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Abstract

Introduction: Despite increasing evidence of a role of rare genetic variation in the risk
of Alzheimer’s disease (AD), limited attention has been paid to its contribution to AD-
related biomarker traits indicative of AD-relevant pathophysiological processes.
Methods: We performed whole-exome gene-based rare-variant association studies
(RVASs) of 17 AD-related traits on whole-exome sequencing (WES) data generated
in the European Medical Information Framework for Alzheimer’s Disease Multimodal
Biomarker Discovery (EMIF-AD MBD) study (n = 450) and whole-genome sequencing
(WGS) data from ADNI (n = 808).

Results: Mutation screening revealed a novel probably pathogenic mutation (PSEN1
p.Leu232Phe). Gene-based RVAS revealed the exome-wide significant contribution of
rare coding variation in RBKS and OR7A10 to cognitive performance and protection
against left hippocampal atrophy, respectively.

Discussion: The identification of these novel gene-trait associations offers new per-
spectives into the role of rare coding variation in the distinct pathophysiological
processes culminating in AD, which may lead to identification of novel therapeutic and

diagnostic targets.
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Alzheimer’s disease, biomarkers, endophenotypes, rare coding variants, whole-exome sequencing
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1 | BACKGROUND

Alzheimer’s disease (AD) is the most common cause of dementia, which
affects millions of individuals worldwide, an estimate that could be
doubled by 2060 in the absence of effective medical breakthroughs.!
AD is a progressive neurodegenerative disease whose pathological
hallmarks in the brain are extracellular amyloid plaques and intracel-
lular neurofibrillary tangles formed by aggregates of amyloid beta (Ag)
and tau proteins, respectively.? As these changes typically occur years
before the onset of first dementia symptoms,* disease progression is
classified into three phases, a preclinical, a mild cognitive impairment
(MCI), and an Alzheimer’s dementia phase.2 Numerous biomarkers
for AD have been developed and characterized to better under-
stand the disease process, for early detection of the disease, and for
developing new disease-modifying treatments and monitoring. These
include biochemical (cerebrospinal fluid [CSF] and plasma) and imag-
ing biomarkers for A3 pathology, tau pathology, neurodegeneration,
synaptic dysfunction, glial activation, and neuroinflammation.* From
these biomarker studies, a temporal sequence of biomarker changes
has become apparent, as reviewed in detail in Zetterberg et al.*. Briefly,
in the cognitively normal preclinical phase, the first biomarker changes
toward an abnormal state are typically related to Aj pathology, fol-
lowed by abnormal increases in total tau (t-tau) and phosphorylated
tau at residue 181 (p-tau4g1), changes that are indicative of tau pathol-
ogy and neurodegeneration in response to AB pathology; and an
increase in CSF neurogranin (Ng), a relatively early marker of synap-
tic dysfunction. In relatively late stages of the preclinical phase and
the MCI phase, neurodegeneration biomarker abnormalities become
more apparent, such as neurofilament light (NfL) and brain atrophy.
Elevated CSF chitinase-3-like protein 1 (YKL-40) levels, indicative of
astrocytic activation, are observed in the relatively later phases of
AD.? Finally, during MCI and AD phases, cognitive impairment can be
detected using neuropsychological screening instruments such as the
Mini-Mental State Examination (MMSE).>

Several studies have analyzed the contribution of genome-wide
common genetic variation to these AD-relevant biomarkers and
endophenotypes. Examples of genome-wide significant loci associ-
ated with CSF and imaging traits include apolipoprotein E (APOE),6~?
SUCLG2,1° GLIS1,8 and SERPINB1,8 for CSF AB4y; APOE,”811 GMNC,”-?
SRRM4,' and CEP170B/PLD4,! for CSF t-tau; APOE,”811 GLIS3,78
PCDH8,8 CTDP1,2 GMNC® NCR2, and C160rf95,'2 for CSF p-tau;
TMEM106B3 and ADAMTS1* for CSF NfL; CHI3L1'3 and CPOX!3
for CSF YKL-40; HRK,'>:16 MSRB3,1516 APOE,'! and others'® for hip-
pocampal volume; C150rf54,17 C160rf95,'8 and others'”-18 for cortical
thickness; and TRIM651920 and others including APOEZ2° for white
matter lesions. However, despite the presence of common variant asso-
ciations of AD biomarker traits, the contribution of rare variants to
these processes remains largely unexplored. Except for the studies on
plasma A2 and white matter hyperintensities,?? and our recent anal-
ysis of principal components (PCs) of CSF biomarkers,2% no systematic
analyses were conducted previously to study the relationship between
exome-wide coding variation in each gene and AD biomarker traits and

endophenotype outcomes.
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RESEARCH IN CONTEXT

1. Systematic review: We reviewed the literature using
sources such as PubMed and Google Scholar. Few stud-
ies investigated the effect of rare variants on single
biomarker traits, but systematic analyses examining the
role of rare coding variation in a large collection of
Alzheimer’s disease (AD)-relevant biomarker traits are
lacking.

