endoplasmic reticulum [21]. Northern blot analysis
performed with human tissue samples showed that Type II ABCA7 is abundant in lymph
node, spleen, thymus and trachea whereas full ABCA7 is strongly expressed in brain
and bone marrow [21]. Thus, it is possible that these variant proteins have different
biological functions.

2.3. ABCA7 Structure

Functional ABC transporters are commonly composed of four domains—two trans-
membrane domains (TMDs) connected with two cytoplasmic nucleotide-binding domains
(NBDs). TMDs are variable in sequence and are responsible for substrate interaction and
translocation. NBDs are highly conserved and have characteristic motifs such as Walker
A and Walker B, allowing to bind and hydrolyze ATP. As shown in Figure 2, full ABC
transporters like transporters of subfamilies A and C have 2 TMDs. ABC transporters of the
D and G subfamilies such as ABCG1 or ABCG2 display only one TMD and one NBD. They
are therefore considered as half-transporters and have to homo- or hetero-dimerize to be
functional. ABC transporters are classified based on their NBD domain but it was recently
suggested that it would be more pertinent to use a TMD-based classification system [1].

Figure 2. Schematic representation of the full ABC transporters of the subfamily A. Two transmem-
brane domains (TMDs) are connected with two cytoplasmic nucleotide-binding domains (NBDs). In
addition, members of subfamily A are characterized by two large extracellular domains (ECD1 and
ECD2). Reprinted from [26] with permission from Elsevier.

ABCA7 is predicted to be a full ABC transporter, as presented in Figure 2. The
transport mechanism of these transporters is controlled by alternating the conformation
of TMD, through which the transporter switches between inward- and outward-facing
states. Recently, alternative mechanisms have been proposed or identified, suggesting
that this process remains under debate [27]. In all cases, the exact transport mechanism of
ABCA7 is uncharacterized, and, despite the fact that single-particle cryoelectron microscopy
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(cryo-EM) structure of ABCA1 has been recently obtained [28], the structure of ABCA7 is
still unknown.

Sequence comparisons made with other ABC transporters showed high ABCA7 ho-
mology with ABCA1 (54%), ABCA2 (45%), ABCA3 (41%) and ABCA4 (49%) [11]. Because
these latter are involved in lipid transport, it was rapidly assumed that ABCA7 was also
able to transfer lipid from cell membranes to lipoproteins.

3. ABCA7 and the Lipid Metabolism
3.1. Role of ABCA7 in Lipid Release and Trafficking

As indicated above, ABCA7 shares high amino sequence homology with other ABC
transporters mediating lipid release from cell membranes, and in particular with ABCA1.
This latter is the most studied ABC transporter in this cellular process and its role in
cholesterol efflux to high-density lipoproteins (HDL) is very well characterized [29–31].
Mutations in the ABCA1 gene cause an inherited disease named Tangier disease in which
the cholesterol transfer from cells to HDL is decreased, leading to lower ApoA-I synthesis
as well as low levels of plasmatic HDL [32]. Consequently, this lipid homeostasis imbal-
ance promotes lipid accumulation inside vascular cells and macrophages, thus provoking
coronary artery disease and atherosclerosis in patients [27,33,34].

On this basis, Abca7−/− mice were generated to further characterize the role of this
ABC transporter in cholesterol metabolism. Interestingly, only transgenic female mice
showed slight abnormalities in their cholesterol metabolism when compared with the wild-
type littermates [16]. Indeed, female Abca7−/− mice showed weight gain identical to female
controls but less white adipose tissue, plasmatic HDL and cholesterol [16]. No significant
differences have been measured in males. In the same study, no alteration of the cholesterol
or phospholipid efflux was measured in macrophages purified from the Abca7−/− mice.
However, further in vitro studies using different transfected cell types reported that ABCA1,
ABCA7 binds ApoA-I, and ApoE, to transfer cholesterol and to generate HDL [18–20]. Of
note, this efflux is marginal when compared with cholesterol efflux mediated by ABCA1.
On the contrary, ABCA7 is more prone to transfer phospholipids to HDL, in particular
sphingomyelin, and (lyso)phosphatidylcholine [18,19,35]. Importantly, almost all of these
studies were done by artificially upregulating or downregulating Abca7 expression that,
in turn, provokes a modification of ABCA1 expression, probably by a compensatory
mechanism [20,36]. This effect is also reciprocal because the decrease of Abca1 expression
increases Abca7 level [37]. Abe-Dohmae et al. demonstrated that this compensatory
mechanism allows the transfer of cholesterol to lipoproteins when the Abca1 gene is
deficient or absent [35]. However, it remains still unknown why ABCA7 cannot compensate
this deficiency in a Tangier disease patient. In light of all these data, it is now widely
accepted that ABCA7 is specialized in phospholipid transfer to HDL whereas ABCA1
releases cholesterol.

It is also clear that Abca7 transcriptional expression is closely regulated by cholesterol
metabolism. BALB/3T3 cells loaded with cholesterol showed a significant downregulation
of Abca7 whereas an upregulation of Abca1 was observed [37]. On the contrary, cholesterol-
depleted cells displayed increased Abca7 expression. In fact, ABCA7 expression is regulated
by the sterol-responsive/regulatory element binding protein (SREBP), able to bind spe-
cific sterol regulatory element DNA sequences when mammalian cells lack cholesterol,
thus triggering the expression of the mRNA of genes involved in cholesterol synthesis
or lipoprotein uptake such as HMG-CoA reductase or LDLR, respectively [37]. Blocking
HMG-CoA reductase activity with statins, thus blocking cholesterol synthesis, activates
SREBP nucleus translocation and increases ABCA7 expression in murine macrophages [38].
Interestingly, ABCA1 expression is controlled by the Liver X receptor (LXR) nuclear recep-
tors [39], also acting as cholesterol sensors in mammalian cells, thus probably explaining
why ABCA1 and ABCA7 expressions are regulated differently to modulate the intracellular
pool of cholesterol.
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ABCA7 is also implicated in lipid trafficking during keratinocyte differentiation and is
reported as a ceramide homeostasis regulator. ABCA7 upregulation was detected in normal
human epidermal keratinocytes and HaCaT cells undergoing in vitro differentiation in
parallel with an increase in intracellular ceramide levels. In accordance with these results,
ABCA7 overexpression in Hela cells showed a ceramide de novo synthesis activation with
an increase in intracellular and cell surface ceramide expression [40].

Altogether, these data reinforced the hypothesis that ABCA1 and ABCA7 are closely
linked to regulate the cellular lipid metabolism but the role of ABCA7 seems to be rather
indirect or negligible when directly compared to ABCA1.

3.2. Role of ABCA7 in Phagocytosis and Immune Response

In their initial investigation about ABCA7 sequence genomic organization, Kaminski
et al. also observed that ABCA7 is arranged in a head-to-tail array with the human minor
histocompatibility antigen HA-1 in a common locus on the 19p13.3 chromosome [11].
Since HA-1 is implicated in host defense, and based on its physical proximity to ABCA7,
the question about possible common regulatory and functional mechanisms between
these two genes was quickly raised [11]. Another clue suggesting a role of ABCA7 in
immunity is the high sequence homology of the ABCA7 gene with cell death proteins
(Ced) genes. In Caenorhabditis elegans, ced genes are key players of engulfment of dying
cells. Among all these proteins, CED-7 is required for CED-1 functioning. Interestingly,
mammalian orthologues have been proposed for all Ced genes, based on their sequence
homologies. ABCA1 and ABCA7 have been proposed as being orthologues for CED7 [41],
and low-density lipoprotein receptor–related protein 1 (LRP1) has been suggested as a
protein with similar function to CED-1 [42]. In macrophages, ABCA7 and LRP1 were
relocalized together to the plasma membrane in the presence of apoptotic cells, thus
promoting their engulfment. Macrophages blocked with an antibody against LRP1 or
Abca7+/- macrophages show both lower phagocytosis of these dying cells, as well as a
decrease of the ERK phosphorylation, highlighting links between this ABC transporter,
LRP1 and this signaling pathway [41]. ABCA7 expression and mediated phagocytosis
are also increased when cholesterol synthesis is inhibited by statins that block HMG-CoA
activity [38], demonstrating again strong relationships between cellular cholesterol pool
and ABCA7 activity and expression.

As indicated above, ABCA7 is also able to interact with ApoA-I and HDL. Therefore,
a potential contribution of (apo)lipoproteins in phagocytosis was investigated by Tanaka
et al. They reported that extracellular HDL increases ABCA7-associated phagocytosis by
stabilizing ABCA7, thus suggesting an involvement of the HDL components in the host
defense system that deserves further investigation [38].

