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Abstract

ATP-binding cassette transporter (ABC) A7 is a membrane protein that belongs to the large family
of ABC transporters. It is 54% homologous in amino acid residue sequence to ABCAL which
mediates biogenesis of plasma high density lipoprotein (HDL) from cellular phospholipid and
cholesterol with extracellular helical apolipoproteins such as apolipoprotein (apo) A-I1. When
transfected and expressed, ABCA7 also mediates generation of HDL-like particles but small and
of less cholesterol content. However, endogenous ABCAY is unlikely involved in HDL biogenesis
and rather to regulate the host-defense system such as phagocytotic function of the cells. ABCA1
expression is regulated by cellular cholesterol levels, positively by the liver X receptor (LXR) in
extrahepatic peripheral cells. However, it is modulated dually in the liver being relevant to
transport of cholesterol for its catabolism; positively by LXR and negatively by sterol regulatory
element binding protein (SREBP) or hepatic nuclear factor 4a (HNF4a). In contrast, ABCA7
expression was shown to be regulated negatively by the SREBP system so that decrease of cell
cholesterol enhances ABCA7 function such as cellular phagocytotic reaction, suggesting that it
links cholesterol metabolism to the host defense system. The interest is being build up in ABCA7
as its genomic diversity has been found related to a risk for late-onset Alzheimer’s diseases. More
recent findings indicate that ABCA?7 is involved in metabolism of amyloid B peptide including its
phagocytotic clearance. Accordingly, modulation of ABCAT7 activity by manipulating cholesterol
metabolism may open a new path for management of Alzheimer’s disease.
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1. Introduction

Since human MDR1, a multi-drug transporter gene, was isolated as the first eukaryote ATP
Binding Cassette (ABC) transporters in 1986, 48 genes in that category have been identified
so far and half of them mediate translocation of lipids or lipid-like molecules (Ueda, 2011,
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Neumann et al., 2017). Functional ABC transporters contain two transmembrane domains
(TMDs) (composed of six or eleven alpha-helices) and two nucleotide binding domains
(NBDs), Walker motifs. They are classified based on the amino acid sequence similarity and
domain organization. In “full transporters”, all the two TMDs and MBDs are expressed in a
single polypeptide while “half transporters” are expressed with only one TMD and NBD.
Among mammalian ABC transporter subfamilies, ABCA and ABCC are full transporters
and ABCD and ABCG are half transporters. There are both full and half transporters in
ABCB subfamily (Ueda, 2011; Neumann et al., 2017). Impairment of their functions
became known to cause various disorders. Some of them play important roles in sterol
homeostasis, such as ABCG5 and ABCGS8 in sorting sterols in their excretion from intestinal
and liver cells, so that defect of their function causes uncontrolled overabsorption of plant
sterols (Berge et al., 2000). ABCA1 and ABCG1 are found crucial for generating high
density lipoproteins (HDL) in its catabolic transport from the peripheral tissues to the liver
(Bodzioch et al., 1999; Brooks-Wilson et al., 1999; Rust et al., 1999; Klucken et al., 2000).
ABCAL has especially been focused as a target of research on pathogenesis of
atherosclerosis since it was identified as a causative molecule in genetic deficiency of HDL
biogenesis, Tangier disease.

ABCAT is one of the ABC transporters with two sets of TMD and two NBDs, and found
highly homologous and structurally comparable to ABCAL, as ABCA7 and ABCAL1 share
54% homogeneity in amino acid sequences (Kaminski et al., 2000a). On the other hand, its
identity among species seems lower than ABCAL, e.g., human and mice chromosomes show
79% amino acid identity for ABCA7 compared to 95% identity for ABCAL (Kaminski et
al., 2000b), indicating its function more diverse in ABCA7 than ABCA1 (Abe-Dohmae et
al., 2006h). ABCAT was first identified as a “sterol-sensitive” ABC transporter, reportedly
upregulated by low density lipoprotein (LDL) anddownregulated by HDL (Kaminski et al.,
2000b) though sterol regulatory element (SRE) was not obviously conserved crossing
species (Broccardo et al., 2001). A new exon was identified later and the functional SRE was
found in the new promoter regionboth in human and mouse, confirmed by luciferase activity
assay (Fig. 2) (lwamoto et al., 2006).