2. Interpretation: Our analyses revealed novel exome-wide
significant contributions of rare coding variation in RBKS
and OR7A10 to cognitive performance and protection
against left hippocampal atrophy, respectively. Moreover,
subthreshold hits included numerous plausible gene-trait
associations.

3. Future directions: This study shows a new landscape of
rare coding variation associated with various AD-relevant
pathophysiological processes. Future studies in larger
cohorts/biobanks will allow further elucidation of these
genetically associated molecular processes, which may
aid the development of better therapeutic and preventive
strategies for AD.

In this study, we conducted a systematic exome-wide, gene-based,
rare-variant association study (RVAS) of 17 Alzheimer-relevant traits
(as described in Table 1 and Tables S1-S3), including clinical, cognitive,
CSF, and volumetric magnetic resonance imaging (MRI) phenotypes.
These analyses were performed on a European multicenter whole-
exome sequencing (WES) data set generated for n = 450 participants
of the European Medical Information Framework for Alzheimer’s
Disease Multimodal Biomarker Discovery (EMIF-AD MBD) study.2*
Meta-analysis was performed including the Alzheimer’s Disease Neu-
roimaging Initiative (ADNI)2> whole-genome sequencing (WGS) data

set on n =808 participants.

2 | METHODS

2.1 | EMIF-AD MBD WES cohort and whole-exome
sequencing

Participants were derived from the EMIF-AD MBD study, a European
multicenter cohort of individuals with AD, MCI, and normal cogni-
tion (NC), for whom extensive molecular and phenotypic information
is available.2* From this cohort, we received DNA samples meeting
the requirements for WES (see Supporting Information) for n = 450
participants from 10 European countries (Belgium [Flanders popula-
tion], Denmark, France, Germany, Greece, Italy, The Netherlands, Spain
[Basque population], Sweden, and Switzerland). The local medical eth-

ical committee of each participant recruitment center approved the
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TABLE 1 Phenotypic characteristics of EMIF-AD WES and ADNI WGS cohorts (analysis subsets)

Characteristics

Traits

Characteristic/trait

Sex

Age at participation

Age at last follow-up

Baseline diagnosis

Last available
diagnosis

MCI - AD converter
APOE status
ADvsNC

MMSE score

CSF ABay

CSF p-tauqgq

CSF t-tau

CSF NfL
CSF Neurogranin
CSF YKL-40

CSF AB,, status
CSF p-tau,gq status
CSF t-tau status

Total hippocampal
volume

Left hippocampal
volume

Right hippocampal
volume

Average cortical
thickness (all
regions)

Average cortical
thickness (AD
signature regions)

Fazekas scale

Unit
Female %
Years
Years

AD %
MCI %
NC %

AD % (EMIF-AD) and
dementia (ADNI)

MCI %

Other dementia %
NC %

Converted %

¢4 frequency %
AD %

Score (0-30 range)
pg/ml

Z-score (EMIF-AD)
and pg/ml (ADNI)

Z-score (EMIF-AD)
and pg/ml (ADNI)

pg/ml
pg/ml

pg/ml (EMIF-AD) and
Z-score (ADNI)

Abnormal %
Abnormal %
Abnormal %

mm/cm3

mm/cm3

mm/cm3

mm

Score (0-3 range)

EMIF-AD WES

ADNIWGS

Analysis subset (n = 442)

Analysis subset (n = 747)

Percentage or
n mean + SD
442 50.7%
442 70.12 +8.53
253 72.52+8.73
442 23.6%
442 42.1%
442 34.4%
442 31.4%
442 30.6%
442 3.2%
442 34.8%
137 30.6%
442 27.9%
293 47.4%
440 2579 +4.34
352 29551+ 181.7
356 0.62+1.45
356 0.78 + 1.46
352 1315.39 +2394.16
345 127.44 + 193.41
353 176946.43 + 67909.97
356 54.8%
356 48.6%
356 55.6%
233 7132.44 + 1157.97
233 3527.18 + 604.14
233 3605.25 + 608.3
205 225+0.12
205 258 +0.16
234 0.97 +0.73

Percentage or
n mean + SD
747 43.2%
747 73.44 +7.02
741 80.01+7.68
747 6.0%
747 60.0%
747 34.0%
747 32.1%
747 39.0%
747 -
747 29.0%
407 41.8%
747 24.2%
747 28 +2.09
570 1053.54 + 461.1
570 275.09 +114.13
570 26.13+12.59
125 1332.58 + 1188.65
125 440.68 +291.32
157 —0.11+0.94
570 44.7%
570 37.5%
570 34.7%
240 6704.88 + 1067.11
240 3271.38 +515.11
240 3433.5+591.69

