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Alzheimer disease identifies
association with both known genes
and a dosage-sensitive locus at
22q11.21, where deletions increase
risk and duplications are
protective. Convergent genetic and
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SCARF?Z2 as a candidate mediator,
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Exome analysis of 22,319 individuals links
extremely rare copy-number variants
and 22g11.21 dosage to Alzheimer risk
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Summary

Copy-number variants (CNVs) are major contributors to human disease. In Alzheimer disease (AD), APP duplications cause autosomal-
dominant forms, but the role of CNVs in non-monogenic AD remains poorly characterized. We analyzed rare CNVs (frequency <1%)
from 22,319 exomes (4,150 early-onset AD [EOAD, <65 years], 8,519 late-onset AD [LOAD], 9,650 unaffected control subjects) using
harmonized calling and quality control. After identifying 17 individuals with a pathogenic CNV, we performed exome-wide and gene-
set burden analyses. EOAD-affected individuals showed increased burdens of rare CNVs affecting coding genes, particularly deletions
in AD-related genes. Integrated loss-of-function (LoF) analysis gathering short truncating variants with deletions showed that ABCA1
(odds ratio [OR] = 5.77 [95% confidence interval 2.25; 17.06], p = 0.0002) and ABCA7 deletions contribute to this deletion burden
(OR = 2.29 [1.44; 3.65], p = 0.0006), while CTSB LoF alleles appear as candidates (OR = 5.03 [1.50; 20.71], p = 0.0089). We then per-
formed exome-wide gene-level dosage analysis and highlighted 18 genes across five loci with a false discovery rate of <10%, including
the 22q11.21 central region, where deletions were restricted to EOAD (including one de novo event) and duplications were enriched in
control individuals, with intermediate frequencies in LOAD. We narrowed this locus to the SCARF2-KLHL22-MED135 region after inte-
grating short truncating variants. Replication in 33,977 affected individuals and 362,322 control subjects confirmed association for
22q11.21 dosage with exome-wide significance (ORscarrz = 0.34 [0.21; 0.53]; mega-p value = 5.52 x 107). SCARF2 overexpression
significantly increased amyloid-f uptake, congruent with duplication-associated decreased AD risk. We conclude that rare coding
CNVs in a proportion of AD-associated genes and 22q11.21 deletions, including some found in DiGeorge syndrome, increase AD
risk. Conversely, we identify 22q11.21 duplication as a strong AD-risk-decreasing factor.

Introduction ants in PSEN1 (MIM: 104311), PSEN2 (MIM: 600759), or

APP (MIM: 104760) and representing <1% of all cases,
The etiology of Alzheimer disease (AD) includes auto- and non-monogenic (or complex) AD, combining genetic
somal-dominant AD (ADAD), caused by pathogenic vari- and non-genetic factors. Genetic factors play a prominent
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role in non-monogenic AD, and the etiology of non-
monogenic early-onset AD (EOAD, onset at <65 years)
shows an even greater genetic component.'

To date, most identified AD genetic determinants are
single-nucleotide variants (SNVs) and short insertions/

(Author list continued on next page)

AD. Among the latter, common variants all show modest
odds ratios (ORs) below 1.5,% except the APOE-¢4 allele
(MIM: 107741) with ORs ranging from ~3 to ~14 depend-
ing on ancestry and zygosity, despite a high frequency
(9%-23%).> Multiple rare (allele frequency<1%) coding

deletions (indels), from ADAD-causing pathogenic vari-
ants to a large diversity of risk factors in non-monogenic

variants in five genes (SORL1 [MIM: 602005],
TREM2 [MIM: 605086], ABCA7 [MIM: 605414]|, ABCA1
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[MIM: 600046], and ATPS8B4 [MIM: 609123]), mostly
identified by exome sequencing, are associated with
higher ORs, ranging from 1.5 to >20, and thus contribute
significantly to the risk of AD in heterozygote individ-
uals.”* Recent findings from exome or genome-
sequencing studies show that (1) the rarer the variants,
the higher the ORs, and (2) rare variants with strong ef-
fects on AD risk are significantly enriched in EOAD
compared to late-onset AD (LOAD).*> In contrast with
AD-risk-increasing variants, only a handful of variants
have thus far been significantly associated with strong ef-
fects on AD risk reduction (OR < 0.7).

Copy-number variants (CNVs, deletions or duplications
of >100-bp genomic DNA regions) represent a variant type
with a major role in multiple diseases.®® In AD, CNVs
have been less studied than SNVs and indels. APP locus
duplications on chromosome 21 are typical examples of
CNVs causing ADAD,”'” accounting for ~9% of all
ADAD cases (update of Lanoiselée et al.'!). Importantly,
they also underscore why trisomy-21 individuals develop
AD with full penetrance by age 70 years.'” In addition,
they demonstrate that increased expression of the amy-
loid-p (AP) precursor protein (APP) is sufficient to cause
AD, further supporting the amyloid cascade stating that
AP aggregation is a mandatory triggering factor of AD. Ul-
tra-rare in-frame exon9/exon9-10 deletions of PSEN1 also
cause ADAD,'® while a few common CNVs, detected by
DNA chips, have emerged as candidate risk factors.'*"'>
However, none of them reached genome-wide signifi-
cance. Regarding rare CNVs, a handful of studies using
DNA chips were published, on a limited number of
EOAD-affected individuals,'®!” before the advent of
next-generation sequencing. DNA chips can only detect
CNVs larger than 50-100 kb, thus missing smaller CNVs,
which show a remarkable diversity of rare events.'®

Bioinformatics advances now enable the detection of
rare CNVs from sequencing data. Recently, structural var-
iants—including CNVs—were detected from genome-

sequencing data of 6,525 AD individuals (average age at
onset 74.6 years, mainly LOAD) and 6,855 control indi-
viduals from the Alzheimer Disease Sequencing Project
(ADSP) consortium.'”?° A moderate burden of (coding
and non-coding) ultra-rare CNVs was associated with AD
status overall. These structural variants included a few ex-
amples of individual CNVs with a potential impact,
including one partial deletion of SORL1 and five partial de-
letions of ABCA7, each identified in AD-affected individ-
uals. However, no gene-level association was assessed,
and no CNV was significantly associated with AD, likely
due to limited recurrence of CNVs and also possibly
because this cohort was not enriched in EOAD cases,
limiting power. This power limitation is intrinsic to rare-
variant association studies, and this is even more pro-
nounced for CNVs: whereas each individual carries hun-
dreds of rare coding SNVs or indels, only one rare coding
CNV is typically observed per genome, on average.'® This
makes it necessary to analyze larger datasets and/or enrich
them in individuals with a higher suspected genetic
component, such as EOAD-affected individuals. Despite
the development of genome-sequencing datasets, a large
proportion of the data available so far comprises exomes.
While multiple algorithms are often combined for
genome sequencing, exome-based approaches relying on
specific read-depth tools have been shown to achieve
high accuracy for rare coding CNVs without requiring
multi-caller strategies.?* For example, we previously as-
sessed the performances of a CNV-calling workflow based
on the CANOES tool,** a clinical-grade validated CNV
workflow that showed good sensitivity (87.25%) and pos-
itive predictive value (86.4%-90.2%) for rare CNVs from
exome-sequencing data.**

To identify CNVs associated with AD risk, we used one
large sequencing dataset, i.e., the combination of the Eu-
ropean and American consortia into the Alzheimer Dis-
ease European Sequencing-Alzheimer Disease Sequencing
Project (ADES-ADSP) dataset, as it is rich in EOAD-affected
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individuals (32.7%), thus enhancing power for detecting
CNVs with a moderate-to-strong effect. Importantly, this
dataset contains a large proportion of exome-sequencing
data (68.6% after quality control [QC]), allowing the use
of a single caller with a high level of accuracy. We per-
formed an AD case-control study using CNV calling
from 22,319 exomes and focused on rare CNVs. We first
searched for pathogenic CNVs, then performed burden
analyses at the protein-coding genome level and after re-
striction to AD-related gene lists, and finally performed a
genome-wide case-control association study at the gene
level, different from previous studies in the field. Priori-
tized loci were further assessed by performing an inte-
grated loss-of-function (LoF) analysis combining short
truncating SNV/indels with CNV deletions, a multi-ethnic
replication analysis, and in vitro cellular assays.