2. ABCAZ7 as a good artificial reference model for studying HDL
biogenesis reaction mediated by ABCA1

Knowing ABCAL as a key molecule in HDL biogenesis and ABCAY as a highly
homologous molecule to ABCA1, ABCA7 was examined for its function in HDL
biogenesis. When transfected and expressed, ABCA7 mediated production of HDL of
cellular phospholipid with extracellular alpha-helical apolipoproteins, such as apolipoprotein
(apo) A-l (Wang et al., 2003; Abe-Dohmae et al., 2004). The HDL particles thus generated
contained much less cholesterol than those formed by the reaction mediated by similarly
transfected ABCAL (Wang et al., 2003; Abe-Dohmae et al., 2004). When the products were
analyzed for their size, HDL produced by ABCA7 was smaller than those generated by
ABCAL (Abe-Dohmae et al., 2006a). Further analysis by HPLC was conducted by using the
expression system induced by insect molting hormone for ABCA1 and ABCAY7 (Fig. 1A)
and accordingly lipid release (Fig. 1B). It revealed that the products by ABCA7 appeared as
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a single peak of small and cholesterol-poor particles, in contrast to the products by ABCA1
that consist of two peaks of small and cholesterol-poor particles and large and cholesterol-
rich particles (Fig. 1C) (Hayashi et al., 2005). When the production increased by increasing
ABCAL or apolipoprotein, the cholesterol-rich large component increased predominantly
(Fig. 1C) (Hayashi et al., 2005). These findings suggested that HDL particles are essentially
assembled by helical apolipoprotein with membrane phospholipid and cholesterol is the
secondary component to consist the particles. Analysis of phospholipid molecular species in
the origin cells and in the HDL generated indicated that those with shorter and less
unsaturated acyl chains are preferably used for assembly of HDL, and there seems no
difference between small cholesterol-poor and large cholesterol-rich particles (Hotta et al.,
2015). ABCA7 may preferably remove lysophosphatidylcholine among phospholipids
(Tomioka et al., 2017). Rate of HDL production is linear to expression level of ABCA7 but
it appears as an accelerating profile for the level of ABCA1 expression, potentially
implicating a kind of cooperativity between the transporter molecules (Fig. 1) (Hayashi et
al., 2005). ABCA7 mRNA generates spliced cDNA in addition to full-length cDNA, and
only the latter is located on cell surface and mediates generation of HDL when transfected
(Ikeda et al., 2003). Thus, ABCA7-mediated HDL biogenesis is a good tool to investigate
and examine the mechanism for ABCA1-mediated “physiological” reaction as a reference
model. Comparison of the HDL biogenesis reactions between the ABCAL- and ABCA7-
transfected cells should be useful to study insight of molecular mechanism of ABCA1-
mediated HDL biogenesis reaction. We attempted to generate hybrid proteins to investigate
this reaction, which has been so far unsuccessful.

ABCAT7 has thus been shown to be a good reference model for ABCAL for studying HDL
biogenesis reaction in the transfected cell system. However, lack of ABCA7 expression in
mice did not show apparent influence on cell cholesterol release reactions (Kim et al., 2005;
Meurs et al., 2012). Phenotype of ABCAT7 null mice appeared with mild decrease in HDL
and visceral adipose tissue but only in female (Kim et al., 2005) though they were unable to
show evidence for ABCAT to support apolipoprotein-related sterol transport or to relate to
food intake regardless of gender (Kim et al., 2005). However, these findings were later
confirmed and accompanied by gender-specific decrease in plasma adiponectin levels
(Bhatia et al., 2017). Although some compensatory increase of expression was observed
between ABCA1 and ABCAY7, it is not clear how such finding is related to cholesterol/lipid
metabolism (lwamoto et al., 2006; Meurs et al., 2012). On the other hand, deletion of
ABCAT indicated its relation to T-cell proliferation/development (Meurs et al., 2012;
Nowyhed et al., 2017). In fact, structural analysis of the promoter and genomic organization
indicated its potential involvement in developmental specification of myelolymphoid cell
lineages (Broccardo et al., 2001; lwamoto et al., 2006).