Note: For each cohort, available clinical and biomarker information for n subjects is provided as either percentage of the indicated category or mean and
standard deviation (SD) of the continuous measures. The analysis subset represents the subset that was used in the gene-based, rare-variant association
analyses in this study. Hippocampal volumes in EMIF-AD were adjusted for intracranial volumes. For full cohort characteristics, see Table S1; for measurement
details, see Table S2. The distributions of continuous measures are provided in Figure S4.
Abbreviations: AD, Alzheimer’s disease; ADNI WGS, Alzheimer’s Disease Neuroimaging Initiative whole-genome sequencing cohort; AfB4,, amyloid beta 1-42
peptide; CSF, cerebrospinal fluid; EMIF-AD WES, European Medical Information Framework for Alzheimer’s Disease whole-exome sequencing cohort; MCl,
mild cognitive impairment; MMSE, Mini-Mental State Examination; NC, normal cognition; NfL, neurofilament light chain; p-tauyg1, phosphorylated tau at
amino acid 181; SD, standard deviation; t-tau, total tau; YKL-40, chitinase-3-like protein 1.
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study. Subjects had provided written informed consent for use of data,
samples, and scans.?*

The EMIF-AD MBD WES cohort phenotypic characteristics are
described in detail in Table 1 and Table S1. For the analysis sample
(n=442),50.7% of the participants were female, mean age + standard
deviation (SD) at participation was 70.12 + 8.53 years, and APOE ¢4
allele prevalence was 27.9%. At baseline n = 104 individuals were diag-
nosed with AD, n = 186 individuals with MCI, and n = 152 individuals
had NC. For 80% of the participants, CSF measurements were available
for the following AD biomarkers (methods described previously2¢):
amyloid beta 1-42 peptide (AfB45), phosphorylated tau at amino acid
181 (p-tauqgq), total tau (t-tau), neurogranin (Ng), neurofilament light
chain (NfL), and chitinase-3-like protein 1 (YKL-40). Furthermore, for
n = 233 samples brain MRI scans were available, which include hip-
pocampal volumes (total, left, and right), average cortical thickness
(total and AD-signature region specific as defined in Jack et al.2”) for
n = 205; and Fazekas scale for grading the white matter lesion inten-
sities for n = 234. Finally, baseline MMSE scores were available for
n = 440 participants. The measurement details of these biomarkers,
specific cutoffs to separate abnormal and normal groups for a given
CSF biomarker, and primary references for these phenotypic details
are provided in Table S2.

WES was performed at the Neuromics Support Facility of VIB-
UAntwerp Center for Molecular Neurology, Belgium. DNA samples
were hybridized with SeqCap EZ Human Exome Kit v3.0 (Roche).
We sequenced a maximum number of 12 indexed sample libraries
per run on a NextSeq500 (Illumina), generating 90.8 + 11.2 million
reads per sample on average and spanning 93.8% + 1.63% of the tar-
geted sites with at least 20 reads (> 20x coverage) per sample on
average.

2.2 | ADNI WGS cohort

Whenever possible, data from the EMIF-AD MBD WES cohort were
meta-analyzed with comparable traits from the ADNI (adni.loni.usc.
edu). The ADNI was launched in 2003 as a public-private partnership,
led by Principal Investigator Michael W. Weiner, MD. The primary goal
of the ADNI has been to test whether serial MRI, positron emission
tomography (PET), other biological markers, and clinical and neuropsy-
chological assessment can be combined to measure the progression of
MCI and early AD. WGS of 808 ADNI participants was performed on a
HiSeq200 (Illumina) at about 30-40x coverage.

The ADNI WGS cohort phenotypic characteristics are described
in Table 1 and Table S1. For the analysis sample (n = 747), 43% of
the participants were female, the mean age + SD at participation was
73.44 + 7.02 years, and APOE ¢4 allele prevalence was 24.2%. At base-
line, n = 45 individuals were diagnosed with AD, n = 448 with MCl, and
n = 254 individuals had NC. For 570 subjects, baseline CSF AB4,, p-
taugq, and t-tau levels were available; CSF Ng and NfL measurements
were available for 125 participants and CSF YKL-40 measurements for
157 participants. Furthermore, on 240 participants MRI-derived base-

line left, right, and total hippocampal volumes were measured. Finally,

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

for all participants baseline MMSE scores were measured. The details
of these traits are provided in Table S2.

2.3 | Bioinformatic processing and quality control

For EMIF-AD WES data, the sequencing reads were aligned to
hg19 human reference genome with Burrows-Wheeler Aligner (BWA)
0.7.15.28 Variant calling was performed using the Genome Analysis
Toolkit (GATK) 4.0.3,27 followed by Variant Quality Score Recalibra-
tion (VQSR). For ADNI WGS data (accessed in April 2020 through
LONI portal, https://ida.loni.usc.edu/), we accessed the multi-sample
VCFs created with GATK Best Practices. Both data sets were processed
with the same bioinformatic processing and sample and variant qual-
ity control (QC) pipeline (see Supporting Information). Three EMIF-AD
participants and five ADNI participants were excluded from the genetic
association analyses due to relatedness (PI-HAT > 0.1). Another 53
ADNI participants with estimated European ancestry proportion less
than 80% were excluded from the genetic association analyses to
avoid confounding due to population stratification. After sample QC
and selection, we included 442 EMIF and 747 ADNI participants for

downstream genetic association analyses (Table 1).