Therefore, a possible role of ABCA7 in host defense was clearly established and
investigated by several studies reporting the ABCA7 implication in phagocytosis-mediated
processes by macrophages instead of cholesterol regulation.

However, until 2011, no study clearly demonstrated a key role of ABCA7 in a human
disease. When Hollingworth et al. published that single nucleotide polymorphisms (SNPs)
in ABCA7 sequences were strongly associated with Alzheimer’s disease (AD) onset and
development [12], a new field of investigation has emerged with the objectives to identify
the exact function of ABCA7 in the brain as well as in the apparition and evolution of AD.

4. Roles of ABCA7 in Brain Functioning and in Alzheimer’s Disease (AD)
4.1. AD Pathology

AD is a neurodegenerative disease and the number one leading cause of dementia
in the elderly [43]. Most AD patients show a sporadic form of the disease (late-onset AD,
LOAD) whereas almost 1% of them show a familial early-onset form (FAD), with Mendelian
inheritance (<60 years). Nevertheless, these two forms of AD are both characterized by
accumulation of amyloid-β (Aβ) peptides and hyperphosphorylated tau protein, both
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provoking neuronal loss mainly in the hippocampus and cortex. Major AD symptoms are
thus memory loss and behavioral complications [8].

Links between Aβ peptides and tau are still elusive despite a large number of studies,
but it is now widely accepted that Aβ peptide deposition precedes the tau hyperphospho-
rylation by several decades [44]. In addition, FAD patients possess mutations in genes
involved in Aβ peptide production, as, for example, in amyloid beta precursor protein
(APP) sequence and in the enzyme responsible for APP cleavage. For this reason, it is
compulsory to better understand the early molecular and cellular events controlling Aβ

peptide synthesis and clearance, thus leading to the early step of the cerebral Aβ peptide
accumulation.

All cells in the body are able to synthesize these peptides from APP but neurons remain
the major sources of Aβ peptides [7]. APP is cleaved by at least three types of proteases
(α-, β- and γ-secretases). To date, two processing pathways have been described—the amy-
loidogenic pathway generates Aβ peptides via β-secretase, whereas the anti-amyloidogenic
pathway is initiated by α-secretase and prevents Aβ peptide generation. Interestingly, cel-
lular cholesterol content can strongly influence these pathways and modulate Aβ synthesis,
as discussed below and reviewed elsewhere [45].

Cerebral pools of Aβ peptides are cleared by several mechanisms, including phagocy-
tosis processes occurring at the microglial cell level, and elimination across the blood–brain
barrier (BBB). BBB physiology and functioning are summarized elsewhere and exhaustive
reviews can be consulted for more details [7,10,46]. In brief, this physical and metabolic
barrier is composed of the endothelial cells lining the brain microvessels. These cells
are sealed together by tight junctions (TJs) in relation with adherent (AJs) and gap (GJ)
junctions. Importantly, BBB endothelial cells also express a large panel of ABC transporters
involved in the cerebral efflux of Aβ peptides but also restricting their entry to the CNS.
Thus, a large body of evidence has confirmed in humans and in several animal models the
involvement of P-gp (ABCB1), BCRP (ABCG2), MRP1 (ABCC1) and more recently ABCG4
(reviewed in [4,7]).

Noteworthy, some studies provide strong evidence that a decrease of amyloid clear-
ance across the BBB or a decrease of phagocytosis by microglial cells might be involved in
AD rather than an Aβ peptide overproduction by cleavage of the APP [47]. When analyzed
in mouse models of AD and in patients, expression of ABCB1, ABCC1 and ABCG2 at the
BBB are decreased. Restoration of these expressions increases amyloid clearance across
the BBB, but also decreases the entry of peripheral Aβ peptides into the CNS, and thus
reduces the brain Aβ burden and alleviates cognitive dysfunction [7,48–51]. However,
despite these promising results, there is currently no cure for AD.

Because AD is also closely linked to the cholesterol metabolism and because the
brain is one of the most cholesterol-rich organs of the body, researchers also focused
their attention on ABCA1. In transgenic mice models, altering the cerebral cholesterol
homeostasis by overexpressing or downregulating Abca1 expression decreases or increases
Aβ peptide synthesis and deposition, respectively [52–54].

It has also been largely demonstrated that environmental factors such as diet or lack
of activity can promote AD onset. For example, animals fed with cholesterol-rich diets
show increased production of Aβ peptides, whereas the use of statins decrease, in vivo
and in vitro, this synthesis and deposition processes [45,55]. In addition, genetic factors are
also largely involved as suggested since the early 2010s with the discovery of several gene
polymorphisms in AD by GWAS. These studies confirmed that ApoE4, identified in the
early 1990s, and is an important component of the low-density lipoproteins (LDL), remains
the most strongly associated allele to AD. However, interestingly, almost 20 other genes
have been identified, among them ABCA7, for which very little information in relation to
its physiological and cellular functions has been identified so far.

Since 2011, genetic polymorphisms of Abca7 have been reported in several dozens of
genetic studies using samples coming from AD patients worldwide (reviewed in [56,57]).
Further investigations of several of these variants demonstrated that they are responsible
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for an alteration of ABCA7 expression in AD brains. While a protective ABCA7 allele
was identified, deleterious alleles are responsible for protein loss-of-function or ABCA7
downregulation or upregulation [56–58]. These ABCA7 loss-of-function mutations increase
risk of AD by 80% in African ancestry populations and, risk of early AD onset by 100% to
400% in European ancestry populations [59–61]. Table 1 summarizes the AD-associated
ABCA7 epigenetic and genetic variations, but also the available data obtained in patients
regarding the amyloid and tau pathology as well brain morphology and clinical symptoms.

Table 1. AD-associated ABCA7 (epi-)genetic variation and their effects in individuals.

Variation Interpretation Reported Significant Effect of the Risk Allele

Common Risk-Increasing Variants Amyloid and Tau pathology Brain Morphology and Clinical Symptoms

rs3764650 Intronic GWAS SNP, low
predicted functional effect

- Increased neuritic
plaque burden [62]

- Decreased CSF Aβ1-42
levels [63].

- Cortical and hippocampal atrophy [64]
- Later age at onset and shorter disease duration [65]
- Interaction on memory [66]
- Association with posterior cortical atrophy variant of

AD [67,68]
- Memory decline for subjects who eventually

developed MCI/LOAD [69]
- Cognitive declines in females [70]
- Lower immediate recall test and reduced rate of

decline in symbol digit modalities test [71]

rs4147929 Intronic GWAS SNP, low
predicted functional effect

- Voxel-based morphometry in the left postcentral
gyrus [72]

- Brain asymmetry in the hippocampus [73]
- Increase of symptomatic AD compared to

asymptomatic [74]

rs3752246 Missense GWAS SNP, predicted
benign

- Increased amyloid
deposition [75]

- Increased brain
amyloidosis [76]

- Decreased mean medial temporal lobe gray-patter
density in dementia patients [77]

- Interaction on memory [66]

rs115550680
Intronic GWAS SNP, low

predicted functional effect
- Dissociation in entorhinal cortex resting state

functional connectivity [78]
- Behavioral generalization [78]rs78117248 Intronic GWAS SNP, low

predicted functional effect
rs142076058 Loss-of-function

ABCA7
VNTR

expansions

Reduced ABCA7 expression, loss
of exon 19 encoding an
ATP-binding domain

Common Protective Variants Amyloid and Tau pathology Brain Morphology and Clinical Symptoms

rs72973581 Missense variant
CpG Methylation Amyloid and Tau pathology Brain Morphology and Clinical Symptoms

cg02308560
Hypermethylation in AD, effect

on ABCA7 unknown
cg24402332

cg04587220
- Increased brain

amyloidosis and higher
tau tangle density [79]

Rare Variants Amyloid and Tau pathology Brain Morphology and Clinical Symptoms

Missense and
PTC variants

Loss-of-function for PTC variants.
Unclear for missense variants.

Variants and CpG methylation sites in ABCA7 with their interpreted functional effect, and their association with AD and brain morphology
and clinical symptoms when investigated. Adapted from [57]. AD: Alzheimer’s disease; GWAS: Genome-wide association studies; PTC:
premature termination codon; SNP: single nucleotide polymorphism; VNTR: variable number tandem repeat.

