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1 | NARRATIVE

Domenico Pratico

Abstract

We propose the altered lipidostasis hypothesis of Alzheimer’s disease (AD). It holds
that vulnerable neurons of the entorhinal region generate a neurodegenerative lipid
during normal function, adenosine triphosphate-binding cassette transporter subfam-
ily A member 7 (ABCA7) protects from AD pathogenesis by removing it out of the cell,
generation of the lipid increases with age, and the minimal amount of ABCA7 needed
to dispose of the rising volumes of the lipid also increases with age. A survey of ABCA7
protein levels in the hippocampus or parietal cortex of 123 individuals with or with-
out AD neuropathology showed that individuals with low ABCA7 developed AD neu-
ropathology at a younger age, those with intermediate ABCA7 developed it later, and
individuals who developed it very late had high ABCA7, the same as the youngest con-
trols. ABC transporters closely similar to ABCA7 protect cells by removing toxic lipids.
ABCA7 may have analogous functions. The hypothesis predicts lipidosis and mem-
brane protein dysfunction in neurons with low ABCA7. Further work will identify the
neurodegenerative lipid and determine approaches to exploit ABCA7 for therapeutic

purposes.
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even more than the common non-coding AD-associated variants. This
is indeed the case. In European ancestry populations, the common
AD-associated variants at the ABCA7 locus raise risk of late-onset AD

Adenosine triphosphate-binding cassette transporter subfamily A
member 7 (ABCAY7) is part of the new biology relevant to Alzheimer’s
disease (AD) that has emerged from the genome-wide association stud-
jes (GWAS).1 GWAS investigate common (ie, the minor allele frequency
is high) variants throughout the human genome and identify those with
the minor allele being either over- or underrepresented among the
disease patients.2 All large AD GWAS have found variants associated
with AD at the ABCA7 locus.3~1° However, it has to be shown that
these variants modulate AD risk by affecting ABCA7 and not another
nearby gene.? If ABCA7 were the causative gene at the eponymous

locus, then loss-of-function mutations in ABCA7 would affect AD risk

by ~20%,%~10 whereas ABCA7 loss-of-function mutations raise risk of
early onset AD by 100% to 400%.11-13 A loss-of-function mutation
present in African ancestry populations increases AD risk by ~80%.14
Several studies were recently published that attempt to identify the
causative gene at each GWAS AD locus by linking the AD-associated

15-17 These studies do

variants with gene promoters and enhancers.
not change the conclusion from genetics that ABCA7 is the causative
gene at the corresponding locus (see Supplementary Narrative).

The genetic findings also suggest an answer to the next ques-

tion of whether ABCA7 promotes or forestalls AD pathogenesis by
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showing that loss of ABCA7 increases AD risk. However, AD transcrip-
tome studies have found modestly higher (~0.1 to 0.4 fold) levels of
ABCA7 message in individuals with AD relative to controls.’8-20 AD
Braak stages track spread of neurofibrillary tangles, one of the pri-
mary markers of AD, from the entorhinal region, where this marker
first appears, through the limbic system to the neocortex.2%22 Braak
stages correlate well with cognitive decline in AD.23 The transcriptome
studies have compared individuals with middle Braak stages taken as
controls against individuals with late Braak stages taken as AD cases.
The present study supports the view of ABCA7 as a protective fac-
tor (with the important caveats that this protection is temporary and
dose-dependent), and we suggest that the increase in ABCA7 message
detected in the transcriptome studies is a late secondary effect (see
Supplementary Narrative).

ABCA7 mediates assembly of lipid and exchangeable apolipopro-
teins, such as apolipoprotein E (apoE), into high-density lipoprotein
(HDL) particles that are released into the extracellular space.2427
Because the net outcome of HDL assembly is removal of lipid from the
cell, this process is also called cell lipid efflux. An early study reported
that ABCA7 mediates phospholipid and cholesterol efflux.2* A consen-
sus was later reached that ABCA7 is at best a mediocre cholesterol
efflux mediator.2>-27 ABCA7 is expressed in neurons, astrocytes, and
microglia at a similar level.28 It affects phospholipid composition of the
brain?? and modulates activity of signaling pathways, including those
involved in immune responses.39-32 Loss of ABCA7 increases amyloid
beta (Ap) levels in the brain in mouse models of AD by either increas-
ing A generation®®3! or reducing its disposal.?® The ABCA7 AD-risk
alleles are associated with brain amyloidosis, AS levels in cerebrospinal
fluid, and neuritic plaque burden in human subjects.3*~3¢ Mouse Abca7
knockouts and human ABCA7 AD-risk allele carriers without AD
exhibit mostly minor behavioral and cognitive changes.?%37-39