2.4 | Mutation screening and Sanger validations

We screened for known pathogenic neurodegenerative disease
mutations as described in Alzforum Mutation Database and
ClinVar (accessed December 2020; Table S4) and predicted loss-
of-function (pLoF) deleterious rare variants (study level minor allele
frequency [MAF] <1%, Combined Annotation Dependent Depletion
[CADD] score >20) in ABCA7 and SORL1.%°-3¢ These mutations in the
EMIF-AD MBD cohort were validated using Sanger sequencing (see

Supporting Information).

2.5 | Statistical analyses

Gene-based optimal sequence kernel association test (SKAT-0)%7 in
the R package SKAT v2.0.1 was used to test the association of the
combined effect of rare variants (MAF <1% and genotype missing-
ness <15%) in each gene across the exome on the tested phenotypes.
Details of the statistical analyses are provided in Supporting Informa-
tion. Briefly, two different models were assessed: a protein-altering
(missense, nonsense, frameshift, and splice-site disrupting) model and
a predicted LoF model (excluding missense variants in the protein-
altering model). The carriers of known neurodegenerative disease
pathogenic mutations and the genes with <2 rare-variant carriers per
cohort (<4 in meta-analysis) were excluded from the genetic associa-
tion analyses. We normalized continuous outcomes using rank-based
inverse normal transformation (INT) in R; and showed the untrans-
formed and transformed distributions in Figure S4 and Shapiro-Wilk

test results for normal distributions in Table S2. Because INT did
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not perform well for MMSE, and count models are not implicated in
SKAT-O, for significant gene associations with MMSE we performed
an additional Quasi-Poisson regression model, which is limited to a
burden-like model, to verify that findings were not driven by skewness.
Covariates used in the statistical models included sex, age (age at mea-
surement for biomarkers, and age at first AD diagnosis for patients
or age at last clinical visit for controls), diagnosis at the time of mea-
surement, first four genetic PCs (calculated separately with respect to
the subsets of individuals included in each analysis), age squared, and
number of APOE ¢4 alleles; a full covariate list for all tested traits can
be found in Table S3. For meta-analysis of outcomes and genes that
could be tested in both cohorts, we used a multimarker extension of the
random-effects meta-analysis®® allowing for heterogeneous genetic
effects as implemented in MetaSKAT (v0.81)%7 in R. For parameters
and settings of both SKAT-O and MetaSKAT-O, method was set as
“SKATO,” and default beta (1,25) weights were used. Estimates of size
and direction of effect were obtained by fitting general linear model.
We conducted meta-analyses on all traits of interest, with the
exception of three MRI-derived imaging traits (cortical thickness of
all regions, of AD-signature regions, and Fazekas scale) and the AD
case-control diagnosis comparison because of data availability in
n < 50 cases in ADNI and/or differences in phenotype definition. The
exome-wide and suggestive significance thresholds for each tested
phenotype were determined with Bonferroni correction (Table S3),
a = 0.05/number of genes tested per trait analyzed, as recommended
by Functional Mapping and Annotation of Genome-Wide Associa-
tion Studies (FUMA).“? Because fewer genes harbor pLoF mutations,
these analyses do not cover the full exome; therefore, the significance
threshold for these models is referred to as “multiple testing-adjusted
significance.” In addition, we provide an alternative conservative
threshold, which adjusts for testing seven non-derivative outcomes as
determined according to Li and Ji's methodology.*! We caution that
this approach is likely too conservative, as outcomes are correlated
and the need for multiple outcome adjustment is debated (see also

Discussion).#243

3 | RESULTS

3.1 | Mutation screening for dementia genes,
SORL1, and ABCA7

We identified pathogenic mutations in known dementia genes (Table
S5), including a novel PSEN1 mutation (p.Leu232Phe) identified in an
early-onset Alzheimer’s disease (EOAD; <65 years old at the time
AD diagnosis) patient from The Netherlands. Moreover, for well-
established AD risk genes SORL1 and ABCA7, for which pLoF mutations
of intermediate-to-high penetrance were reported previously, we iden-
tified previously reported and novel deleterious mutations (Table
S6).

Figure S7 shows normalized CSF AB4,, p-tauqg, and t-tau profiles of
the carriers of these screened mutations, where ABCA7 pLoF mutation

carriers were at increased odds of having abnormal AB,4, (odds ratio

[OR]sym = 4.38, 95% Cl 1.09-17.7), abnormal p-tau4gq (ORgm = 6.27,
95% Cl 1.7-23.1), and abnormal t-tau (ORg,,, = 3.81, 95% Cl 1.22-
11.9) at nominally significant levels compared to non-carriers.

