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Summary

Alzheimer’s disease (AD) is the leading cause of dementia worldwide. Although clinical
symptoms mainly appear in the elderly, it is suggested that AD is preceded by a long
continuum, which includes preclinical and prodromal stages. AD presents a strong genetic
component. From a genetic point of view, two forms of the disease have been recognized: the
autosomal dominant form for early-onset AD (EOAD, <65 years old); and the polygenic form,
mainly described for late-onset AD cases (LOAD, >65 years old). Nearly 40 genetic risk factors
have been associated with LOAD. Of these, the €4 allele of the APOE gene was the first to be
identified, and remains the major genetic risk factor for AD. In spite of extensive genetic
research, the disease heritability remains largely unexplained, and the disease mechanisms

incomprehensible.

This thesis aims at understanding the role of certain known AD loci and identifying new genetic

risk factors and related pathways for AD.

First, we analyzed the role of a major AD loci, the APOE &4 genetic risk factor, in preclinical
stages of AD, and its relationship with the cerebral amyloid beta (AB) burden in the AD
continuum. Our results supported the hypothesis that APOE genotypes can be used
instrumentally to enrich at risk populations of AD. Furthermore, APOE genotypes explained
11% of brain amyloid variance, which supported the role of additional genetic and/or epigenetic

factors.

Next, considering the emergence of controversial AD genetic findings, e.g. the rs3865444-
CD33 marker, in the close vicinity of APOE gene, we decided to analyze whether long-range
linkage disequilibrium (LRLD) patterns in this important AD region could be disturbing
additional genetic discoveries. We detected a weak and non-universal LRLD between the APOE

&2 allele and rs3865444 in CD33 locus, but forces causing this LRLD remain elusive.

To uncover new AD genetic loci, we first applied a candidate gene approach, testing whether
genes related with neuronal apoptosis were associated with AD. Our results did not show

evidence of a genetic relationship between tested markers and AD.

After that, we moved to a hypothesis-free strategy. We generated the largest Spanish genome-
wide dataset for dementia, the GR@ACE Stage I, and explored the impact of phenotypic
heterogeneity on genetic findings and biological pathways to dementia. We detected three gene
categories operating differently across AD subgroups of patients. After combining genomic and
co-expression data, we identified vasculature regulation as a primary event in the causative

mechanism for purer forms of AD. Meta-analysis of GR@ACE with additional genetic datasets
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revealed two novel AD loci: ANKRD31-rs4704171 (in the HMGCR genomic region) and
NDUFAF6-rs10098778, and confirmed SCIMP-rs7225151 and CD33-rs3865444 to be genome-
wide significant. Our results indicate that, genetic discoveries can be strongly disturbed by the

presence of clinical subgroups of AD patients.

Finally, to investigate genetic heterogeneity in AD, we looked for recessive variants in runs of
homozygosity (ROHs). We first detected that increased homozygosity was present in AD cases
respect to controls. Next, we efficiently captured inbred AD cases from an outbred population,
which supposes a refined method to analyze inbreeding in AD. The use of complementary
sequencing data led us to select ROHs harboring potential recessive variants. Of these, the
SPONI gene appears to be a novel candidate AD locus with a potential recessive component, as
it is a biological partner of APP. Potential recessive variants were found in the CNTNAP2 and
TP53INPI1/NDUFAF6 genetic regions previously associated with AD. Overall, our results
further suggest that recessive effects may explain a portion of AD heritability.
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Introduction

The deep transformation of human societies during the 20th century has strongly affected the
life expectancy of human populations. It is estimated that nearly 2 billion people will be over 60
years old in 2050 (1). Consequently, the prevalence of age-related neurodegenerative diseases

will increase dramatically.

Dementia is a syndrome that mainly affects elderly people. It causes a disruption of a person’s
daily activities, and is ultimately fatal. The characteristic symptoms of dementia are difficulties
with memory, language, problem-solving, and other cognitive skills, which differ from the
symptoms of age-related cognitive decline (2). In 2015, more than 47 million people worldwide
had dementia (3). These numbers have increased gradually, establishing this syndrome as a
public health priority (4). Therefore, providing strategies to prevent, diagnose, and treat

dementia seems essential.

1.1. Alzheimer’s disease: the commonest form of dementia

Dementia has numerous causes. Alzheimer’s disease (AD) is the most common one among
them, accounting for 60 to 80% of all cases (5). In its typical presentation, AD is characterized
by memory loss, i.e. forgetting recently learned information, but additional cognitive functions
may become impaired first (6). Most AD patients begin with clinical symptoms after 65 years of
age, a form of AD called late-onset AD (LOAD). A small portion (<10%) develop AD before
65 years of age, a type known as early-onset AD (EOAD) (7).

AD brains are pathologically defined by the accumulation of amyloid-beta (AB) peptides in the
extraneuronal space (senile plaques) and in the walls of the cerebral vessels (cerebral amyloid
angiopathy, CAA); by the intracellular accumulation of hyperphosphorylated tau protein
(neurofibrillary tangles, NFTs); and by neuronal loss (8). Despite that, brain autopsies have
demonstrated that most AD cases co-occur with other types of neuropathology, producing what
is named mixed dementia (9), (10). In that sense, roughly 80% of clinical AD patients also
present additional brain vascular pathology (11). Cerebrovascular pathology is suggested as a
major risk factor for AD (12). The control of cardiovascular risk factors, as well as
improvements in education level, has been shown to decrease AD incidence (13), (14), although
its prevalence is steadily increasing (15). Despite that, there is a large controversy about the role

of vascular factors in AD. I address this specific topic in Section 3.3.

The natural history of the disease is preceded by a long continuum (Figure 1). Several studies

suggest that AD brain changes begin silently several years before clinical onset (2). Brain
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FIGURE 1. Alzheimer’s disease continuum
MCI: mild cognitive decline. This figure has been modified from Jack et al. (16)

levels of AP peptides and tau protein are altered before the symptoms, as well as glucose
metabolism, commonly used as a proxy of neurodegeneration. These brain alterations are used
as disease endophenotypes or biomarkers, which can be measured with molecular neuroimaging
techniques, e.g. positron emission tomography (PET), or quantified in cerebrospinal fluid

(CSF).

Current research identifies three stages of Alzheimer’s disease: preclinical AD, mild cognitive
impairment (MCI), and dementia due to AD. Preclinical AD is seen in those individuals with
measurable brain changes, but no evident cognitive decline. In that context, subjective cognitive
decline (SCD), i.e. individuals with subjective memory concerns, have also been suggested as a
cognitively healthy subpopulation at risk of suffering AD (17). Conversely, MCI individuals
present objective cognitive decline without dementia (18) (Figure 1). Further description of
SCD and MCI phenotypes is provided in Appendix 1. There is an increasing interest in the
study of the clinical and molecular profiles of these subpopulations, as it could establish the

basis for identifying converters to AD before the clinical onset.

There is still no effective treatment to cure AD or to slow AD progression, nor are there

effective preventative interventions. In this scenario, the elucidation of the biological
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mechanisms underlying AD is a priority, as it should lead to the identification of relevant drug

targets and, ultimately, to the design of an effective therapy.

1.2. The role of genetics in Alzheimer’s disease

Following advanced age, family history is the most important risk factor for AD. The risk of
suffering from AD is greater for first-degree relatives of affected individuals (19). In fact,
considering familial clustering, two forms of the disease are found in both EAOD and LOAD.
Sporadic AD (SAD) is detected in an isolated case in a family, or in cases separated by more
than three degrees of relationship, and familial AD (FAD) occurs in >2 individuals of a family
with at least a third-degree relative (20). A third form, affecting a small percentage of familial
EAOD cases (10-15%) (21),(22), occurs in >3 individuals in two or more generations, of whom
two out of three are first-degree relatives (20), which supports an autosomal dominant mode of

inheritance.

Thus, AD presents a strong genetic component. From a genetic point of view, two mechanisms
for the disease are recognized, which do not fully correlate with age at onset: the autosomal
dominant mechanism of EOAD and the polygenic mechanism of LOAD. Autosomal dominant
AD is an infrequent Mendelian disorder, with an estimated prevalence of <1% (23). It is caused
by highly penetrant mutations in three genes (see Section 1.2.1). However, familial EOAD
cases most often present negative screening results for known Mendelian mutations, and
roughly 40% are sporadic EOAD cases. The genetic basis underlying these cases remains
elusive, but the presence of hidden familial cases, incompletely penetrant dominant mutations
(e.g. mutations in SORLI (24),(25) and ABCA7 (26),(27),(28) loci), or recessive genes have
been proposed (29). The role of recessiveness in AD is assessed with further detail in Section
1.2.5. Either way, EOAD is almost exclusively a genetic disorder. Heritability estimations fall
in a range of 92 to 100% (29). That is, nearly 100% of the factors causing the disease are

genetic.

Conversely, the sporadic form of LOAD is often a complex disease, with a polygenic
background (29), which represents roughly 75% of all AD cases. Although environmental
factors might increase the risk of LOAD, studies in monozygotic and dizygotic pairs of twins
have suggested genetics have a large influence (30),(31) (see Section 1.2.3). Nowadays,
heritability estimations for LOAD vary from 13 to 70% (30),(31),(32).
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1.2.1. Autosomal dominant mutations for familial EOAD: APP, PSEN1, and
PSEN2

Initial genetic studies in familial EOAD were strongly influenced by neuropathological
findings. In 1984, A peptide was purified from cerebrovascular amyloid aggregates and senile
plaques of AD brains (33),(34),(35). It was subsequently demonstrated that this peptide was
encoded by the APP gene, mapped on chromosome 21 (36),(37),(38),(39). Some years later, an
autosomal dominant mutation was detected in the 4PP locus, segregating in EOAD families
(40),(41),(42),(43). The negative screening results for APP mutations in several families
(44),(45) also suggested additional AD genes played a role. In fact, linkage studies pointed to
two new genomic regions, 14q24.3 (46),(47),(48) and 1q31—q42 (49),(50). This enabled the
identification of two new genes, PSENI gene in 14q24.3 and PSEN2 (51) in 1q31—q42.

To date, September 2019, more than 300 mutations have been identified in these three genes: 67
in APP (including gene duplications), 230 in PSENI, and 39 in PSEN2
(http://www.molgen.ua.be/ADMutations) (52). PSENI mutations are the most frequent cause of
familial EOAD, whereas PSEN2 and APP are relatively infrequent. With the exception of two
potential recessive mutation reported for APP (A673V and E693A) (53),(54), all of them

presented an autosomal dominant mode of inheritance.

1.2.2. Understanding the amyloid hypothesis of AD

The APP gene encodes a ubiquitously expressed type 1 transmembrane protein. Its function is
poorly understood. APP undergoes complex proteolytic processes. Two major canonical
pathways are described: the non-amyloidogenic path and the amyloidogenic path (55). In the
competing and physiologically predominant non-amyloidogenic pathway, APP cleavage
generates the a-secretase-generated APP ectodomain fragment (APPsa), p3-related fragments,
the C terminal fragment-a (CTFa), and the intracellular domain of APP (AICD). This process is
mediated by a-secretases, e.g. ADAMIO0, the major a-secretase in the brain (56), and the y-
secretase complex, which includes five proteins: nicastrin (NCT), anterior pharynx defective 1
and 2 (APH1 and APH2), PSENI1, and PSEN2. By contrast, processing along the amyloidogenic
pathway generates the AP peptides, the B-secretase-generated APP ectodomain fragment
(APPsp), CTEp, and AICD through B-secretase (BACE1 and BACE?2) and y-secretase cleavage
(Figure 2). Several species of AP oligomers have been described, with different lengths and
biochemical properties. A4 has been identified mainly in brain blood vessels and AR, in

senile plaques of AD patients. Mutations causing AD are mostly located near the B-proteolytic
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FIGURE 2. A. Point mutations for the APP protein. B. Proteolytic processes for APP

The green sequence represents the extracellular and intracellular domains; the orange sequence represents the
transmembrane domain. Pathogenic dominant point mutations are highlighted in black and recessive ones in blue.
Not included are deletions and duplications. This figure has been adapted from Miiller et al. (55) and Cacace et. al
(57)

cleavage site of APP or in presenilins, which strongly disrupt the physiological mechanism of

APP processing, mainly increasing A production (58) (Figure 2).

The amyloid hypothesis of AD claims that the accumulation of A in the brain is the primary
event in AD pathology (59). Glenner and Wong were the first to propose this hypothesis; they
thought that the AP peptide had a central role in brain vasculature and suggested that AD is a
form of cerebrovascular amyloidosis (34). Later, this hypothesis was reinterpreted, pointing to
the accumulation of AP in senile plaques as main driver of the formation of neurofibrillary

tangles, neuronal loss, vascular damage, and finally dementia (59).
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1.2.3 The genetic etiology of late-onset Alzheimer’s disease

1.2.3.1. A major genetic risk factor for late-onset Alzheimer’s disease: the APOE locus

The €4 allele of the APOE gene is the strongest genetic risk factor of AD (60), (61), (62). In
humans, the APOE gene is located on chromosome 19q.13.2 and encodes three major isoforms:
APOE2, APOE3, and APOE4. These isoforms correspond to the APOFE €2, €3, and €4 alleles,
which arise from the variation in two nonsynonymous nucleotide polymorphisms in exon 4,
rs429358 (C/T) and rs7412 (C/T) (63). The specific variation of the above-mentioned
polymorphisms promotes two cysteine-to-arginine substitutions at positions 112 and 158 of the
protein sequence, respectively. These polymorphisms have a major impact on structure and
function (64). The APOE €2 and €3 alleles are derived from the ancestral allele €4 (65).
Reported frequencies of APOE €2, €3, and €4 alleles in individuals of European ancestry are
0.11, 0.72, and 0.17 (66), respectively, but they are highly variable across human populations
(67),(68).

Unlike the mutations in APP, PSENI1, and PSEN2, the APOE €4 allele is considered a genetic
risk factor, due to it being neither necessary nor sufficient for provoking the AD phenotype.
APOE acts in a dose-dependent manner in AD (69). Heterozygotes, carrying one copy of the
APOE €4 allele, have an increased AD risk (~2-5 fold), while homozygotes, carrying two
copies, have an approximately 12- to 15-fold increase in risk compared to non-carriers (70).
Approximately 30% of the homozygote carriers will develop AD by the age of 75, and >50% by
the age of 85 (70). Furthermore, APOE €4 is associated with an earlier age at onset (AAO) of
the disease (71). In contrast, the €2 allele of APOE exerts a protective effect on AD (72), and
has been linked with familial type III hyperlipoproteinemia (73).