Material and methods

Detailed methods are provided in supplemental information.

Exome dataset, CNV calling, QC, and pathogenic
CNV identification

We included all 22,319 exomes available from Holstege et al.*
collected as part of ADES (comprising European studies) and
ADSP (comprising studies from the United States) (Table S2,
with cohort details in Holstege et al.*). All samples were selected
following the QC detailed in Holstege et al.,* except individuals
with a pathogenic CNV, who were not excluded from our starting
dataset.

Only samples passing the QC described in detail in Holstege
et al.* were selected for our analysis. In brief, for the individual
QC based on short sequence variants, all sequencing (Fastq) files
were processed using the same BWA-GATK-based pipeline***°
on the Cartesius supercomputer embedded in the Dutch na-
tional e-infrastructure. Samples with either a high level of variant
missingness, a high suspicion of DNA contamination, a discor-
dant genetic sex annotation, a non-European ancestry, a high
number of previously unidentified variants (compared to dbSNP
v.150), a deviation from standard heterozygous/homozygous or
transition/transversion ratios, and relatives up to the third de-
gree were excluded. As affected subjects, we considered all indi-
viduals with a diagnosis of definite or probable AD (using the
NIAA or NINCDS-ADRA criteria depending on the date of diag-
nosis*’*®), based on clinical and paraclinical information
including cerebrospinal fluid (CSF) AD biomarkers, when avail-
able. Individuals with unclear diagnosis were excluded (e.g.,
Braak stage I-1I in affected individuals or Braak stage V-VI in con-
trol subjects). In addition, individuals with a pathogenic SNV or
indel in a list of Mendelian dementia-associated genes were
already excluded from stage 1 data in this dataset. We now
applied the same analysis, leading to the exclusion of 22 addi-
tional individuals with a pathogenic variant among case and
control groups from stage 2 so that the megasample from Hol-
stege et al.* (stages 1 + 2) fulfilled the same criteria (Table S1).
Detailed methods for individual QC are available as a supple-
mental information file in Holstege et al.* To homogenize
EOAD/LOAD categorization across cohorts, we defined as
EOAD all individuals with an age at onset (AAO) <66 years or

age at last visit <66 years if AAO was missing. Individuals without
numerical information for age were considered as LOAD.

Overall, our starting dataset contained 12,669 exomes from
affected individuals (including 4,150 EOAD) and 9,650 exomes
from control individuals (Figure 1).

All participants provided informed written consent, as previ-
ously described,* and according to the declaration of Helsinki.
This study, based on the retrospective analysis of existing data,
was approved by the CERDE ethics committee of the Rouen Uni-
versity Hospital (CERNI/CERDE notifications 2017-015 and 2019-
055). All the identifiers used in this document are known only to
the laboratory members who addressed them.

CNV calling

Bioinformatics tools detect CNVs from sequencing data through
various approaches, including the relative distribution of read
depth, relative positions of paired reads from each other, or mul-
tiple and partial alignments of reads.”’*° Such approaches
applied to genome-sequencing data show diverse recall and preci-
sion rates and require multiple combinations of tools at high
computational costs. When working from sequencing data ob-
tained following capture, as for exome sequencing, using the
read-depth approach shows high levels of accuracy at the exome
level for rare CNVs,'*?! not requiring combinations of tools.
Exome-specific tools do not rely on intra-sample read-depth vari-
ation along the sequence, but on region-per-region inter-sample
comparison. We previously validated a CNV-calling workflow
based on the CANOES tool,”* which demonstrated good sensi-
tivity (87.25%) and positive predictive value (86.4%-90.2%) for
rare CNVs from exomes.”* We adapted this workflow for a
large dataset and applied it to BAM files (Figure S12 and
supplemental methods). Samples with excessive calls were
excluded, as were individuals with excessively large CNVs, which
are unlikely germline, to avoid biases from clonal hematopoiesis
associated with large blood-specific, age-related CNVs (Table S3
and Figure S1). We then assessed the presence of pathogenic Men-
delian CNVs. CNV calling and QC are detailed in supplemental
information.

CNV and transcript filtering

For case-control analyses, we excluded CNVs cross-overlapping
by >70% with common CNVs (frequency >1% in Database of
Genomic Variants gold standard’’ and non-gnomAD, non-
neuro, non-Finnish Europeans, v.2.1'%), CNVs with >50% over-
lap with segmental duplications, gonosomal CNVs, and those
overlapping only one target (corresponding to monoexonic
CNVs), to reduce false positives.

To address capture kit diversity, we worked at the transcript
level (Figure S2). A transcript was considered as fully deleted
(complete deletion) or duplicated (complete duplication) if all
associated capture targets were affected in the respective capture
kit, and it was considered partially deleted or partially duplicated
if a subset of the capture targets were affected in the respective
capture kit. We then built a copy-number matrix for each auto-
somal protein-coding transcript, with five possible states per sam-
ple and transcript post filtration: (1) missing information, (2) no
CNV (copy number = 2), (3) complete or (4) partial duplication,
or (5) complete or partial deletion. We worked under the assump-
tion that both complete and partial deletions likely result in
haploinsufficiency, i.e., that deletions removing part of the
gene coding sequence or the whole coding sequence result in
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Figure 1. Summary of the study

1. Burden CNV analyses (exome-wide, AD-related gene lists) —» Focus on AD-associated genes: Integrated loss-of-function analysis
Nonsense, frameshift, splice site short variants (SNV/indels) and CNV-deletions
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locus-specific review,
Integrated loss-of-function analysis and refinement based on
Nonsense, frameshift, splice site short integrated loss-of-function
variants (SNV/indels) and CNV-deletions analysis

This study included exome-sequencing samples from the ADES-ADSP described in Holstege et al.” restricted to individuals passing their
quality control and being included in a CNV-calling-batch of 50+ individuals. QC, quality control; CNV, copy-number variation;
EOAD, early-onset Alzheimer disease; LOAD, late-onset Alzheimer disease; OR, odds ratio. Set A, non-frequently deleted genes; set

B, non-frequently duplicated genes.

haploinsufficiency. In dosage analyses, we converted states (2),
(3), and (5) into transcript copy-number information.

To avoid the analysis of rare CNVs affecting transcripts
frequently deleted or duplicated, we then built two sets of tran-
scripts: (1) transcripts with <1% cumulative deletion frequency
in public databases (set A, non-frequently deleted transcripts)
and (2) transcripts with <1% complete duplication frequency
(set B, non-frequently duplicated transcripts).