3.2 | Exome-wide, gene-based, rare-variant
association analyses

We performed exome-wide, gene-based RVAS on 17 AD-related phe-
notypes using both a protein-altering and an LoF model in the EMIF-AD
WES cohort. For 13 phenotypes, a meta-analysis could be performed
using the ADNI WGS cohort. Cohort-specific and meta-analysis results
are presented in a tabular format in Table 2 and Tables S8-S14; and
as Manhattan plots in Figures 1-2 and Figures S8-S15. The quantile-
quantile (QQ) plots of all gene-based, rare-variant association tests are
shown in Figures S5 and Sé.

Two phenotypes (MMSE and left hippocampal volume) showed an
exome-wide significant rare-variant association in meta-analysis for
RBKS and OR7A10, respectively, as described in subsequent text; and
one phenotype (Fazekas scale) that was available only in EMIF-AD
MBD WES cohort showed an multiple testing-adjusted significant sig-
nal for ZBTB4 (see Supporting Information). Details on other genes
reaching significance in a specific cohort or suggestive association in

meta-analysis are provided in Supporting Information.

3.2.1 | RBKS pLoF rare variants and MMSE

For rare variant meta-analysis of MMSE scores across EMIF-AD
and ADNI cohorts, a total of 1187 individuals were included.
We identified a multiple testing-adjusted signific association sig-
nal for ribokinase gene (RBKS) pLoF rare variants (MetaSKAT-O
p = 1.58 x 107>; Figure 1A). Quasi-Poisson regression analysis in
EMIF-AD and ADNI was in line with SKAT-O analysis on INT MMSE
(Quasi-PoissoN ntransformed-burden P = 2.37 x 107° and 5.77 x 1073
for EMIF-AD and ADNI; Gaussianr-burden P = 1.14 x 10~* and
9.43 x 1073 for EMIF-AD and ADNI; SKAT-Ojt p = 1.18 x 10~% and
9.44 x 1073, respectively). The gene harbors two pLoF mutations, that
is, rs140948699, a splice acceptor site mutation (CADD = 33), and
rs142879777,aframeshift deletion mutation (CADD = 34) (Figure 1B).
Together, they were identified in 21 individuals across both cohorts,
and were associated with relatively lower MMSE scores (85, = —0.72,
95% Cl —1.19 to —0.24) (Figure 1C and Table S7). Furthermore, RBKS
pLoF mutations were also nominally associated with decreased CSF
AB45 levels in EMIF-AD (SKAT-O p = 0.028, 3= —0.83, 95% Cl —1.54
to—-0.11).

3.2.2 | OR7A10 protein-altering rare variants and
left hippocampal volume

We observed an exome-wide significant association between the olfac-

tory receptor family 7 subfamily A member 10 gene (OR7A10) and
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FIGURE 1 (A)Manhattan plot of MMSE score MetaSKAT-O results. Protein-altering (positive y-axis) and LoF-only (negative y-axis)
gene-based, rare-variant association results on MMSE scores are plotted as two mirrored Manhattan plots on the x-axis. Exome-wide significance
threshold is indicated with a red dashed line and suggestive significance threshold with a blue dotted line (as described in Table S3), and all the
genes passing these thresholds are labeled on the plot. (B) Schematic representation of the identified pLoF mutations in RBKS associated with
MMSE score. The canonical transcript of RBKS (ENST0O0000302188.3) was plotted, where the light blue color represents the protein-coding
sequences and the gray color represents non-coding (UTR) sequences of the transcript. From top to bottom, the track descriptions are:
hg19-based chromosomal position, the number of mutation carriers in both cohorts in red, CADD PHRED scores (v1.6) for predicted deleterious
effects of these variants shown in blue, and known structures, motifs, post-translational modification sites, topological domains, and functional
domains of canonical protein isoform retrieved from UniProt shown in purple. (C) Raincloud plot of MMSE scores of study cohorts stratified by
RBKS pLoF mutation carrier status. The distribution of the normalized baseline MMSE scores are shown in both cohorts based on RBKS pLoF
mutation carrier status (blue: non-carriers, red: carriers). For the carrier group, specific non-circular shapes were additionally used to represent
the distinct RBKS pLoF mutations they have. Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; CADD, Combined Annotation
Dependent Depletion; EMIF-AD, European Medical Information Framework for Alzheimer’s Disease; LoF, loss-of-function; MMSE, Mini-Mental
State Examination; pLoF, predicted loss-of-function.
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FIGURE 2 (A)Manhattan plot of total, left, and right hippocampal volume MetaSKAT-O results. Protein-altering (positive y-axis) and LoF-only
(negative y-axis) gene-based, rare variant association results on the tested phenotypes are plotted as two, mirrored Manhattan plots on the x-axis,
separated by different shapes for associations that represents the tested trait according to the legend. Exome-wide significance threshold is
indicated with a red dashed line and suggestive significance threshold with a blue dotted line (as described in Table S3), and all the genes passing
these thresholds are labeled on the plot. (B) Schematic representation of the identified protein-altering mutations in OR7A10 associated with left
hippocampal volume. The canonical transcript of OR7A10 (ENST00000248058.1) was plotted, where the light blue color represents the
protein-coding sequences and the gray color represents non-coding (UTR) sequences of the transcript. From top to bottom, the track descriptions
are: hg19-based chromosomal position, the number of mutation carriers in both cohorts in red, CADD PHRED scores (v1.6) for predicted
deleterious effects of these variants shown in blue, and known structures, motifs, posttranslational modification sites, topological domains, and
functional domains of canonical protein isoform retrieved from UniProt shown in purple. Furthermore, the