4.2. ABCA7 in Brain Functions

Abca7 is mainly expressed by neurons and microglia in human and mouse
brains [23,80–82]. Both isoforms described in Section 2.2 are observed by western blots in
brain samples of healthy donors and AD patients [25]. Consequences of Abca7 depletion
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on brain cholesterol homeostasis were first investigated in mice. Lipidomic analysis of
forebrain samples from five male Abca7−/− mice showed alterations in lipid content; of
the 275 studied lipids, only 24 were significantly affected by the absence of expression of
Abca7 [83]. Among them, 12 subspecies in ethanolamine, three in phosphoglycerol, one in
lysophosphatidylcholine, and two in shingomyelin were lower in brains of Abca7−/− mice.
Three subspecies in phosphatidylcholine, one in ceramide, three in sulfatide, and one in
cerebroside were increased, thus suggesting that Abca7 deficiency may significantly affect
cerebral lipid metabolism.

The same study reported deficiencies in spatial memory in Abca7−/− 20- to 22-month-
old male and female mice [83] but these deficiencies were only observed in 19- to 20-week-
old females in another study performed by Logge et al. [84]. In the same study, males
and females displayed an altered novel object recognition but this was more pronounced
in females [84]. No difference between genders or with wild type mice was measured
when a battery of tests for behavior was realized. Indeed, Abca7−/− mice showed the same
sensory abilities, neurological reflexes, motor functions, anxiety, spatial learning and short-
term memory as the wild-type mice [84]. No significant role in neurogenesis or neuron
proliferation has been observed in another study in which only 8.5-month-old males were
studied [85]. All these data suggest that ABCA7 might play a minor role in behavioral
domains, but again further studies considering mouse strains, ages, sex or methodology
are necessary to elucidate the role of ABCA7 in brain development and behaviors.

In humans, it was demonstrated more recently in brain samples that levels of ABCA7
modestly but significantly decrease with normal aging [23]. A significant association
between ABCA7 SNP (rs3764650) and cognitive decline was only observed in females in a
longitudinal study including 3267 females and 3026 males [70].

4.3. Impact of ABCA7 Depletion in Aβ Burden in Animals and Cells

When KO animals are crossbred with transgenic mice overproducing Aβ peptides
(J20 mice at ± 17 months of age), Aβ burden was worsened, reinforcing the link between
ABCA7 and AD. Interestingly, this effect is rather the consequence of a higher Aβ peptide
accumulation than an overproduction [86]. Indeed, a significant decrease of Aβ peptide
efflux across the BBB was reported in an Abca7-deficient in vitro model of the BBB, in
relation to ApoA-I lipidation status [20], as well as a decrease in the phagocytosis process
mediated by microglial cells [81,86]. These cells express high levels of ABCA7 when
compared with neurons [82]. In addition, it was reported that Abca7 haplodeficiency
provokes a microglial abnormal morphology and an altered response to inflammation, thus
leading to cerebral amyloid accumulation in mice [87].

On the contrary to the aforementioned study demonstrating that Abca7 deficiency
does not impact Aβ peptide synthesis [86], other studies reported that the absence of
Abca7 in AD transgenic mouse models (APP/PS1 and TgCRND8) promotes the Aβ peptide
production [22,83] or that ABCA7 upregulation in vitro diminishes this synthesis [82].
Transgenic models used to reproduce AD in mice should be taken into account and probably
explain why such discrepancies are observed. It is important to note that in AD mouse
models, ABCA1 and ABCA7 expressions seem to act in the same direction in order to
modulate Aβ peptide production and deposition.

4.4. Evidence in AD Patients

Numerous works have studied ABCA7 as a risk gene in patients with mild cognitive
impairment (MCI), or in AD individuals. All these studies are summarized elsewhere [57],
and Table 1 gives an overview of AD-associated ABCA7 (epi-) genetic variation. Recently,
an analysis of cerebrospinal fluid (CSF) from AD patients bearing the protective rs3764650
allele reported a decrease of CSF Aβ1-42 although total tau and phosphorylated tau levels
remained unchanged [63]. Another recent study investigating genetic associations correlat-
ing with Aβ deposition found a strong association with ABCA7 among 1600 investigated
genes [88]. These observations confirmed the link between ABCA7 and Aβ peptides in
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humans but do not explain if this is mainly due to a decrease in Aβ production, or an
increase of the clearance mediated by microglia across the BBB. A recent and elegant study
from Lyssenko et al. investigated ABCA7 protein level in different Braak stages in AD
patients and controls [23]. They observed that patients with low levels of ABCA7 are
more prone to develop early AD than patients with the highest ABCA7 levels. Therefore,
authors suggested that ABCA7 acts like a blocker of AD in the early stage of disease,
particularly by removing toxic lipids from cellular membranes. As largely demonstrated
now, lipid composition of cellular membranes can influence secretase activities and then
APP processing and Aβ synthesis [89], therefore it might be hypothesized that ABCA7
levels and functioning can directly modulate APP processing and then, Aβ production.
Another recent study performed in the frame of the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) suggests also that ABCA7 acts very early in amyloid deposition [76].
Authors analyzed 18F-florbetapir positron emission tomographic data from 322 cognitively
normal control individuals, 496 patients with mild cognitive impairment (MCI), and 159
individuals with AD. These results were compared with genetic data obtained in GWAS.
They clearly observed that several AD risk variants of ABCA7 are highly associated with
increased amyloid deposition, in particular in the cognitively healthy and MCI populations,
but not in AD patients [76].

However, the impact of these variants on ABCA7 expression is still unclear since some
studies report that deleterious alleles such as rs4147929 downregulates ABCA7 expression
in AD patients [57], whereas other studies report contradictory results [58]. Studies investi-
gating the association between rs3764650 and ABCA7 expression also reported inconsistent
findings [65,90]. Therefore, there is a need of further studies that should address how
ABCA7 is regulated and how this transporter is involved in brain functioning as well
in Aβ peptide clearance or deposition in AD brains. Use of iPSCs cells from patients
bearing SNPs of ABCA7 should open new avenues for investigating this transporter in AD.
These cells can be differentiated into neurons to investigate not only neurogenesis but also
Aβ production. It would be also possible to generate in vitro models of the BBB [91] or
microglial cells [92] to further study Aβ clearance from CNS, and therefore to gain insight
into the molecular role of ABCA7 in AD.

5. ABCA7 and Cancers

As mentioned previously, due to the GWAS studies, ABCA7 functions were mainly
studied in AD mouse models and in AD samples. This is noteworthy because ABC
transporters have been closely linked to the MDR phenotype observed in cancer cells in
the most recent studies of ABCA7 in cancer. Finally, no relation with the MDR phenotype
has been observed, but a possible involvement in the epithelial to mesenchymal transition
(EMT process) was reported, in particular in ovarian cancers (OC) [93]. In EMT, cells
lose their epithelial markers and express more mesenchymal markers in order to acquire
capacities like migration, invasion and proliferation, characteristics of malignancies and
metastatic cancers. In this study, authors demonstrated that ABCA7 was upregulated in
ovarian cancer (OC) cells from patients when compared to adjacent non-cancer tissues [93].
This upregulation was associated with poor survival rates in OC patients. When ABCA7
expression is suppressed, OC cell lines showed a decrease in migration and an increase
in epithelial marker expression such as E-cadherin, correlated with a decrease of the
mesenchymal marker, N-cadherin [93,94]. Interestingly, ABCA7 knockdown decreased the
TGF beta transcription factor SMAD-4, a key regulator for EMT [93].

Additionally, regulation of ABCA7 in cancer cells was reported to be modulated
by the micro-RNA tumor suppressor called Mir-197-3p. This is found downregulated
in OVACAR-3 cells as well as in other types of cancer cells such as hepatocarcinoma
cells [94], suggesting a potential implication of ABCA7 in other types of cancers. Further
investigations for the ABCA7 role in cancer are needed for a better understanding of this
transporter functions and for a better diagnosis and prognosis. They will also determine
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if targeting ABCA7 expression might be a promising approach to prevent or cure certain
types of cancers.

6. Conclusions and Future Perspectives

As summarized in Figure 3, recent evidence supports a central role of ABCA7 in AD.
Increase of ABCA7 expression in the first step of the disease would help to maintain the
cerebral lipid homeostasis and the balance between the amyloid synthesis and clearance.
This latter process is controlled by microglial cell degradation and elimination across the
blood–brain barrier. Aging, genetic polymorphisms and probably external factors such as
diet or physical activity, influence ABCA7 expression, thereby promoting or slowing down
amyloid deposition and then AD onset and evolution (Figure 3).