Statistical analyses

First, we performed burden CNV analyses at the exome level, i.e.,
summing the total number of genes encompassed by a deletion
or a complete duplication (affecting coding transcripts, restricted
to set A for the deletion analysis and set B for the duplication anal-
ysis). Next, we performed similar burden analysis, now focusing on

two gene lists: (1) genes associated with AD in genome-wide asso-
ciation study (GWAS)? and (2) genes having a function in the Ap
network.*> We then focused on AD-associated genes by performing
gene-based analyses of LoF variants including both deletion CNVs
(complete and partial) and truncating SNVs/indels in genes previ-
ously associated with AD. Burden CNV analyses consisted in (1)
EOAD-control association analyses using Firth’s logistic regression
and (2) ordinal regression using the whole dataset (EOAD, LOAD,
and control), assuming an EOAD < LOAD < control effect (or
conversely), as previously performed for burdens of rare SNV/in-
dels at the gene level.*

Second, we performed a gene-level exome-wide discovery anal-
ysis, consisting of a systematic gene-level association study of all
protein-coding genes. This analysis was transcript based to allow
the putative identification of burdens of rare CNVs affecting only
a proportion of transcripts of a given gene. Based on the stronger
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effect of rare short variants on EOAD risk and the expected
extreme rarity of CNVs, limiting power, we compared EOAD-
affected subjects with control subjects and assessed gene dosage
(dosage = 1 for deletions, 2 for normal copy number, and 3 for
duplications) using complete/partial deletions and complete du-
plications on the fusion of transcript sets A and B. Because of
limited power due to rarity of variants, we considered as sugges-
tive all signals with a false discovery rate (FDR) below the permis-
sive threshold of 10%. Suggestive signals were further assessed by
ordinal regression using the whole dataset (EOAD, LOAD, and
control).

Complementary analyses consisted in (1) gene-level, tran-
script-based analyses on deletions only (all protein coding genes
from set A) and complete duplications only (all protein coding
genes set B); and (2) gene-based analysis of LoF variants (deletion
CNVs plus truncating SNVs/indels) in genes prioritized by the
dosage analysis (integrated LoF analysis).

As our primary analyses were not adjusted for covariates, we
further performed the following sensitivity analyses: adjusted an-
alyses based on ancestry (Firth’s logistic model including the first
ten principal components), based on APOE4 allele dosage, or after
exclusion of affected individuals with missing information
regarding AAO (n = 373).

All statistical tests were two-sided.

CNV confirmation

CNVs of interest were all manually reviewed. Targeted validation
of CNVs was performed when DNA was available, using either
quantitative multiplex PCR of short fluorescent fragments
(QMPSF) or droplet digital PCR (ddPCR).

Replication

Loci with FDR < 10% in the dosage discovery analysis, and re-
maining after adjustments and refinement by the integrated
LoF analysis, were evaluated in a replication analysis using geno-
typing data from the European Alzheimer & Dementia Biobank
(EADB), the UK Biobank, deCODE, GR@QACE, and exomes of Afri-
can Americans from ADSP. Detailed sample selection, calling, and
QC procedures are reported in supplemental information. Due to
heterogeneous numbers of EOAD-affected individuals in the
replication cohorts, we pooled them into a single replication da-
taset. To leverage the full replication dataset in a single replica-
tion test, we performed an ordinal regression. Discovery and
replication datasets were then pooled in a mega-analysis. Nomi-
nal replication significance threshold was set at 0.05, study-
wide significance was set at 2.91 x 10~ corresponding to 1,716
gene-level tests fulfilling the aforementioned criteria out of
18,050 genes resulting from the fusion of sets A and B, with an
exome-wide significance set at 2.77 x 107° (Bonferroni correc-
tion). Hits were considered as replicated if they reached nominal
significance threshold in the replication and study-wide signifi-
cance in the mega-analysis.

In vitro cellular assays

To investigate the involvement of SCARF2 in Ap uptake, we over-
expressed the SCARF2 cDNA in human microglial clone 3
(HMC3) cells and compared this with a mock condition. Cells
were treated with a fluorescent-labeled Ap peptide (Ap42-HiLy-
teTM Fluor 647 peptide, Anaspec), and AP internalization was
quantified by flow cytometry. To evaluate the specific involve-
ment of SCARF2 on Ap uptake, mock- and SCARF2-transfected

cells were similarly treated with fluorescent-labeled latex beads
and analyzed by flow cytometry. SCARF2 protein staining was
confirmed by western blotting.

Results

Detection of CNVs from exome-sequencing data of
22,319 individuals

Out of 22,319 exomes initially included, 22,110 passed
QC (4,093 EOAD individuals, 8,458 LOAD individuals,
and 9,559 unaffected control subjects) (Table 1; Figure 1,
supplemental information; Tables S1-S3), totaling
261,190 CNVs. The first step consisted in searching for
pathogenic CNVs in monogenic dementia genes. We
identified 17 individual heterozygotes for such a patho-
genic CNV, all but one with EOAD, including eight previ-
ously reported.'''*?373° Qverall, we detected ten APP du-
plications (mean AAO = 49.2 years, min-max 43-56), one
in-frame PSEN1 deletion (AAO = 56 years), and six MAPT
(MIM:157140) duplications, leading to a primary tauop-
athy differential diagnosis (mean AAO = 58.2, min-max
45-87) (Table 2). Individuals with pathogenic variants
were excluded from further case-control analyses.

Burden CNV analyses in the protein-coding genome
and focus on AD-related genes

We assessed whether EOAD-affected individuals exhibit a
higher burden of rare CNVs overall, as compared to con-
trol subjects, at two levels (Table S4). First, we performed
an exome-wide burden CNV analysis across all protein-
coding genes and showed that EOAD-affected individuals
have a higher likelihood of carrying at least one deleted
(set A, non-frequently deleted genes, see material and
methods) or one duplicated (set B, non-frequently dupli-
cated genes) gene than control individuals (deletions
burden: OR = 1.15 [95% confidence interval 1.06; 1.23],
p =3 x 10~% complete duplications burden: OR = 1.10
[1.02; 1.19], p = 0.0125; OR should be interpreted as the
odds of carrying at least one deleted [or, respectively,
duplicated] gene vs. carrying none). Second, restricting
to AD-GWAS genes,” the difference was amplified for dele-
tions (OR = 2.67 [1.51; 4.74], p = 8 x 10~*) and reversed
for duplications (OR = 0.58 [0.30; 1.04], p = 0.0696) sug-
gesting that some deletions in GWAS genes increase
EOAD risk while some complete duplications could be
protective (Table S4), and at-risk duplications in other
genes may remain to be identified. Analysis of the
Ap-network list of genes*” indicated enrichment in dele-
tions among EOAD-affected individuals (OR = 1.44
[1.09; 1.90], p = 0.0114, Table S4).

Next, to further assess the deletions-related signals, we
performed a gene-based integrated LoF analysis on a list
of known AD-associated genes, gathering short truncating
variants (nonsense, frameshift, and canonical splice site
SNVs/indels) with CNV deletions (complete and partial)
(see supplemental information). We identified a
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Table 1.