p.Glu183_Pro269 _Ser270_Ser271_Thr273 haplotype in OR7A10 consisting of five, rare missense variants is indicated in green. (C) Raincloud plot
of left hippocampal volumes of study cohorts stratified by OR7A10 protein-altering mutation carrier status. The distribution of the normalized left
hippocampal volumes (adjusted for EICV) were shown in yellow for EMIF-AD MBD participants; meanwhile for ADNI participants, it was indicated
in two colors, with the analysis subset being shown in blue and outliers (total of 35 samples, 16 excluded due to non-EUR genetic ancestry, and 19
excluded for lacking a baseline measurement) shown in gray. For the carrier group, specific non-circular shapes were additionally used to represent
distinct OR7A 10 protein-altering mutations or the p.Glu183_Pro269 _Ser270_Ser271_Thr273 haplotype they have. Abbreviations: ADNI,
Alzheimer’s Disease Neuroimaging Initiative; CADD, Combined Annotation Dependent Depletion; EUR, European; EMIF-AD, European Medical
Information Framework for Alzheimer’s Disease; ICV: intracranial volume; EICV: estimated intracranial volume; LoF, loss-of-function.
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left hippocampal volume (MetaSKAT-O p = 1.94 x 10~%; Figure 2A
and Table S7). The gene harbored nine rare variants found in seven
carriers (c(MAC = 15), which were associated with increased hippocam-
pal volume (Bsym = 0.44, 95% Cl 0.24-0.63). Of note, two individuals
carried a haplotype (p.Glu183_Pro269_Ser270_Ser271_Thr273) con-
sisting of five rare missense variants (four located in the extracellular
domain), greatly contributing to the association signal (Figure 2B,C the
1st and the 24th highest measures in n = 233 EMIF subjects). This
haplotype was not detected in the European (EUR) ancestry subset of
1000 Genomes (1KG)*4; however, its frequency was between 1.7% and
10.3% in non-EUR ancestry participants of the 1KG data set (Figure
S17). In fact, we also observed this haplotype in the admixed American
(AMR) and African (AFR) ancestry participants from the ADNI cohort,
which were excluded from the association analyses due to genetic
ancestry differences. These two non-EUR ancestry carriers also had
relatively large left hippocampal volumes (see Figure 2C; the seventh
and the eighth highest measures in ADNI). Of note, two of these haplo-
type carriers had MCl at the time of hippocampal volume measurement
(at the ages of 68 and 76), and the other two were cognitively nor-
mal (at the age of 73). Moreover, the association between rare variants
in OR7A10 and right hippocampal volume was in the same positive
direction (Bsym = 0.08, 95% Cl —0.11 to 0.27) for right hippocampal
volume, but of lower magnitude and overall gene effects were not
statistically significant (MetaSKAT-O p = 0.31). However, consider-
ing both sides, these variants were nominally associated with total
hippocampal volumes in the expected direction as well (MetaSKAT-O
p = 1.9 x 1073, 8= 0.25, 95% Cl 0.06-0.44). Furthermore, rare vari-
ation in OR7A10 was also nominally associated with decreased CSF
t-tau (SKAT-O p = 0.024, f= —0.39, 95% Cl —0.72 to —0.06) and CSF
p-tauqgq levels (SKAT-O p = 0.048, f= —0.34, 95% Cl —0.66 to —0.02),
but only in ADNI.

4 | DISCUSSION

Herein we describe the first comprehensive WES analysis of multi-
ple biomarker modalities relevant to AD. Specifically, we performed
a mutation screening and a systematic exome-wide gene-based RVAS
in two multi-center case-control studies. We report two novel gene-
endophenotype associations, which may shed new light on pathophys-
iological processes in the AD continuum. First, we found that rare
pLoF variants in RBKS are associated with lower cognitive performance
as measured by the MMSE score. Second, rare missense variants in
OR7A10 were found to be associated with left hippocampal volume.
For RBKS, two rare pLoF variants were observed in both cohorts,
and both were associated with lower MMSE score. RBKS encodes
ribokinase, which catalyzes phosphorylation of D-ribose to D-ribose-
5-phosphate.*> RBKS pLoF mutations could, therefore, possibly affect
cognitive performance through a decrease in catalysis of D-ribose.
Of interest, two recent studies reported that urine D-ribose lev-
els were correlated negatively with MMSE scores in an AD case-
control cohort* and in a larger sample of community-dwelling older