The purpose of the present study was to determine how ABCA7
protein levels change with Braak stages and age in unaffected controls
and individuals with AD neuropathology. We also assessed ABCA7 pro-
tein levels in individuals with the tauopathies progressive supranu-
clear palsy (PSP) and Pick’s disease and in individuals with Down syn-
drome. Our results support the following conclusions. First, ABCA7
levels modestly decline in normal aging. Second, ABCA7 protects from
AD neuropathology temporarily in a dose-dependent manner, ie, indi-
viduals with low ABCA7 develop AD neuropathology first and undergo
selective attrition*?, then individuals with average ABCA7 develop AD
pathology, and those who have high ABCA7 develop it last, late in life.
There is a well-documented precedent in the literature for a similarly
age-correlated relationship between a protein and AD neuropathology.
AD risk owing to the apo E ¢4 isoform changes with age: it increases
until 60 to 65 years of age and then begins decreasing until it almost
disappears in the ninth decade of life.*>*2 Individuals with the apo E ¢4
isoformalso develop AD 10 to 20 years earlier than individuals with the
apo E e3 isoform.*® Third, ABCA7 stalls AD pathogenesis very early in
this process. Because it is difficult to distinguish between early (but not
between early and late) Braak stages,** the finding in our cohort that
ABCA7 blocks AD pathogenesis between Braak stages | and Il is ten-
tative, and we suggest that ABCA7 acts even before Braak stage |. And
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fourth, individuals with PSP, Pick’s disease, and Down syndrome have
normal ABCA7Y levels.

Based on the present findings and known functions of the ABC
transporters closely related to ABCA7, we propose the altered lipi-
dostasis hypothesis of AD pathogenesis centered on ABCA7. Close rel-
atives of ABCA7, ABCA1, and ABCA4 protect vulnerable cells from
a deleterious lipid that these cells accumulate during normal func-
tion. ABCA1 mediates efflux of cholesterol that macrophages engulf
with low-density lipoprotein (LDL) and dying cells, whereas ABCA4
ensures disposal of N-retinylidene-phosphatidylethanolamine, which
arises in photoreceptor cells during light perception.*> ABCA7 likely
also removes a neurodegenerative lipid that grid cells* and other neu-
rons specifically in the entorhinal region generate internally while exe-
cuting normal physiological functions. ABCA7 incorporates this lipid
into HDL for release into the circulation. Although atherosclerosis is
described as a chronic inflammatory disease, the disease-causative fac-
tor in atherosclerosis is LDL cholesterol, and macrophages react to
abundance of this lipid by exhibiting immune responses.*’ Likewise in
AD, accumulation of the neurodegenerative lipid and resultant neu-
ronal dysfunction may induce immune responses in microglia, but this
would be a secondary outcome of the lipid accumulation.

Generation of the neurodegenerative lipid must be increasing with
age, thus necessitating proportionately higher levels of ABCA7 to
remove it (Figure 1). The increase in the lipid production may stem from
age-related changes in the lipid composition of neuronal membranes.*8
AD neuropathology begins when generation of the lipid exceeds its
removal via ABCA7 (Figure 1, 2A). Accumulation of the lipid deliv-
ers a one-two-punch blow to the normal neuronal physiology. It cat-
alyzes AB aggregation,*’ thereby initiating the amyloid cascade, and
directly disrupts activity of signaling pathways, ion channels, and the
endocytic machinery (Figure 2B). Intrinsically disordered peptides
and proteins, such as AS and tau, exhibit stochastic properties and
are exquisitely sensitive to physicochemical environment.>° In some
individuals, the amyloid cascade will inflict more damage than the
direct action of the neurodegenerative lipid, and in others, it will
be the other way around, depending on fine physicochemical condi-
tions in the brain. The end results of the ensuing pathogenic pro-
cesses will be loss of membrane integrity and neuronal death likely
via necroptosis (Figure 2A).5152 The molecular identity of the neu-
rodegenerative lipid is presently unknown. ABCA7 mediates efflux of
phosphatidylinositol,2” and it is tempting to hypothesize that phos-
phatidylinositol and/or its abnormal derivatives are the culprit lipid
species. Certain phosphatidylinositol species facilitate signaling along
the extracellular signal-regulated kinase (ERK) pathway (by specially
organizing H-Ras on cell membranes),>3°%
phatidylinositols by ABCA7 would explain activation of the ERK path-

way in the brain of Abca7-knockout mice.2? Phosphatidylinositols also

and removal of phos-

regulate ion channels and endocytosis at the synapse.®>>¢ Overabun-
dance of these lipids can cause neuronal hyperactivity and death.>®
The present study and the altered lipidostasis hypothesis have the
following limitations. The study cohort is small, the older age groups
have few or no unaffected controls, and the age of onset of AD demen-