Figure 3. Potential roles of ABCA7 in brain cholesterol homeostasis and Aβ clearance and synthesis. (Left), in healthy
brains, ABCA7 is normally expressed by neurons, glial cells and blood–brain barrier endothelial cells where it mediates Aβ

clearance (1 and 3) as well cellular and toxic lipid (TL) efflux (2). Because Aβ peptide production is also linked with cellular
lipid levels, it is likely that ABCA7 can also regulate Aβ synthesis. (Right) Single nucleotide polymorphisms (SNPs), aging
and diet can affect ABCA7 function and expression, thus downregulating Aβ peptide clearance, decreasing toxic lipid
recycling and then promoting Aβ burden. Aβ peptides: amyloid-β peptides; ABCA7: ATP-binding cassette subfamily A
member 7; AJs: Adherent junctions of the BBB; BBB: blood–brain barrier; SNP: single nucleotide polymorphism; TJs: tight
junctions of the BBB; TL: toxic lipids.

To exploit ABCA7 for therapeutic purposes, more attention needs to be given to its
role in phagocytosis processes, in particular at the level of microglial cells that remove
amyloid and play a central role in inflammatory processes. Then, it might be essential
to better characterize ABCA7 regulatory sequences and signaling pathways in order to
develop new molecules or approaches able to promote its cerebral expression, in healthy
and AD patients. It might be also suggested that development of new tracers for measuring
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ABCA7 activity at the brain level should be useful to detect AD or other neurodegenerative
diseases at early stages.

At last, gender differences reported in several studies might also be taken into account
to understand if ABCA7 has a different role in females rather in males, as highlighted by
the role of ABCA7 in ovarian cancer [93]. This hypothesis is also strongly supported by
the fact that AD deficiencies in mouse models affect more females than males [95,96] and
that cognitive decline has been observed in females bearing ABCA7 SNPs when compared
with males [70].
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forskningsrådet/Norway (260786 PROP-AD, 295910 NAPI, 327571 PETABC). PROP-AD and PETABC
are EU Joint Programme-Neurodegenerative Disease Research (JPND) projects. PROP-AD is sup-
ported through the following funding organizations under the aegis of JPND—www.jpnd.eu (ac-
cessed on 31 December 2020) (AKA #301228—Finland, BMBF #01ED1605—Germany, CSO-MOH
#30000-12631—Israel, NFR #260786—Norway, SRC #2015-06795—Sweden). PETABC is supported
through the following funding organisations under the aegis of JPND—www.jpnd.eu (NFR #32757—
Norway, FFG #882717—Austria, BMBF #XXXXX—Germany, MSMT #8F21002—Czech Republic,
VIAA #ES RTD/2020/26—Latvia, ANR #20-JPW2-0002-04—France, SRC #2020-02905—Sweden).
The projects receive funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement #643417 (JPco-fuND).

Acknowledgments: Authors would like to acknowledge Julien Saint-Pol for designing the final
version of the figure n◦3.

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

References
1. Thomas, C.; Aller, S.G.; Beis, K.; Carpenter, E.P.; Chang, G.; Chen, L.; Dassa, E.; Dean, M.; Duong Van Hoa, F.; Ekiert, D.; et al.

Structural and functional diversity calls for a new classification of ABC transporters. FEBS Lett. 2020, 594, 3767–3775. [CrossRef]
[PubMed]

2. Liu, X. ABC Family Transporters. Adv. Exp. Med. Biol. 2019, 1141, 13–100. [CrossRef] [PubMed]
3. Domínguez, C.J.; Tocchetti, G.N.; Rigalli, J.P.; Mottino, A.D. Acute regulation of apical ABC transporters in the gut. Potential

influence on drug bioavailability. Pharmacol. Res. 2021, 163, 105251. [CrossRef] [PubMed]
4. Gil-Martins, E.; Barbosa, D.J.; Silva, V.; Remião, F.; Silva, R. Dysfunction of ABC transporters at the blood-brain barrier: Role in

neurological disorders. Pharmacol. Ther. 2020, 213, 107554. [CrossRef] [PubMed]
5. Muriithi, W.; Macharia, L.W.; Heming, C.P.; Echevarria, J.L.; Nyachieo, A.; Filho, P.N.; Neto, V.M. ABC transporters and the

hallmarks of cancer: Roles in cancer aggressiveness beyond multidrug resistance. Cancer Biol. Med. 2020, 17, 253–269. [CrossRef]
6. Schmitz, G.; Liebisch, G.; Langmann, T. Lipidomic strategies to study structural and functional defects of ABC-transporters in

cellular lipid trafficking. FEBS Lett. 2006, 580, 5597–5610. [CrossRef]
7. Gosselet, F.; Saint-Pol, J.; Candela, P.; Fenart, L. Amyloid-beta Peptides, Alzheimer’s Disease and the Blood-brain Barrier. Curr.

Alzheimer Res. 2013, 10, 1015–1033. [CrossRef]
8. Selkoe, D.J. Alzheimer’s disease. Cold Spring Harb. Perspect. Biol. 2011, 3, 895–897. [CrossRef]
9. Pereira, C.D.; Martins, F.; Wiltfang, J.; da Cruz, E.S.O.A.B.; Rebelo, S. ABC Transporters Are Key Players in Alzheimer’s Disease. J.

Alzheimers Dis. 2018, 61, 463–485. [CrossRef]
10. Pahnke, J.; Walker, L.C.; Scheffler, K.; Krohn, M. Alzheimer’s disease and blood-brain barrier function-Why have anti-beta-amyloid

therapies failed to prevent dementia progression? Neurosci. Biobehav. Rev. 2009, 33, 1099–1108. [CrossRef]
11. Kaminski, W.E.; Orso, E.; Diederich, W.; Klucken, J.; Drobnik, W.; Schmitz, G. Identification of a novel human sterol-sensitive

ATP-binding cassette transporter (ABCA7). Biochem. Biophys. Res. Commun. 2000, 273, 532–538. [CrossRef]

www.jpnd.eu
www.jpnd.eu
http://doi.org/10.1002/1873-3468.13935
http://www.ncbi.nlm.nih.gov/pubmed/32978974
http://doi.org/10.1007/978-981-13-7647-4_2
http://www.ncbi.nlm.nih.gov/pubmed/31571164
http://doi.org/10.1016/j.phrs.2020.105251
http://www.ncbi.nlm.nih.gov/pubmed/33065282
http://doi.org/10.1016/j.pharmthera.2020.107554
http://www.ncbi.nlm.nih.gov/pubmed/32320731
http://doi.org/10.20892/j.issn.2095-3941.2019.0284
http://doi.org/10.1016/j.febslet.2006.08.014
http://doi.org/10.2174/15672050113106660174
http://doi.org/10.1101/cshperspect.a004457
http://doi.org/10.3233/JAD-170639
http://doi.org/10.1016/j.neubiorev.2009.05.006
http://doi.org/10.1006/bbrc.2000.2954


Int. J. Mol. Sci. 2021, 22, 4603 12 of 15

12. Hollingworth, P.; Harold, D.; Sims, R.; Gerrish, A.; Lambert, J.C.; Carrasquillo, M.M.; Abraham, R.; Hamshere, M.L.; Pahwa, J.S.;
Moskvina, V.; et al. Common variants at ABCA7, MS4A6A/MS4A4E, EPHA1, CD33 and CD2AP are associated with Alzheimer’s
disease. Nat. Genet. 2011, 43, 429–435. [CrossRef]

13. Sasaki, M.; Shoji, A.; Kubo, Y.; Nada, S.; Yamaguchi, A. Cloning of rat ABCA7 and its preferential expression in platelets. Biochem.
Biophys. Res. Commun. 2003, 304, 777–782. [CrossRef]

14. Broccardo, C.; Osorio, J.; Luciani, M.F.; Schriml, L.M.; Prades, C.; Shulenin, S.; Arnould, I.; Naudin, L.; Lafargue, C.; Rosier, M.;
et al. Comparative analysis of the promoter structure and genomic organization of the human and mouse ABCA7 gene encoding
a novel ABCA transporter. Cytogenet. Cell Genet. 2001, 92, 264–270. [CrossRef]

15. Heng, T.S.; Painter, M.W. The Immunological Genome Project: Networks of gene expression in immune cells. Nat. Immunol. 2008,
9, 1091–1094. [CrossRef]

16. Kim, W.S.; Fitzgerald, M.L.; Kang, K.; Okuhira, K.; Bell, S.A.; Manning, J.J.; Koehn, S.L.; Lu, N.; Moore, K.J.; Freeman, M.W. Abca7
null mice retain normal macrophage phosphatidylcholine and cholesterol efflux activity despite alterations in adipose mass and
serum cholesterol levels. J. Biol. Chem. 2005, 280, 3989–3995. [CrossRef]

17. Gosselet, F.; Candela, P.; Sevin, E.; Berezowski, V.; Cecchelli, R.; Fenart, L. Transcriptional profiles of receptors and transporters
involved in brain cholesterol homeostasis at the blood-brain barrier: Use of an in vitro model. Brain Res. 2009, 1249, 34–42.
[CrossRef]