Description of individuals included in case-control analyses

EOAD LOAD

All AD Controls

N 4,077 8,457

Age, mean (SD)* 58.43 years (5.09)

Sex, N (%)
Males 1,814 (44.5%) 3,307 (39.1%)
Females 2,263 (55.5%) 5,150 (60.9%)

APOE, N (%)®

E4-non-carriers 1,704 (41.9%)

E4-heterozygous 1,699 (41.7%)

E4-homozygous 668 (16.4%) 390 (4.6%)
No. of deletions,

mean + SD (range)

1.18 = 1.75 (0-35)

Deletion size in bp,
mean (range)

36,788 (187-2,860,014)

No. of duplications,
mean *+ SD (range)

1.09 = 1.25 (0-23)

Duplication size in bp,
mean (range)

91,540 (129-4,847,347)

77.90 years (7.48)

4,640 (54.9%)

3,417 (40.5%)

1.00 = 1.38 (0-35)

37,750 (129-7,103,184)

1.02 + 1.37 (0-36)

89,421 (75-4,809,978)

12,534 9,559

71.38 years (11.42) 81.36 years (12.28)
5,121 (40.9%) 4,147 (43.4%)
7,413 (59.1%) 5,412 (56.6%)
6,344 (50.7%) 7,535 (79.6%)
5,116 (40.9%) 1,830 (19.3%)
1,058 (8.4%) 101 (1.1%)

1.06 = 1.51 (0-35) 1.03 + 1.41 (0-32)

37,401 (129-7,103,184) 35,299 (146-8,273,974)
1.04 = 1.33 (0-36) 1.02 = 1.37 (0-33)

90,141 (75-4,847,347) 89,974 (75-4,840,909)

N, number; SD, standard deviation; bp, base pairs; EOAD, early-onset Alzheimer disease; LOAD, late-onset Alzheimer disease.
?Age at onset for affected individuals and age at last exam/inclusion for control subjects. Age is missing for 373 LOAD individuals and 256 control subjects.
PAPOE genotype is missing for 6 EOAD individuals, 10 LOAD individuals, and 93 control subjects. CNV statistics are presented after filtration.

significant enrichment of ABCA1 (ORgoap = 5.77 [2.25;
17.06], p = 2 x 10~% OR should be interpreted as the
odds of carrying at least one LoF variant in the gene vs.
carrying none) and ABCA7 LoF alleles with AD
(ORgoap = 2.29 [1.44; 3.65], p = 6 x 10°*%, Figure S8),
now adding CNV deletions to the known ABCA?7 associa-
tion,*® while CTSB (MIM: 116810), mapping to a GWAS
locus, emerged as a candidate (ORgoap = 5.03 [1.50;
20.71], p = 8.9 x 1073) (Tables S5 and S6 and Figures S7-
S11; for additional results see supplemental information).

Gene-level case-control discovery analysis

We next performed a gene-level rare CNV association
study on the 22,093 samples remaining after exclusion
of individuals with pathogenic CNVs. We compared
the gene dosage between EOAD and control groups
(Figure S13). In dosage analysis, ORs should be interpreted
for an increase of 1 in gene copy number, i.e., OR > 1
(respectively, OR < 1) means that duplications (respec-
tively, deletions) are associated with a higher disease risk
(Figures 1 and 2; Table 3). Loci with FDR < 10% were
then assessed in the whole cohort using an ordinal regres-
sion including EOAD, LOAD, and control groups
(Table S7). Additional analyses included deletion-only
(Table S8) or complete duplication-only (Table S9) ana-
lyses, APOE4-adjusted analysis (Table S10), and popula-
tion structure-adjusted analysis (Table S11). Removing
samples with missing AAO information (set as LOAD in
the primary analysis) did not affect the results (not
shown). In deletion-only (respectively, complete duplica-

tion-only) analyses, ORs should be interpreted for a
decrease (respectively, increase) of 1 in gene copy number,
i.e., OR > 1 means that deletions (respectively, duplica-
tions) are associated with a higher disease risk, whereas
OR < 1 means that deletions (respectively, duplications)
are associated with a lower disease risk. All analyses are
transcript based, and results are represented per gene
when several transcripts show identical results in a
given gene.

From 4,989 transcripts of 1,716 genes fulfilling our criteria
for dosage association analysis, dosage analysis comparing
EOAD-affected individuals to unaffected control subjects
prioritized 44 transcripts (FDR < 10%, Table 3) from 18
genes, at five loci, as 13 genes mapped to chromosome
22q11.21 (0.0271 < FDR < 0.0386), two other contiguous
genes mapped to 19q13.32 (ERCC2 [MIM 126340]-KLC3
[MIM: 601334] locus, 0.0271 < FDR < 0.0412), and
three genes were excluded (Table 3 and supplemental
information).

Three single-gene loci showed an FDR <10%, namely
MBL2 (MIM: 154545; FDR = 0.0271, Figure S4), ADI1
(MIM: 613400; FDR = 0.0916, Figure SS5), and FADS6
(MIM: 620577; FDR = 0.0271, Figure S6). The MBLZ2 signal
did not remain after adjusting for population structure,
and the same adjustment decreased the significance for
FADS6 while not affecting the other loci (Figures S14
and S15; Table S11). The ERCC2-KLC3 signal was driven
by complete duplications (Table S9), and we showed
that these rare duplications occurred on an APOE4-linked
haplotype (Fisher’s exact test p value = 4.26 x 10~ %) on
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Table 2.

Mendelian pathogenic CNVs

Sample Cohort AAO  Sex CNV coordinate  HGVS nomenclature Gene Event

ALZ-0596-001" ADES-FR 50 male chr17:43679169-  g.43585921_44159772dup  MAPT  complete duplication
44145099 (GenBank: NC_000017.10)

ALZ-0441-005" ADES-FR 45 male chr17:43717946-  g.43679455_44363695dup  MAPT  complete duplication
44364336 (GenBank: NC_000017.10)

EXT-1114-001" ADES-FR 54 female chr17:43679164-  g.43585926_44408484dup = MAPT  complete duplication
44364341 (GenBank: NC_000017.10)

ROU-1373-001" ADES-FR 54 male chr17:43717946-  g.43679455_44172015dup MAPT complete duplication
44159945 (GenBank: NC_000017.10)

SC45A00007 PERADES 59 female  chr17:43679204-  g.43611648_44171922dup  MAPT  complete duplication®
44159910 (GenBank: NC_000017.10)

ID1 ADSP 87 female chr17:43898720-  g.43893949_44108840dup  MAPT  complete duplication®
44101538 (GenBank: NC_000017.10)

EXT-0814-001¢ ADES-FR 54 female  chr21:22370838-  g.20058403_30248689dup  APP complete duplication
28338704 (GenBank: NC_000021.8)

EXT-0773-001¢ ADES-FR 44 male chr21:26946242-  g.22910384_31233900dup  APP complete duplication
31066399 (GenBank: NC_000021.8)

EXT-0857-001¢ ADES-FR 56 male chr21:26946246-  g.22910379_30248689dup  APP complete duplication
28338704 (GenBank: NC_000021.8)

FR16640974 Netherlands 47 male chr21:22370838-  g.20230358_30248689dup  APP complete duplication”

Brain Bank 28338827 (GenBank: NC_000021.8)

TE17A00020a_DS1  PERADES 45 male chr21:27056123-  g.27012218_30248703dup  APP complete duplication®
28338719 (GenBank: NC_000021.8)

20732 PERADES 53 female  chr21:27062175-  g.27056277_27512460dup  APP complete duplication®
27484514 (GenBank: NC_000021.8)

CH32A00027 PERADES 54 female  chr21:27066065-  g.27062287_30248703dup  APP complete duplication®
28338719 (GenBank: NC_000021.8)

09D04764 ADC-Amsterdam 50 male chr21:26541838-  g.25725527_30248655dup  APP complete duplication®
29645932 (GenBank: NC_000021.8)

10D05060 ADC-Amsterdam 43 female  chr21:27253167-  g.27142399_27840733dup  APP complete duplication®
27542996 (GenBank: NC_000021.8)

SID14617 AgeCoDe-UKBonn 46 female  chr21:26946221-  g.25725527_27840779dup  APP complete duplication®
27542992 (GenBank: NC_000021.8)

EXT-0313-001° ADES-FR 56 male chr14:73672981-  g.73664857_73683810del PSEN1  deletion exon 9-10

73678665

(GenBank: NC_000014.8)

AAO, age at onset (in years); CNV, copy-number variant; HGVS, Human Genome Variation Society.