individuals,*” which would be in line with this hypothesis. Another

study reported a potential rescue of D-ribose dysmetabolism in rats
with benfotiamine (BTMP) treatment, leading to decreased aging, tau
hyperphosphorylation, and neurodegeneration.*® BTMP was previ-
ously shown to improve the cognitive performance of patients with
mild-to-moderate AD, independent of brain amyloidosis.*? In fact, a
phase 2 clinical trial for BTMP in AD is ongoing (ClinicalTrials.gov
ID: NCT02292238). Furthermore, RBKS is significantly downregulated
in the frontal and temporal lobes of AD patients (Agora platform).
Our new observation that RBKS rare pLoF variant carriers have lower
MMSE scores complement these observations, thereby warranting fur-
ther exploration for potential implications. Of note, the association
between pLoF in RBKS only reached multiple testing-adjusted signif-
icance for MMSE, and not for more precise biomarkers such as CSF
tau or AB4;. This could be due to smaller sample sizes for the lat-
ter traits (we did observe nominal association for CSF AB45), but it
could also suggest that loss of RBKS has an effect on cognitive function
upstream or independent of amyloidosis, tauopathy, or neuronal loss,
for example, disruption of cellular energy production via mitochon-
drial dysfunction®® or formation of advanced glycation end products
via ribosylation.”? Moreover, it should be noted that we did not adjust
for education years in MMSE score analyses: (1) because it was not
available for 16% of subjects in EMIF-AD cohort and (2) because of lim-
ited informativeness due to different educational systems and cultural
differences among the 10 countries participating in EMIF-AD.

OR7A10 is a member of olfactory receptor genes, positioned within
an olfactory G protein-coupled receptor (GPCR) gene cluster locus on
chromosome 19. Its function is not yet known; however, a recent ADNI
imaging study based on common genetic markers revealed that two
protein-protein interactions (PPIs) containing OR7A10 were sugges-
tively associated with cortical thickness.>? We observed that OR7A10
missense variants strongly affect left hippocampal volume, especially
a five-variant haplotype that modifies the extracellular residues of
the protein, which could potentially affect receptor-ligand interac-
tions. The possible protective effect against left hippocampal atrophy
of the five-variant haplotype could be studied further in populations of
non-European ancestry with increased haplotype frequency.

By meta-analyzing whole-exome genetic and biomarker data of
near 1200 EMIF-AD and ADNI participants, we detected exome-
wide significant association for several gene-trait pairs. Compared to
genome-wide association studies (GWASs), where association signals
are often found in non-coding regions of the genome and determina-
tion of the causal gene typically requires post-GWAS analyses,”3 one
of the main advantages of exome-wide analyses of rare coding variation
isamore direct determination of the potential causal links between the
gene and the trait. Differences in cohort characteristics or inter-site
variability in biomarker measurements should be taken into account to
avoid bias. Here, we used rank-based INT to normalize and standardize
raw phenotype values, which allows better comparison of phenotypes
between cohorts. In our study we opted for SKAT-O to run gene-based,
rare-variant association tests, but we acknowledge that other tests
such as pure burden, pure SKAT, and ACAT do exist and are being
used in similar studies. Within the context and aims of our study, which

used numerous traits and two distinct cohorts in association testing,
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we aimed to limit extra multiple testing burden by using the SKAT-O
framework, which tests for optimal association under a range of mod-
els ranging from pure burden to pure SKAT models, while correcting
for the number of models tested. However, specific tests relevant for
different research questions could be considered to detect additional
signals in future studies.

Our study has several limitations as well. Despite being the largest
study of its kind, combining a rich array of endophenotype data from
two independent data sets, the study still lacked power for several
traits. We did observe some plausible candidate genes among the sub-
threshold associations, described in full in Supporting Information,
including NLRC3 for CSF NfL, FAM173B for hippocampal volumes, and
WNK2 for cortical thickness. Of note, among these was also a sug-
gestive association between CSF YKL-40 and rare variants in CHI3L1,
which encodes the YKL-40 protein. This “proof-of-concept” observa-
tion strongly suggests that these subthreshold associations may harbor
additional true signals, warranting further replication. Indeed, our ini-
tial subthreshold findings in this study can be a new starting point
for larger-scale studies that may use our study for increasing sample
size and boosting statistical power, in combination with emerging AD
cohorts and biobanks with similar exome and phenotype data in near
future. Second, because of power considerations, we performed only
cross-sectional analyses. Future longitudinal analyses on sufficiently
large data sets will be of clear interest to investigate how rare variants
affect biomarker changes over time in relation to AD. In this light, it is
noteworthy that the association between RBKS and MMSE is driven by
two variants that were observed in both cohorts, one of which has an
MAF close to 1%. This opens up opportunities for imputation in large-
scale GWAS of longitudinal measures of cognitive decline. Third, to
avoid confounding, this study was performed inindividuals of European
ancestry only, but efforts to generate similar data sets in populations
of different ancestries is recommended to reveal novel insights due to
population-specific variants or enrichment of alleles—as might be the
case for the five-variant haplotype in OR7A10.