18. Tomioka, M.; Toda, Y.; Mañucat, N.B.; Akatsu, H.; Fukumoto, M.; Kono, N.; Arai, H.; Kioka, N.; Ueda, K. Lysophosphatidylcholine
export by human ABCA7. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2017, 1862, 658–665. [CrossRef]

19. Wang, N.; Lan, D.; Gerbod-Giannone, M.; Linsel-Nitschke, P.; Jehle, A.W.; Chen, W.; Martinez, L.O.; Tall, A.R. ATP-binding
cassette transporter A7 (ABCA7) binds apolipoprotein A-I and mediates cellular phospholipid but not cholesterol efflux. J. Biol.
Chem. 2003, 278, 42906–42912. [CrossRef]

20. Lamartiniere, Y.; Boucau, M.C.; Dehouck, L.; Krohn, M.; Pahnke, J.; Candela, P.; Gosselet, F.; Fenart, L. ABCA7 Downregulation
Modifies Cellular Cholesterol Homeostasis and Decreases Amyloid-beta Peptide Efflux in an in vitro Model of the Blood-Brain
Barrier. J. Alzheimers Dis. 2018, 64, 1195–1211. [CrossRef]

21. Ikeda, Y.; Abe-Dohmae, S.; Munehira, Y.; Aoki, R.; Kawamoto, S.; Furuya, A.; Shitara, K.; Amachi, T.; Kioka, N.; Matsuo, M.; et al.
Posttranscriptional regulation of human ABCA7 and its function for the apoA-I-dependent lipid release. Biochem. Biophys. Res.
Commun. 2003, 311, 313–318. [CrossRef]

22. Satoh, K.; Abe-Dohmae, S.; Yokoyama, S.; St George-Hyslop, P.; Fraser, P.E. ATP-binding Cassette Transporter A7 (ABCA7) Loss
of Function Alters Alzheimer Amyloid Processing. J. Biol. Chem. 2015, 290, 24152–24165. [CrossRef]

23. Lyssenko, N.N.; Praticò, D. ABCA7 and the altered lipidostasis hypothesis of Alzheimer’s disease. Alzheimer’s Dement. J.
Alzheimer’s Assoc. 2021, 17, 164–174. [CrossRef]

24. Zhang, Y.; Sloan, S.A.; Clarke, L.E.; Caneda, C.; Plaza, C.A.; Blumenthal, P.D.; Vogel, H.; Steinberg, G.K.; Edwards, M.S.; Li, G.;
et al. Purification and Characterization of Progenitor and Mature Human Astrocytes Reveals Transcriptional and Functional
Differences with Mouse. Neuron 2016, 89, 37–53. [CrossRef]

25. Allen, M.; Lincoln, S.J.; Corda, M.; Watzlawik, J.O.; Carrasquillo, M.M.; Reddy, J.S.; Burgess, J.D.; Nguyen, T.; Malphrus, K.;
Petersen, R.C.; et al. ABCA7 loss-of-function variants, expression, and neurologic disease risk. Neurol. Genet. 2017, 3, e126.
[CrossRef]

26. Pasello, M.; Giudice, A.M.; Scotlandi, K. The ABC subfamily A transporters: Multifaceted players with incipient potentialities in
cancer. Semin. Cancer Biol. 2020, 60, 57–71. [CrossRef]

27. Ye, Z.; Lu, Y.; Wu, T. The impact of ATP-binding cassette transporters on metabolic diseases. Nutr. Metab. 2020, 17, 61. [CrossRef]
28. Qian, H.; Zhao, X.; Cao, P.; Lei, J.; Yan, N.; Gong, X. Structure of the Human Lipid Exporter ABCA1. Cell 2017, 169, 1228–1239.e1210.

[CrossRef]
29. Attie, A.D.; Kastelein, J.P.; Hayden, M.R. Pivotal role of ABCA1 in reverse cholesterol transport influencing HDL levels and

susceptibility to atherosclerosis. J. Lipid Res. 2001, 42, 1717–1726. [CrossRef]
30. Schmitz, G.; Kaminski, W.E.; Porsch-Ozcürümez, M.; Klucken, J.; Orsó, E.; Bodzioch, M.; Büchler, C.; Drobnik, W. ATP-

binding cassette transporter A1 (ABCA1) in macrophages: A dual function in inflammation and lipid metabolism? Pathobiol. J.
Immunopathol. Mol. Cell. Biol. 1999, 67, 236–240. [CrossRef]

31. Jacobo-Albavera, L.; Domínguez-Pérez, M.; Medina-Leyte, D.J.; González-Garrido, A.; Villarreal-Molina, T. The Role of the
ATP-Binding Cassette A1 (ABCA1) in Human Disease. Int. J. Mol. Sci. 2021, 22, 1593. [CrossRef] [PubMed]

32. O’Connell, B.J.; Denis, M.; Genest, J. Cellular physiology of cholesterol efflux in vascular endothelial cells. Circulation 2004, 110,
2881–2888. [CrossRef] [PubMed]

33. Singaraja, R.R.; Brunham, L.R.; Visscher, H.; Kastelein, J.J.; Hayden, M.R. Efflux and atherosclerosis: The clinical and biochemical
impact of variations in the ABCA1 gene. Arter. Thromb. Vasc. Biol. 2003, 23, 1322–1332. [CrossRef] [PubMed]

34. Iatan, I.; Alrasadi, K.; Ruel, I.; Alwaili, K.; Genest, J. Effect of ABCA1 mutations on risk for myocardial infarction. Curr. Atheroscler.
Rep. 2008, 10, 413–426. [CrossRef]

35. Abe-Dohmae, S.; Ikeda, Y.; Matsuo, M.; Hayashi, M.; Okuhira, K.; Ueda, K.; Yokoyama, S. Human ABCA7 supports apolipoprotein-
mediated release of cellular cholesterol and phospholipid to generate high density lipoprotein. J. Biol. Chem. 2004, 279, 604–611.
[CrossRef]

http://doi.org/10.1038/ng.803
http://doi.org/10.1016/S0006-291X(03)00659-4
http://doi.org/10.1159/000056914
http://doi.org/10.1038/ni1008-1091
http://doi.org/10.1074/jbc.M412602200
http://doi.org/10.1016/j.brainres.2008.10.036
http://doi.org/10.1016/j.bbalip.2017.03.012
http://doi.org/10.1074/jbc.M307831200
http://doi.org/10.3233/JAD-170883
http://doi.org/10.1016/j.bbrc.2003.10.002
http://doi.org/10.1074/jbc.M115.655076
http://doi.org/10.1002/alz.12220
http://doi.org/10.1016/j.neuron.2015.11.013
http://doi.org/10.1212/NXG.0000000000000126
http://doi.org/10.1016/j.semcancer.2019.10.004
http://doi.org/10.1186/s12986-020-00478-4
http://doi.org/10.1016/j.cell.2017.05.020
http://doi.org/10.1016/S0022-2275(20)31498-X
http://doi.org/10.1159/000028100
http://doi.org/10.3390/ijms22041593
http://www.ncbi.nlm.nih.gov/pubmed/33562440
http://doi.org/10.1161/01.CIR.0000146333.20727.2B
http://www.ncbi.nlm.nih.gov/pubmed/15492319
http://doi.org/10.1161/01.ATV.0000078520.89539.77
http://www.ncbi.nlm.nih.gov/pubmed/12763760
http://doi.org/10.1007/s11883-008-0064-5
http://doi.org/10.1074/jbc.M309888200


Int. J. Mol. Sci. 2021, 22, 4603 13 of 15

36. Meurs, I.; Calpe-Berdiel, L.; Habets, K.L.; Zhao, Y.; Korporaal, S.J.; Mommaas, A.M.; Josselin, E.; Hildebrand, R.B.; Ye, D.; Out, R.;
et al. Effects of deletion of macrophage ABCA7 on lipid metabolism and the development of atherosclerosis in the presence and
absence of ABCA1. PLoS ONE 2012, 7, e30984. [CrossRef]

37. Iwamoto, N.; Abe-Dohmae, S.; Sato, R.; Yokoyama, S. ABCA7 expression is regulated by cellular cholesterol through the SREBP2
pathway and associated with phagocytosis. J. Lipid Res. 2006, 47, 1915–1927. [CrossRef]

38. Tanaka, N.; Abe-Dohmae, S.; Iwamoto, N.; Fitzgerald, M.L.; Yokoyama, S. Helical apolipoproteins of high-density lipoprotein
enhance phagocytosis by stabilizing ATP-binding cassette transporter A7. J. Lipid Res. 2010, 51, 2591–2599. [CrossRef]