Additional loci have been associated with AD in the vicinity of APOE on chromosome 19, e.g.
TOMM40 (74), EXOC3L2(75), CD33 (76), and PLD3 (77). Most of them have shown
inconsistent replication results, and remain controversial (78),(79),(80). In that sense, this thesis
has contributed to the analysis of the potential role of genes in the vicinity of the APOE locus
(see Section 3.1.2). Our group also led the European project IMI2-ADAPTED (Alzheimer's
disease Apolipoprotein Pathology for Treatment Elucidation and Development), which focused
on elucidating the biological mechanism for the APOE locus in AD. The work in this thesis
contributed in part to the project (unpublished results). Currently, we are testing whether ethnic

differences modulate the risk conferred by APOE €4 allele to AD.
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1.2.3.2. Candidate Gene Approach in Alzheimer’s disease

Candidate gene approaches evaluate genetic variations in genes which carry out related
functions together. More than 1000 scientific studies have applied this approach to AD,
although most of them have failed or shown inconclusive results. A database containing all
genes tested for association with AD was created in 2007 (http://www.alzgene.org/) (81). The
SORLI (82), together with the ACE (83),(84), ADAM10 (85) and HLA-DRBI (86), (87) genomic

regions, could be considered the only successful findings emerging from the candidate-gene
approach to this moment, as they have been confirmed using genome-wide strategies (See

Section 1.1.3.4)

In this work, I also applied a candidate gene approach to test the involvement of genes related

with neuronal apoptosis in AD (see Section 3.2.1).

1.2.3.3. Addressing the common disease—common variant hypothesis

The recognition of common genetic contributors to complex disease has been predicted by the
common disease-common variant (CD-CV) hypothesis (88). This theory postulates that the
genetic architecture of a complex disease can be explained by the combined effect of common
risk variants (with minor allele frequency [MAF] > 0.05 in a population) acting under co-
dominant genetic models, i.e. additive and multiplicative. In that scenario, each risk variant
confers a small degree of risk, being neither necessary nor sufficient for causing the disease.
This theory emerged in the light of quantitative genetics (89),(90),(91),(92), and has guided

population genetics over the past decades.

Together with this theoretical framework, technological advances have made possible to launch
large-scale genome-wide association studies (GWAS) (93). These technologies include the
establishment of patterns of genome-wide variation and linkage disequilibrium across
populations (94), the availability of dense genotyping chips, and the availability of large and
well-characterized clinical samples. GWAS enable us to interrogate millions of markers (single
nucleotide polymorphism, SNPs) for genetic associations with a specific phenotype. Nowadays,
they efficiently capture common and low-frequency variants [MAF > 5%—1%]. A particular
characteristic of GWAS is that they are hypothesis-free or agnostic, leading to novel
discoveries, and not limited by incomplete understanding of disease pathology. Despite that,
GWAS also have pitfalls. The genetic effects of common alleles are small, and the detection of
genetic signals requires careful cleaning of raw data and very large sample sizes. Therefore,
GWAS meta-analyses, also named meta-GWAS, have become a popular way to increase power

and reduce false-positive findings (95). Furthermore, dealing with multiple comparisons
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requires that stringent statistical significance thresholds are applied in detecting noteworthy
SNPs, e.g. P < 5x10°, which is considered genome-wide significance (GWS). This roughly
corresponds to a simple Bonferroni correction for 1 million comparisons (96),(97). The
conventional suggestive GWAS threshold was established between 5x10° < P > 5x10%. It
defines candidates consistent with the null hypothesis of no association, but with borderline

GWS, which should be considered for additional studies (98).

1.2.3.4. Common genetic variation in late-onset Alzheimer’s disease

Twenty years after the discovery of APOE €4, two large GWAS (N > 10,000) led to the
identification of three additional LOAD loci: PICALM, CLU, and CR1 (99),(100). In 2010, the
first meta-GWAS for LOAD, integrating imputation procedures, was conducted (N~30,000)
(75). Imputation is a technique in which non-directly genotyped variants are inferred based on
patterns of linkage disequilibrium (LD) from a specific reference population (101). It allows for
the combination of studies genotyped with different genotyping platforms (95). Thus, BINI
genomic variants were associated with LOAD, and previously reported signals were replicated.
Subsequently, the combination of large independent projects led to the doubling of the sample
size (N~60,000), increasing the power to detect small effects. In fact, five new genomic regions
reached GWS (4BCA7, MS4A4/MS44A4E, CD2AP, EPHAI, and CD33) (76),(102). At the same
time as these studies, MS44 gene cluster was confirmed in a cohort of Spanish individuals by

our group (103).

In 2013, a large-scale international collaborative effort was consolidated. The International
Genomic Alzheimer’s Project (IGAP) mega-consortium comprises four genetic consortia: the
Genetic and Environmental Risk in AD (GERAD), the European AD Initiative (EADI), Cohorts
for Heart and Aging Research in Genomic Epidemiology (CHARGE), and the AD Genetics
Consortium (ADGC). We, as part of CHARGE, contribute to IGAP genetic research. The first
work of the IGAP consortium included 74,046 individuals, and prompted the identification of
10 new GWS signals (CASS4, SLC24A4-RIN3, FERMT2, HLA-DRB5/HLA-DRBI, INPP5D,
MEF2C, PTK2B, CELFI1, NMES, and ZCWPWI) (104). All the previous LOAD loci were
confirmed (ABCA7, BIN1, CLU, CRI1, CD2AP, EPHAI, MS446A-MS4A4E, and PICALM), with
the exception of CD33, which failed replication. This thesis has contributed to elucidation of the
role of CD33 markers in AD (see Section 3.1.2 and Section 3.3). In addition, markers at the

SORLI gene, previously identified by candidate gene approach, were confirmed.

Further re-analyses of IGAP data led to the identification of additional signals, i.e. ATP5SH
(105), TRIP4 (106), and HS3ST1 (107) loci. TP53INP1, IGHV1-67, PPARGCI1A, RORA, and
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ZNF423 loci (108)(109) were also detected, but using a gene-based approach for IGAP genetic
results. A subsequent GWAS for APOE subgroups let the association of the MAPT genomic
region with LOAD in APOE &4 non-carriers (110). The MAPT locus encodes the tau protein,
which tends to aggregate in neurofibrillary tangles in AD brains. It has also been associated
with Parkinson disease and frontotemporal dementia, progressive supranuclear palsy, and
corticobasal dementia (110). This finding was replicated by the Dementia Genetics Spanish
Consortium (DEGESCO) (111), which is integrated with our group and others. DEGESCO
represents an effort to disentangle the genetic architecture of neurodegenerative disease in the

Spanish population.

In 2017, the application of trans-ethnic analytic approach promoted the identification of new
genomic regions associated with the disease: PFDNI/HBEGF, USP6NL/ECHDC3, and
BZRAP1-ASI (112). Finally, the use of a genome-wide association-by-proxy (GWAX) strategy,
adopted by several independent groups, identified HBEGF (104), ECHDC3 (104), SPPL2A4
(104), SCIMP (104), ADAMI10 (113), BCKDK/KATS (113), ACE (113), HESXI (114),
CNTNAP2 (114), APHIB (114), ALPK2 (114), and AC074212.3 (114) loci associated with AD.

Most of the new findings need independent replication.

Recently, we and others, as part of IGAP consortium, conducted the largest case-control meta-
GWAS for LOAD published to date, which comprised 35,274 cases and 59,163 controls (N =
94,437). It confirmed 20 previously reported LOAD loci, identified five new genome-wide
significant signals (IQCK, ACE, ADAMTSI, WWOX, and OARDI) (115), and replicated
markers in ADAMI10 and ECHDC3, which were previously detected by alternative GWAS
strategies (112),(116). NDUFAF6, MIRI42/BZRAPI1-AS1, SPPL2, FST, and SUCLG2P4
variants remained as suggestive signals (5x10° > P > 5x10™). This thesis contributed
significantly to the validation of several IGAP results. See Kunkle et al. (115). The most
relevant genetic findings for AD to date are shown in Figure 3. Significant findings regarding
the SCIMP and NDUFAF6 genomic regions were made during the research for this thesis
(Section 3.3).

1.1.3.5. Rare genetic variation in late-onset Alzheimer’s disease

Although the genetic architecture of complex diseases has been predicted by the CD-CV model,
strong evidence suggests that rare (MAF < 1%) large-effect alleles might be important
contributors to such diseases (117). In recent years, the improvement in next-generation

sequencing (NGS) technology, i.e. whole-exome or whole-genome sequencing (WES or WGS),
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FIGURE 3. Loci associated with Late Onset Alzheimer’s disease
The circular ideogram was created using Circos (118). Previously genome-wide loci not reaching significance in
the lastest IGAP or follow-up studies are not included.

together with the construction of large haplotype references (119), has been providing high

accuracy in tests for association at ever lower minor allele frequencies.

With this technology, new genetic variants near to or in 7TREM2 (120), (121) ,(122), the
strongest genetic risk factor after APOE &4, ABI3 (122), PLCG2 (122), APP (123), UNC5C
(124) , PLD3 (77), AC099552.4 (125), ABCA7 and SORLI(25), (26), (126), (127), (128) have
been associated with AD (Figure 3). Although some of them are still under debate, as
inconsistent results were shown for the association of the PLD3 variant with sporadic LOAD
(78), (79), (80), (129); others has been widely replicated. The Spanish consortium DEGESCO
successfully replicated rare variants in the TREM?2 (130) and PLCG2 (131) loci.

1.2.4. From genomics to biological pathways

The ultimate goal of gene discovery is the identification of biological pathways and critical

processes underlying diseases and traits (117), (132). When the amyloid cascade hypothesis was
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formulated for the first time (133), the genetic landscape of the most common AD phenotype,
sporadic LOAD, was mostly unknown. Failures of clinical trials that were focused on A
pathology suggested that the amyloid hypothesis might be specific to Mendelian forms, or even
that it might need a deeper reformulation. In that scenario, the application of pathway analysis
to large GWAS results has brought new biological insights. The roles of immune and
cholesterol pathways (134), (135), regulation of endocytosis and protein ubiquitination (135),
or, more recently, the APP metabolism and tau-binding protein pathways, have been highlighted

(115).

It should be noted that the power of pathway analysis is highly dependent on the quality and
specificity of annotation, which can be questionable. In that context, it is suggested that the
implementation of a more integrative or holistic approach might promote better comprehension
of the disease mechanisms. In this thesis, I describe the role of a new biological pathway for AD
using an integrative approach, i.e. also including data from gene co-regulatory expression

networks, and considering clinical subgroups of AD patients (see Section 3.3).

1.2.5. Runs of homozygosity: A footprint of recessive inheritance in

Alzheimer’s disease

Mutations in APP, PSENI, and PSEN2 explained less than 10% of EOAD cases. However,
EOAD has an estimated heritability close to 100% (29). In that context, it is suggested that
autosomal recessive loci might account for most AD cases (~90%) (29), but nowadays, only
two recessive mutations in the APP gene have been described for EOAD (53),(54). In the same
way, current genetic findings for LOAD, discovered using an additive mode of inheritance,
explained a limited part of disease heritability (~31%) (136). Several reasons for the missing
heritability can be put forward: the lack of statistical power to detect uncharacterized variants
with small effects, and the presence of substantial genetic heterogeneity. The genetic
architecture of AD, as with most human diseases, is intricate, but the majority of studies have

overlooked the role of recessive components underpinning the disease.

Long runs of homozygosity (ROHs), i.e. long stretches of consecutive homozygous genotypes
(>1 Mb), are a recognized signature of recessive inheritance and consanguinity. Thus far, it is
well known that inbreeding increases the incidence of recessive diseases (137). It increases the
chance of harboring the same mutation as a recent common ancestor, arriving at the index case
from both parents simultaneously. These recessive alleles are usually embedded in long
segments of homozygosity, and, traditionally, have been identified using a homozygosity

mapping strategy (138). The recent parental relatedness points to genuine regions of
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autozygosity. Population history, e.g. historical bottlenecks or geographical isolation, also

influences individual runs of homozygosity (139),(140).

A few studies have tried to analyze homozygosity in AD. Farrer and colleagues (141) studied
183 AD families in the isolated Wadi Ara region (an area in Israel populated mainly by Arab
citizens of the country). Wadi Ara people has increased parental relatedness, and one of the
highest prevalence rates of AD in the world. The authors presented evidence supporting the
existence of potential recessively acting loci on chromosome 9 (141). Follow-up of disease-
associated homozygous regions showed a strong effect and nominal significance for markers in

the AGER/NOTCH4/AGPATI genomic regions in chromosome 6 (142).

Additionally, the homozygosity mapping in a consanguineous EOAD family of European
ancestry, and subsequent sequencing of candidate regions in affected individuals, pointed to the
CTSF gene as a potential recessive locus (143),(144). Mutations in the CTSF locus cause type B
Kufs disease, a neurodegenerative disease characterized mainly by the abnormal accumulation
of lipopigments in lysosomes. Thus, further neuropathological explorations in affected

individuals will be required to discard Kufs pathology before AD pathology can be accepted.

Recently, it has been demonstrated that ROHs are also found ubiquitously even in outbred
populations (145),(146). In fact, an increased number of ROHs has been reported in AD cases
compared to controls in Caribbean Hispanic and African-American individuals from outbred
populations (147),(148). Despite that, this association has not been extended to European
populations (149),(150). There might be several reasons for this. First, ROH patterns are
population specific. Second, it has been estimated that large sample sizes (12,000-65,000) are
required to detect an excess of homozygosity in outbred populations (151). Thus, previous
studies have been severely underpowered. Additonal reasons have made the identification of
recessive loci for AD challenging. Further follow-up of candidate ROHs in sequencing data is a
necessary step for definitively mapping a genuine recessive locus, but it has been poorly
assessed. There are a limited number of deeply characterized consanguineous families, due to

difficulties in finding familial information for sporadic AD individuals.

Assessing the impact of inbreeding on the genetic architecture of AD remains a challenge.
Consequently, delineating the scale of inbreeding to identify regions with potential recessive
effects in AD seems a pertinent step. In this work, we present new findings emerging after a
comprehensive exploration of ROHs in AD. The largest study reported to date for this specific
hypothesis (see Section 3.4).
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Hypothesis and Aims

The evolution of genetic studies from the first linkage studies to current GWAS or large
sequencing efforts has determined a portion AD heritability. Despite that, a large percentage of
the genetic variance for Alzheimer’s disease remains unexplained. Thus, the general aim of this

thesis is to contribute to the identification of the genetic basis underlying AD.

The specific hypothesis and aims of each section are defined as follows:

Section 3.1 analyzes the role of APOE 4, the strongest genetic risk factor for AD, in the

continuum of AD and in relation to other AD genetic findings. It includes two subsections:

Section 3.1.1 studies the effect of APOE €4 in a new cohort of Spanish SCD individuals, the
FACEHBI population, and its relationship with cortical Ap accumulation.

In recent years, the study of the biological characteristics of individuals in preclinical stages of
AD has drawn much attention. It supposed that such study will bring new opportunities to detect
individuals converting to AD before the clinical onset of dementia syndrome. Accordingly, we
generated a new dataset of SCD individuals to explore the biomarkers, cognition and lifestyle of

these subjects, the FACEHBI population. Our first work with this population hypothesized that

if this population really comprised a pool of individuals who will come to have AD, the APOE
&4 allele might contribute to the risk of SCD, and might be involved in brain changes prior to

disease onset.

Appendix 1 is a review in which the genetics for MCI and SCD populations is addressed. In
this dissertation, we also performed the first meta-analysis evaluating the role of APOE €4 in
the risk of conversion from healthy status to SCD and MCI. Thus, Appendix 1 forms a
supplementary part of Section 3.1.1.

