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Loss-of-function variants in ABCA7
confer risk of Alzheimer’s disease
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We conducted a search for rare, functional variants altering
susceptibility to Alzheimer’s disease that exploited knowledge
of common variants associated with the same disease.

We found that loss-of-function variants in ABCA7 confer risk
of Alzheimer’s disease in Icelanders (odds ratio (OR) = 2.12,
P =2.2 x 10-13) and discovered that the association
replicated in study groups from Europe and the United States
(combined OR = 2.03, P = 6.8 x 10~15),

Alzheimer’s disease is a common neurodegenerative disorder with
high heritability. The €4 allele of APOE was found to associate with
Alzheimer’s disease about 20 years agol’z, and rare variants in three
genes (APP, PSEN1 and PSEN2) were implicated in familial, early-
onset forms of the disease around the same time3. More recently, rare
variants in APP and TREM2 were discovered to affect susceptibility
to the sporadic, late-onset form of Alzheimer’s disease?~°, and the
latest meta-analysis of common variants demonstrated that 19 loci, in
addition to the APOE locus, harbor variants showing genome-wide
significant association with Alzheimer’s disease’. The new common
variant association regions include the major histocompatibility com-
plex (MHC) locus and 18 other regions in which the association signal
extends over 104 genes (summarized in Supplementary Table 1)7.

We used our imputation of the whole-genome sequences of 2,636
Icelanders into 104,220 long-range phased individuals and their
close relatives® to investigate whether any of the genes located in
the regions showing common variant association with Alzheimer’s
disease (excluding the MHC) also harbored rare variants confer-
ring higher risk. We considered two classes of variants: nonsense,
frameshift or canonical splice-site variants (‘loss of function’), and
missense or splice-site variants (‘missense’). Because loss-of-function
mutations are likely to have the same biological effect—no protein is
produced as a result of nonsense-mediated decay of mRNA contain-
ing premature stop codons—we collapsed these variants into a single
allele and estimated one effect. Missense variants may have differ-
ent biological consequences; thus, for these variants, we ran analyses
using SKAT?, a gene test that allows different effects, in addition to
a collapsing test.

We carried out association testing using information from 3,419
individuals with Alzheimer’s disease and 151,805 population con-
trols. For loss-of-function variants, collapsing tests using variants with
minor allele frequency (MAF) <0.5% and information >0.8 resulted
in examination of 20 genes in 10 common variant association regions.
The most significant association result was for ABCA7 (OR = 2.08,
P = 3.8 x 107°) (Supplementary Table 2). For missense variants,
we carried out collapsing tests for variants with MAF <0.5% and infor-
mation >0.8 (79 genes in 17 regions), and SKAT scans using both all
variants with MAF <1% and information >0.8 (82 genes in 17 regions)
and the subset of those variants predicted to be damaging or possibly
damaging by PolyPhen (63 genes in 17 regions). The most significant
result for the missense variant tests was for ABCA7, obtained using
SKAT with all variants (P = 0.00020; Supplementary Tables 3 and 4).

As the most significant result for both the loss-of-function and
missense variant scans was for ABCA7, we searched for functional
commonality among the variants producing significance in the two
scans. We found that the ABCA7 missense variant test was significant
due to a single splice-site variant, ¢.5570+5G>C (P = 0.46 without
this variant). Examination of transcripts from several ¢.5570+5G>C
carriers using RNA sequencing (RNA-seq) showed that this vari-
ant led to mRNA containing intronic sequences (Supplementary
Fig. 1) that eventually included a stop codon. Thus, ¢.5570+5G>C
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Table 1 Association of loss-of-function variants in ABCA7 with Alzheimer’s disease in Iceland

ortholog of the Caenorhabditis elegans gene

Variant Position@ Rs ID MAF (%) OR P Info ced-7, the product of which has a crucial role
p.Tyr622* Chr19:998,176 - 0041 442  0.0034 0.98  in the engulfment of apoptotic cells. In line
p.Glu709Alafs*86  Chr19:998,507 - 0.274 214  0.0014 0.98  with this function, ABCA7 is involved in the
p.Argl118* Chr19:100,4459 - 0.085 096 0.95 0.99  promotion of phagocytosis in several human
p.Leul403Argfs*7  Chrl9:1,006,907 - 0.085 178 0.25 0.99  cell lines!>14,

c.4416+2T>G Chrl9:1,007,244  rs113809142 0.129  4.47  3.4x107  0.99 Recent results from mouse models sug-
p.Argl561* Chr19:1,008,000 - 0.045 1.30  0.69 0.99  gest that the primary function of ABCA7 is
¢.5570+5G>C Chrl9:1,012,892  rs200538373 0.800 191 3.8x106 099 inthe regulation of phagocytosis rather than
c.6044+1G>A Chr19:1,015,253 - 0.028 1.76 0.53 0.99 in cholesterol metabolism. Abca7-null mice
Al - - 1487 212 22x1013 099  have only modestly altered serum cholesterol