39. Saint-Pol, J.; Vandenhaute, E.; Boucau, M.C.; Candela, P.; Dehouck, L.; Cecchelli, R.; Dehouck, M.P.; Fenart, L.; Gosselet, F. Brain
Pericytes ABCA1 Expression Mediates Cholesterol Efflux but not Cellular Amyloid-beta Peptide Accumulation. J. Alzheimers Dis.
2012, 30, 489–503. [CrossRef]

40. Kielar, D.; Kaminski, W.E.; Liebisch, G.; Piehler, A.; Wenzel, J.J.; Möhle, C.; Heimerl, S.; Langmann, T.; Friedrich, S.O.; Böttcher, A.;
et al. Adenosine triphosphate binding cassette (ABC) transporters are expressed and regulated during terminal keratinocyte
differentiation: A potential role for ABCA7 in epidermal lipid reorganization. J. Investig. Dermatol. 2003, 121, 465–474. [CrossRef]

41. Jehle, A.W.; Gardai, S.J.; Li, S.; Linsel-Nitschke, P.; Morimoto, K.; Janssen, W.J.; Vandivier, R.W.; Wang, N.; Greenberg, S.; Dale,
B.M.; et al. ATP-binding cassette transporter A7 enhances phagocytosis of apoptotic cells and associated ERK signaling in
macrophages. J. Cell Biol. 2006, 174, 547–556. [CrossRef]

42. Su, H.P.; Nakada-Tsukui, K.; Tosello-Trampont, A.C.; Li, Y.; Bu, G.; Henson, P.M.; Ravichandran, K.S. Interaction of CED-6/GULP,
an adapter protein involved in engulfment of apoptotic cells with CED-1 and CD91/low density lipoprotein receptor-related
protein (LRP). J. Biol. Chem. 2002, 277, 11772–11779. [CrossRef]

43. Association, A.s. Alzheimer’s Disease Facts and Figures Alzheimer’s Dementia 2019. Annu. Rep. 2019, 15, 321–387.
44. Jack, C.R., Jr.; Knopman, D.S.; Jagust, W.J.; Petersen, R.C.; Weiner, M.W.; Aisen, P.S.; Shaw, L.M.; Vemuri, P.; Wiste, H.J.; Weigand,

S.D.; et al. Tracking pathophysiological processes in Alzheimer’s disease: An updated hypothetical model of dynamic biomarkers.
Lancet Neurol. 2013, 12, 207–216. [CrossRef]

45. Martins, I.J.; Berger, T.; Sharman, M.J.; Verdile, G.; Fuller, S.J.; Martins, R.N. Cholesterol metabolism and transport in the
pathogenesis of Alzheimer’s disease. J. Neurochem. 2009, 111, 1275–1308. [CrossRef]

46. Zlokovic, B.V. Neurovascular pathways to neurodegeneration in Alzheimer’s disease and other disorders. Nat. Rev. Neurosci.
2011, 12, 723–738. [CrossRef]

47. Mawuenyega, K.G.; Sigurdson, W.; Ovod, V.; Munsell, L.; Kasten, T.; Morris, J.C.; Yarasheski, K.E.; Bateman, R.J. Decreased
clearance of CNS beta-amyloid in Alzheimer’s disease. Science 2010, 330, 1774. [CrossRef]

48. Saint-Pol, J.; Candela, P.; Boucau, M.C.; Fenart, L.; Gosselet, F. Oxysterols decrease apical-to-basolateral transport of Abeta
peptides via an ABCB1-mediated process in an in vitro Blood-brain barrier model constituted of bovine brain capillary endothelial
cells. Brain Res. 2013, 1517, 1–15. [CrossRef]

49. Hofrichter, J.; Krohn, M.; Schumacher, T.; Lange, C.; Feistel, B.; Walbroel, B.; Heinze, H.J.; Crockett, S.; Sharbel, T.F.; Pahnke, J.
Reduced Alzheimer’s disease pathology by St. John’s Wort treatment is independent of hyperforin and facilitated by ABCC1 and
microglia activation in mice. Curr. Alzheimer Res. 2013, 10, 1057–1069. [CrossRef]

50. Qosa, H.; Abuznait, A.H.; Hill, R.A.; Kaddoumi, A. Enhanced Brain Amyloid-beta Clearance by Rifampicin and Caffeine as a
Possible Protective Mechanism Against Alzheimer’s Disease. J. Alzheimers Dis. 2012, 31, 151–165. [CrossRef]

51. Krohn, M.; Lange, C.; Hofrichter, J.; Scheffler, K.; Stenzel, J.; Steffen, J.; Schumacher, T.; Bruning, T.; Plath, A.S.; Alfen, F.; et al.
Cerebral amyloid-beta proteostasis is regulated by the membrane transport protein ABCC1 in mice. J. Clin. Investig. 2011, 121,
3924–3931. [CrossRef]

52. Wahrle, S.E.; Jiang, H.; Parsadanian, M.; Hartman, R.E.; Bales, K.R.; Paul, S.M.; Holtzman, D.M. Deletion of Abca1 increases
Abeta deposition in the PDAPP transgenic mouse model of Alzheimer disease. J. Biol. Chem. 2005, 280, 43236–43242. [CrossRef]

53. Wahrle, S.E.; Jiang, H.; Parsadanian, M.; Kim, J.; Li, A.; Knoten, A.; Jain, S.; Hirsch-Reinshagen, V.; Wellington, C.L.; Bales, K.R.;
et al. Overexpression of ABCA1 reduces amyloid deposition in the PDAPP mouse model of Alzheimer disease. J. Clin. Investig.
2008, 118, 671–682. [CrossRef]

54. Hirsch-Reinshagen, V.; Maia, L.F.; Burgess, B.L.; Blain, J.F.; Naus, K.E.; McIsaac, S.A.; Parkinson, P.F.; Chan, J.Y.; Tansley, G.H.;
Hayden, M.R.; et al. The absence of ABCA1 decreases soluble ApoE levels but does not diminish amyloid deposition in two
murine models of Alzheimer disease. J. Biol. Chem. 2005, 280, 43243–43256. [CrossRef]

55. Gosselet, F. The Mysterious Link between Cholesterol and Alzheimer’s Disease: Is the Blood-Brain Barrier a Suspect? J. Alzheimer’s
Dis. Parkinsonism 2011, 1, 2161-0460. [CrossRef]

56. Aikawa, T.; Holm, M.L.; Kanekiyo, T. ABCA7 and Pathogenic Pathways of Alzheimer’s Disease. Brain Sci. 2018, 8, 27. [CrossRef]
57. De Roeck, A.; Van Broeckhoven, C.; Sleegers, K. The role of ABCA7 in Alzheimer’s disease: Evidence from genomics, transcrip-

tomics and methylomics. Acta Neuropathol. 2019, 138, 201–220. [CrossRef]
58. Liu, G.; Zhang, H.; Liu, B.; Wang, T.; Han, Z.; Ji, X. rs4147929 variant minor allele increases ABCA7 gene expression and ABCA7

shows increased gene expression in Alzheimer’s disease patients compared with controls. Acta Neuropathol. 2020, 139, 937–940.
[CrossRef]

59. Bellenguez, C.; Charbonnier, C.; Grenier-Boley, B.; Quenez, O.; Le Guennec, K.; Nicolas, G.; Chauhan, G.; Wallon, D.; Rousseau,
S.; Richard, A.C.; et al. Contribution to Alzheimer’s disease risk of rare variants in TREM2, SORL1, and ABCA7 in 1779 cases and
1273 controls. Neurobiol. Aging 2017, 59, 220.e221–220.e229. [CrossRef]

http://doi.org/10.1371/annotation/577d9009-baf4-46ea-b44e-eda094b604db
http://doi.org/10.1194/jlr.M600127-JLR200
http://doi.org/10.1194/jlr.M006049
http://doi.org/10.3233/JAD-2012-112090
http://doi.org/10.1046/j.1523-1747.2003.12404.x
http://doi.org/10.1083/jcb.200601030
http://doi.org/10.1074/jbc.M109336200
http://doi.org/10.1016/S1474-4422(12)70291-0
http://doi.org/10.1111/j.1471-4159.2009.06408.x
http://doi.org/10.1038/nrn3114
http://doi.org/10.1126/science.1197623
http://doi.org/10.1016/j.brainres.2013.04.008
http://doi.org/10.2174/15672050113106660171
http://doi.org/10.3233/JAD-2012-120319
http://doi.org/10.1172/JCI57867
http://doi.org/10.1074/jbc.M508780200
http://doi.org/10.1172/JCI33622
http://doi.org/10.1074/jbc.M508781200
http://doi.org/10.4172/2161-0460.1000103e
http://doi.org/10.3390/brainsci8020027
http://doi.org/10.1007/s00401-019-01994-1
http://doi.org/10.1007/s00401-020-02135-9
http://doi.org/10.1016/j.neurobiolaging.2017.07.001