Section 3.1.2 evaluates the existence of long-range linkage disequilibrium (LRLD) patterns in
the APOE genomic region, and their impact on other AD genetic findings mapped in
chromosome 19, where the APOE co-localizes with ABCA7 and CD33 loci.

The APOE gene is located in a complex genomic region. Since the discovery of the APOE locus
as an AD genetic risk factor, additional loci have been linked with AD across this genomic

region. Despite that, most of them showed inconsistent replication results. We hypothesize that

differential LRLD patterns across different populations could be affecting the APOE region and

genetic signals in its neighboring loci, such as the CD33 locus.

Section 3.2 investigates the effect of genes related to neuronal apoptosis in AD by applying a

candidate gene approach.
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AD is characterized by neuronal death and progressive neuroinflammation (2). Although the
mechanisms of neuronal death in AD are not fully understood, it has been suggested that the

tumor necrosis factor (TNF) is involved in mediating programmed cell death, i.e. apoptosis

through the death receptor pathway (152). Thus, we hypothesize that the genetic variation in
genes controlling apoptotic processes via death receptors, including their cognate ligands and

anti-apoptotic molecules, could be mediating a part of the genetic risk for AD.

Section 3.3 applies a hypothesis-free strategy to uncover new genetic risk variants and
pathways associated with AD phenotype. Although the emergence of new genomic technologies
and the availability of larger datasets for AD have enabled the discovery of new genetic

findings, to date, the most of AD heritability remains unknown. We hypothesize that to identify

new genetic risk factors and pathways for AD, the following are necessary: 1) generating new
genomic resources for the disease; and 2) exploring the impact of the pathological heterogeneity

of AD in genetic findings.

As part of the current work, we have generated the largest Spanish GWAS for AD, the
GR@ACE Stage I project. Appendix 2 explores the technical aspects of the new GWAS
dataset. It evaluates resolution in imputation procedures of the GR@ACE genotyping chip with
respect to other commercial alternatives. Section 3.3.1 has three major goals: presenting GWAS
results from GR@ACE Stage I; addressing the impact of clinical variability in genetic
discoveries; and testing whether similar biological pathways operate in different subgroups of

AD patients.
Section 3.4 studies the role of recessive inheritance in AD.

We hypothesize that new recessive genetic variants could emerge with the exploration of runs of

homozygosity in AD. With the objective of identifying a novel recessive locus for AD, we
propose prioritizing ROHs emerging from inbred individuals captured from an outbred

population.

Chapter 4 summarizes the main findings of this thesis and put them in the broader of

Alzheimer disease context.

Chapter 5 provides the final conclusions of this thesis.
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Section 3.1. APOE, The strongest genetic risk factor for AD
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Exploring APOE genotype effects on AD risk and beta-amyloid burden in
individuals with subjective cognitive decline: the FACEHBI study baseline

results.
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ABSTRACT

Introduction: Subjective cognitive decline (SCD) has been proposed as a potential preclinical stage of
Alzheimer's disease (AD). Nevertheless, the genetic and biomarker profile of SCD individuals remains
mostly unexplored.

Methods: We evaluated APOE €4's effect in the risk of presenting SCD, using the FACEHBI SCD
cohort and Spanish controls, and performed a meta-analysis addressing the same question. We assessed
the relationship between APOE dosage and brain amyloid burden in the FACEHBI SCD and ADNI
cohorts.

Results: Analysis of the FACEHBI cohort and the meta-analysis demonstrated SCD individuals
presented higher allelic frequencies of APOE €4 with respect to controls. APOE dosage explained 9%
(FACEHBI cohort) and 11% (FACEHBI and ADNI cohorts) of the variance of cerebral amyloid levels.
Discussion: The FACEHBI sample presents APOE €4 enrichment, suggesting that a pool of AD patients
is nested in our sample. Cerebral amyloid levels are partially explained by the APOE allele dosage,

suggesting that other genetic or epigenetic factors are involved in this AD endophenotype.

Keywords: Subjective cognitive decline, Alzheimer’s disease, APOF alleles, amyloid burden, PET.
Alzheimer’s and Dementia, May, 2018; 14(5), 634-343

doi: 10.1016/j.jalz.2017.10.005
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INTRODUCTION

Neuropathological  changes  of
Alzheimer's disease (AD) evolve several
years before the onset of clinical symptoms
(1),(2). Therefore, it is believed that
characterization of earlier stages of AD, i.e.
mild cognitive impairment (MCI) and
subjective cognitive decline (SCD), could

beget new strategies to diagnose and treat

the disease earlier (3).

A SCD population represents a
subset of cognitively normal individuals
with self-reported cognitive impairment (4).
It is suggested that a prodromal AD
subgroup could be nested in a SCD
population. Nevertheless, there is a scarcity
of research studying both genetic and
biomarker profiles of SCD individuals.
New studies might help to improve the
identification of those SCD individuals at
risk of AD.

Thus far, presence of the APOE €4
allele, the mayor genetic risk factor for AD
(5), has been the only genetic marker
associated with risk of suffering SCD (6).
In a previous meta-analysis with 6,824
individuals, we were able to estimate that
APOE €4 was significantly associated with
risk of suffering SCD [OR = 1.15 (1.02-
1.30); p = 0.03] (6). Although the
contribution of other genes has been
explored, i.e. ILI1B or TNF (7), the risk of
presenting a SCD diagnosis or of
converting from SCD to AD has not been

associated with other genetic signals (7),(8).
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Traditional AD-biomarker research
has been focused on assessing cerebral
amyloid  aggregation and  neuronal
pathology, both of which are considered
classical neuropathological hallmarks of
AD (9). It has been demonstrated that
APOE alleles contribute to the biological
modulation of AB clearance (10).
Furthermore, genome wide association
studies (GWAS) evaluating the cerebral
amyloid burden endophenotype have
reinforced APOE’s role in amyloid
accumulation (11), (12). Despite the
inextricable link between APOE and AP
burden in AD patients, none of the reported
endophenotype GWAS included SCD
cohorts (11), (12). Thus APOE’s role in
amyloid burden in the SCD population

remains poorly examined.

Several studies have detected
higher cerebral amyloid burden in AD and
MCI patients compared to cognitively
normal individuals (13), (14), (15) as well
as in AD compared to MCI patients (13),
but studies evaluating amyloid pathology in
SCD have provided inconsistent results
(16), (15). However, when APOE
genotypes are considered, more predictable
results are observed, i.e. SCD individuals
who are APOE &4 carriers have shown
higher amyloid PET uptake than SCD or
healthy control €4 non-carriers (17).
Understanding genetic and biomarker
profiles, as well as their interaction, in SCD
individuals, will allow integration of

multiple variables influencing AD risk i.e.
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APOE status, age and amyloid burden, and
enhance the discrimination of subjects at

risk of conversion to AD.

Here we analyse APOE genotypes,
baseline cerebral amyloid profile and their
relationship in the Fundacio ACE Healthy
Brain Initiative (FACEHBI) cohort, which
included 200 SCD individuals enrolled in a
long-term longitudinal study of cognition,
biomarkers and lifestyle (18). We evaluated
APOE €4’s effect in the risk of presenting
SCD using a case-control design including
the FACEHBI SCD cohort and a cohort of
Spanish population-based controls and
afterwards by performing a meta-analysis
including studies addressing the same
question. To explore whether SCD
individuals who carry the APOE €4 allele
present increased risk of suffering MCI or
AD compared to non-carrier SCD
individuals, we calculated odds ratios using
Fundacio ACE SCD, MCI, and AD cohorts.
To explore the relationship between APOE
and brain amyloid burden, first we analysed
the FACEHBI data and then extended the
analysis by including an independent cohort
from the Alzheimer disease neuroimaging
initiative (ADNI) study. Finally, we
explored whether the effect of APOE
dosage on brain amyloid burden was
homogenous across clinical diagnoses
(controls, SCD, MCI, AD) using the
FACEHBI and ADNI cohorts.

SUBJECTS AND METHODS

Subjects

With the objective to explore the
effect of APOE €4 in risk of presenting
SCD we used 200 SCD individuals
recruited from the FACEHBI study and
3,032 population-based controls recruited
by a cross-sectional epidemiological
survey, described below. Additionally, we
sought to estimate the risk conferred by this
genotype in SCD population to suffer MCI
or AD, using the FACEHBI sample, the
ACE MCI cohort (1,170 MCI patients) and
the ACE AD cohort (2,517 AD patients), all
of them recruited by Fundacio ACE
(Supplementary Figure 1). To avoid
population stratification, all individuals
were selected to be of white Mediterranean
ancestry with registered Spanish ancestors

(for two generations).

The FACEHBI cohort

The FACEHBI cohort comprises
200 individuals diagnosed with SCD (mean
age, 65.8 = 7.1 years; 62.5% women),
which are embedded in a long-term
observational study (18). The sample has
been obtained from two different sources:
individuals referred by their physicians to
our memory clinic for study of cognitive
impairment and individuals who came to
our institution through an Open House
Initiative (OHI). SCD was defined as the
coexistence of cognitive complaints and a

score of >8 on MFE-30, the Spanish version
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of the Memory Failures in Everyday Life
Questionnaire (20); MMSE > 27; CDR=0;
and performance on Fundacio ACE
Neuropsychological Battery (NBACE) (19)
within the normal range for age and
educational level. Further description of
inclusion and exclusion criteria is provided
by Rodriguez-Gomez, et.al.(18). All
participants gave written consent and the
protocol was approved by the ethics
committee of the Hospital Clinic i
Provincial (Barcelona, Spain) (EudraCT:
2014-000798-38).

All subjects were screened at
baseline for brain amyloidosis with
Florbetaben [18F] radio tracer using PET
(FBB-PET). PET images were acquired
after administration of single slow
intravenous bolus (6 sec/mL) of 300Mbq of
FBB (NeuraCeq©), in a total volume of up
to 10mL, during 20 minutes.

Genomic DNA was obtained from
200ul  of human whole blood using
commercial methods. High resolution
melting procedures were performed to
determine APOE genotypes. PCR reaction
were carried out in a final volume of 5pl,
using 11ng of genomic DNA, 0.3uM of
each primer and 2.65pl of 2X SYBR Fast
Master Mix (Kapa Biosystems). PCR
conditions were a denaturation step at 95 °C
for 2 min, 33 cycles at 95 °C for 10 s, and
at 69 °C for 30 s. Melting curves were 95
°C for 15 s (ramping rate 5.5 °C s-1), 45 °C
for 15 s (ramping rate of 5.5°C s—1) and 95
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°C for 15 s (ramping rate of 5.5°C s—1).
Fluorometric register was performed at one
acquisition register per each degree Celsius.
Melting peaks and genotype calls were
obtained using the Eco Real-Time PCR

system (Illumina).

The ACE MCI cohort

We included a sample of 1,170
MCI patients (mean age, 75.9 £ 7 years;
64.5% women) recruited and assessed at the
Fundacié ACE Diagnostic Unit (Barcelona,
Spain) between January 2006 and July
2013. A diagnosis of MCI was assigned
according to the Petersen criteria (20), (21)
and the classification of Lopez et al. (22),
(23) All subjects had a CDR of 0.5, and
were assessed using the MMSE; the
Hachinski Ischemia Scale; the BDRS; and
the Neuropsychiatric
Questionnaire (NPI-Q). DNA was extracted

Inventory

using standard procedures and conventional
real-time PCR  procedures (Applied
Biosystems) were used to obtain APOE
genotypes. See supplementary material
from Lacour, et al. (24) for detailed

information.

The ACE AD cohort

We included 2,517 AD cases (mean
age, 81.6 = 16.3 years, 70.9% women),
which were referred for evaluation of
cognitive impairment by their primary care
physicians or primary care neurologist.
Diagnosis of dementia and type of dementia

are established by consensus according to
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DSM-IV  criteria for dementia and
NINCDS-ADRDA criteria for possible or
probable AD. Further information of
inclusion  criteria  and  genotyping
procedures are provided by Seshadri, et.al.

(25) and Boada, et. al. (26).

Population-based controls

We used 3,032 Spanish controls
(mean age 54, = 11.7 years, 61.8% women)
with unknown cognitive status recruited
from a cross-sectional population-based
epidemiological survey to describe the
prevalence of cardiovascular risk factors in
the general population, previously
described (27), (28).Survey procedures
were adapted from the World Health
Organization MONICA Project (WHO
MONICA) protocol. DNA extraction and
APOE  genotyping procedures were

previously described by Seshadri, et.al.(25).

The ADNI series

To validate our correlation analysis
between APOE genotypes and brain
amyloid in the FACEHBI cohort in an
independent dataset, we used 182 healthy
controls (HC), 103 SCD, 460 MCI and 144
AD participants with available amyloid
PET and APOE data from the ADNI study
(http://adni.loni.usc.edu/) (29). Informed

consent was obtained according to the
Declaration of Helsinki. The ADNI PET
core processes Florbetapir [18F] (AV45)
PET 1images according to previously

described methods(30).

Statistical analysis and Meta-analysis

1. Risk analysis of the APOE locus in SCD

To investigate the effect of carrying
an APOE €4 allele in the risk of presenting
SCD we performed allelic frequency
comparisons with a Chi-square test between
200 SCD individuals and 3,032 Spanish
population-based controls. Similarly, to
explore whether SCD individuals carriers of
APOE €4 present increased risk of
suffering MCI or AD we calculated odds
ratios using Fundacio ACE SCD, MCI, and
AD cohorts. Logistic regression analysis
(additive model) was used to perform
adjustments per: 1) gender; and 2) gender
and age. All statistical analyses were
performed using PLINK 1.9 software
(http://www.cog-genomics.org/plink2/)(31).

In addition, meta-analysis
techniques were used to estimate APOE
€4’s effect in the risk of presenting SCD.
We have updated a previous meta-analysis
conducted by our group, which included
studies published before 2015 and a total of
6,824 individuals(6), with studies published
before July 2017. Literature search in
Pubmed was performed using APOE and
SCD terms. We selected the studies
meeting the following criteria: (1)
case/control studies or longitudinal studies
where it is possible to distinguish a sub-
population of SCD individuals and a sub-
population of healthy controls; (2) studies
that provide a complete definition of the

participants; (3) studies that provided an
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odds ratio (OR) with 95% confidence
interval (CI) as well as the p-value or
provide sufficient data to calculate them.
Studies with overlapping samples were
excluded. After the incorporation of data
from the FACEHBI cohort, a total of
12,183 individuals were included
(Supplementary Figure 2). SCD definition
and recruitment strategy for each included
study has been detailed in Supplementary
Table 1. Effects were determined using the
inverse variant method (fixed-effects
model). In the case of heterogeneity, the
DerSimonian and Liard method (random-
effects model) was used. Heterogeneity was
considered significant when I*> 50% and p
< 0.05. Pooled effects, forest and funnel
plots were obtained using Metafor package

from R.