tia for the study subjects is not available. The lipidostasis hypothesis
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FIGURE 1 The proposed effect of ABCA7 on AD pathogenesis.
Trajectories of change in the ABCA7 level and in the rate of production
of the neurodegenerative lipid with age. The amount of the
neurodegenerative lipid produced in the vulnerable tissue of the
entorhinal region increases with age, whereas ABCA7 levels naturally
decline and are subject to genetic effects from common and rare
alleles. In young individuals with high ABCA7 levels, the
neurodegenerative lipid generated during normal functioning is
rapidly removed by ABCA7. However, when ABCA7 is insufficient to
remove the lipid, the latter accumulates in the plasma membrane and
other cell membrane and triggers AD pathogenesis

does not identify which apolipoprotein interacts with ABCA7 to form
HDL and remove the neurodegenerative lipid and does not account for
apo E and clusterin (also known as apo J), two apolipoproteins that can
form HDL and are identified as AD factors in GWAS and in targeted
genetic and epidemiological studies.>”->8 The effects of ABCA7 and apo
E on AD risk have many similarities. As we show in the present study
and mention above, the degree of protection conferred by ABCA7 is
correlated with age, and the degree of risk conferred by apo E ¢4 is also
correlated with age. Individuals with the APOE ¢4/¢4 genotype have a
much greater odds of developing AD than individuals with €3/e4 at the
age of 60 years, but at the age of 90 years, individuals with e4/¢4 and
£3/¢4 all have the same low AD odds that are only marginally elevated
relative to the odds of developing AD in £3/e3 individuals.*>°8 Further-
more, individuals with low ABCA7 and carriers of the ¢4 isoform expe-
rience selective attrition. APOE €3/e4 and £4/¢4 allele carriers develop
AD earlier than £3/e3 carriers by one and two decades, respectively.*3
ABCA7 and apoE both affect AD risk much more in European than in
African and Hispanic ancestry populations.’® Deletion allele carriers
and ABCA7 knockouts are common among individuals of African ances-

try in the United States.* Some studies have found that apo E levels in

cerebrospinal fluid and brain decrease with the APOE genotype in the
order €3/e3 > £3/c4 > €4/¢4, ie, lower total amounts of neural apo E are
correlated with greater AD risk.*? Lower neural ABCA7 protein levels
are also arisk factor. Nonetheless, ABCA1 forms less HDL with the apo
E ¢4 than 3 isoform, but ABCA7 does not distinguish between the iso-
forms and forms the same amount with both.2” And, it is thought that
apoE bears on AD pathogenesis by directly interacting with AS or by
interfering with A8 clearance.*358 GWAS have consistently found AD-
associated variants at the PTK2B-CLU locus (CLU encodes clusterin).3*
However, it has not been established that CLU is a causative gene at
the locus. In addition to apoE and clusterin, apo A-l, apo D, and several
other apolipoproteins are present in cerebrospinal fluid.>? One of this
apolipoproteins functions as an ABCA7 partner in the disposal of the
neurodegenerative lipid.

We intend to expand the present cohort to better characterize the
association between ABCA7 and AD neuropathology in older individu-
als. However, cross-sectional and prospective epidemiological studies
in large cohorts of live individuals of European, African, and Hispanic
ancestry are necessary to confirm the association between ABCA7 and
AD dementia. These studies should also clarify how ABCA7, apoE, and
clusterin interact with one another. A major barrier to human studies is
a lack of methods to assess ABCA7 level and/or activity in the brain of
live individuals. ABCA7 expression data from the Encyclopedia of DNA
Elements (ENCODE)®° suggest that ABCA7 expression in the brain is
regulated differently than in most other tissues. Thus ABCA7 levels in,
for example, blood would not be indicative of its levels in the brain.
Basic studies will have to develop a method to assess brain ABCA7
protein level or activity in live individuals, identity of the hypothesized
neurodegenerative lipid that ABCA7 removes, describe transcriptional
regulation of ABCA7 expression as well as determine whether and how
ABCAY7 affects normal cognition.

In summary, strong genetic evidence indicates that ABCA7 is the
causative gene at the AD-associated ABCA7 locus and that it protects
from AD pathogenesis. However, results from the present study sug-
gest an important caveat that this protection is not absolute but tem-
porary and dose-dependent. Individuals with low ABCA7 are at risk of
developing AD pathology early in life, while those with above average
ABCA?7 are still at risk of developing it but in advanced age. We then
draw on our understanding of atherosclerosis and functions of trans-
porters closely related to ABCA7 and propose the altered lipidostasis
hypothesis of AD. It postulates that vulnerable neurons of the entorhi-
nal region accumulate a neurotoxic lipid that, if not removed from the

neurons via ABCA7, causes AD pathogenesis.