Previously unreported.

PReported in Le Guennec et al.>*
“Reported in Le Guennec et al.'?

9Reported in Lanoiselée et al."’
®Reported in Rovelet-Lecrux et al.*

19q13.32 (Tables S10 and S12; Figure S3). The ERCC2-
KLC3 association signal did not remain significant after
adjusting for APOE-e4 dosage (OR = 1.58 [0.85; 2.99],
p = 0.148), while other loci remained unaffected
(Table S10).

The 22q11.21 region is known for rare recurrent dele-
tions and duplications driven by non-allelic homologous
recombination (NAHR) through low copy repeats (LCR)
labeled LCR 22A to 22E (Figure 2). The region where all
transcripts with FDR < 10% clustered is located between
LCR 22B and 22D (labeled as the “central region”), which
do not encompass the critical region for DiGeorge (velo-
cardio-facial, MIM: 188400) syndrome (LCR 22A-22B).
We observed 22q11.21 central region deletions in four
EOAD-affected individuals (0.1%), and this region was

also prioritized in the deletion-only analysis (Table S8;
0 control, 0 to 1 [0.01%] LOAD depending on the CNV co-
ordinates). One of the EOAD individuals carried a larger
LCR 22A-22D deletion, typical of DiGeorge syndrome
(Figure 2). He had no specific neurodevelopmental history,
but he was born with congenital heart disease and pre-
sented the first signs of cognitive decline at age 43, without
any signs of Parkinsonism. The AD diagnosis was
confirmed with CSF biomarkers (Table 4). After targeted
analysis in both unaffected parents, we showed that the
deletion occurred de novo. Interestingly, duplications mir-
roring the LCR 22A-22D or the 22B-22D deletions, or
affecting the 22C-22D or 22C-22E regions, were observed
in 8-10 control individuals (0.08%-0.1%, depending
on the CNV coordinates), in 4-5 LOAD individuals
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Figure 2. Focus on the 22q11.21locus

UCSC genome browser view of CNVs identified in the main analysis. Red, deletions; blue, duplications. Large areas represent coordi-
nates of CNVs as detected by CANOES. Thinner areas show breakpoint uncertainties, i.e., regions between two targets of the sample-
specific capture kit. Genes are indicated below, and the regions of segmental duplications appear on the bottom part. Low copy repeats
(LCRs) underlying recurrent rearrangements by non-allelic homologous recombination (NAHR) are indicated below. A black line un-
derlines the locus prioritized here. Note that not all duplications are taken into account in the statistical analysis; only those encom-

passing a whole transcript are included.

(0.05%~0.06%, Figure 2), and in 0-1 EOAD individual (0%-
0.02%) (Table S13). Overall, this suggests a dosage effect
with deletions increasing AD risk and duplications
decreasing the risk or delaying ages at onset. Performing
the dosage analysis at the level of the whole cohort
including LOAD using an ordinal regression, the associa-
tion signal remained nominally significant (OR = 0.16
[0.04; 0.45], p=3.5 x 10~ *) (Table S7) as LOAD-affected in-
dividuals showed frequencies of deletions and duplica-
tions in between those in EOAD and control individuals.

Overall, DNA from 27 individuals (12 ERCC2-KLC3, two
22q11.21, one MBL2, three ADI1, and nine FADS6) was
available, and CNVs were confirmed in 26 of 27 (one
FADS6 false positive [Table S14]—after removing the
latter, EOAD vs. control dosage analysis remained similar:
OR = 0.20 [0.07; 0.49], p = 4 x 10™%), in addition to two
22q11.21 deletions confirmed in independent chip data.
This further supports the accuracy of the calling method,
which is consistent with our previous results of validation
based on a large number of CNVs and comparing exome-
DNA chip pairs.”*

Integrated LoF analysis at the prioritized loci

We then performed a case-control integrated LoF analysis
gathering CNV deletions (complete and partial) with
short truncating variants (nonsense, frameshift, and ca-
nonical splice site SNVs/indels) among the genes
belonging to the prioritized loci in the dosage analysis
(Tables S6 and S7). Although this integrated LoF analysis

did not substantially modify the interpretation of the
dosage analysis results, it narrowed the signal to the
SCARF2 (MIM: 613619)-MED15 (MIM: 607372)-KLHL22
(MIM: 618020) locus in the 22q11.21 central region.
Indeed, we observed one LoF short variant in SCARF2 in
an EOAD individual and two in MED15 in two LOAD in-
dividuals, whereas no control individual carried such
LoF variants, as for CNV deletions, and all the other genes
at this locus now appeared as less significant.

Replication of suggestive loci in large external
cohorts

We aimed at replicating the SCARF2-MED15-KLHL22 lo-
cus dosage, ADI1 duplications, and FADS6 deletion cases
enrichment, using chip data from 32,535 AD-affected in-
dividuals (3,411 EOAD) and 359,929 unaffected control
subjects, and exomes from African American AD individ-
uals (n = 1,442 including 182 EOAD individuals) and un-
affected control subjects (n = 2,393). As the FADS6 signal
was driven by a small recurrent deletion in the discovery
(<10 kb, Figure S6), which is not detectable in DNA chip
data, we were not able to perform an unbiased mega-anal-
ysis (Figure S18). Regarding ADI1, replication results were
in the same direction as the discovery analysis (Figures 3A
and 3B; Tables S15 and S16; Figure S17), but significance
was not achieved. However, we succeeded in replicating
the SCARF2-KLHL22-MED15 gene-dosage association at
the 22q11.2 locus, as ordinal regression confirmed an
EOAD < LOAD < control association (Tables S15 and
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Table 3. Results from EOAD vs. control dosage analysis and subsequent analyses on deletions and duplications

No. of individuals EOAD vs. control— EOAD vs. control— EOAD vs. control—
N total with CNVs (del/dup) dosage analysis deletion analysis duplication analysis

Gene EOAD LOAD Control EOAD LOAD Control OR [95% CI]° p value” FDR OR [95% CI] p value OR [95% CI] p value Transcripts® Chromosomal band

PRAMEF26° 2,911 7,302 6,461 8 (8/0) 2 (2/0) 2 (1/1) 0.08 [0.01; 0.34] 2.88E—04 3.29E-02 12.61 [2.84;118.46] 3.96E—04 0.74 [0.005;13.87] 8.50E—-01 GenBank: 1p36.21
NM_001306072.3

ADI1 4,077 8,457 9,559  5(0/5) 1(0/1) 1(1/0)  26.58[3.06; 1.05E-03 9.16E—02 0.78 [0.005; 14.65]  8.78E—01 25.82 [2.93; 3389.88] 1.40E—03 GenBank: NM_ 2p25.3
3482.37] 001306077.2,
NM_018269.4

MTUS1¢ 4,077 8,457 9,559 54 (54/0) 38 (37/1) 57 (57/0) 0.47 [0.33;0.66] 1.95E-05 2.71E—02 related transcripts no duplication GenBank: NM_ 8p22
are not in set A in EOAD 001001924.3,
nor in Controls NM_001363057.2, NM_
001363058.2,
NM_001363059.2,
NM_001363061.2

MBL2 4,077 8,457 9,559 2 (2/0) 25(25/0) 45 (44/1) 5.76 [2.22;21.16]  5.44E-05 2.71E-02 0.13 [0.02;0.39] 2.02E-05 0.78 [0.005;14.65] 8.78E—01 GenBank: NM_ 10921.1
000242.3, NM_
001378373.1,
NM_001378374.1