2. Effect of the APOE locus on brain
amyloid burden

We used baseline individual
standardized uptake values ratios (SUVR)
from FACEHBI and ADNI. First, we tested
for normality of FBB and AV45 global
SUVR measures and found they were not
normally distributed. Thus, we decided to
log-transform the data to conduct the
consecutive analyses. APOE genotypes
were codified according to the €4 allele
dosage, i.e. €4€4 = 2; €3E4=1; €3€3 = 0;
€284 =0; €2€3 = -1; €2€2 = -2. The present
analyses were carried out using SPSS 20.0
(SPSS Statistics 20, IBM Corporation,
Somers, NY).
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2.1. Global SUVR according to APOE
dosage in the FACEHBI cohort

We performed an ANOVA to look
for differences in global SUVR across
APOE dosage (5 groups) in the FACEHBI
cohort.  Post-hoc  analysis, including
Bonferroni  correction  for  multiple
comparisons were performed to check
differences between groups. APOE E2E2
genotype was not considered in post-hoc
testing because of its small sample size
(n=1). Ggplot2 package from R was used to

depict differences between groups.

2.2. The vrelationship between APOE

dosage and brain amyloid burden

We sought to estimate the
relationship between APOE €4 allele
dosage and brain amyloid burden in the
FACEHBI SCD cohort and in an
independent cohort from ADNI. The ADNI
cohort included individuals with different
clinical diagnoses (HC n=182, SCD n=103,
early MCI n=303, late MCI n=157, and AD
n=144) to explore whether the relationship
changed across different clinical categories.
Since FACEHBI and ADNI use different
radioactive  tracers, we decided to
standardise log-transformed amyloid SUVR
to be able to compare results. We used
linear regression model with SUVR as the
dependent variable and APOE dosage as the
independent variable, to check this
correlation. Ggplot2 package from R was

used to depict the individual slopes per
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status. Finally, two additional methods were
used to explore whether there was a
homogeneous correlation across differential
clinical categories; 1) Meta-analysis of the
effect of APOE €4 on brain amyloid burden
across  different clinical  diagnoses;
criterions for selection of the meta-analyses
model  was described  previously.
Correlation coefficients were pooled using
Meta packages from R; and 2) the
evaluation of an interaction term using the
general linear model across the entire
sample (n = 1,089). Clinical categories
were coded as follows, HC = 0; SCD = 1;

EMCI = 2; LMCI = 3; AD = 4.

We examined the relationship between age
and brain amyloid burden using the same
analyses described for APOE dosage. Age
at baseline was used for the present

analysis.

RESULTS

Risk analysis of APOE locus in SCD

APOE  markers (rs7412 and
rs429358) followed the Hardy Weinberg
equilibrium. Enrichment in the allelic
frequencies of APOE €2 and €4 was
detected in the FACEHBI sample with
respect to the control population. Genotypic
and allelic frequencies for the studied
cohorts are reported in Supplementary table

2.

Higher risk of suffering SCD was
identified for HC APOE €4 carriers with

respect to non-carriers [OR = 1.61 (1.21 —
2.16); p=0.001]. In the case of APOE €2, a
non-significant risk effect was detected [OR
= 1.20 (0.82 — 1.77); p = 0.34] (Table 1).
Similarly, when the comparison was
conducted between SCD individuals and
MCI patients, the risk of suffering MCI was
not significantly increased in SCD subjects
carriers of APOE €4 compared to non-
carriers although a risk trend was observed
[OR =1.28 (0.95 — 1.72); p = 0.098] and a
protective association was detected for
APOE €2 [OR =0.53 (0.34 — 0.82); p =
0.003] . In the case of SCD individuals and
AD patients, SCD individuals carriers of
APOE €4 present an increased risk of
suffering AD [OR = 1.95 (1.47 — 2.60); p =
2.69 x 10], in contrast to APOE €2’s effect
[OR = 0.42 (0.28 — 0.63); p = 1.90 x 107]
(Table 1). No major difference in the effect
size of APOE €4 and APOE &2 were
detected after adjusting for gender. After
adjusting for gender and age, the effect for
APOE €2 in MCI and AD groups decreased
and the significance level increased (Table
1). This effect was expected taking into
account that age is an independent risk
factor for AD and the presence of major
differences in age among the studied

cohorts.

The meta-analysis (n = 12,183)
evaluating APOE’s effect in the risk of
presenting SCD showed increased risk of
suffering SCD in HC carriers of the APOE
&4 allele [OR=1.18 (1.06 — 1.31); p=
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TABLE 1. Adjusted and unadjusted effects of APOE €4 in the risk of SCD diagnosis and risk to suffer
MCI or AD from SCD status.

%Genotype . . Adjusted per
Carriers (n) Unadjusted Adjusted per Gender Gender and Age
APOE-€4 APOE-£€2 APOE-E4 APOE-€2 APOE-€4 APOE-€2
APOE - €4 OR OR OR OR OR OR
APOE - €2 (95%CI) (95%C1) (95%CI1) (95%CI1) (95%CI) (95%CI)
P value P value P value P value P value P value
1.61 1.20 1.61 119 1.62 1.31
HC-SCD ig‘l‘ggg - ?2(55(22)9) (121-2.16)  (0.82—-1.77) (1.20-2.14)  (0.82—1.75)  (120-219)  (0.76 -1.67)
: ’ 0.001 0.34 0.0012 035 0.0016 0.54
1.28 0.53 1.26 053 1.44 0.82
SCD-MCI ?2(55(22)97) 32841((39749)) (0.95-1.72) (0.34-0.82)  (0.95-1.69) (0.35-0.82) (1.05-197)  (0.49-1.40)
’ ’ 0.098 0.003 0.11 0.004 0.02 0.47
1.95 0.42 1.98 0.44 22 0.53
SCD-AD ?2(2(22)97) i46.74((167;)25) (1.47-2.60) (0.28-0.63)  (1.49-2.64) (0.30 - 0.66) (1.59-3.05)  (0.31-0.91)
: ’ 2.69¢-06 1.90e-05 2.69¢-06 7.38e-05 2.28e-06 0.02

OR: Odds Ratio; HC: Healthy Controls; SCD: Subjective cognitive decline; MCIL: Mild cognitive impairment; AD: Alzheimer’s Disease.

0.002] (Figure 1). APOE ¢€4’s effect

showed  non-significant

between studies (I’=39%, p = 0.06). Funnel

heterogeneity

plot is shown in Supplementary Figure 3.
Egger test for funnel plot asymmetry
presented a p value = 0.99, supporting that
publication bias is not present in our meta-
analysis. Sub-population analysis only for
Caucasians [1.17 (1.05 — 1.29); p = 0.004]
(I’=42%, p = 0.06) showed that the pooled
effect was not modified when additional

population were introduced.

Effect of APOE locus on brain amyloid

burden

Global SUVR according to APOE dosage
in the FACEHBI cohort
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Global SUVR was significantly different
across APOE dosage
FACEHBI

groups in the

cohort. Post-hoc  analysis
revealed that those groups comprising
APOE

€4 carriers were driving this

difference (Figure 2).

The relationship between APOE dosage

and brain amyloid burden

APOE €4 dosage explained 9% of
the variance in brain amyloid burden (R’ =
0.09; p = 1.70 x 10”) in the FACEHBI
cohort (Table 2). When we performed the
model taking into account APOE allele
dosage and age, 15% of the variance was

explained (R’ =0.15; p=1525x 10™).
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Q=20.57,p=0.

FIGURE 1. Forest plot for the effect of APOE &4 genotype in risk to be diagnosed with SCD

ADNI, Alzheimer’s Disease Neuroimaging Initiative; APOE, apolipoprotein E; CI, confidence interval; OR, odds
ratio; SCD, subjective cognitive decline. For further information about Czech brain aging study, LASA, Vallecas
Study, and PATH Study, see references (45), (46), (47) and (48), respectively

Log-SUF

0.0

FIGURE 2. Effect of APOE allele dosage in cerebral amyloid burden for the FACEHBI cohort
Mean is represented in white.APOE, apolipoprotein E; SUVR, standardized uptake value ratio
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TABLE 2. Determination coefficient and level of significance between APOE allele dosage and

cerebral amyloid burden

Study ADNI FACEHBI ADNI ADNI ADNI ADNI
Status HC SCD SMC EMCI LMCI AD
N 182 200 103 303 157 144
Age 73.4 65.8 72.2 71.3 72.2 74.4
(mean £SD) +6.3 +7.1 +5.6 +7.4 +7.5 + 8.1
APOE €4 28.6 (52) 26.0 (52) 31.1 (32) 43.2 (131) 57.9 (91) 67.4 (97)
carriers % (n)
R%; 0.05; 0.09; 0.12; 0.14; 0.18; 0.09;
P value .002 1.70e25 0.004 1.95¢211 2.86e28 2.00e24

AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; APOE, apolipoprotein; EMCI, early
mild cognitive impairment; FACEHBI, Fundacio ACE Healthy Brain Initia- tive; HC, healthy control; LMCI, late
mild cognitive impairment; PET, positron emission tomography; SCD, subjective cognitive decline; SMC, subjective

memory impairment

APOE €4 dosage explained 12% of
the variance (R° = 0.12; p = 0.004) in the
SCD ADNI cohort, which is in accordance
with our findings (Table 2). Next, we
investigated the relationship between
amyloid accumulation and APOE allele
dosage across the entire ADNI series,
comprising HC, SCD, MCI, and AD
cohorts. The highest correlation was
detected in late onset MCI (LMCI)
individuals (R’ = 0.18; p = 2.86 x 10®).
Moreover we observed an upward trend in
the coefficient of determination from HC to
LMCI. However, the correlation
experimented a decrease when the analysis
was performed in AD individuals (R’ =
0.09; p = 2.00 x 10™*) (Table 2). Individual
slopes per clinical categories are shown in

Supplementary Figure 4

The meta-analysis showed that the
correlation between APOE dosage and
amyloid burden was not significantly

.. 2
heterogeneous across clinical groups (I” =
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7%; p = 0.372) (Figure 3), and APOE &4
allele dosage explained 11% of the variance
in amyloid SUVR [R (CI95%) = 0.33 (0.28
—0.40), p < 0.001] (Figure 3). Although, a
significant interaction between the effect of
APOE dosage and clinical status across the
pooled data was detected (R° = 0.27; p =
0.02), the proportion of the variance
explained only experimented a subtle
change when the model was run without
considering the interaction factor (R° =

0.26).

Finally, we decided to explore the effect of
age on amyloid burden. The meta-analysis
of the correlation coefficient between age
and amyloid burden detected high
heterogeneity (I° = 82.7%; p < 0.0001)
(Figure 3). In addition, advanced age was
not correlated with higher cerebral amyloid
accumulation [R (CI95%) = 0.11 (-0.03 —
0.26); p = 0.13] (Figure 3). A non-
significant interaction term was observed

between age and clinical status for
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FIGURE 3. Forest plot for (A) the effect of APOE ¢4 and (B) the age, in amyloid burden across

clinical categories.

AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; APOE, apolipoprotein; EMCI, early
mild cognitive impairment; FACEHBI, Fundacio ACE Healthy Brain Initia- tive; HC, healthy control; LMCI, late mild
cognitive impairment; PET, positron emission tomography; SCD, subjective cognitive decline; SMC, subjective

memory impairment.

predicting variance in brain amyloid levels
(R’ = 0.19; p = 0.18). The proportion of
variance explained when the model did not
consider the interaction was 17% (R’ =

0.17).

DISCUSSION

SCD has been identified as a risk
factor to suffer AD (32) and has been
suggested as a potential preclinical stage of
the disease (33). Despite this, the genetic
and biomarker profile of SCD individuals

remains mostly unexplored.

In this study, we report increased

risk of suffering SCD from healthy status in

carriers of the APOE €4 allele using the
FACEHBI SCD sample, which supports
that a pool of AD patients are nested in this
cohort. We performed a large meta-analysis
that demonstrated APOE €4 is a genetic risk
factor of presenting SCD. Furthermore,
APOE &4 carriers with SCD presented a
significantly increased risk of AD
diagnosis. The finding of APOE €2 allele
enrichment in the FACEHBI cohort(not
observed in other datasets, i.e. ADNI) [OR
(CI195%) = 0.53 (0.37 — 0.74); p = 2.30 x
10*)] was unexpected taking into account
the protective role of APOE €2 in AD (34).

There could be two reasons for this. Higher
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frequency of APOE €2 allele has been
detected in individuals with white matter
hyperintensities (WMH) (35),(36). Taking
into account that there is an increment of
WMH in subjects with vascular dementia
(37), the enrichment of APOE €2 in the
FACEHBI population could be underlying
a pool of subjects with brain vascular
alterations. Random chance could also be
underlying this wvariation in &£2 allelic

frequency.

The SCD cohorts used in this meta-
analysis present a certain level of
heterogeneity (I* = 39%; p = 0.06) which
could be due to differences in the selection
of SCD and healthy controls individuals
among studies. SCD comprises individuals
who will convert to AD, individuals who
will convert to other dementias and others
who will remain healthy. Moreover, other
factors could be leading to this
heterogeneity, ie. differences in
recruitment strategies, assessment (38) and
SCD definitions across studies (39), which
researchers must carefully control for and
standardize. In this sense, significant efforts
are underway to design neuropsychological
tools sensitive to subtle cognitive changes
and to identify genetic and biomarker
profiles in SCD subjects. The integration of
genetic, neuropsychological and biomarker

profiles seems necessary to characterize

SCD individuals and improve
reproducibility of studies.
In an effort to  improve

characterisation of SCD individuals, we

64

combined APOE and amyloid burden
information. We detected statistically
significant differences in cerebral amyloid
burden between APOE allele dosage
stratums in the FACEHBI sample, which is
in accordance with previous findings
(40),(41). The wvariation in brain amyloid
levels is partially explained by APOE
genotype in our series. This finding was
replicated in the ADNI dataset by us and
others (11).

The contribution of other genetic
factors to cortical AP levels remains mostly
unexplored and a large proportion of the
variance remains unexplained. Some
studies describe models that consider the
contribution of other genetic markers, i.e.
APOE €4 and BCHE-rs509208 explained
15% of the variance (11) and ILIRAP-
rs12053868 7.1% (12). However, when the
model considered the polygenic risk score
(PGRS) of genes identified in the Stage I of
the International Genomics of Alzheimer's
Project (IGAP) study only 1% of the
variance was explained (42). The
involvement of non-amyloid processes in
AD could be explaining this inconsistency.
Either way, it seems necessary to include
the genetic markers associated with the
amyloid cascade in the model. The finding
of substantial overlap between genes
associated to AD pathology with those
driving cerebral amyloid burden, would
support the use of this trait as an AD
endophenotype.
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After exploring the correlation
between APOE and amyloid burden across
clinical categories, a decrease in the
correlation coefficient was observed in the
AD group. This result could be explained
by the effect of atrophy in amyloid PET
measurements. Some works have proposed
partial-volume effect (PVE) can be
distorting PET signal and diminishing the
accuracy of the measure (43). On the other
hand, a subtle interaction effect was
detected between APOE and clinical
categories predicting amyloid burden. This
interaction was not detected using the meta-
analysis strategy, maybe because it might
be underpowered. In that scenario,
adjusting for clinical category is mandatory
when individuals with different clinical
status are merged for studying the brain
amyloid burden endophenotype with
GWAS methodology.