2 | CONSOLIDATED RESULTS AND STUDY
DESIGN

2.1 | Association of ABCA7 with Braak stage and
age in the hippocampus and parietal cortex

ABCAY7 protein level was measured in the hippocampus of 84 and pari-

etal cortex of 39 individuals without any AD pathology or with AD
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FIGURE 2 The altered lipidostasis hypothesis of AD. A, A proposed sequence of events leading from an imbalance in the generation and
disposal of a neurodegenerative lipid to death of the specifically vulnerable neurons of the entorhinal cortex. Neurons of the entorhinal cortex
accumulate a neurodegenerative lipid during normal functioning, and ABCA7 removes this lipid from the cell by exporting it into the extracellular
milieu. When the rate of ABCA7-mediated removal is lower than the rate of generation, concentration of the neurodegenerative lipid in neurons
increases. Cell membranes enriched for the lipid catalyze AS aggregation. Soluble AS aggregates cause wide-spread dysfunction, induce tau
aggregation, and damage cell membranes. The neurodegenerative lipid further directly acts on cell membranes and disrupts normal functions.
Activation of mixed lineage kinase domain-like (MLKL) protein leads to death of the vulnerable neurons thorough necroptosis, while aggregated
tau diffuses to healthy neurons to initiate a secondary pathogenic process. B, The proposed ABCA7 functions that forestall AD pathogenesis.
ABCA7 suppresses Aj3 aggregation and regulates levels of phosphatidylinositol and its derivatives. Purple X's indicate that ABCA7 does not act
directly on tau and that AS aggregates do not affect ABCA7. Mutations inPSEN1/2andAPPorAPPduplication in trisomy 21 increase AS
concentration and reduce the need for cell membranes to catalyze AS aggregation, thus obviating ABCA7 neuroprotection.MAPTmutations and
changes in tau metabolism likewise cause tau dysfunction that then leads to development of tauopathies
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pathology categorized as Braak stage | through V. ABCA7 values were

2

not normally distributed and were plotted on a log scale. Hippocampal

=4,

and parietal cortex samples did not differ in the protein level (detailed
methods and results) and were analyzed together to increase statisti-
cal power (see detailed methods and results for analyses of ABCA7 in

94-101 years of age
group

Individuals with
Braak stages

11-V(n = 12; BII

Blll = 3; BIV

BV =23)

96.5(2.7)

13.0(6.5)

50.0

each tissue separately). Different ways of separating the cohort into
groups were tested (see detailed methods and results). ABCA7 level
was significantly different only when unaffected controls and individ-

=55
15;

uals with Braak stage | neuropathology were compared with individ-

uals with Braak stage II-V neuropathology (Mann-Whitney statistic
U= 1221, P=0.0102). However, unaffected control/Braak stage | and
Braak stage |-V individuals were not matched for age (t = 4.8, df = 121,

Individuals with
Braak stages
=48;BIl

11-V(n
Blll = 14; BIV

BV =14)
85.5(3.9)"
14.6 (8.2)"

58.1"

P <0.0001). To match for age, the Braak stage neuropathology groups
were subdivided into 63-78, 79-93, and 94-101 years of age at death
age groups (Table 1). The resultant Braak stage neuropathology/age

8;

groups significantly differed in ABCA7 level (Kruskal-Wallis statistic

H = 30.6, P < 0.0001; Figure 3A and B). In pair-wise comparisons (false

13;UC

discovery rate 0.05), unaffected/Braak stage | individuals had signifi-
cantly higher ABCA?7 level than Braak stage II-V individuals in the 63-
78 age group (median, interquartile range, mean ranks; 2.99,0.36-8.59,
81.9vs 0.067,0.017-0.478, 29.7; P < 0.0001) but not in the 79-93 age
group (0.17, 0.10-3.81, 54.5 vs 0.70, 0.16-2.14, 61.2; P = 0.55); there
were unfortunately no control/Braak stage | individuals in the 91-101
age group (2.51, 0.69-3.89, 81.9 for the Braak stage II-V individuals in
this group). Unaffected/Braak stage | individuals in the 63-78 age group
also had higher ABCA7 level than unaffected/Braak stage | and Braak
stage |-V individuals in the 79-93 age group (P = 0.022 and 0.013,
respectively) but did not differ from Braak stage II-V individuals in the
91-101 age group (P = 0.99). Braak stage II-V subjects in the 63-78
age group had the lowest ABCA7 level in the study cohort, not only

79-93 years of age group

and individuals with
Braak stage

I(n

Unaffected controls
86.2(4.1)
15.7 (7.7)

Bl=5)
B8k

=55
=4;

21;BIl

Individuals with

Braak stages

11-V(n
Blll = 4; BIV

BV =8)
17.5(7.4)

70.1(5.4)™

47.6"