3. ABCAZ7 links sterol metabolism to host defense system

ABCAT7 expression has been found increased in the fibroblast of ABCAZ1-deficient mice but
apoA-l-dependent cell cholesterol release is not compensated at all (Iwamoto et al., 2006).
Thus, ABCA7 unlikely plays a significant role in HDL metabolism in vivo. It has been then
rather noted that manipulation of endogenous ABCA7 expression in mouse cells is
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associated with phagocytosis activity of the cells rather than cell cholesterol release
(lwamoto et al., 2006; Jehle et al., 2006; Tanaka et al., 2010, 2011a).

Expression of ABCA7 was down-regulated by increase of cellular cholesterol while ABCAL
was up-regulated, and the results were consistent by forced expression or down-regulation of
SRE binding proteins (SREBPs) (Fig. 3A) (lwamoto et al., 2006). The promoter of the
ABCAT7 gene includes the exon encoding 96 bp (mouse) and 95 bp (human) of the 5’-
untranslated region and the transcription-starting site at 1122 bp (mouse) and 1260 bp
(human) upstream of the initiation methionine codon. The 5 upstream of this exon is the
ABCAT proximal promoter containing multiple binding sites of transcription factors for
hematopoiesis, and SRE of 9 bp at 212 bp (mouse) and 179 bp (human) upstream of this
exon (Fig. 2). While the apoA-I-mediated lipid release was not influenced by suppression of
the endogenous ABCA7 with siRNA inmouse fibroblasts or by its increase in the ABCA1-
deficient mouse cells, the phagocytic activity was in contrast altered in parallel to the
ABCAT expression in these cells (Iwamoto et al., 2006). When phagocytosis was induced,
the messages increased for SREBP2, ABCA7 and other SREBP2-regulated proteins. The
ABCA1 message rather decreased in this condition.

Accordingly, phagocytosis was found enhanced by hydroxymethylglutaryl (HMG)-CoA
reductase inhibitors, pravastatin, rosuvastatin and simvastatin as well as cyclodextrin in J774
macrophages (Fig. 3B), as cellular cholesterol was reduced and expressions of the
cholesterol-related genes were modulated, including an increase of ABCA7 mRNA and
decrease of ABCA1 mRNA (Tanaka et al., 2011a). Conversely, knock-down of ABCA7
expression by siRNA ablated enhancement of phagocytosis by statins. In vivo, pravastatin
enhanced phagocytosis in wild-type mice, but not in ABCA7-knockout mice (Tanaka et al.,
2011a). Phagocytotic activity to various targets, including foreign bodies, Gram-positive and
-negative bacteria, and fungi, were upregulated by statins (Tanaka et al., 2011a). These
findings provide a molecular basis for enhancement of the host-defense system by statins
showing that one of their “pleiotropic” effects is in fact achieved through their reaction to a
primary target.

ABCAL is degraded by calpain after its internalization and helical apolipoproteins such as
apoA-I retards this process and accordingly results in its increase (Arakawa and Yokoyama,
2002; Lu et al., 2008). ABCA7 was similarly shown stabilized by apoA-1 and apoA-II
against this degradation, and phagocytic activity was found enhanced by apoA-I and apoA-II
more than twice at maximum in J774 and mouse peritoneal macrophages (Tanaka et al.,
2010). Cell surface biotinylation experiments demonstrated that endogenous ABCA7
predominantly resides on the cell surface and the apolipoproteins increase the surface
ABCAT. The increase of phagocytosis by apolipoproteins was retained in the J774 cells
treated with ABCAL siRNA and in the peritoneal macrophages from ABCAZ1-knockout
mice, but was abolished in the J774 cells treated with ABCA7 siRNA and in the peritoneal
macrophages from ABCA7-knockout mice (Tanaka et al., 2010). Phagocytosis was shown
decreased in the cells in the peritoneal cavity of ABCAL1-knockout mouse with low apoA-I
level in the peritoneal fluid, compared to the wild type control. Thus, extracellular helical
apolipoproteins augment ABCAT7-associated phagocytosis by stabilizing ABCA7 (Tanaka et
al., 2010).
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Thus, expression of ABCA7 is regulated in association with cell cholesterol metabolism, but
its physiological function may not be associated with regulation of cholesterol metabolism
but rather related to host-defense system (Tanaka et al., 2011b; Abe-Dohmae and Yokoyama,
2012). It is still not clear how these functions are related to apparent involvement of ABCA7
in adipose tissue development in female mice (Kim et al., 2005; Bhatia et al., 2017)