FADS6 4,077 8,457 9,559 16 (15/1) 11 (11/0) 5 (5/0) 0.19 [0.07; 0.45] 1.65E-04 2.71E-02 6.63 [2.65;19.34] 3.34E-05 7.04 [0.38; 1026.65] 1.89E-01 GenBank: 17q25.1
NM_178128.6

PLIN4" 4,077 8,457 9,559 20(19/1) 10 (10/0) 12 (12/0) 0.31[0.15; 0.61] 8.38E—04 7.66E—02 related transcripts 3.67 [1.82; 7.67] 2.83E-04 GenBank: NM_ 19p13.3
are not in set A 001393888.1,
NM_001393889.1,
NM_001393890.1, NM_
001393891.1,
NM_001367868.2

KLC3 4,077 8,457 9,559 24 (1/23) 33(1/32) 16 (0/16) 3.06 [1.65; 5.79] 4.28E-04 4.12E-02 7.04[0.38;1026.65] 1.89E—01 3.35 [1.8;6.41] 1.57E-04 GenBank: NM_177417.3 19q13.32

ERCC2 4,077 8,457 9,559 29 (1/28) 43 (2/41) 20 (0/20) 3.04 [1.74; 5.4] 1.09E-04 2.71E-02 7.04[0.38;1026.65] 1.89E-01 3.28 [1.86;5.86] 4.09E-05 GenBank: NM_
001130867.2

4,077 8,457 9,559 29 (1/28) 42 (2/40) 20 (0/20) GenBank: NM_
000400.4

ZNF74 4,077 8,457 9,559  4(4/0)  4(0/4)  9(0/9)  0.04[0.0003; 0.29] 2.71E-04 3.29E-02 21.12[2.25;2799.03] 4.75E-03 0.12[0.001;0.97] 4.58E-02 GenBank: NM_ 22q11.21
001256523.2,
NM_001256525.2,
NM_003426.4, NM_
001256524.2

SCARF2 4,077 8,457 9,559 4 (4/0) 4 (0/4) 9 (0/9) 0.04 [0.0003; 0.29] 2.71E—04 3.29E-02 21.12[2.25;2799.03] 4.75E—-03 0.12[0.001;0.97] 4.58E-02 GenBank: NM_
153334.7,
NM_182895.5

KLHL22 4,077 8,457 9,559 4 (4/0) 4 (0/4) 8 (0/8) 0.04 [0.0003; 0.30] 3.80E—04 3.86E-02 21.12[2.25;2799.03] 4.75E-03 0.14 [0.001;1.10] 6.57E-02 GenBank:
NM_032775.4

MEDI1S5 4,077 8,457 9,559 4 (4/0) 4 (0/4) 9 (0/9) 0.04 [0.0003; 0.29] 2.71E-04 3.29E-02 21.12[2.25;2799.03] 4.75E—-03 0.12 [0.001;0.97] 4.58E-02 GenBank: NM_
001003891.3,
NM_001293234.2, NM_
001293235.2,
NM_001293236.2,
NM_001293237.2, NM_
015889.5

(Continued on next page)
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Table 3. Continued

No. of individuals EOAD vs. control— EOAD vs. control— EOAD vs. control—
N total with CNVs (del/dup) dosage analysis deletion analysis duplication analysis

Gene EOAD LOAD Control EOAD LOAD Control OR [95% CI]? ] value® FDR OR [95% CI] p value OR [95% CI] p value Transcripts® Chromosomal band

PI4KA 4,077 8,457 9,559  4(4/0)  6(1/5)  10(0/10) 0.03 [0.0003; 0.28] 1.92E-04 2.71E—02 21.12 [2.25;2799.03] 4.75E-03 0.11 [0.001;0.87] 3.19E-02 GenBank: NM_
001362862.2,
NM_001362863.2,
NM_058004.4

SERPIND1 4,077 8,457 9,559 4 (4/0) 6 (1/5) 10 (0/10) 0.03 [0.0003; 0.28] 1.92E-04 2.71E-02 21.12[2.25;2799.03] 4.75E-03 0.11 [0.001;0.87] 3.19E-02 GenBank:
NM_000185.4

SNAP29 4,077 8,457 9,559 4 (4/0) 6 (1/5) 10 (0/10) 0.03 [0.0003; 0.28] 1.92E—-04 2.71E-02 21.12 [2.25;2799.03] 4.75E-03 0.11 [0.001;0.87] 3.19E-02 GenBank:
NM_004782.4

CRKL 4,077 8,457 9,559 4 (4/0) 6 (1/5) 10 (0/10) 0.03 [0.0003; 0.28] 1.92E-04 2.71E-02 21.12[2.25;2799.03] 4.75E-03 0.11 [0.001;0.87] 3.19E-02 GenBank:
NM_005207.4

LZTR1 4,077 8,457 9,559 4 (4/0) 6 (1/5) 10 (0/10) 0.03 [0.0003; 0.28] 1.92E-04 2.71E-02 21.12[2.25;2799.03] 4.75E-03 0.11 [0.001;0.87] 3.19E-02 GenBank:
NM_006767.4

THAP7 4,077 8,457 9,559 4 (4/0) 6 (1/5) 10 (0/10) 0.03 [0.0003; 0.28] 1.92E-04 2.71E-02 21.12[2.25;2799.03] 4.75E-03 0.11 [0.001;0.87] 3.19E-02 GenBank:
NM_030573.3,
NM_001008695.1

P2RX6 4,077 8,457 9,559  4(4/0)  6(1/5)  10(0/10) 0.03 [0.0003; 0.28] 1.92E-04 2.71E—02 21.12[2.25;2799.03] 4.75E-03 0.11 [0.001;0.87] 3.19E-02 GenBank: NM_
001159554.2, NM_
001349874.2,
NM_001349875.2,
NM_001349876.2, NM_
001394691.1, NM_
001394692.1,
NM_001394693.1,
NM_001394694.1,
NM_001394695.1,
NM_001394696.1, NM_
001394697.1,
NM_005446.5

SLC7A4 4,077 8,457 9,559 4 (4/0) 6 (1/5) 10 (0/10) 0.03 [0.0003; 0.28] 1.92E—04 2.71E-02 21.12 [2.25;2799.03] 4.75E-03 0.11 [0.001;0.87] 3.19E-02 GenBank: NM_
004173.3

LRRC74B 3917 7,799 8,016  4(4/0)  6(1/5  10(0/10) 0.04[0.0003; 0.29] 1.86E—04 2.71E—02 18.44 [1.97;2443.22] 7.39E—03 0.10 [0.001;0.75] 2.01E-02 GenBank: NM_
001291006.2

N, number. EOAD, early-onset Alzheimer disease; LOAD, late-onset Alzheimer disease.

?OR should be interpreted for an increase of transcript copies by 1. i.e., OR > 1 (respectively, OR < 1) means that duplications (respectively, deletions) are associated with a higher disease risk.

Non-adjusted p values, selected based on FDR < 10%.

“Gene overlapping with repeats or duplicated gene in the genome (despite CNVs not overlapping >50% with repeats).

4Gene for which the signal in dosage analysis is driven by deletion, whereas transcripts are not in set A.