29;UC=18;
11)

lower than control/Braak stage | individuals in the same age group, but

also lower than control/Braak stage | individuals (P = 0.049) and Braak
stage |-V subjects (P = 0.0008) in the 79-93 age group and Braak stage
11-V individuals in the 94-101 age group (P < 0.0001). Braak stage II-V
individuals inthe 93-101 age group had a higher level of ABCA7 in com-

63-78 years of age group
and individuals with

Unaffected controls
Braak stage

70.0 (4.4)
17.7 (8.0)

I(n
Bl
70.0

= 2425

parison with control/Braak stage | and Braak stage II-V subjects in the

81;Bll =12;

79-93 age group, although these differences did not cross the P < 0.5

threshold of significance (P =0.055 and 0.071, correspondingly). Braak

Individuals with
Braak stages

11-V(n
Blll = 21; BIV
25)

BV

83.1(9.6)**
15.3(7.9)"

52.4"s

stage II-V individuals in the 94-101 age group were also the least het-
erogeneous among all the study subjects (quartile coefficient of disper-
sion; 0.70 vs 0.92 and 0.93 for control/Braak stage | and Braak stage
11-V individuals in the 63-78 age group, and 0.95 and 0.86 for con-
trol/Braak stage | and Braak stage Il-V individuals in the 79-93 age

= 26;

group). In correlational analysis, ABCA7 level decreased with increas-
ing age (Spearmanr=-0.30, 95% confidence interval [CI] —0.56 t0 0.01,
n =42, P = 0.053) in the control/Braak stage | group and increased
together with increasing age (Spearman r = 0.48, 95% C1 0.28 to 0.63,
n=281, P <0.0001) in the Braak stage II-V group (Figure 3C).

The relationship between ABCA7 and Braak stages was reassessed

42;UC

17.1(7.8)

and individuals with
Braak stage

I(n

Total sample
Unaffected controls
Bl =16)

74.8 (8.5)

58.5

for individuals in the 63-78 age group. When the group was divided
into unaffected controls (n = 18) and Braak stage | (n = 11), I/l
(n=9), and VI/V (n = 12) subjects, there were significant differences
among the new groups (Kruskal-Wallis statistic H = 17.8, P = 0.0005).

Age, mean (SD),y
Male sex (%)
PMI, mean (SD), h
Abbreviations: Bl, Braak stage I; Bll, Braak stage II; Blll, Braak stage IlI; BIV, Braak stage IV; BV, Braak stage V; ns, not significant; PMI, post-mortem interval; SD, standard deviation; UN, unaffected control.

TABLE 1 Demographic characteristics of the individuals in the AD neuropathology cohort and PMI of the brain samples donated by these individuals
*.P<0.001.
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FIGURE 3 Association of ABCA7 protein level with Braak stage neuropathology and age. A and B, Comparison of ABCA7 level by Braak
stage/age group. C, Correlation between ABCA7 protein level and age-at-death in control/Braak stage | and Braak stage |1-V individuals. D,
Drop-off in ABCA7 between Braak stages | and II/111 in the 63-78 age group. Error bars—median and interquartile range.Pvalues from
Kruskal-Wallis tests in panels A, B, and D were corrected for multiple comparisons by controlling for the false discovery rate of 0.05 using the
two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli. Spearman correlation test was employed in panel C

In pair-wise comparison (false discovery rate 0.05), ABCA7 levels were
the same in unaffected and Braak stage | subjects (2.38,0.31-8.13,31.4
vs 5.9, 0.41-9.62, 35.0; P = 0.52), and in Braak stage Il/1ll and VI/V
subjects (0.067,0.008-0.33, 14.0 vs 0.045, 0.024-0.59, 16.5; P = 0.70).
However, the protein levels were much lower in Braak stage Il/11l and
VI/V individuals than in unaffected controls and Braak stage | subjects
(P=0.001-0.006; Figure 3D).

2.2 | No difference in ABCA7 between controls
and individuals with PSP, Pick’s disease or Down
syndrome

ABCA7 levels were measured in the middle frontal cortex of unaf-
fected controls and individuals with tauopathies PSP and Pick’s dis-
ease, matched for age and sex (Table 2). There was no difference
in ABCA7 among these subjects (Kruskal-Wallis statistic H = 2.03,

TABLE 2 Demographic characteristics of control, PSP, and Pick’s
disease study subjects?

Controls PSP Pick’s disease
Characteristic (n=12) (n=12) (n=12)
Age, mean (SD),y 71.3(14.2) 70.0(7.1)"s 67.9(7.7)"
Male sex (%) 58.3 66.7" 50.0"

Abbreviations: ns, not significant; PSP, progressive supranuclear palsy.
a-Post-mortem intervals are not available for these samples.