4. ABCAY and Alzheimer’s disease

ABCAT became a focus of interest by scientific community when genome-wide association
studies have identified this protein as a susceptibility locus for late-onset Alzheimer’s
disease (Hollingworth et al., 2011; Naj et al., 2011; Lambert et al., 2013; Reitz et al., 2013).
Single nucleotide polymorphisms associated with this disease are found in various domains
of the gene including introns and exons including the one coding G1527A substitution.
These findings have later been further investigated to find the association with more specific
symptoms of the disease, memory decline and cognitive impairment (Carrasquillo et al.,
2015), and with image findings of cortical and hippocampal atrophy (Carrasquillo et al.,
2014; Ramirez et al., 2016). These findings were indicated to relate with loss of function of
ABCAT (Steinberg et al., 2015).

A role of ABCAY in processing amyloid precursor protein was investigated in various cell
lines and mouse brain (Fig. 4A) (Satoh et al., 2015). Suppression of endogenous ABCA7
increased pB-secretase cleavage and elevated amyloid-p in several different cell lines.
ABCAT7 null mice showed an increased production of endogenous murine amyloid-p42
species. Crossing ABCAT7-deficient mice to an amyloid precursor protein transgenic model
(TgCRNDS8) resulted in significant increases in the soluble amyloid-f. While only modest
changes in insoluble amyloid-p and amyloid plague densities were observed once the
amyloid pathology was well developed, amyloid-p deposition was enhanced in younger
animals (Satoh et al., 2015). ABCA7-deficient mice crossed with another amyloidogenic
mouse strain (hAPP swind J20) also showed increase in amyloid-f3 accumulation, although
their histological findings were different (Kim et al., 2013). In vitro studies indicated a more
rapid endocytosis of amyloid precursor protein in ABCA7 knock-out cells being consistent
with the increased amyloid-p production. The findings indicated a direct role of ABCA?7 in
amyloid processing and it may be associated with its primary biological function to regulate
endocytic pathways (Satoh et al., 2015).

Based on these findings, more direct focus were attempted to investigate production and
clearance of amyloid-p. Suppression of ABCA7 function accelerated its production (Sakae
et al., 2016; Aikawa et al., 2018) and decreased the clearance (Fig. 4B) (Fu et al., 2016).
Microglia may be responsible for these alteration in metabolism of amyloid-p (Aikawa et
al., 2019).

5. Potential link of sterol metabolism to ABCA7 gene expression

In spite of high homology of ABCA7 to ABCAL, one of the key players of cholesterol
homeostasis, it is unclear how the ABCA7 gene expression is associated with sterol
metabolism. Expression of ABCAL gene is clearly regulated by cellular cholesterol (Fig. 2).
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In most of extrahepatic cells, it functions to release cell cholesterol as an essential part of
catabolic pathway, so that the gene is upregulated by cell cholesterol level by using the liver
X receptor system (LXR) (Costet et al., 2000; Santamarina-Fojo et al., 2000). In
hepatocytes, however, HDL should not be overproduced in order to prevent back flow of
cholesterol transported from the extrahepatic tissues to the liver. Its gene expression is
therefore down-regulated by cell cholesterol via SREBP2 or hepatic nuclear factor (HNF)
4a transcriptional regulation (Tamehiro et al., 2007; Maejima et al., 2011; Ohoka et al.,
2012). Involvement of protein kinase D and activator protein 2f has also been shown as
cholesterol-unrelated regulation (lwamoto et al., 2007, 2008; lwamoto and Yokoyama,
2011), but regulation of ABCAL gene expression is largely consistent with its roles in
cholesterol metabolism/transport. In contrast, functional sterol-related transcription site in
the ABCA7 promoter seems only that for SREBP2 (Fig. 2) (lwamoto et al., 2006), which
generally considered as down regulation site by cell cholesterol. Therefore, it is unlikely for
this molecule to be involved in cholesterol catabolic pathway in any step. Nevertheless, it is
clear that cell cholesterol does negatively regulate expression of ABCA7 and therefore its
function of phagocytosis (Iwamoto et al., 2006). The reason is unknown yet why sterol
metabolism is associated with such a function as related to host-defense and perhaps body
immune system.