Variant names are based on RefSeq records NM_019112.3 and NP_061985.2. MAF, minor allele frequency in

controls; OR, odds ratio.
aNCBI Build 36.

could be included in the loss-of-function test, which then had an
OR 0f 1.97 and a P value of 5.3 x 10710,

We followed up the ABCA7 loss-of-function association result fur-
ther by carrying out Sanger sequencing of predicted variant carriers to
validate the variants and to create a larger reference set for reimputa-
tion. Five of the six variants included in the original loss-of-function
test as well as ¢.5570+5G>C and two variants not included in the ini-
tial scan because of low information scores were validated. All pairs of
variants were uncorrelated (2 < 0.001). Each of the variants was pre-
dicted to cause the insertion of a stop codon into the transcript before
the last two exons. After reimputation, ABCA7 loss-of-function vari-
ants were associated with Alzheimer’s disease with an OR of 2.12 and a
Pvalue of 2.2 x 10713 (Table 1).

Using our long-range phased haplotypes, we found that the ABCA7
loss-of-function variants were never located on the background of
rs4147929[A], the common variant previously associated with
Alzheimer’s disease’. Thus, the loss-of-function variant association
described here could not account for the common variant association,
nor vice versa. We did not find evidence of interaction between the
rare ABCA7 loss-of-function alleles and rs4147929[A] (P = 0.35).

To investigate the effect of these variants on Alzheimer’s disease
outside Iceland, we genotyped the ABCA7 loss-of-function variants
in study groups from Finland, Germany, Norway and the United
States. We found six of the eight variants in at least one of the study
groups (Supplementary Table 5). In the combined replication study
groups, loss-of-function variants were associated with Alzheimer’s
disease with an OR of 1.73 and a P value of 0.0056 (Table 2 and
Supplementary Table 5). Meta-analysis with the Icelandic data
yielded an OR 0f 2.03 and a P value of 6.8 x 1071°.

ABCA7, or ATP-binding cassette transporter A7, is a member
of the A subfamily of ABC transporters that move primarily lip-
ids across membranes!?. It is strongly expressed in brain, with the
highest levels found in microglial®>. ABCA7 promotes the efflux
of phospholipids and cholesterol to apolipoprotein A-I (apoA-I)
and apolipoprotein E (apoE) in cell culture!"'2. ABCA7 is also an

Table 2 Association of loss-of-function variants in ABCA7 with
Alzheimer’s disease in four non-Icelandic data sets

Study n cases ncontrols  MAF (%) OR P
United Sates (Emory) 409 406 0.49 250 0.18
Finland 515 588 0.60 2.13 0.12
Germany 522 1,917 0.94 1.33 0.38
Norway 919 1,405 0.50 1.86 0.097
All 2,365 4,316 - 1.73  0.0056

MAF, minor allele frequency in controls; OR, odds ratio.

levels, and cholesterol and phospholipid
efflux in macrophages isolated from these
mice does not differ from that of wild-type
macrophages!®. In addition, although J20
Abca7-null mice have greater insoluble amyloid 3 (AP) levels than
J20 mice, they do not have elevated apoE concentrations, suggest-
ing that the increase in A levels is not a result of increased efflux
to apoE!6.

To investigate whether genetic data provide any insights into the
pathway through which ABCA?7 acts, we tested for statistical inter-
action of the ABCA7 loss-of-function variants with either APOE
€4 or the Alzheimer’s disease—associated variant in TREM2, which
encodes a protein involved in microglial activation!”18. We found no
evidence of interaction of the ABCA?7 loss-of-function variants with
the Alzheimer’s disease—associated alleles of either APOE or TREM2
(P =0.72 and 0.38, respectively).