Int. J. Mol. Sci. 2021, 22, 4603 14 of 15

60. Cukier, H.N.; Kunkle, B.W.; Vardarajan, B.N.; Rolati, S.; Hamilton-Nelson, K.L.; Kohli, M.A.; Whitehead, P.L.; Dombroski, B.A.;
Van Booven, D.; Lang, R.; et al. ABCA7 frameshift deletion associated with Alzheimer disease in African Americans. Neurology.
Genet. 2016, 2, e79. [CrossRef]

61. De Roeck, A.; Van den Bossche, T.; van der Zee, J.; Verheijen, J.; De Coster, W.; Van Dongen, J.; Dillen, L.; Baradaran-Heravi, Y.;
Heeman, B.; Sanchez-Valle, R.; et al. Deleterious ABCA7 mutations and transcript rescue mechanisms in early onset Alzheimer’s
disease. Acta Neuropathol. 2017, 134, 475–487. [CrossRef] [PubMed]

62. Shulman, J.M.; Chen, K.; Keenan, B.T.; Chibnik, L.B.; Fleisher, A.; Thiyyagura, P.; Roontiva, A.; McCabe, C.; Patsopoulos, N.A.;
Corneveaux, J.J.; et al. Genetic susceptibility for Alzheimer disease neuritic plaque pathology. JAMA Neurol. 2013, 70, 1150–1157.
[CrossRef] [PubMed]

63. Ma, F.C.; Zong, Y.; Wang, H.F.; Li, J.Q.; Cao, X.P.; Tan, L. ABCA7 genotype altered Aβ levels in cerebrospinal fluid in Alzheimer’s
disease without dementia. Ann. Transl. Med. 2018, 6, 437. [CrossRef] [PubMed]

64. Ramirez, L.M.; Goukasian, N.; Porat, S.; Hwang, K.S.; Eastman, J.A.; Hurtz, S.; Wang, B.; Vang, N.; Sears, R.; Klein, E.; et al.
Common variants in ABCA7 and MS4A6A are associated with cortical and hippocampal atrophy. Neurobiol. Aging 2016, 39,
82–89. [CrossRef]

65. Karch, C.M.; Jeng, A.T.; Nowotny, P.; Cady, J.; Cruchaga, C.; Goate, A.M. Expression of novel Alzheimer’s disease risk genes in
control and Alzheimer’s disease brains. PLoS ONE 2012, 7, e50976. [CrossRef]

66. Engelman, C.D.; Koscik, R.L.; Jonaitis, E.M.; Okonkwo, O.C.; Hermann, B.P.; La Rue, A.; Sager, M.A. Interaction between two
cholesterol metabolism genes influences memory: Findings from the Wisconsin Registry for Alzheimer’s Prevention. J. Alzheimers
Dis. 2013, 36, 749–757. [CrossRef]

67. Carrasquillo, M.M.; Khan, Q.; Murray, M.E.; Krishnan, S.; Aakre, J.; Pankratz, V.S.; Nguyen, T.; Ma, L.; Bisceglio, G.; Petersen,
R.C.; et al. Late-onset Alzheimer disease genetic variants in posterior cortical atrophy and posterior AD. Neurology 2014, 82,
1455–1462. [CrossRef]

68. Schott, J.M.; Crutch, S.J.; Carrasquillo, M.M.; Uphill, J.; Shakespeare, T.J.; Ryan, N.S.; Yong, K.X.; Lehmann, M.; Ertekin-Taner,
N.; Graff-Radford, N.R.; et al. Genetic risk factors for the posterior cortical atrophy variant of Alzheimer’s disease. Alzheimer’s
Dement. J. Alzheimer’s Assoc. 2016, 12, 862–871. [CrossRef]

69. Carrasquillo, M.M.; Crook, J.E.; Pedraza, O.; Thomas, C.S.; Pankratz, V.S.; Allen, M.; Nguyen, T.; Malphrus, K.G.; Ma, L.; Bisceglio,
G.D.; et al. Late-onset Alzheimer’s risk variants in memory decline, incident mild cognitive impairment, and Alzheimer’s disease.
Neurobiol. Aging 2015, 36, 60–67. [CrossRef]

70. Nettiksimmons, J.; Tranah, G.; Evans, D.S.; Yokoyama, J.S.; Yaffe, K. Gene-based aggregate SNP associations between candidate
AD genes and cognitive decline. Age 2016, 38, 41. [CrossRef]

71. Andrews, S.J.; Das, D.; Anstey, K.J.; Easteal, S. Late Onset Alzheimer’s Disease Risk Variants in Cognitive Decline: The PATH
Through Life Study. J. Alzheimers Dis. 2017, 57, 423–436. [CrossRef]

72. Roshchupkin, G.V.; Adams, H.H.; van der Lee, S.J.; Vernooij, M.W.; van Duijn, C.M.; Uitterlinden, A.G.; van der Lugt, A.; Hofman,
A.; Niessen, W.J.; Ikram, M.A. Fine-mapping the effects of Alzheimer’s disease risk loci on brain morphology. Neurobiol. Aging
2016, 48, 204–211. [CrossRef]

73. Wachinger, C.; Nho, K.; Saykin, A.J.; Reuter, M.; Rieckmann, A. A Longitudinal Imaging Genetics Study of Neuroanatomical
Asymmetry in Alzheimer’s Disease. Biol. Psychiatry 2018, 84, 522–530. [CrossRef]

74. Monsell, S.E.; Mock, C.; Fardo, D.W.; Bertelsen, S.; Cairns, N.J.; Roe, C.M.; Ellingson, S.R.; Morris, J.C.; Goate, A.M.; Kukull, W.A.
Genetic Comparison of Symptomatic and Asymptomatic Persons With Alzheimer Disease Neuropathology. Alzheimer Dis. Assoc.
Disord. 2017, 31, 232–238. [CrossRef]

75. Hughes, T.M.; Lopez, O.L.; Evans, R.W.; Kamboh, M.I.; Williamson, J.D.; Klunk, W.E.; Mathis, C.A.; Price, J.C.; Cohen, A.D.;
Snitz, B.E.; et al. Markers of cholesterol transport are associated with amyloid deposition in the brain. Neurobiol. Aging 2014, 35,
802–807. [CrossRef]

76. Apostolova, L.G.; Risacher, S.L.; Duran, T.; Stage, E.C.; Goukasian, N.; West, J.D.; Do, T.M.; Grotts, J.; Wilhalme, H.; Nho, K.; et al.
Associations of the Top 20 Alzheimer Disease Risk Variants With Brain Amyloidosis. JAMA Neurol. 2018, 75, 328–341. [CrossRef]

77. Stage, E.; Duran, T.; Risacher, S.L.; Goukasian, N.; Do, T.M.; West, J.D.; Wilhalme, H.; Nho, K.; Phillips, M.; Elashoff, D.; et al. The
effect of the top 20 Alzheimer disease risk genes on gray-matter density and FDG PET brain metabolism. Alzheimer’s Dement.
2016, 5, 53–66. [CrossRef]

78. Sinha, N.; Reagh, Z.M.; Tustison, N.J.; Berg, C.N.; Shaw, A.; Myers, C.E.; Hill, D.; Yassa, M.A.; Gluck, M.A. ABCA7 risk variant in
healthy older African Americans is associated with a functionally isolated entorhinal cortex mediating deficient generalization of
prior discrimination training. Hippocampus 2019, 29, 527–538. [CrossRef]

79. Yu, L.; Chibnik, L.B.; Srivastava, G.P.; Pochet, N.; Yang, J.; Xu, J.; Kozubek, J.; Obholzer, N.; Leurgans, S.E.; Schneider, J.A.; et al.
Association of Brain DNA methylation in SORL1, ABCA7, HLA-DRB5, SLC24A4, and BIN1 with pathological diagnosis of
Alzheimer disease. JAMA Neurol. 2015, 72, 15–24. [CrossRef]

80. Kim, W.S.; Guillemin, G.J.; Glaros, E.N.; Lim, C.K.; Garner, B. Quantitation of ATP-binding cassette subfamily-A transporter gene
expression in primary human brain cells. Neuroreport 2006, 17, 891–896. [CrossRef]