P = 0.36; Figure 4A). We then removed ABCA7 values for individuals
older than 78 in order to focus on the age group younger than 78 where
ABCA7 levels were the most different between control/Braak stage |
and Braak stage I1-V individuals and reanalyzed the data but still did
not find a difference (Kruskal-Wallis statisticH = 1.87,n =8, 10, 11 for,
correspondingly, control, PSP and Pick’s disease subjects, P = 0.39).
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FIGURE 4 ABCA7 levels in controls and individuals
with PSP, Pick’s disease, or Down syndrome. A, No
difference in ABCA7 between controls and individuals
with PSP or Pick’sdisease. B, No difference in ABCA7
between controls and individuals with Down syndrome
without AD pathology and with Down syndrome and AD
pathology. Error bars—median and interquartile
range.Pvalues from Kruskal-Wallis tests were corrected
for multiple comparisons by controlling for the false
discovery rate of 0.05 using the two-stage linear step-up
procedure of Benjamini, Krieger, and Yekutieli

>

ABCA7 expression
(ABCAT7/GAPDH ratio)
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ABCAY7 protein levels were also measured in the cortex of unaf-
fected controls, individuals with Down syndrome but without AD
neuropathology, and individuals with Down syndrome and AD neu-
ropathology matched for age and sex (Table 3). There was no difference
in ABCA7 among these individuals (Kruskal-Wallis statistic H = 1.70,
P = 0.43). Individuals with Down syndrome and especially individu-
als with Down syndrome and AD pathology had lower ABCA7 lev-
els than controls, but these differences were not statistically signif-
icant (median, interquartile range; 4.2, 0.29-8.2 for individuals with
Down syndrome only and 2.7, 0.96-7.7 for individuals with Down syn-
drome and AD pathology vs 5.09, 2.5-16.6 for controls; Figure 4B).
When individuals with Down syndrome and Down syndrome and AD
pathology were combined together, there was still no difference in
ABCA7 between controls and the joint group of Down syndrome sub-
jects (Mann-Whitney statistic U= 94, P =0.22).

3 | DETAILED METHODS AND RESULTS
3.1 | Methods
3.1.1 | Human brain samples

Human brain samples with Alzheimer’s disease (AD) neuropathol-
ogy were obtained from five repositories (Supplementary Table S1)
through the NIH NeuroBioBank. The samples were from unaffected
controls or individuals exhibiting AD pathology categorized as Braak
stage | through V. Samples from individuals with PSP and Pick’s dis-
ease and matching controls were from the Brain Bank at Mayo Clinic
in Florida, Jacksonville. Samples from individuals with Down syndrome
and matching controls were obtained from four repositories: the Neu-
ropathology Brain Bank at the University of Pittsburgh School of
Medicine, University of Kentucky Alzheimer’s Disease Center Tissue
Bank at Sanders-Brown Center on Aging, Alzheimer’s Disease Center
at NYU Langone, and University of Maryland Brain and Tissue Bank.
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TABLE 3 Demographic characteristics of control and Down
syndrome study subjects and PMI of the brain samples donated by

these individuals

Down Down syndrome
Controls  syndrome with AD pathology
Characteristic (n=17) (n=6) (n=9)
Age, mean (SD), y 55.9(5.6) 56.3(3.1)" 55.1(8.2)"
Male sex (%) 74.5 66.7" 66.7 "
PMI, mean (SD),h?  17.0(6.9)  9.7(7.2)" 12.0(11.3)"

Abbreviations: ns, not significant; PMI, post-mortem interval.
2-Post-mortem intervals are not available for all samples.

3.1.2 | ABCA7-deficient cells

Baby hamster kidney (BHK) cells expressing human ABCA7 under con-
trol of a mifepristone (MFP)-inducible promoter were derived using a
GeneSwitch System kit (Thermo Fisher Scientific); ABCA7 was deleted
in human-induced pluripotent stem (iPS) cells and knocked-down
in human immortalized microglial cells C20 using the CRISPR/Cas9
approach (Lyssenko, unpublished observations). C20 cells were a kind

gift of Dr. David Alvarez-Carbonell ¢!