ABCAT now is considered to play a crucial role in development of Alzheimer’s disease.
More seemingly, impairment of ABCAY7 function is associated to increase in generation and
decrease in processing of amyloid-p, and the later reaction seems related to cellular
phagocytosis activity of ABCA7 (Fu et al., 2016). It is therefore possible to enhance this
function of ABCA7 by manipulation of cell cholesterol metabolism, as inhibition of HMG-
CoA reductase has been shown to enhance cell phagocytosis activity (Tanaka et al., 2011a).
These findings would provide the molecular background for the previous clinical findings
that statins may prevent development of Alzheimer’s disease (Zissimopoulos et al., 2017;
Chu et al., 2018). It is interesting to note that the effect of statins was found more apparent
in females in some ethnic groups (Zissimopoulos et al., 2017), which would remind us that
phenotypes by ABCAT7 deletion were only seen in female mice (Kim et al., 2005; Bhatia et
al., 2017).

6. Closing remarks

Function of ABCAT7 is still puzzling. It is seemingly involved in lipid metabolism as its
deficiency in mice appears as moderate decrease in plasma HDL and adipogenesis in female
only, while expression of ABCAY is regulated by cell cholesterol level. ABCA7 is
associated with cellular phagocytotic activity, which is upregulated by decrease in cell
cholesterol. This function may be a background for association of ABCA7 variants with a
risk for Alzheimer’s disease, related to clearance of Amyloid p peptide.
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Fig. 1.

Generation of HDL-like particles by ABCAL and ABCA7 which are transfected in HEK293
cells in ecdysone-inducible forms (Hayashi et al., 2005). Their expression were linearly
proportional to concentration of ponasterone, an ecdysone analogue, (A), and apoA-I
mediated cell lipid release was exponentially increased by ABCAL whereas linearly by
ABCAT (B). HPLC analysis of the HDL-like products showed two peaks for ABCA1-
generated particles and a single peak for ABCA7-generated particles (C).
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Fig. 3.
Negative regulation of ABCA?7 expression and its function by cell cholesterol via SREBP.

Expression of ABCAL and ABCAT7 are regulated in opposite directions by cell cholesterol in
BALB/3T3 cells (A) and the responsible site for this regulation is SRE coded between
positions =296 to —196 (SRE-1) (B) (Ilwamoto et al., 2006). Accordingly, phagocytosis was
upregulated by various statins in J774 cells (C) (Tanakaet al., 2011a).

Gene. Author manuscript; available in PMC 2022 February 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Abe-Dohmae and Yokoyama Page 15

[ ABCA7 --, TgCRND8

ABCA7 +/+, TgCRND8
1200 = soluble AB40 insoluble A340 [l ABCA7 +/+, Non-Tg
4000

ng/g Tissue

ng/g Tissue
N w
S 8

1000

" cortex hippo cerebellum olfactory cortex hippo cerebellum olfactory

** soluble Ap42 2 insoluble Ap42
feih 16000~

12000+

(] [
=3 2 %
2 2 10 2
- +=80000- % %
2 32 i o
g) g’ % _ * %
40001 % Z = é
i / / ==
cortex hippo cerebellum olfactory cortex hippo cerebellum olfactory
B ¥ ‘
X
s 2 |] i 51l
58 20 L 4]
28 4 = I
< > 10 * 5 ] ke "
£ 5 2 ' I
o 1
0
WT KO WT KO 0 -
WT KO WT KO
AB40 AB42 AB40 Ap42
80 1 80 - *
— = a 2]
© 1.1 ! 8
5, %0 wx 5.9 I 20154 1
2% a® E®
S5 40 5 5 40 - <5 4 -
oc 2E £5
o ) =
s 201 g 201 2”05
=
0 - 0 - 0

WT KO WT KO WT KO

Fig. 4.
Accumulation amyloid B peptides in the mouse brain by deficiency of ABCA7. Increase in

soluble amyloid f in the brain of the APP-transgenic mice by deficiency of ABCA7 (A)
(Satoh et al., 2015). ABCA7-dependent phagocytosis is responsible for amyloid p clearance
by microglia in mouse brain (B) (Fu et al., 2016).
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