81. Fu, Y.; Hsiao, J.H.; Paxinos, G.; Halliday, G.M.; Kim, W.S. ABCA7 Mediates Phagocytic Clearance of Amyloid-beta in the Brain. J.
Alzheimers Dis. 2016, 54, 569–584. [CrossRef]

http://doi.org/10.1212/nxg.0000000000000079
http://doi.org/10.1007/s00401-017-1714-x
http://www.ncbi.nlm.nih.gov/pubmed/28447221
http://doi.org/10.1001/jamaneurol.2013.2815
http://www.ncbi.nlm.nih.gov/pubmed/23836404
http://doi.org/10.21037/atm.2018.07.04
http://www.ncbi.nlm.nih.gov/pubmed/30596067
http://doi.org/10.1016/j.neurobiolaging.2015.10.037
http://doi.org/10.1371/journal.pone.0050976
http://doi.org/10.3233/JAD-130482
http://doi.org/10.1212/WNL.0000000000000335
http://doi.org/10.1016/j.jalz.2016.01.010
http://doi.org/10.1016/j.neurobiolaging.2014.07.042
http://doi.org/10.1007/s11357-016-9885-2
http://doi.org/10.3233/JAD-160774
http://doi.org/10.1016/j.neurobiolaging.2016.08.024
http://doi.org/10.1016/j.biopsych.2018.04.017
http://doi.org/10.1097/WAD.0000000000000179
http://doi.org/10.1016/j.neurobiolaging.2013.09.040
http://doi.org/10.1001/jamaneurol.2017.4198
http://doi.org/10.1016/j.dadm.2016.12.003
http://doi.org/10.1002/hipo.23042
http://doi.org/10.1001/jamaneurol.2014.3049
http://doi.org/10.1097/01.wnr.0000221833.41340.cd
http://doi.org/10.3233/JAD-160456


Int. J. Mol. Sci. 2021, 22, 4603 15 of 15

82. Chan, S.L.; Kim, W.S.; Kwok, J.B.; Hill, A.F.; Cappai, R.; Rye, K.A.; Garner, B. ATP-binding cassette transporter A7 regulates
processing of amyloid precursor protein in vitro. J. Neurochem. 2008, 106, 793–804. [CrossRef]

83. Sakae, N.; Liu, C.C.; Shinohara, M.; Frisch-Daiello, J.; Ma, L.; Yamazaki, Y.; Tachibana, M.; Younkin, L.; Kurti, A.; Carrasquillo,
M.M.; et al. ABCA7 Deficiency Accelerates Amyloid-beta Generation and Alzheimer’s Neuronal Pathology. J. Neurosci. 2016, 36,
3848–3859. [CrossRef]

84. Logge, W.; Cheng, D.; Chesworth, R.; Bhatia, S.; Garner, B.; Kim, W.S.; Karl, T. Role of Abca7 in mouse behaviours relevant to
neurodegenerative diseases. PLoS ONE 2012, 7, e45959. [CrossRef]

85. Li, H.; Karl, T.; Garner, B. Abca7 deletion does not affect adult neurogenesis in the mouse. Biosci. Rep. 2016, 36, 1–6. [CrossRef]
86. Kim, W.S.; Li, H.; Ruberu, K.; Chan, S.; Elliott, D.A.; Low, J.K.; Cheng, D.; Karl, T.; Garner, B. Deletion of Abca7 increases cerebral

amyloid-beta accumulation in the J20 mouse model of Alzheimer’s disease. J. Neurosci. 2013, 33, 4387–4394. [CrossRef]
87. Aikawa, T.; Ren, Y.; Yamazaki, Y.; Tachibana, M.; Johnson, M.R.; Anderson, C.T.; Martens, Y.A.; Holm, M.L.; Asmann, Y.W.; Saito,

T.; et al. ABCA7 haplodeficiency disturbs microglial immune responses in the mouse brain. Proc. Natl. Acad. Sci. USA 2019, 116,
23790–23796. [CrossRef]

88. Vacher, M.; Porter, T.; Villemagne, V.L.; Milicic, L.; Peretti, M.; Fowler, C.; Martins, R.; Rainey-Smith, S.; Ames, D.; Masters, C.L.;
et al. Validation of a priori candidate Alzheimer’s disease SNPs with brain amyloid-beta deposition. Sci. Rep. 2019, 9, 17069.
[CrossRef]

89. Chew, H.; Solomon, V.A.; Fonteh, A.N. Involvement of Lipids in Alzheimer’s Disease Pathology and Potential Therapies. Front.
Physiol. 2020, 11, 598. [CrossRef] [PubMed]

90. Allen, M.; Zou, F.; Chai, H.S.; Younkin, C.S.; Crook, J.; Pankratz, V.S.; Carrasquillo, M.M.; Rowley, C.N.; Nair, A.A.; Middha,
S.; et al. Novel late-onset Alzheimer disease loci variants associate with brain gene expression. Neurology 2012, 79, 221–228.
[CrossRef] [PubMed]

91. Wellens, S.; Dehouck, L.; Chandrasekaran, V.; Singh, P.; Loiola, R.A.; Sevin, E.; Exner, T.; Jennings, P.; Gosselet, F.; Culot, M.
Evaluation of a human iPSC-derived BBB model for repeated dose toxicity testing with cyclosporine A as model compound.
Toxicol. In Vitro 2021, 73, 105112. [CrossRef] [PubMed]

92. Wurm, J.; Konttinen, H.; Andressen, C.; Malm, T.; Spittau, B. Microglia Development and Maturation and Its Implications for
Induction of Microglia-Like Cells from Human iPSCs. Int. J. Mol. Sci. 2021, 22, 3088. [CrossRef] [PubMed]

93. Liu, X.; Li, Q.; Zhou, J.; Zhang, S. ATP-binding cassette transporter A7 accelerates epithelial-to-mesenchymal transition in ovarian
cancer cells by upregulating the transforming growth factor-β signaling pathway. Oncol. Lett. 2018, 16, 5868–5874. [CrossRef]
[PubMed]

94. Xie, W.; Shui, C.; Fang, X.; Peng, Y.; Qin, L. miR-197-3p reduces epithelial-mesenchymal transition by targeting ABCA7 in ovarian
cancer cells. 3 Biotech 2020, 10, 375. [CrossRef] [PubMed]

95. Carroll, J.C.; Rosario, E.R.; Kreimer, S.; Villamagna, A.; Gentzschein, E.; Stanczyk, F.Z.; Pike, C.J. Sex differences in β-amyloid
accumulation in 3xTg-AD mice: Role of neonatal sex steroid hormone exposure. Brain Res. 2010, 1366, 233–245. [CrossRef]

96. Schäfer, S.; Wirths, O.; Multhaup, G.; Bayer, T.A. Gender dependent APP processing in a transgenic mouse model of Alzheimer’s
disease. J. Neural Transm. 2007, 114, 387–394. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1471-4159.2008.05433.x
http://doi.org/10.1523/JNEUROSCI.3757-15.2016
http://doi.org/10.1371/journal.pone.0045959
http://doi.org/10.1042/BSR20150308
http://doi.org/10.1523/JNEUROSCI.4165-12.2013
http://doi.org/10.1073/pnas.1908529116
http://doi.org/10.1038/s41598-019-53604-5
http://doi.org/10.3389/fphys.2020.00598
http://www.ncbi.nlm.nih.gov/pubmed/32581851
http://doi.org/10.1212/WNL.0b013e3182605801
http://www.ncbi.nlm.nih.gov/pubmed/22722634
http://doi.org/10.1016/j.tiv.2021.105112
http://www.ncbi.nlm.nih.gov/pubmed/33631201
http://doi.org/10.3390/ijms22063088
http://www.ncbi.nlm.nih.gov/pubmed/33803024
http://doi.org/10.3892/ol.2018.9366
http://www.ncbi.nlm.nih.gov/pubmed/30333865
http://doi.org/10.1007/s13205-020-02362-7
http://www.ncbi.nlm.nih.gov/pubmed/32832335
http://doi.org/10.1016/j.brainres.2010.10.009
http://doi.org/10.1007/s00702-006-0580-9
http://www.ncbi.nlm.nih.gov/pubmed/17075721

	Introduction 
	ABCA7 Expression Pattern and Structure 
	Tissue Localization of ABCA7 
	ABCA7 Alternative Splicing 
	ABCA7 Structure 

	ABCA7 and the Lipid Metabolism 
	Role of ABCA7 in Lipid Release and Trafficking 
	Role of ABCA7 in Phagocytosis and Immune Response 

	Roles of ABCA7 in Brain Functioning and in Alzheimer’s Disease (AD) 
	AD Pathology 
	ABCA7 in Brain Functions 
	Impact of ABCA7 Depletion in A Burden in Animals and Cells 
	Evidence in AD Patients 

	ABCA7 and Cancers 
	Conclusions and Future Perspectives 
	References