In the same way, we also evaluated
the role of age in determining the A brain
burden endophenotype across the AD
continuum. Age has been suggested as a
non-genetic risk factor for AD (44) and
several studies have pointed to it as a risk
factor for cerebral amyloid burden (15).
Conversely, we did not detect a correlation
between age and AP load, and an inverse
correlation was detected in the AD group,
which can be caused by PVE. Older
individuals might present an advanced stage
of the disease, showing greater atrophy
which  could be disturbing PET

measurements. In addition, an interaction

effect was not detected between age and
clinical category predicting the change of
amyloid burden, which it is not unexpected
considering that age did not modulate this
endophenotype. AD is related with both
advanced age (44) and the presence of
neuritic plaques (9). This dual association
can generate a confounding relation when
age and AP are analysed independently
from AD. Hence, we propose that age acts
as a confounding factor, which is not
directly  associated with the AP
endophenotype.

There are potential limitations in
the present study. We were not able to
genotype APOE alleles at the same moment
for different cohorts. Despite that, we check
that both APOE markers (rs7412 and
rs429358) were following Hardy Weinberg
expectations for each comparison. In
addition, to evaluate the correlation
between APOE dosage and amyloid burden
we used data from the FACEHBI and
ADNI  samples, which use different
radioactive tracers for amyloid PET scans.
In an effort to control for discrepancies
between studies, we standardized the log-
transformed SUVR measure. Finally, the
present correlation analyses were not
adjusted by time of disease duration, which
could be an interesting point for future
studies. Despite that, taking into account
that analyses were conducted separately per
clinical stratum, mayor differences are not

expected.

65



3.1.1. Publication |

In summary, the present data support the

role of APOE €4 as a risk factor of SCD

and its involvement in brain amyloid

burden in SCD subjects. Amyloid-PET is

an

instrumental measure of the brain

amyloid burden endophenotype in SCD

subjects but the modelling of this important

trait will require further integration of other

genetic and epigenetic factors
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SUPPLEMENTARY FIGURES

SUPPLEMENTARY FIGURE 1. Flow chart diagram for cohorts used in evaluation of APOE &4

effect in risk associated with SCD condition.
AD, Alzheimer's disease; ADNI, Alzheimer's Disease Neuroimaging Initiative; APOE, apolipoprotein, FACEHBI,
Fundacio ACE Healthy Brain Initiative; HC, healthy control; SCD, subjective cognitive decline
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SUPPLEMENTARY FIGURE 2. Flow chart diagram of literature search and study selection for

meta-analysis the effect of APOE ¢4 inrisk of be diagnosed with SCD.
APOE, apolipoprotein; FACEHBI, Fundacio ACE Healthy Brain Initiative;CSF, cerebrospinal fluid; SCD, subjective
cognitive decline.
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SUPPLEMENTARY FIGURE 3. Funnel plot for meta-analysis of the effect of APOE ¢4 in risk of
be diagnosed with SCD
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SUPPLEMENTARY FIGURE 4. Correlation between APOE allele dosage and brain amyloid
burden per clinical category.

AD, Alzheimer's disease; ADNI, Alzheimer's Disease Neuroimaging Initiative; APOE, apolipoprotein; EMCI, early
mild cognitive impairment; FACEHBI, Fundacio ACE Healthy Brain Initiative; HC, healthy control; LMCI, late mild
cognitive impairment; SCD, subjective cognitive decline.
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SUPPLEMENTARY TABLE 2. Genotype and allelic frequencies of APOE markers across the
Spanish datasets.

SUPPLEMENTARY TABLES

SUPPLEMENTARY TABLE 1. Recruitment strategies and SCD definition for the cohorts used in
the meta-analysis of APOE and SCD risk

Study

Recruitment strategy

SCD definition

ADNI

ADNI database.

Individuals with Cognitive Change Index > 16, no informant-
based complaint of memory impairment or decline, and normal
cognitive performance on the LM-Delayed Recall and MMSE.

African-Caribbeans

Subjective memory complaints were assessed using questions
from the Geriatric Mental State schedule. Participants scoring
>4 on an adapted scale (maximum score 10) were defined as
having subjective memory impairment.

A community study. UK
population sampled by case
register.

Case register. Patients were

Individuals with memory complaints with normal age-, gender-

AgeCoDe contacted by mail. and education-adjusted cognitive performance, assessed with
the Subjective Memory decline scale.
Telephone screening to appeal for  Healthy individuals (CDR < 0.5) with memory complaints who
AIBL volunteer or volunteered after did not fulfil criteria for MCI or dementia.
treating physician.
Volunteer appealing through local Individuals with any score greater than zero was considered
APOE Study media ads into the Arizona APOE  “positive” for endorsed decline on both the MANS-self and
cohort. Individuals with history of =~ MANS-informant questionnaire.
demntia.
i) Referred to the Memory Clinic  Individuals with normal activities of daily living (FAQ<5 and
by general practitioners or CDR< 0.5) and who did not meet diagnostic criteria for aMCI
neurologists due to memory or dementia, but report subjective memory complaints.
complaints from the patient or the
Czech Brain Aging Study  informant
ii) Recruited from staff and
patients’ relatives
iii) Recruited from the University
of the Third Age
Case register of the Dementia Care  Individuals who did not fulfil criteria for dementia or MCI but
& Research Center of Pekin did complain of memory decline. The scores on the MMSE and
. University. the clinical memory scale in participants with subjective
IMH. Pekin e . s .
cognitive impairment were within the age, gender and education
adjusted norms and their social and daily functioning was
intact.
Community based prospective Individuals with self-reported cognitive deterioration, who were
study. assessed using one question and additional MMSE and AVLT
LASA Population register of 3 regions of  tests.
Netherlands to select people
between 55 and 85y. Interview
subjects at home.
Community based longitudinal  Self-rated presence of cognitive deterioration using two criteria:
. study. Volunteers appealing by 1) a positive response to any yes/no-
The Vallecas Project radio and TV campaigns. type complaint question, and ii) scores above 1 on the scale of
cognitive complaints (SCD).
Prospective study. Individuals with self-reported memory impairment, evaluated
Female registered nurses aged 30— by a questionnaire on 7 specific “yes/no” questions, and the
NHS 55 years, residing in 11 US states, current level of cognitive function (including memory)
completed a mailed questionnaire  measured by neuropsychological testing.
about their health and lifestyle Excluded individuals with depression.
i) Referred to the Memory Clinic Individuals with self-reported memory complained who were
ii) Volunteer appealing through not fulfilled criteria for dementia and not present psychiatric
OPH advertisements in local disorders, assessed with MMSE and CAMCOG
newspapers seeking people with neuropsychological battery.
memory complaints
Random recruitment through the  Individuals with self-reported memory complaint using one
electoral roll of Canberra and question, and who did not fulfil criteria for dementia.
PATH W1 . .
Queanbeyan to participate in a
longitudinal study of ageing
i) Referred to the Memory Clinic SCD was defined as the coexistence of cognitive complaints
ii) Open House Initiative and a score of >8 on MFE-30, the Spanish version of the
FACE Memory Failures in Everyday Life Questionnaire (20); MMSE

> 27; CDR=0; and performance in NBACE within the normal
range for age and educational level
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Population-based FACEHBI cohort  ACE MCl cohort ~ “CEAD
controls cohort
€282 % (n) 0.6 (17) 0.5(1) 0.2(2) 0.2 (5)
E2€3 % (n) 10.4 (316) 12.5 (25) 6.1(71) 4.6 (117)
€2€4 % (n) 1.1 (33) 1.5(3) 1.8 (21) 1.6 (41)
E3E3 % (n) 70.6 (2142) 61.0 (122) 61.4 (718) 50.5 (1270)
€3E4 % (n) 16.3 (495) 21.0 (42) 26.7 (312) 37.3(939)
€4€4 % (n) 1.0 (29) 3.5(7) 3.9 (46) 5.8 (145)
Total 3032 200 1170 2517
A'POE &2 6.3% 7.5% 4.1% 3.3%
allelicfrequency
APOE €3 allelic 84% 77.8% 77.6% 71.4%
frequency
APOE &4 allelic 9.7% 14.7% 18.2% 25.3%

frequency
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Genome-wide significant risk factors in chromosome 19 and the APOE
locus
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ABSTRACT

The apolipoprotein E (APOE) gene on chromosome 19q13.32, was the first, and remains the strongest,
genetic risk factor for Alzheimer’s disease (AD). Additional signals associated with AD have been
located in chromosome 19, including ABCA7 (19p13.3) and CD33 (19q13.41). The ABCA7 gene has been
replicated in most populations. However, the contribution to AD of other signals close to APOE gene
remains controversial. Possible explanations for inconsistency between reports include long range linkage
disequilibrium (LRLD). We analysed the contribution of ABCA7 and CD33 loci to AD risk and explore
LRLD patterns across APOE region. To evaluate AD risk conferred by ABCA7 rs4147929:G>A and
CD33 rs3865444:C>A, we used a large Spanish population (1796 AD cases, 2642 controls). The ABCA7
rs4147929:G>A SNP effect was nominally replicated in the Spanish cohort and reached genome-wide
significance after meta-analysis [odds ratio (OR)=1.15, 95% confidence interval (95% CI)=1.12-1.19; P
=1.60 x 10™"”]. CD33 rs3865444:C>A was not associated with AD in the dataset. The meta-analysis was
also negative (OR=0.98, 95% CI=0.93—-1.04; P=0.48). After exploring LRLD patterns between APOE and
CD33 in several datasets, we found significant LD (D’ >0.20; P <0.030) between APOE-E2 and CD33
rs3865444C>A in two of five datasets, suggesting the presence of a non-universal long range interaction
between these loci affecting to some populations. In conclusion, we provide here evidence of genetic
association of the ABCA7 locus in the Spanish population and also propose a plausible explanation for the

controversy on the contribution of CD33 to AD susceptibility.

Keywords: Late Onset Alzheimer’s disease, ABCA7, APOE, CD33, Linkage Disequilibrium.

Oncotarget May 15; 2018; 9(37): 24590-24600.

doi:10.18632/oncotarget.25083
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INTRODUCTION

The development of novel
approaches in genetics has led to the
identification of 30 genetic determinants of
Late Onset Alzheimer’s disease (LOAD)
(1). The most important risk locus for
LOAD remains on the long arm of
chromosome 19 containing the APOE
locus, which was the first, and is the
strongest, risk factor for Alzheimer’s
disease (AD) (2). Three APOE diplotypic
alleles (€2, €3, and €4) are defined, which
result from the combination of two single
nucleotide polymorphisms (SNPs),
rs7412:C>T and rs429358:C>T. While the
€2 allele of APOE is determined by the
minor allele of 1s7412:C>T and is
protective for LOAD(3), the minor allele of
rs429358:C>T defines the €4 allele, which
increases the risk of LOAD (2) by up to
four-fold.

Interestingly, additional loci on
chromosome 19 have been proposed,
namely TOMM40 (4), EXOC3L2 (5), CD33
(6), PLD3 (7), and ABCA7 (6),(8). While
compelling genetic data have confirmed
ABCA7, on the short arm of chromosome
19, as an APOE-independent AD risk factor
(9),(10), inconsistent results have been
reported for the other four genes, after
adjustments for the effects of APOE
(11)(12). Particular interest deserves the
CD33 locus which was reported in 2011
using meta-analysis of genome-wide

association studies (GWAS) (6) and, its
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effect was nominally replicated in an
additional sample (13). However, the
association signal of CD33 did not reach
genome-wide significance in  the
International Genomics Alzheimer’s Project
(IGAP) meta-analysis (9), the largest case-
control study for LOAD. Thus, further
investigations are required to confirm or

refute the potential association of CD33

with LOAD.

Several possibilities may explain
the inconsistency in the results of genetic
association studies of regions around the
APOE locus such as CD33, including: the
large contribution of the APOE allele to AD
risk, the existence of long range linkage
disequilibrium (LRLD) regions in different
populations, the existence of hidden
familial cases and population inbreeding.
However, a definitive explanation for the
real driving-force behind these findings is

lacking.

Thus, we explored the genetic
contribution of ABCA7 and CD33,
including their interactions with APOE, to
AD risk in a large independent AD case-
control cohort composed by unrelated
individuals who have at least two Spanish
ancestors reported.  Furthermore, we
conducted LRDL analyses across several
dataset to evaluate its influence on CD33

association to AD.
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SUBSJECTS AND METHODS

Replication study in the Spanish

population: subjects and genotyping

The Spanish sample comprised
1796 unrelated sporadic AD patients (mean
age, 82.1 + 7.9 years, 70.2% women) and
2642 healthy controls (mean age, 54.1 +
11.6 years, 64.3% women) recruited at
Fundaci6 ACE, Institut Catala de
Neurociéncies  Aplicades  (Barcelona,
Spain); Unidad de Memoria, Hospital
Universitario La Paz-Cantoblanco (Madrid,
Spain); Hospital Clinico San Carlos Unidad
de Demencias, Hospital Universitario
Virgen de la Arrixaca (Murcia, Spain) and
Neocodex S.L. (Supplementary Table 4).
Sample characteristics were previously
described by Antunez et al. (14). Briefly, all
AD patients fulfilled Diagnostic and
Statistical Manual of Mental Disorders IV
criteria for dementia and were diagnosed
according to National Institute of
Neurological and Communicative Disorders
and Stroke and the Alzheimer’s disease and
Related Disorders Association criteria for
possible and probable AD. Ethics
committees from each referral centre
approved the research protocol. All
participants provided written informed

consent.

Standard methods were used to
isolate DNA. The SNP rs4147929:G>A,
this is hgl9 chr19:2.1063444A>G located
in the ABCA7 gene and the SNP
rs3865444:.C>A, this is hgl19

chr19:g.51727962C>A  located in CD33
gene ,were genotyped using Sequenom
technology (Sequenom, California, USA),
as previously described. (15). Primer
sequences and assay conditions for the

genotyped SNPs are available upon request.

APOE rs7412C>T and
rs429358:C>T markers were genotyped
using real-time PCR. Primers design was
previously described by Calero et al (16).
Briefly, PCR reactions were performed in a
final volume of Sul, using 11ng of genomic
DNA, 0.3 uM of each amplification primer
and 2.65ul of 2X SYBR Fast Master Mix
(Kapa Biosystems). We used an initial
denaturation step of 95°C for 2min,
followed by 33 cycles of 95 °C for 10's, and
69 °C for 30 s. Melting curves were 95 °C
for 15s (ramping rate 5.5°Cs), 45 °C for
15s (ramping rate of 5.5°Cs™") and 95°C
for 15s (ramping rate of 5.5°Cs™"). In the
last step of each melting curve, a
continuous  fluorimetric  register was
performed by the system at one acquisition
register per each degree Celsius. Melting
peaks and genotype calls were obtained by
using the Eco Real-Time PCR system

(Illumina).
Statistical analysis and meta-analysis

Comparisons of allele frequencies
between cases and controls were performed
using Chi-square tests. Logistic regression
analysis (additive model) was used to adjust
for: 1) sex and APOE €4, and 2) age, sex,
and APOE €4. Stratification was also
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conducted according to the presence or
absence of the APOE €4 allele. All
statistical analyses were performed using

PLINK 1.9 software (http://www.cog-

genomics.org/plink2/) (17).