This study reinforces the claim that ABCA7, rather than neigh-
boring genes, is involved in the pathogenesis of Alzheimer’s disease.
In addition, although it is currently unknown how the causal variant
tagged by rs4147929[A] affects ABCA7 expression in the brain—both
increased and decreased mRNA levels have been reported!®2°—our
results for the loss-of-function variants suggest that rs4147929[A] is
likely to lead to reduced levels of the protein. Moreover, because of the
high OR associated with ABCA?7 loss-of-function variants, carriers of
these variants should be useful participants in clinical studies seeking
to improve the understanding and treatment of Alzheimer’s disease.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Subjects. The subjects from Iceland, the United States (Emory University)
and Germany have previously been described®. Briefly, patients from Iceland
were diagnosed with definite, probable or possible Alzheimer’s disease on the
basis of the NINCDS-ADRDA criteria®! (n = 1,035) or according to guidelines
for ICD-10 FOO (n = 2,384) and were compared to population controls. The
patients from Emory and Germany were diagnosed with probable Alzheimer’s
disease according to the NINCDS-ADRDA criteria?! and were compared to
either screened (Emory) or population (Germany) controls. The Norwegian
sample included cases from 5 studies: the AHUS study (n = 75), the Dementia
Study of Western Norway (DemVest; n = 82), the Dementia Study in Rural
Northern Norway (n = 74), the Norwegian Memory Register study (n = 243)
and the TronderBrain study (n = 445). These cases were diagnosed accord-
ing to the ICD-10 research criteria?? (the Memory Register study and the
Dementia Study in Rural Northern Norway), the reccommendations from the
National Institute on Aging-Alzheimer’s Association (NIA/AA)?* (AHUS)
or the NINCDS-ADRDA criteria?! (DemVest and TrenderBrain). The con-
trols from Norway included screened controls obtained through the AHUS
study (n = 89), the Dementia Study in Rural Northern Norway (n = 136)
and the TronderBrain study (n = 651) as well as population controls from
the Norwegian Mother and Child Cohort Study (MoBa) conducted by the
Norwegian Institute of Public Health?* (n = 381) and a lifespan study (n = 148).
See the Supplementary Note for further information on the Norwegian
studies. The Finnish sample consisted of 515 cases diagnosed with
probable Alzheimer’s disease according to NINCDS-ADRDA clinical
criteria?! and 588 age-matched controls; this sample has been described pre-
viously?®. The Icelandic study was approved by the Data Protection Authority
and the National Bioethics Committee, and the non-Icelandic studies were
approved by local ethics boards. Participants giving samples also gave written,
informed consent.

Genotyping and sequencing. Genotyping on Illumina arrays, whole-genome
sequencing and variant calling of the Icelandic samples was carried out as
previously described?®. Validation of the sequencing and imputation results
was performed using Sanger sequencing as detailed earlier?0. Sample prepa-
ration, sequencing and analysis for RNA-seq were carried out as described

in the Supplementary Note. Genotyping of the Emory, Finland, Germany
and Norway samples was performed using Centaurus assays (p.Tyr622*,
p-Leul403Argfs*7, c.4416+2T>G, ¢.5570+5G>C and ¢.6044+1G>A) or Sanger
sequencing (p.Glu709Alafs*86, p.Argl118* and p.Argl561%).

Long-range phasing, imputation and association testing. Long-range phas-
ing and imputation of the Icelandic sample were carried out as previously
described?®. The Alzheimer’s disease common variant association regions
were defined as regions in which SNPs correlated (2 > 0.2) with the most
significant SNP at the locus showing association above baseline (Fig. 2 and
Supplementary Figs. 2-11 in ref. 7). For the collapsing tests, appropriate
variants in each gene were combined into a single allele, and analysis was
conducted using logistic regression assuming a log-additive model for the
two alleles and including sex, age, age? and county of birth as covariates. The
SKAT? scan included the same covariates as the collapsing tests. Annotation
was performed using VEP?7 on the basis of RefSeq transcripts. Variants were
defined as ‘probably damaging’ or ‘possibly damaging’ using the PolyPhen-2
HDIV database?8. For the collapsing and individual-variant tests, we included
information both from typed individuals (2,476 cases and 65,347 controls)
and untyped, related individuals (943 cases and 86,458 controls) as previously
described?®. For the SKAT scans, only information from typed individuals
was used. Genomic control?® was applied to all Icelandic tests to account for
relatedness. Association testing in the replication study groups was carried out
using Fisher’s exact test, and the results from the different replication study
groups were combined using the exact Mantel-Haenzel test.
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