A strength of the study is the comprehensive assessment of many
AD biomarkers; however, this may increase the chance of false-positive
findings. Under the most stringent multiple testing adjustment, RBKS
would not be considered significantly associated. However, this adjust-
ment is likely too conservative, as it does not take into account the
dependence between outcomes, and the need to adjust for multiple

outcomes is debated. Several researchers*243

argue that the num-
ber of outcomes pertaining to a family of tests is arbitrarily defined
and that adjustment for multiple outcomes increases type Il error, and
encourages paper splitting and the use of smaller studies.*243

In a concurrent study,2® we performed a joint multivariate analysis
of multiple CSF biomarkers in n =480 EMIF-AD and ADNI participants,
which resulted in the identification of six novel exome-wide signifi-
cant associations. IFFO1, DTNB, NLRC3 and SLC22A10 associated with
a neuronal injury and inflammation PC, loading on NfL and YKL-40. In
this study, these genes also associated with relevant biomarkers with
at least nominal significance in univariate models. Similarly, GABBR2
and CASZ1 associated with a synaptic functioning component, loading

on Ng, and also showed nominally significant associations with Ng in

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

univariate analyses. Multivariate approaches may thus offer a power
advantage in rare variant analyses, as reported previously in GWAS
studies of common variants,”* and could therefore be explored further
for other biomarkers at the potential cost of interpretability.

In addition to reporting two new gene-trait associations, we identi-
fied and validated a novel PSEN1 mutation (p.Leu232Phe) in a patient
with EOAD. We propose the pathogenicity of this mutation as proba-
ble based on the Guerreiro classification,’® as it is in a conserved site
between PSEN1 and PSEN2, and all mutations reported to date in the
same TM5 domain were pathogenic (Alzforum Mutation Database),
including a pathogenic mutation (p.Leu232Pro) at the same residue
in a Korean patient with EOAD.>® However, further investigation of
the familial history is required to determine if PSEN1 p.Leu232Phe
is definitely pathogenic. We further identified and validated novel
pLoF mutations in SORL1 and ABCA7. In line with the literature,3¢
SORL1 mutations were detected only in patients, whereas relatively
more frequent ABCA7 mutations were also detected in cognitively nor-
mal individuals. However, cognitively normal ABCA7 mutation carriers
showed preclinical CSF biomarker abnormalities. In fact, although not
reaching multiple testing-adjusted significance, the ABCA7 LoF model
was the top-associated hit for p-tauqgs, increasing the likelihood of
an abnormal p-tauqgq status ~6 times compared to non-carriers with
a similar clinical diagnosis. This suggests that ABCA7 pLoF mutations
might be contributing to early AD pathology. In line with this, an ADNI
PET imaging study>’ showed that the risk allele of the GWAS common
lead variant in ABCA7 is significantly associated with increased amy-
loidosis, an effect that is more pronounced in asymptomatic and early
stages of AD.

Insummary, the systematic exome-wide gene-based RVAS of 17 AD-
related traits in two independent cohorts of individuals along the AD
continuum revealed the exome-wide significant contribution of rare
coding variation in RBKS and OR7A10 to cognitive performance and
protection against left hippocampal atrophy, respectively. In addition,
subthreshold hits included numerous plausible candidate genes as well,
warranting further replication. The mutation screening revealed sev-
eral new mutations in known causal or risk-increasing genes. Taken
together, our results collectively revealed new perspectives into the
contribution of rare coding variation to AD and its relevant biomarker
traits that are indicative of distinct AD pathophysiological processes.
Future work will be needed to better understand and resolve the
underlying molecular processes that could be impacted by these newly
identified rare variations, which may ultimately lead to the potential

identification of novel therapeutic and diagnostic targets for AD.
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ADNI portal (see https://adni.loni.usc.edu/) after registration and
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licly available upon publication via https://github.com/SleegersLab-
VIBCMN/AD_Biomarkers_RareVariantAnalyses repository.
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https://www.bioinformatics.babraham.ac.uk/projects/

gnomAD, https://gnomad.broadinstitute.org/

Healthy Exomes (HEX), https://www.alzforum.org/exomes/hex

Alzforum Mutations Database, https://www.alzforum.org/muta
tions

ClinVar, https://www.ncbi.nlm.nih.gov/clinvar/

Integrative Genomics Viewer (IGV), https://software.broadinstitu
te.org/software/igv/

Phase 3 VCFs of 1KG samples, https://ftp.1000genomes.ebi.ac.
uk/vol1/ftp/release/20130502/

UniProt, https://www.uniprot.org/

R, https://www.r-project.org/

pyGenomeTracks, https://github.com/deeptools/
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ggplot2, https://ggplot2.tidyverse.org/

rmeta,
html

UniProt, https://www.uniprot.org/

LDlink, https://Idlink.nci.nih.gov/

Agora Platform, https://agora.ampadportal.org/genes

https://cran.r-project.org/web/packages/rmeta/index.

ClinicalTrials.gov, https://clinicaltrials.gov/
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