Meta-analysis techniques were used
to estimate: ABCA7 rs4147929:G>A and
CD33 153865444:C>A  effects across
studies. Meta-analysis datasets comprise
new data generated, samples overlapping
with IGAP were excluded (n = 3,994), data
from IGAP (9) and available studies
published (Supplementary Table 5). Briefly,
we carried out a literature search in Pubmed
for studies published before March 2018.
The search terms were: ABCA7 and
Alzheimer’s disease; and CD33 and
Alzheimer’s disease, respectively. Only
studies meeting the following criteria were
included: (1)
evaluating the effect of rs4147929:G>A or
r$3865444:C>A markers in AD’s risk; (2)

case/control  studies

studies that provided an odds ratio with
95% confidence interval as well as the p-
value or provide sufficient data to calculate
them. Reviews were excluded. We included
1 article for ABCA7 (18) (32 articles were
excluded due to rs4147929:G>A was not
genotyped; 1 presented sample overlapping;
66 were not case/control studies and 3
presented limited access). Thus, the meta-
analysis sample size for ABCA7
rs4147929:G>A comprises 182,208
individuals. In case of CD33, we included
12 articles (13), (19), (20), (21), (22), (23),
(24), (25), (26), (27), (28), (29) (6 studies
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did not genotype 1s3865444:C>A; 5
presented sample overlapping; and 43 were
not case/control studies). Thus, the meta-
analysis

rs3865444:C>A

sample size for CD33
comprises 90,913
individuals. Meta-analysis was conducted
using the inverse variant method (fixed-
effects model) but in the case of
heterogeneity, the DerSimonian and Liard
method (random-effects model) was used.
Heterogeneity was considered significant
when I* > 50% and p < 0.05. Meta-analysis
results and forest plots were generated
using OpenMeta

(http://www.cebm.brown.edu/openmeta/).

Linkage disequilibrium analysis using

GWAS datasets

Patterns of LD were studied in data
from the present study and four non-
imputed GWAS datasets: the Alzheimer’s
Disease Neuroimaging Initiative (ADNI)
longitudinal study (30); the Genotype-
Phenotype Alzheimer Disease Association
(GenADA) study (31); the National
Institute of Aging (NIA) Genetic
Consortium for Late Onset Alzheimer’s
disease study (32); and the Murcia study
(14) (Supplementary Table 6). The genome
assembly for the four non-imputed GWAS
datasets was NCBI36/hgl8.

LD measures (D’ and 1) and tests
of the significance of LD were calculated
between the APOE 1s429358:C>T or
rs7412:C>T markers and CD33
rs3865444:C>A using Plink 1.9 software
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(http://www.cog-genomics.org/plink2/) (17)

and the R statistics package. LRLD was
accepted where D’ > 0.2 and P < 0.05. With
the objective of discarding LD results
generated by chance, we performed
bootstrapping analyses; we calculated LD
between APOE rs7412:C>T or
rs429358:C>T and 10,000 random markers,
which presented minor allele frequencies
(MAF) > 0.20 and < 0.40 (since CD33
rs3865444:C>A, MAF = 0.30) and that did

not localize to chromosome 19.

To further investigate these results,
two additional methods were employed.
First, the pattern of disequilibrium across
the whole of chromosome 19 was
calculated according to the methods of
Dawson and colleagues (33); including only
markers with MAFs > 0.2. Briefly, we
considered 1.7Mb window (1.6Mb overlap)
and calculated average values of D' and 12
for all marker pairs, which were separated
by at least 50kb and at most 500kb. D’ and
r2 were calculated using Plink software 1.9
(17). Second, association analysis was
conducted in Plink 1.9 software (17)
according to the presence or absence of the
€2 allele. In this second approach, markers
in strong LD with the €2 allele will exhibit
stronger associations. P values were
adjusted using the Bonferroni correction

method.

Unadjusted, stratified, and meta-
analysis models were explored (using the
methods  described above). In the

stratification  analysis, subjects  were

classified into three groups: carriers of €2
or &4 alleles, and carriers of the €&3€&3
genotype. €284 genotype carriers were

excluded from this analysis.

Estimation of inbreeding and population

structure

Wright’s population inbreeding
coefficient (F) was calculated according to
heterozygote reduction, with regard to
Hardy-Weinberg expectations, according to
the formulae: F = 1 — Ho/He, where Ho is
the frequency of heterozygotes observed in
the sample population and He is the
frequency of heterozygotes expected under
Hardy Weinberg. The final inbreeding
calculation responds to the mean of F' per
number of markers included in the analysis.
Markers were included in this analysis if
they were common markers for all the
dataset, had MAF > 0.2 (34), and HWE >
0.001. Individuals with less than 99% of
available  genotypes were excluded.
Inbreeding calculations for F.ACE dataset
are very imprecise compared to other
datasets available, due to it comprises a
small number of SNPs. Thus, inbreeding
calculation with a higher number of SNPs
was also performed excluding F.ACE

dataset.

PCs analysis was conducted to
discard LRLD was caused by differential
population structure. Plink 1.9 software was
used to perform the analysis. PCs analysis
was conducted in 19,979 markers, which

were common between studies, and which
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presents low linkage disequilibrium (LD)
(r2<0.3). In addition, long range LD regions

were excluded to the analysis.
RESULTS
Replication results and meta-analysis

SNPs included in this study were in
Hardy-Weinberg equilibrium (P > 0.05). A
significant risk effect was observed for the
minor allele of ABCA7 rs4147929:G>A
(OR=1.15; 95% CI=1.04-1.27) in the
Spanish population. ABCA7 effect survived
co-variation and APOE-E4 stratification
analyses (Table 1). Meta-analysis including
new data generated, the IGAP results and
studies fulfilling inclusion criteria (n = 182
208), re-affirmed a  genome-wide
significant ~ association  for  ABCA7
(OR=1.15; 95% CI=1.12-1.19, Figure 1A).
For CD33, we could not replicate the
originally reported protective effect of
rs3865444:C>A SNP. In the APOE-£4
stratified analysis, CD33 did not modulate
susceptibility to AD in any stratum (Table
1). Our meta-analysis also revealed
heterogeneity and a non-significant

association (Figure 1B).
Linkage disequilibrium analysis

Next, we sought to explore
potential reasons for the lack of replication
of the association of CD33 rs3865444:C>A
with AD in some populations. Specifically,
patterns of LD were studied in five datasets,
comprising data from the present study and

four non-imputed GWAS datasets.
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We detected significant LRLD
between APOE 1s7412:C>T and CD33
1s3865444:C>A in two of the five datasets
analysed (D’ > 0.2) (Table 2). The
probability of these results being spurious
was 0.011 for the Murcia dataset and 0.002
for the NIA data (Supplementary Table 4).
However, the other datasets did not display
LRLD: ADNIL, D’ = 0.17 (P = 0.11);
GenADA, D’ = 0.14 (P = 0.004); and
F.ACE, D’ = 0.01 (P = 0.86) (Table 2). In
contrast, only one dataset exhibited
significant LD between APOE
rs429358:C>T and CD33 rs3865444:C>A,;
however it did not reach the lower threshold
for LD (D’ > 0.2). We next tested the
LRLD hypothesis by assessing the pattern
of LD along chromosome 19. This
alternative strategy highlighted common
areas of high LD in all datasets, particularly
at positions 10.7-13.5 Mb, 42-45.1 Mb,
and 47.8-50 Mb (Figure 2A). In addition,
the Murcia and ADNI dataset exhibited the
largest segments of LD at positions 9.7—
10.7 Mb and 9.8-13.8 Mb, respectively.
ADNI dataset also presents the largest LD
segment at positions 41.8-51.1Mb, the
latter of which contained the APOE gene at
position 50.1 Mb (Figure 2B). However,
this strategy did not reveal a general LD
between APOE and CD33. This observation
is supporting the notion that long range LD
between CD33 and APOE, if exist, would
be affecting to a discrete fraction of

chromosomes in some human populations.
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TABLE 1. Association between ABCA7 rs4147929-A or CD33 rs3865444-T and LOAD in

unadjusted, adjusted and APOE-£&4 stratified models

Unadjusted Adjusted Adjusted Stratification per APOE-¢4
(sex and APOE-¢4) (age, sex and APOE-g4)
GENE Carriers Non-Carrier
marker OR OR OR OR OR
CI95% CI95% CI95% CI95% CI95%
P value P value P value P value P value
1.148 1.190 1.175 1.225 1.167
%C;;‘;g 1.036 — 1.27 1.070 - 1.324 0.94 —1.47 1.006 — 1.492 1.028-1.324
" 0.008 0.0013 0.1546 0.043 0.017
CD33 0.986 0.976 0.920 1.157 0.899
@44 0.897 — 1.084 0.885-1.076 0.750 -1.127 0.970-1.380  0.797-1.014
s 0.771 0.6287 0.4182 0.104 0.083

LOAD, Late Onset Alzheimer’s disease; OR, Odds Ratio; CI, Confidence Interval.

Finally, an association analysis
approach according to the presence or
absence of the APOE &2 genotype also
supported that long range association
between APOE and CD33 is not very
common in studied populations. After
Bonferroni correction, the majority of
significant signals mapped to a region of
chromosome 19, 231 kb upstream of APOE
rs7412C>T (Supplementary Table 4).

APOE stratification analysis and meta-

analysis of GWAS data

Stratification analysis revealed a
significant protective association for CD33
1$3865444:C>A only in €4 allele carriers in
the GenADA dataset (OR = 0.69; P =
0.009) (Table 3). This protective trend for
CD33 1s3865444:C>A was also observed in
€2 carriers of Spanish origin (Murcia study:
OR =0.49, 95% CI, 0.19-1.25; F.ACE: OR
=0.68, 95% CI 0.45-1.03).

Interestingly, the minor allele of
CD33 1s3865444:C>A was associated with
increased susceptibility to AD in €4 carriers
in the same Spanish datasets (Murcia study:
OR =1.13, 95% CI, 0.79-1.63; F.ACE: OR
=1.15, 95% CI, 0.97-1.37). Opposite effect
directions were observed in the NIA and
ADNI  datasets. After meta-analysis,
homozygous €3€3 carriers were identified
as the most homogeneous stratum for CD33
effects, while €4 allele carriers were the
most heterogeneous (Table 3). Finally, we
excluded hidden relatedness and population
stratification as a potential cause for LRLD
by analysing inbreeding (Supplementary
Table 6) and conducting principal
components (PCs) analysis across the

datasets (Supplementary Figure 1).

DISCUSSION

Confirmatory data on AD associations with
loci neighbouring APOE are still lacking,

despite several replication efforts. In our
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Long Range Linkage Disequilibrium and APOE

TABLE 2. Linkage disequilibrium results and test of significance for LD between APOE

rs7412:C>T or rs429358:C>T

LD

Dataset
N D’ r2 Chi sq P value

APOE rs429358 — CD33 rs3865444
ADNI 358 -0.087 0.001 0.86 0.350
GenADA 1555 -0.105 0.001 5.32 0.020
Murcia 1088 +0.036 5.00e-04 1.16 0.280
NIA 1789 +0.015 2.00e-04 0.75 0.380
F_ACE 4402 +0.013 8.00e-05 0.70 0.400
APOE rs7412 — CD33 rs3865444
ADNI 358 +0.174 0.003 2.62 0.105
GenADA 1555 +0.138 0.002 8.00 0.004
Murcia 1088 -0.312 0.002 5.75 0.016
NIA 1789 -0.228 0.001 4.70 0.030
F_ACE 4402 +0.005 3.25¢-06 0.03 0.860
APOE rs429358 — APOE rs7412
ADNI 358 -1 0.020 13.79 2.00x 10
GenADA 1555 -1 0.020 63.78 1.44x 107
Murcia 1088 -1 0.010 23.42 1.30 x 10°¢
NIA 1789 -1 0.030 93.22 4.68 x 107
F_ACE 4402 -1 0.010 91.06 1.39x 107

we clearly replicated the ABCA7
signal (P = 1.60 x 10"), which is located
far from the APOE locus. However, we
failed to replicate the CD33 association in
the Spanish population. Both observations
are independent and consistent with

previous IGAP observations (9).

ABCA7 marker was, firstly,
identified such an AD locus by
Hollingworth et. al. (6) and Naj et al. (8),
in a large cohort of individuals (n=29,544).
Following, this association was supported
by IGAP consortium (9) and confirmed in
non-European populations (10). Our

finding is in accordance with previously

studies. It reinforces the role of ABCA7 as a
candidate gene for AD and warrants its
functional characterisation. ABCA7 is
involved in lipid metabolism (35) and
apoptotic cell clearance (36). Its loss has
been related to deficient macrophage
clearance of amyloid plaques (37) and to

accelerated amyloid-beta production (35).

CD33 locus appeared such as a
promising signal (6) especially as a
candidate target for immune-related
therapies (38). Despite that, the signal
disappeared after the IGAP meta-analysis
(9), casting doubts on its real contribution

to  AD. In that scenario, we
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TABLE 3.. Stratification per £2, £&4 APOE alleles and £33 APOE genotype for five studied

dataset and meta- analysis

Unadjusted model &2 allele carriers &4 allele carriers 88 ge.notype
Dataset OR (CI95%) OR (CI95%) OR (CI95%) carriers
OR (CI95%)
P value P value P value
P value
0.865 2.200 0.979 0.706
ADNI (0.627 -1.193) (0.553 —8.76) (0.580 —1.654) (0.419-1.187)
0.377 0.256 0.938 0.188
0.864 0.863 0.697 1.085
GenADA (0.742 — 1.006) (0.483 — 1.544) (0.540 - 0.899) (0.862 — 1.366)
0.06 0.620 0.005 0.487
0.938 0.492 1.133 0.849
Murcia (0.763 — 1.155) (0.193 - 1.252) (0.788 — 1.629) (0.635 -1.135)
0.550 0.130 0.498 0.269
0.956 1.356 0.873 0.908
NIA (0.829 — 1.103) (0.660 —2.784) (0.691 — 1.104) (0.714 - 1.154)
0.540 0.401 0.257 0.430
0.986 0.682 1.153 0.928
F.ACE (0.897 — 1.084) (0.453 - 1.027) (0.967 — 1.376) (0.818 — 1.054)
0.772 0.066 0.112 0.25
0.947 0.850 0.946 0.932
Meta-Analysis (0.887 - 1.010) (0.650 - 1.111) (0.765 -1.170) (0.849 — 1.023)
0.098 0.234 0.609 0.141
P=0% P=32% P =66% P=0%
Heterogeneity P=0.658 P=0.206 P=0.020 P=0.523
Fixed Fixed Random Fixed

believed that the CD33 locus appears to be
affected by the “APOE curse”; i.e., the
impossibility of determining whether
additional AD loci truly exist around
APOE. Similar to CD33, conflicting data
exist for TOMM40°523, EXOC3L2-597668,
and PLD3 (V232M) (11), (12). Several
strategies have been attempted to tackle this
issue; for example, using phylogenetic
analysis, the TOMM40’523 poly-T marker
was shown to be associated with age-at-
onset in the APOE €3 subgroup (4).
However, this finding has not been

extensively replicated (39).