“The table gathers transcript results on a single line per gene when several transcripts exhibit the same p values. Genes at the same locus are shown on the first column of the table with corresponding chromosome band.
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Table 4. Clinical information of individuals with a 22q11.2 deletion in the main analysis

Individual ID EFA 429 ROU 165 FR16641215 5976299

Age at sample (years) 46 53 64 53

Sex male male female male

APOE genotype 3-4 3-4 3-3 3-4

Age at onset (years) 43 51 54 49

Educational level (years) 12 9 N/A 5

First reported symptoms memory and executive memory N/A memory, writing
functions

Medical history congenital heart defect, no history of N/A no history of

of the 22q11
deletion spectrum

Family history of
neurodegenerative
disease

Disease duration (years)
Additional arguments

supporting AD
pathophysiology

no history of
neurodevelopmental
disorders

Parkinson disease in
mother at 62 related
to a LRRK2 pathogenic variant

6 (to death)

o MMSE = 12/30 at 46 years.
o severe cortical diffuse

atrophy on brain imaging
o CSF Ap42: 471 pg/mL (N > 650)
o CSF tau: 732 pg/mL (N < 350)
o (SF P-tau: 100 pg/mL (N < 60)

neurodevelopmental
disorders

negative

o MMSE = 15/30 at 53 years
e severe episodic
memory disorder with
misorientation and
logopenic aphasia
o bilateral mediotemporal
and parietal cortical atrophy
o hypoperfusion in bilateral
temporal-parietal
cortical regions

dementia in father with
onset around 60 and
death at 69 years

10 (to death)

o neuropathological analysis:
numerous amyloid plaques
and neurofibrillary tangles,
as well as severe cellular
neuronal loss with reactive
gliosis matching AD
neuropathological diagnosis

neurodevelopmental
disorders

negative

o MMSE = 20/30 at 53 years

o mediocre recall and
recognition, apraxia,
visuospatial and
visualgnostic disabilities

e major parietal atrophy
and sparse white
matter lesions

o (SF AB42: 450 pg/mL
(N > 650)

o CSF tau: 359 pg/mL
(N < 350)

o CSF P-tau: 181 pg/mL
(N < 60)

o Diffuse increased tracer
uptake at the frontal,
parietal, and cingular
cortex on PiB PET

AD, Alzheimer disease; EOAD, early-onset AD; LOAD, late-onset AD; MMSE, Mini Mental State Examination; CSF, cerebrospinal fluid; P-tau, phosphorylated tau; PiB PET, Pittsburgh compound B positron emission tomog-

raphy.
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Figure 3. Mega-analysis of results from both main analysis and replication

(A) Forest plot associated with the mega-analysis of results from both discovery and replication. Numbers on right display odds ratio
(OR) with 95% confidence interval. For dosage analyses (SCARF2, KLHL22, and MED15), OR should be interpreted for an increase of
transcript copies by 1. i.e., OR > 1 means that duplications (and OR < 1 means that deletions) are associated with a higher disease risk

(see Figure 1).

(B) Proportion of deletions and duplications by status and gene. Red, deletions; blue, complete duplications. Data include both discov-
ery and replication datasets. Prop. of indiv., proportion of individuals.

S16; Figures 3A and S16; replication ORscarrz = 0.40 [0.23;
0.66], p = 1.50 x 10~%), with a mega-analysis ORscarrz =
0.34 [0.21; 0.53] (p = 5.52 x 1077), achieving both
study-wide and exome-wide significance thresholds (OR
to be interpreted per additional gene copy).

Assessing SCARF2 as a potential biological driver of
the 22q11.2 association

Finally, we sought to provide an initial step toward under-
standing a potential biological basis for the SCARF2-
KLHL22-MED15 gene-dosage association. We prioritized
SCARF2, asitbelongs to the class F scavenger receptor family
and is expressed in multiple cell types in the brain and in
macrophages. Although a scavenger receptor role is yet to
be demonstrated for SCARF2, such activity has been
confirmed for other family members, including SCARF1
(MIM: 607873) and MEGFI0 (MIM: 612453), the latter
even being a known receptor for Ap.>”*® We therefore inves-
tigated whether SCARF2 may influence Ap cellular uptake
by overexpressing SCARF2 in HMC3 cells (Figures 4 and
$19). SCARF2-transfected cells exhibited a significantly
higher uptake of fluorescent Ap42 peptides compared to
mock control cells. Conversely, the uptake of fluorescent la-
tex beads was not increased, underscoring SCARF2 speci-
ficity in Ap phagocytosis.

Discussion

Here, we identified an association with gene dosage at the
central region of 22q11.21. Overall, the 22q11.21 locus

showed enrichment of deletions in EOAD-affected individ-
uals and mirroring duplications in control subjects, while
LOAD-affected individuals remained in between. This re-
gion has not been known to be associated with AD risk so
far, despite a suggestive association in a family-based anal-
ysis.*’ In our gene-dosage analysis, the association was
exome-wide significant (p < 2.77 x 107°), and we are
providing additional levels of evidence, with one of the
AD-affected individuals with unaffected parents showing
a de novo deletion, which is a strong genetic argument at
the individual level, and one piece of potential mechanism,
as expression of SCARF2 cDNA led to increased Ap uptake.
Overall, central 22q11.21 deletions remain extremely
rare. Here, no control carried such a deletion in the discov-
ery, while duplications were enriched in unaffected con-
trol individuals. Notably, very few control subjects car-
rying central 22q11.21 deletions or larger ones (B-C or
B-D) were identified in the replication (19/362,321,
0.005%), with a frequency that remains compatible with
the absence of deletion in the discovery (0/9,559, i.e., fre-
quency <0.01%). Among those having available informa-
tion on parents in the UK Biobank, 28.57% (2/7) had a
parent with AD or related dementia, compared to
15.65% (35,569/227,256) in individuals without a CNV
in this region. However, rarity of deletion prevented us
from performing a powerful comparison (Fisher exact
test p value = 0.3017). It should be noted that 10.36% of
participants have an unknown status of family history
in this database, and as such deletions/duplications are be-
ing driven by NAHR, they can be found as de novo events,
hence limiting the interpretation of family history in this
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Figure 4. Ap4> uptake in HMC3 cells

Mock-transfected and SCARF2-cDNA-transfected HMC3 cells were incubated with fluorescent Ap42 peptides (left) or with fluorescent
latex beads (right). Ap42 or bead uptake was assessed by flow cytometry. SCARF2 transfection was associated with a significantly
increased uptake of Ap42 peptides compared to the mock condition (Wilcoxon, p = 2.2 x 107°), while the uptake of latex beads re-

mained unchanged in both conditions (p = 0.11).

database for this locus. Beyond the fact that the pene-
trance of AD may not be full by the age of 65 years in dele-
tion carriers, most of those from the UK Biobank are still
rather young, so some might still develop AD.

Interestingly, while our discovery was enriched in
EOAD individuals and highlighted at-risk deletions with
mirroring duplications in control subjects, our replication
was enriched in control individuals and highlighted the
protective role of 22q11.21 central duplications with
more power than the discovery alone. With an OR of
0.34 [0.18;0.56] in the mega-analysis, duplications appear
as a strong AD-risk-decreasing factor. So far, only a hand-
ful of genetic factors have been shown to significantly
reduce AD risk, after exclusion of GWAS hits with ORs
close to 1, namely the APP Icelandic variant with a very
strong effect (OR ~ 0.2)*° and three other AD-risk-
decreasing factors with ORs of ~0.7: APOE2,*' a rare
missense variant in PLCG2 (MIM: 600220),*> and the
very recent identification of a protective 19-bp deletion
of an APOE enhancer in APOE4-positive African Ameri-
cans, though still associated with an increased AD risk
compared to APOE3 homozygosity.*> Duplications of
the 22q11.21 central region thus represent one of the
strongest AD-risk-decreasing factors in terms of OR esti-
mates, after the Icelandic APP variant,*° which is both ul-
tra-rare and population specific, contrary to 22q11.21 du-
plications, which are found in multiple ethnicities.