3.1.3 | Western blot measurement of ABCA7 levels
in the human brain

Twenty-milligram to 60-mg pieces of frozen brain tissue were com-
bined with ice-cold lysis buffer (50 mM Tris base, 150 mM NaCl, 1%
NP-40,5 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS, 1X protease
inhibitor cocktail [sc-29130, Santa Cruz Biotechnology], 1X Halt phos-
phatase inhibitor cocktail [Thermo Fisher Scientific]; 1 mL of buffer per
150 ug of tissue) and sonicated for 10 seconds (Sonic Dismembrator
Model 100 [Thermo Fisher Scientific], output frequency 22.5 kHz,
2 mm probe). Lysates were then centrifuged at 90,000 g for 45 minutes
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at 4°C (TLA-55 rotor, Beckman Coulter). Protein concentration in the
supernatant was determined with a BCA kit (Thermo Fisher Scientific).
Supernatant aliquots containing 40 ug of protein (heated at 60°C for
10 minutes with SDS loading buffer) were resolved on 3% to 8% Tris-
acetate gels and blotted onto 0.45 um nitrocellulose membrane (all
from Bio-Rad Laboratories). Membranes were treated with Odyssey
blocking buffer (LI-COR Biosciences) and cut horizontally at the
50 kDa protein standard mark. The upper portion was probed with
a mouse monoclonal antibody raised against amino acids 1871-2008
of the human ABCA7 (ABCA7 antibody E11; sc-377335, Santa Cruz
Biotechnology), followed by probing with IRDye 800CW conjugated
donkey anti-mouse IgG (LI-COR Biosciences). The lower part was
probed with a rabbit monoclonal antibody against glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; 2118, Cell Signaling Technology),
followed by probing with IRDye 800CW conjugated goat anti-rabbit
1gG (LI-COR Biosciences). Membranes were scanned with an Odyssey
CLx imaging system (LI-COR Biosciences). The ratio of ABCA7 to
GAPDH band fluorescence intensity was taken as normalized ABCA7

protein expression level.

3.1.4 | Statistical analysis

t Test and Fisher exact tests were used to compare, correspondingly,
the mean of ages and sex composition between disease and con-
trol groups. ABCA7 expression values were not normally distributed
(based on inspection of frequency distribution plots and Kolmogorov-
Smirnov and Shapiro-Wilk normality tests). A transformation method
to normalize all study groups could not be identified. Data were ana-
lyzed using non-parametric tests: Kruskal-Wallis and Mann-Whitney
tests and Spearman’s rank correlation. In Kruskal-Wallis tests, every
mean was compared to every other mean, and P values were cor-
rected for multiple comparisons by controlling for the false discovery
rate of 0.05 using the two-stage linear step-up procedure of Benjamini,
Krieger, and Yekutieli. P values for Mann-Whitney tests and Spearman
rwere two tailed.

3.2 | Detailed results
3.2.1 | Validating specificity of a human ABCA7
monoclonal antibody

The commercially available E11 human ABCA7 monoclonal antibody
was validated for western blotting using recombinant expression and
genetic knockdown strategies. It recognized human ABCA7 when
this protein was stably and inducibly expressed in BHK cells (Fig-
ure 5A). The antibody recognized a protein band migrating at just
under 250 kDa in lysates from human brain and human iPS cells (Fig-
ure 5B). The calculated size of human ABCA7 is 235 kDa. In lysates
from iPS cells deleted in ABCA7 this band was absent. Finally, the anti-
body detected a band of the same size as in the brain and iPS cell lysates

in a lysate of immortalized human microglia cells C20 (Figure 5C). The
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FIGURE 5 Specificity and repeatability of ABCA7 level
measurement using the E11ABCA7 monoclonal antibody. A,
Detection of human ABCA7 in two BHK cell lines that express it
weakly (line 1) and strongly (line 2) in an MFP-inducible manner. In line
1, the antibody did not recognize any protein in cells that were not
treated with MFP and detected a protein migrating as a single

band > 200 kDa in size in cells that were treated with the inducer. In
line 2 with strong expression of ABCA7, the antibody detected leaky
expression of the protein in uninduced and very strong expression of
the protein in MFP-induced cells. B, Detection of ABCA7 in human
brain tissue and human iPS cell lysates. iPS cells either expressed
ABCA7 (wild-type [Wt]) or were deleted in ABCA7 (del). C, Expression
of ABCA7 in Wt or ABCA7 knock-down (KD) human microglial C20
cells as revealed by the ABCA7 antibody. D, Correlation of the ABCA7
levelbetween two independently obtained and processed slices of the
hippocampus from four individuals

band was much reduced in intensity in a lysate from C20 cells with
genetic knock-down of ABCA7 expression. This evidence indicates that
the E11 ABCA7 monoclonal antibody specifically recognizes ABCA7.