The lack of association between
AD and CD33 prompted us to search for an

underlying explanation. Our data suggested

significant, weak and non-universal, LRLD
between the APOE-€2 allele and CD33
rs3865444.C>A. Of course, there are
limitations on these observations. First of
all, very low levels of r2 were detected,
however the intrinsic properties of 2
prompts to consider D’ such as more
informative measure for assessing historical
recombination in a given population (40).
Furthermore, we are dealing with relatively
weak D’ values, roughly 0.3, which means
that 30% of the chromosomes will be
carrying the long LD tract in specific
populations. This could be compromising
the capacity to detect LRLD when a direct
measure of LD between studied markers is

not determined.

85



3.1.2. Publication Il

Second, LRLD patterns differ
across populations and are dependent on
many factors, including admixture or
migration, genetic drift, chromosome
inversions,  epistatic  selection  and
hitchhiking effects (41). Furthermore,
differential natural selection pressures
across genomic regions, depending on
specific geographical or environmental
conditions, can lead to differential patterns
of allele micro-heterogeneity. Although
differential population structure was not
identified in our GWAS datasets analysis,
there is compelling evidence that micro-
stratification cannot be detected by standard
methods (42) and, therefore, this remains a
potential limitation. Thus, the existence of
undetected population sub-structure, with
different LRLD patterns, could act as
confounding  factor, explaining the
divergent observations and lack of
replication between CD33 and AD across
studies (9). Of note, the genuine or spurious
character of the association would remain
masked under LRLD patterns, being its
appearance highly dependent of the

population structure.

An additional explanation for the
lack of association between CD33 and AD
could be that the original CD33 signals
were simply chance findings. We feel that
this possibility is less likely because under
the assumption of a random association
between CD33 and AD, the chance of
observing effects in opposite directions in

independent studies would have the same

86

probability. This latter observation is
clearly not the situation reported in the

literature to date.

Importantly, we detected LRLD upstream
of the APOE locus using a previously
described method (33). Confirmation of
LRLD around APOE is relevant for several
reasons. First, the data will assist in
clarifying whether or not reported AD
signals are genuine. Second, differential
LRLD across populations may reveal the
existence of structural variations, such as
large inversions, insertions, or deletions,
unequally affecting human populations.
Structural variants have been implicated in
the aetiology of the majority of

multifactorial diseases (43).

In summary, we confirm ABCA7 is
associated with LOAD. However, we could
not confirm the association between CD33
and AD. Our data suggest that LRLD
between CD33 markers and the APOE
alleles might explain the observed lack of
consistency of CD33 signal. Further studies
using independent populations are required
to clarify whether LRLD interferes with
real associations between loci around

APOE and AD.
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EUR: Europeans; AFR: African; AMR: Americans; EAS: East Asian.
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SUPPLEMENTARY TABLES

SUPPLEMENTARY TABLE 1. Full description of the Spanish replication sample.

Cases Controls
Dataset Mean Age % %APOE N Mean Age % %APO
(SD) Women &4 (SD) Women E €4
FACE 617 82.3(7.7) 70.4% 45.1% 125 62.3(7.7) 75.2% 25.6%
CBC 59 78.4 (8.5) 69.4% 39.6% 0 - - -
200 47.7 o 0
CSC - - - ) (10.6) 50.3% 18.4%
NXC - - - 515 67.1(4.7) 96.3% 17.8%
Murcia 0 78.4 (8.3) 70% 50% 0 - - -
TOTAL 796 82.1(7.9) 70.2% 44.7% 254 (ff'é) 64.3% 18.6%

FACE: Fundacio ACE. Institut Catala de neurociéncies (Barcelona, Spain); CBC: Unidad de Memoria, Hospital
Universitario La Paz-Cantoblanco (Madrid, Spain); CSC: Proyecto Viva Segovia. Hospital Clinico San Carlos;
NXC: Neocodex; Murcia: Unidad de Demencias, Hospital Universitario Virgen de la Arrixaca (Murcia, Spain).
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SUPPLEMENTARY TABLE 2. Full description of the datasets used in the meta-analysis
assessing ABCA7 and CD33 susceptibility in LOAD

ABCA7-rs4147929:G>A Meta-analysis

Country/Consortium Study Ancestry N cases N Controls N total
ADGC Lambert 2013 European 10,273 10,892 21,165
CHARGE Lambert 2013 European 1,315 12,968 14,283
EADI Lambert 2013 European 2,243 6,017 8,260
GERAD Lambert 2013 European 3,177 7,271 10,454
Austria Lambert 2013 European 210 829 1,039
Belgium Lambert 2013 European 878 661 1,539
Findland Lambert 2013 European 422 562 984
Germany Lambert 2013 European 972 2,378 3,350
Greece Lambert 2013 European 256 229 485
Hungary Lambert 2013 European 125 100 225
Ttaly Lambert 2013 European 1,729 720 2,449
Spain Lambert 2013 European 2,121 1,921 4,042
Sweeden Lambert 2013 European 797 1,506 2,303
UK Lambert 2013 European 490 1,066 1,556
USA Lambert 2013 European 572 1,340 1,912
CCHS Kjeldsen 2018 European 349 9,695 10,044
CGPS Kjeldsen 2018 European 613 93,511 94,124
Fundacio ACE* - European 1,500 2,494 3,994
Total - European 28,042 154,166 182,208

CD33-rs3865444:C>A Meta-analysis

Dataset Study Ancestry N cases N Controls N Total
ADGC Lambert 2013 European 10,273 10,892 21,165
CHARGE Lambert 2013 European 1,315 12,968 14,283
EADI Lambert 2013 European 2,243 6,017 8,260
GERAD Lambert 2013 European 3,177 7,277 10,454
Austria Lambert 2013 European 210 829 1,039
Belgium Lambert 2013 European 878 661 1,539
Findland Lambert 2013 European 422 562 984
Germany Lambert 2013 European 972 2,378 3,350
Greece Lambert 2013 European 256 229 485
Hungary Lambert 2013 European 125 100 225
Italy Lambert 2013 European 1,729 720 2,449
Spain Lambert 2013 European 2,121 1,921 4,042
Sweeden Lambert 2013 European 797 1,506 2,303
UK Lambert 2013 European 490 1,066 1,556
USA Lambert 2013 European 572 1,340 1,912
Canada Omouni 2014 European 524 580 1,104
Norway Carrasquillo 2011 European 346 555 901
Poland Carrasquillo 2011 European 483 188 671
USA. CCS. Ebbert 2014 European 326 2,093 2,419
USA.Afri-Amer Logue 2014 African American 513 496 1,009
Colombia J.D Moreno 2017 Hispanic American 280 357 637
China. Mainland Jiao 2015 East Asia 229 318 547
China. Ruijin Tan 2012 East Asia 190 193 383
China.Qingdao Deng 2012 East Asia 612 612 1,224
China. WCH Zhang 2015 East Asia 380 475 855
China. Zhejian Mao 2015 East Asia 126 129 255
Korea Chung East Asia 290 554 844
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Dataset Study Ancestry N cases N Controls N Total
Japan Miyashita 2013 East Asia 1,008 1,016 2,024
Fundacio ACE* - European 1,500 2,494 3,994
Total - Heterogeneous 32,387 58,526 90,913

*Fundacio ACE sample available for meta-analysis excludes samples overlapping with IGAP.

SUPPLEMENTARY TABLE 3. Number of variants and individuals in non-imputated GWAS
datasets.

Dataset N Variants N cases N controls N Total
ADNI 553,938 164 194 358
GenADA 438,752 782 773 1,555
Murcia 198,431 319 769 1,088
NIA 524,084 987 802 1,789

SUPPLEMENTARY TABLE 4. Probability to detect false positive results after LD analysis under
specified criterions (D’ > 0.2; D’ > 0.2 and P < 0.05)

Dataset P value (D’ = 0.2) P value (D’ > 0.2; p <0.05)

APOE rs429358:C>T

ADNI 0.649 0.058

GenADA 0.043 0.002

Murcia 0.559 0.011
NIA <0.001 <0.001

APOE rs7412:C>T

ADNI 0.383 0.164
GenADA 0.132 0.003
Murcia 0.150 0.011
NIA 0.096 0.002

93



3.1.2. Publication Il

SUPPLEMENTARY TABLE 5. Results for the association analysis taking as phenotype the
presence of £2 genotype. CD33 rs3865444:C>A effect for APOE-E2 phenotype. Total number of
genome-wide significant SNPs and range of physical distances covered.

CD33 rs3865444:C>A Bonferroni Significant SNPs
Dataset Effect Correction (p) (Bp range)
OR =1.44 2
ADNI CI=0.79 —2.62 9.02x10°® (chr19:50,100,676-
p=023 50,103,909)
OR =1.26 6
GenADA CI=0.96 — 1.64 1.14x107 (chr19:49,868,180-
p=0.09 50,103,909)
OR =0.69 2
Murcia CI=0.49 — 0.98 2.50x107 (chr19:49,868,180-
p=0.03 50,103,909)
OR =0.82 10
NIA CI=0.63 —1.08 9.54x10°® (chr19:49,929,652-
p=0.16 50,103,909)
OR =1.01
F_ACE CI=0.85—-1.20 NA NA
p=091

Bonferroni Correction (P) = 0.05/SNPs; NA = Not available.

SUPPLEMENTARY TABLE 6. Inbreeding coefficients calculated between common SNPs
between datasets and 1000 random SNPs

2 SNPS 1000SNPs/1000times
Dataset
N F N F SD
ADNI 358 -0.019 335 0.002 0.001
Genada 1542 0.015 1555 0.004 0.0008
Murcia 1052 0.034 972 0.004 0.001
NIA 1778 0.017 1778 0.004 0.0007
F_ACE 4283 0.009 NA NA NA
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Evaluation of Candidate Genes Related to Neuronal Apoptosis in Late-
Onset Alzheimer’s Disease
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ABSTRACT

The objective of this study was to identify genetic variation in genes encoding death receptors
and signals that modulate their activity. After conducting a meta-analysis with five previous
genome-wide association studies (GWAS) and aggregated data, the most significant signals,
(TNF locus: 152395488, 152534672, and rs9267445; and FASLG locus: rs730278), were
replicated in 1,046 cases and 372 controls. The rs2395488 and rs2534672 markers showed a
modest protective effect (OR = 0.849, p = 0.49780; OR = 0.687, p = 0.11335), in contrast to
rs730278 marker (OR = 1.146, p = 0.17212), which did not follow the previous effect direction,
in any case it reached the significance level. Final meta-analysis, adding the replication sample,
confirmed these observations. We concluded that F'ASLG marker is not etiologically linked to
Alzheimer’s disease (AD). However, single nucleotide polymorphisms (SNPs) around TNF
locus require further analyses in order to explain the association between AD and human

leukocyte antigen (HLA).

Keywords: Alzheimer’s disease, genetics, genome-wide association study, meta-analysis, apoptosis,

death receptors, FASLG, TNF
Journal of Alzheimer’s Disease, 2015; 45(2), 621-629

doi: 10.3233/JAD-142721
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INTRODUCTION

Late-onset Alzheimer’s disease
(LOAD) is the most common Alzheimer’s
disease (AD) phenotype. However, despite
the advances provided by comprehensive
genome scans, mechanisms involved in the
age at onset (AAO) or disease progression

remain unknown.

For over a decade,
neuroinflammation has been suggested to
play a crucial role in the development of
AD (1). In that context, the tumor necrosis
factor’s (TNF) capacity to induce apoptosis
seems to be mainly responsible for the
neurotoxic effect, leading to apoptotic cell

death (2).

Accumulated evidence suggests
that programmed cell death (apoptosis) is
involved in AD neuronal death (3). Its
initiation 1is dependent on two major
pathways: intrinsic through mitochondria
and extrinsic through death receptors
(DRs). DRs are a part of the TNF receptor
superfamily (4), and play a crucial role in
transmitting the death signals. DRs are
activated through binding to their cognate
ligands, mainly Fas ligand (FasL) and TNF.
Evidence shows that DR ligands, FasL, and
TNF expressions are increased in AD
brains, such as TNF receptor 1 (3), (5), (6).
Moreover, apoptosis is strictly controlled
by a group of intracellular proteins
(antiapoptotic ~ proteins)  that  inhibit
apoptotic process and promote survival.

Studies have shown a reduction in
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antiapoptotic protein levels, such as cFLIP,
BIRC3, and BIRC4, in AD cases (3), (6),
(7) suggesting an upregulation of DR-
related signaling and a down regulation of
its natural inhibitors in AD brains, i.e.,
promoting the context necessary for the

cells to die.

Based on the relation between
neuroinflammation and cell death, we have
hypothesized that genetic variation in genes
leading and controlling apoptotic processes
could be relevant in sporadic AD etiology.
To assess our hypothesis, we have
developed a candidate gene meta-analysis
strategy using five previously published
GWAS and a wet replication of selected

candidate signals.
MATERIAL AND METHODS

Data standardization phase: datasets

selection

All the GWAS included in this
study were previously meta-analyzed and
ranked using the ranking results of Antiinez
et al. (5) and Boada et al. (6). The GWAS
included: the ADNI study (7), the GenADA
study (8), the TGEN study (9), the NIA
study (10), and the Murcia study (5).
Furthermore, we aggregated data from
Harold et al. 2009 (11), Seshadri et al. 2010
(12), Hu et al. 2011 (13) and Naj et al. 2011
(14).

In silico phase: identification of SNP

markers within selected candidate genes
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SNP selection

We intended to select SNPs located
at the genomic regions of the genes
codifying for: (i) death receptors: TNFR1
(TNFRSF14 at 12p13.2), DR3 (TNFSRF25
at 1p36.2), DR4 (TNFSRF10A4 at 8p2l),
DR6  (TNFSRF21 at 6p2l1.1), and
TWEAKR (TNFSRF124 at 16pl3.3); (ii)
its cognate ligands: FasL (FASLG at 1q23),
TNF-o (TNF at 6q21.3); and (iii)
antiapoptotic proteins: cFLIP (CFLAR at
2q33-q34), FAIM (FAIM]I at 3q22.3), A20
(TNFAIP3 at 6q23), BAG4 (BAG4 at
8p11.23), BIRC proteins (BIRC cluster),
and FAIM2 (FAIM?2 at 12q13), following a
previously described approach (15).