Of note, 22q11.21 central duplications reduce AD risk in
the context of a complex determinism, conferring only

relative “protection.” As one can identify AD risk factors
in unaffected control subjects, we also identified a few du-
plications in LOAD duplication heterozygotes. Of the four
LOAD duplication heterozygotes in the discovery, two
(50%) carried at least one AD risk factor with OR > 1.5,
both being APOE4 heterozygous and one of them also car-
rying a splice region variant in ABCA7, ¢.4764+5G>A
(GenBank: NC_000019.10, NM_019112.4) (p.?), predicted
to result in exon skipping and thus a probable AD risk fac-
tor with moderate effect. As a comparison, 3/10 (30%) un-
affected control individuals carrying a 22q11.21 duplica-
tion carried a similar AD risk factor (two were APOE4
heterozygous and one carried the ATP8B4 c.1183G>A
[GenBank: NC_000015.10, NM_024837.4] [p.Gly395Ser]
variant classified as a modest risk factor with OR around
1.5),** further demonstrating the complex nature of the
genetic determinism of AD and the need for integrated
models gathering multiple risk and protective factors for
an accurate AD risk prediction.*’

In theory, two hypotheses might explain the associa-
tion with gene dosage at the 22q11.21 central region.
First, the association could be non-specific to AD mecha-
nisms but rather a modifier of AAO in individuals prone
to develop AD. Indeed, individuals with a central
22q11.21 deletion have a higher risk of neurodevelop-
mental disorders,*® as do those individuals with a Di-
George-syndrome associated deletion (22A-22B or larger)
with higher penetrance, and lower average cognitive per-
formances.”” Whether or not it is clinically significant
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prior to AD onset, putatively reduced cognitive reserve
might contribute to earlier AD-onset ages.*®*’ However,
this hypothesis would require that duplication heterozy-
gotes have better average cognitive performances, which
is not known, 22B-22D duplications being considered as
variants of uncertain significance. Second, dosage of
certain genes in this interval could be directly influencing
the pathophysiology of AD. Given its presumed functions
and expression, we hypothesized that SCARF2 might act
as a scavenger receptor for AB. We showed that overex-
pression of SCARF2 led to increased Ap uptake. Although
these results will require further confirmation in other
models and the underlying mechanisms remain to be
determined, including a putative function as an actual
scavenger receptor, they are consistent with the observed
reduced risk in the case of a duplication. In addition, we
cannot rule out the hypothesis that other genes in the
same region may affect AD-related mechanisms.

From a medical point of view, our results may be of inter-
est for individuals with DiGeorge syndrome, among those
with large deletions including SCARF2-KLHL22-MED15
(22A-22C deletions or larger). DiGeorge syndrome pre-
sents with variable penetrance symptoms, including neu-
rodevelopmental disorders ranging from mild intellectual
disability, psychosis, and autism spectrum disorder to
normal intelligence, congenital heart defects, palatal mal-
formations, velopharyngeal incompetence, phosphocalcic
metabolism disorders, immune deficiency, some morpho-
logical features, and increased risk of Parkinson disease.’’
However, not much is known about the aging of these in-
dividuals, as most reports in adults involve individuals in
their mid-30s on average and limited survival until late
adulthood.”’ At least one individual with DiGeorge syn-
drome (aged 56) showed AD-related neuropathology,*’
but neuropathological reports are scarce. Our results sug-
gest that, as care of DiGeorge syndrome is improving,
enabling individuals to age, cognitive follow-up should
be proposed, especially to those with a large deletion.
This finding of a22q11.21 association with AD is somehow
reminiscent of the trisomy-21 and APP duplication.”>%>*
However, the impact of the latter may be much stronger,
with full penetrance by the age of 65-70 years,'*>* prob-
ably because of the straightforward link between APP over-
expression and Ap production, while Ap clearance involves
multiple players, with SCARF2 now becoming a strong
candidate Ap scavenger.

Beyond the 22q11.21 locus, our study also highlighted
CNVs in known AD-associated genes directly contributing
to the disease in heterozygotes. Rare CNVs have long been
implicated in diverse Mendelian disorders, including
neurodegenerative diseases, in which they nevertheless
remain an infrequent mechanism. For instance, only
two APP triplications have been reported so far,””>° while
APP duplications account for ~9% of autosomal-domi-
nant EOAD families, and MAPT duplications represent a
very rare cause of AD-mimicking primary tauopathy,®’
as found in some individuals here. In line with Mendelian

dementia genes, we show that rare CNVs also contribute
to non-monogenic AD risk, as for ABCA1 and ABCA7,
where deletions represented a small proportion (<10%)
of LoF alleles. Interestingly, we also identified a suggestive
association of CTSB LoF with AD risk. CTSB, a GWAS-
defined gene, encodes cathepsin B, an anti-amyloidogenic
enzyme with AP peptide cleavage activity,”® which is
consistent with LoF alleles in affected individuals and du-
plications in control individuals (see also supplemental
information).

Here, we used a large existing dataset of exome-
sequencing data. We propose a QC and analysis strategy
and obtained a dataset harmonized at the transcript level
to reduce both the recurrence issue at the CNV level and
the heterogeneity among datasets. This allowed (1) the
identification of high-quality CNV calls in known AD-asso-
ciated genes (Mendelian and risk factor genes) and (2) iden-
tification of suggestive loci, despite the extreme rarity of
theindividual CNVs. This design was adapted to the switch
from DNA chips to exomes, largely reducing the size of the
smaller CNVs under analysis. Our study design was thus
adapted to the identification of single gene association.
Despite this design, the most significant finding was a mul-
tiple-gene recurrent CNV mediated by NAHR. The low
number of single-gene associations is probably related to
a power issue in finding a burden of ultra-rare CNVs in a
given gene, but our study design may be successful in
finding such signals in future larger studies. In areplication
attempt, we mostly relied on chip data that do not allow
the calling of smaller CNVs, such as recurrent FADS6 dele-
tions. Genome sequencing may also be used, although ata
high computational cost and with still limited sample
sizes, especially in terms of EOAD case data available.'”°
Recent long-read sequencing technologies may also offer
new opportunities, enabling the analysis of CNVs along
with other complex variants,””>® but sequencing costs
remain high, limiting the sample sizes. In addition, we
did not study the X chromosome, due to the complexity
of the analysis models. Specific analysis of this chromo-
some may reveal potential variants associated with AD.>’

In conclusion, we identified ultra-rare CNVs directly
contributing to AD risk, including autosomal-dominant
CNVs, deletions in AD-associated ABCAI1 and ABCA7
contributing to AD risk in non-monogenic AD, CTSB
LoF as a candidate risk mechanism, and a small region at
the 22q11.21 locus, deletions of which increase EOAD
risk while duplications decrease AD risk. We are providing
multiple layers of evidence, including a clear mirror/
dosage signal with LOAD-affected individuals showing in-
termediate frequencies of deletions and duplications be-
tween EOAD-affected individuals and unaffected control
individuals, a large replication with a multi-ethnic
component, exome-wide statistical significance, one de
novo deletion in an EOAD individual, and one piece of
mechanistic evidence, all converging on the same inter-
pretation. This result may be important for the follow-
up of some individuals with DiGeorge syndrome who
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may present increased risk of AD. In addition, we identi-
fied a strong AD-risk-decreasing factor, 22q11.21 duplica-
tions. SCARF2, located in the prioritized region at the
22q11.21 locus, may be a therapeutic target, as overex-
pression increased AP uptake, and hence most likely Af
clearance, which is congruent with reduced AD risk
observed in the case of a duplication. While additional
CNVs may contribute to AD risk, as suggested by burden
CNV analyses at the exome and AD-related gene lists,
such CNVs remain extremely rare events, limiting power.
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