3.2.2 | Repeatability of ABCA7 measurement in
the human brain

Correlation between ABCA7 protein values measured by two western
blots in the same brain lysates was very strong (Spearman r = 0.98,
95% confidence interval [CI] 0.95 to 0.99; R?
fitting line; n = 22). Two samples of the hippocampus were inadver-

=0.99 for a log-log best-

tently and independently obtained from four brain tissue donors. We
measured ABCA7 expression in these samples before realizing that
these were duplicates from the same subject. There was strong cor-
relation between measurements in the duplicates (Spearman r = 0.80,
R2 = 0.84 for a log-log best-fitting line; Figure 5D). Thus ABCA7 level
measurements using the antibody had good repeatability.
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3.2.3 | Comparable levels of ABCA7 protein in the
hippocampus and parietal cortex

ABCAY7 protein levels were measured in the hippocampus of 84 indi-
viduals and parietal cortex of 47 individuals (Supplementary Figure
S1). Eight individuals in the two groups were the same. ABCA7 lev-
els in the hippocampus and parietal cortex in these individuals were
correlated (Spearman r = 0.71, P = 0.058, a log-log best-fitting line
RZ = 0.90). Unaffected controls and subjects exhibiting neurofibril-
lary pathology consistent with Braak stage | on the postmortem neu-
ropathological examination were combined together into two groups
by brain region, and subjects exhibiting Braak stages Il through V were
gathered together into two groups by brain region. There was no sig-
nificant difference in ABCA7 between hippocampus and parietal cor-
texin control/Braak stage | subjects (median, interquartile range, mean
ranks; 0.85, 0.10-6.16, 20.0 vs 2.78, 0.39-9.50, 26.5; P = 0.13); there
was also no significant difference in ABCA7 between the two regions in
Braak stage I1-V subjects (0.70,0.07-2.79,42.0vs 0.54,0.07-1.19, 37.4;
P =0.41). Given that ABCA7 levels were very similar in the hippocam-
pus and parietal cortex of the same individual, hippocampi and cortices
of controls/Braak stage | individuals and hippocampi and cortices of
Braak stage 11V subjects, the hippocampus and parietal cortex sam-
ples were analyzed together to increase statistical power. The study
cohort included 123 individuals, 84 represented by the hippocampus
and 39 represented by the parietal cortex (only hippocampal values
were used for the 8 individuals with hippocampal and parietal cortex

samples).

3.2.4 | Analysis of the relationship between
ABCA7 and Braak stage

A biphasic sigmoidal curve was a modestly better fit to the relationship
between ABCA7 level and Braak stage than a semilog line (R?2 = 0.14
vs 0.11; Supplementary Figure 2A). Although there was no overall
significant difference among the unaffected controls and individuals
with Braak stages |-V (Kruskal-Wallis statistic H = 8.39, P = 0.14),
unaffected controls and individuals with Braak stage | neuropathology
had significantly higher ABCA7 level than individuals with Braak
stage Il neuropathology in the post hoc pair-wise multiple comparison
(false discovery rate 0.05; P = 0.046 and 0.034, respectively; Sup-
plementary Figure 2B). These analyses suggested that ABCA7 level
likely decreased suddenly rather than gradually with the progression
through Braak stages. To determine between which Braak stages
the drop in ABCA7 took place, unaffected controls and individuals
with Braak stage |-V neuropathology were combined and statistically
compared in two groups in all five possible combinations: unaffected
controls versus individuals with Braak stages |-V, unaffected controls
and Braak stage | individuals versus Braak stage II-V individuals, and
so forth. ABCA7 level was significantly different only when unaffected
controls and individuals with Braak stage | neuropathology were com-
pared with individuals with Braak stage 1l-V neuropathology (Mann-
Whitney statistic U = 1221, P = 0.0102; Supplementary Figure 2C).

3.2.5 | Association of ABCA7 with Braak stage and
age separately in the hippocampus and in the parietal
cortex

The association of ABCA7 with Braak stage and age was also analyzed
separately in the hippocampus and in the parietal cortex. For the hip-
pocampal samples alone, the Braak stage neuropathology/age groups
significantly differed in ABCA7 level (Kruskal-Wallis statistic H = 21.9,
P = 0.0002; Supplementary Figure S3A). Key differences observed in
the combined hippocampus and parietal cortex cohort were also dis-
cernible in the hippocampus samples alone. In pair-wise comparisons
(false discovery rate 0.05), unaffected/Braak stage | individuals had sig-
nificantly higher ABCA7 level than Braak stage II-V individuals in the
63-78 age group (P < 0.0001); Braak stage II-V individuals in the 63-
78 age group had lower ABCA7 than controls (P = 0.15, not reaching
statistical significance at the threshold value of 0.05) and Braak stage
11-V individuals in the 79-93 age group (P = 0.002) and Braak stage II-
V individuals in the 94-101 age group (P = 0.0006). For the parietal
samples alone, the Braak stage neuropathology/age groups also sig-
nificantly differed in ABCA7 level (Kruskal-Wallis statistic H = 11.6,
P = 0.02; Supplementary Figure S3B). In pair-wise comparisons (false
discovery rate 0.05), unaffected/Braak stage | individuals had signifi-
cantly higher ABCA7 level than Braak stage II-V individuals in the 63-
78 age group (P =0.006).
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