Association studies

The most promising signals were
selected after association studies, as
previously described (5). A final meta-
analysis, which included previous GWAS
and the final replica, was performed on the
selected markers using Plink and the
command metan in Stata 12 (College
Station, TX, USA). Alzheimer’s disease
genetics consortium (ADGC) p values were
aggregated (when available) to observe
statistical consistency of the results with the

meta-GWAS results reported herein.
Validation phase: replication study
Subjects’ selection

The  replication  study  was
conducted using 1,418 subjects: 1,046

sporadic AD patients [312 males, mean age

= 80.7 years (standard deviation, SD =
8.62); and 724 females, mean age = 82.4
years (SD = 7.85)], and 372 unrelated
controls with unknown cognitive status
[183 males, mean age = 53.5 years (SD =
11.24); and 185 females, mean age = 54.4
years (SD = 10.09)]. The AD cases were
recruited from the Fundaci6 ACE-Institut
Catala de Neurociéncies Aplicades,
Barcelona (Spain). Control subjects were
retrieved from the Neocodex Biobank (16).
Details of the inclusion criteria,
recruitment, and testing have been

previously described (15).
DNA extraction and replication genotyping

DNA extraction was performed as
previously described (15). Genotyping of
the selected markers was performed using
real-time PCR in a LightCycler 480 System
(Roche Diagnostics). Details of the primers
and probes used for genotyping protocol are
available upon request. The reaction
mixture contained 1 uL of genomic DNA,
10 uL TagMan GTXpress Master Mix
buffer 2x concentration, 0.5 pL TaqMan
genotyping assay 40x concentration, and
8.5 uL nuclease-free water to obtain a final
volume of 20 puL. PCR conditions were as
follows: initial step of 95 °C for 10 min to
activate the Taq enzyme, followed by 40
cycles of 95 °C for 15 s and 60 °C for 1
min. Finally, a fluorometric register was

performed.

Statistical Analysis
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To explore the genotype
distribution and deviation of Hardy—
Weinberg (HW) equilibrium, we employed
the online resource at the Institute for
Human  Genetics, Munich, Germany
(http://ihg.gsf.de). The following
unconditional logistic regression models
were used to adjust the Spanish sample by
age, sex, and APOE &4 status: (i) a full
model adjusted by age, gender, and APOE
e4; (i1) an intermediate model adjusted by
gender and APOE &4, and (iii) an
unadjusted model. In addition, to check the
effects of each marker on AAO for AD, a
linear regression analysis was conducted
using: adjusted model by gender and APOE
status and an unadjusted model. Both
analyses were run using SPSS 18.0
software.  Power  calculations  were

performed using the PS Power and Sample

Size Calculations software.
RESULTS
In silico exploration of candidate genes

Association analysis of the initially
selected 1,501 SNPs, localized in the
genomic region of candidate genes
(Supplementary Table 1), showed that 78
SNPs reached a nominal statistical
significance (Supplementary Table 2). The
most significant results were obtained in
TNF region for three markers: 1s2905726 (p
= 0.00008), rs2534672 (p = 0.00186), and
1s9267445 (p = 0.0025). A fourth best result
for the marker rs730278 (p = 0.00331) was
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localized near FASLG gene outside the HLA
(Supplementary Table 2).

Replication study of selected SNPs

A validation case-control study was
designed to test whether the SNPs showing
the most significant results could be
replicated in our series. A total of 1,046 AD
cases and 372 unrelated controls were
genotyped for the four selected markers:
rs2395488 (1rs2905726 proxy), rs2534672,
rs9267445, and rs730278.

The observed genotypic distribution
was in accordance with the HW equilibrium
for all SNPs, except for 19267445 marker
(p = 2.834¢ %), which was excluded from
further analysis (data not shown). The
analysis of the genotype data (Table 1) for
1$2395488 and rs2534672 markers showed
that homozygosis for the minor allele
induced a protective effect even when the
association did not reach the significance
level. In contrast, the rs730278 marker
showed a modest risk effect that did not
follow the effect direction of previous meta-
analysis (OR = 0.892 vs. OR = 1.146
obtained during replication). Covariate
adjustments to test whether age, gender, and
APOE €4 genotype could influence the
magnitude of the effect size indicated that
the adjustments inverted the tendency of the
effect for 1s2395488 and 152534672
markers (OR = 1.132, p = 0.556; OR =
1.016, p = 0.939). The authors concluded
that observed effects did not resist

covariation analysis by age (Table 1).
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TABLE 1. rs2395488, rs2535672, and rs730278 effects using different statistical models in the

validation study.

Subjects Statistical Methods
Allele Frequenc Homozygous Allele positivit
Mark quency vg p y
arker S*isoe“ p Coft;;’;s OR (CI195%) OR (CI95%) OR (CI95%)
n= n= P value P value P value
152395488 0 72?69610171 0 5368‘:9362 0 7239814269
GG/GA/AA  78/424/534  27/123/157 068624 049750 090092
152534672 0 7398812067 0 426681;7096 0 7(())5921146
GG/GC/ICC  60/389/568  30/141/195 0.19599 011335 03967
15730278 0 94}2116393 0 836337137 0 911 81711494
TT/TC/CC 81/411/528  23/133/196 o170 028389 020434

OR: odds ratio; CI: confidence interval.

Results of the linear regression
between AAO and AD indicated that the
per-allele effect of target markers to modify
AAO was almost null. The differences
between the two models used were null for
rs2395488 and very low for rs2535672 and
rs730278. The marker rs730278 showed
some influence on AAO, even when it did
not reach significant levels (B =—0.682; p =
0.101).

Results of the meta-analysis
showed a consistent effect of markers
across studies. Despite this, none of these
markers reached the study-wide
significance level. The rs730278 meta-
analysis results confirmed, as we had
previously observed, that our data had an

inverse effect on risk although it did not

considerably modify the averaged OR

obtained during the meta-analysis (Figure

1.
DISCUSSION

A large evidence supports that
chronic inflammation impairs neuronal
function and leads to neurodegeneration
(17). In that context, there exists a
proapoptotic tendency and a dysregulation
of antiapoptotic mechanisms. However, a
limited number of genetic studies analyzing
genes involved in neuronal apoptosis exist

(21), (22), (23).

Our exploration of the candidate
genes revealed a weak association of TNF
region with AD. Importantly, our results are
in accordance with the results obtained by

ADGC  case-control  datasets  (14)
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FIGURE 1. Fixed-effect model meta-analysis and Forest plot of rs2395488 (a), rs2534672 (b), and
rs730278 (c)

Unfortunately, none of the SNPs
selected for replication showed a nominal
statistically significant association with the
disease. No FASLG polymorphism has been
previously associated with AD progression,
suggesting that preselected SNPs could be
false positives. With respect to SNPs on
INF gene, a risk haplotype and a
polymorphism in -850 nucleotide promoter
have been associated with AD (22), (23).
(24): however, a major tendency for non-
association survived (18). Taking into
account that the most of the studies,
including ours, were developed in small
sample, which suggests that the sample size

could be affecting the power of the study.
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Despite our best results are close to
the 7NF locus, it is difficult to know which
genes are actually responsible for the signal
detected as TNF maps within the complex
genetic region of HLA’s class III region.
Early works established a putative
association of AD with HLA region (19).
Recently, a multicentric study (IGAP)
related HLA-DRBS5-DRBI region with AD
(20), reinforcing the inflammatory pathway
for the disease. This region has also been
associated with other neurodegenerative
diseases, such as multiple sclerosis (MS)
(21), Parkinson’s disease (PD) (22). and
frontotemporal dementia (23). At this stage,

we thought that our signal could be related
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with the signal previously detected by
IGAP in HLA-DRB5-DRBI  region.
However, LD between TNF region
(rs2395488) and HLA-DRB5-DRBI
(rs9271192) was almost null (r* = 0.001; D
= 0.103). Thus, signals detected around
TNF could track an independent locus
unrelated to HLA-DRB5-DRBI region. In
fact, there are several proximal markers
(<500 kb), which have been associated with
other neurodegenerative pathologies, such
as age-related macular degeneration (31),
(32), (33), (34), (35). However, none of
these markers is in high LD with rs2395488
(data not shown). Thus, our study does not
have enough positive results in support of
neuroinflammatory hypothesis, despite that
neuroinflammation in AD is still supported

by large scientific evidence (2), (36), (37).

Whether inflammatory processes
are a part of the cause or the response to the
disease is still not known. However, more
studies highlight the implication of genetic
variations of the immune system as a cause
of LOAD (38), (39). In that sense, the
relevance of TNF locus in AD merits for
deeper analysis of HLA region in order to
identify the loci behind observed
association. Hence, scientific and
technological efforts are still needed to
elucidate the way in which AD genetic
variants may contribute to the disease’s

neurodegenerative mechanism.
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SUPPLEMENTARY TABLES

The Supplementary Table 1 can be accessed scanning the following code.

Supplementary Table 1. Results for the 1,501 candidate markers tested in the meta-

analysis of five GWAS and aggregated data.
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Supplementary Information

SUPPLEMENTARY TABLE 2. Number of SNPs described within candidate gene and number
of significant SNPs after meta-analysis.

Gene Chromosome Number of SNPs Number of significant SNPs
*(BP position range) *(Top SNP; p value)
83 5
FASLG
! *(170794135-170991017) *(rs730278; p = 0.00331)
57
INERSF25 ! *(6300329-6494762) 0
66
FLAR
¢ 2 *(201612546-201801640) 0
BIRC Cluster 3 103 2
- *(101600386-101795189) *(rs10936200; p = 0.03337)
84
FAIMI
3 *(139701399-139894326) 0
304 44
INE 6 *(31554067-31613866) *(1s2905726; p = 0.00008)
102
TNFIAP.
3 6 *(138108380-138299661) 0
TNFRSF21 6 221 0
*(47200215-47446050) *(1s9463301; p = 0.00495)
29 1
BAG4 8 *(38096889-38252950) *(rs2517388; p = 0.00883)
177 8
INFRSF104 8 *(23097027-23293928) *(rs11780345; p =0.00365)
81 1
INFRSF1A 12 *(6202571-6398513) *(rs3764875; p = 0.02395)
111 6
FAIM? 12 *(48446397-48640704) rs11169172; p=0.02362)
83 2
INRESF124 16 *(2903262-3095007) *(rs4786370; p = 0.01725)

BP: Base pair; SNPs: Single nucleotide polymorphisms.
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Genome-wide association analysis of dementia and its clinical endophenotypes
reveal novel loci associated with Alzheimer’s disease and three causality
networks: the GR@ACE project
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ABSTRACT

Introduction: Large variability between Alzheimer’s disease (AD) cases might impact genetic
discoveries and complicate dissection of underlying biological pathways.

Methods: GR@ACE is a genome-wide study of dementia and its clinical endophenotypes, defined
according to AD’s clinical certainty and vascular burden. We assessed the impact of known AD loci
across endophenotypes to generate loci categories. We incorporated gene co-expression data and
conducted pathway analysis per category. Finally, to evaluate the effect of heterogeneity in genetic
studies, GR@ACE series were meta-analyzed with additional GWAS datasets.

Results: We classified known AD loci into three categories, which might reflect the disease clinical
heterogeneity. Vascular processes were only detected as a causal mechanism in probable AD. Meta-
analysis revealed the ANKRD31-rs4704171 and NDUFAF6-rs10098778, and confirmed SCIMP-
1s7225151 and CD33-rs3865444.

Discussion: The regulation of vasculature is a prominent causal component of probable AD. GR@ACE
meta-analysis revealed novel AD genetic signals, strongly driven by the presence of clinical heterogeneity

in the AD series.

Keywords: Alzheimer’s disease, vascular pathology, cerebral amyloid angiopathy, GWAS, biological pathway

Alzheimer’s and Dementia. 2019 Aug 13. pii: S1552-5260(19)35117-9

doi: 10.1016/j.jalz.2019.06.4950
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INTRODUCTION

Dementia is an age-related clinical
syndrome that devastates cognitive abilities
and interferes in elderly people’s daily
activities. Although its incidence is
decreasing due to improvements to public
health  systems and  control  of
cardiovascular risk factors (1), its
prevalence is steadily increasing due to

rising life expectancy of human populations

2.

Dementia is linked to many
underlying pathologies, with Alzheimer’s
disecase (AD) as the most common
condition. Clinical AD is a heterogencous
syndrome. AD brain autopsies have shown
that roughly 80% of clinical AD patients
present brain vascular pathology (3) in
addition to the common neuropathological
AD hallmarks: amyloidosis, neurofibrillary
tangles (NFTs), and cerebral amyloid
angiopathy (CAA) (4). In fact, brain
vascular pathology has been shown to be an
important risk factor for AD that accelerates
cognitive decline (5) and lowers the
threshold for clinical diagnosis of AD (6).
In that context, it has been suggested that
dementia is represented by a gradient of
neurodegenerative and vascular
components (7); from pure AD forms, with
a strong neurodegenerative component, to
pure vascular dementia (VaD) cases and in-
between mixed pathologies, representing
the co-existence of both, neurodegenerative
and vascular components (7). Despite that,

whether there are differential biological
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routes operating under different levels of
vascular burden in clinical AD patients

remains mostly unknown.

In the search for the etiology of
AD, genetic factors play a pivotal role. Two
forms of the disease can be differentiated
according to individual genetic background.
The Mendelian form is an uncommon
disorder that mainly affects families with
early-onset AD (EOAD) (<65 years old),
whereas the polygenic form is a complex
disorder mainly appearing in sporadic cases
with late-onset AD (LOAD) (>65 years
old). Highly penetrant mutations detected in
EOAD families have been pinpointed to
three genes: APP (8), PSENI (9), and
PSEN?2 (10); leading to the establishment of
the amyloid hypothesis as a potential causal

mechanism for the disease (11).

LOAD heritability falls in the range
of 13%-80% (12), (13). Although APOE €4
was the first to be discovered and still
remains the strongest genetic risk factor for
AD (14), almost 40 additional genetic
variants have been identified (15), (16),
(17) using genome-wide association studies
(GWAS) and large sequencing projects.
Among the biological pathways underlying
genetic hits, the roles of the immune
system, cholesterol, APP, and Tau
metabolism have been highlighted (15).
Despite these, current genetic findings
account for 31% of LOAD heritability (18),
and the biological picture of AD is still
poorly understood. Several reasons can

explain this. Among them, the presence of
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clinical and neuropathological
heterogeneity between AD cases in genetic
studies, as recently demonstrated (12),
might compromise the power to detect
genuine genetic associations and decrease

the estimates of risk attributed to genetic

variation.

The neuropathological variability in
clinical AD cases comprises a wide
spectrum, from those with concomitant
vascular brain disease to those with a pure
AD phenotype, as previously proposed by
Viswanathan et al. (7). This large
heterogeneity might hamper the
identification of functional categories of
genes underlying differential biological
routes to dementia and might impact AD
genetic studies. To gain insight on the
causality networks behind AD clinical
subgroups and to explore their impact in
large GWAS, we conducted the Genome
Research at Fundacio ACE (GR@ACE)
study. This is a GWAS of dementia and its
clinical endophenotypes defined according
to AD’s clinical certainty and the burden of
vascular co-morbidity. GR@ACE is a
unique genomic resource comprising the
largest number of dementia cases diagnosed
in a single memory clinic to date. First, we
determined whether we could identify
categories of known LOAD genes linked to
clinical subgroups of AD cases. Next, we
explored  whether these  categories
suggested different Dbiological routes.
Finally, to assess the impact of these

clinical subgroups of AD cases in GWAS

findings, we meta-analyzed the GR@ACE
data with independent GWAS series.

METHODS
Subjects
Gr@ACE cohort and phenotype definitions

The GR@ACE study comprises
4,120 AD cases and 3,289 control
individuals (Table 1). Cases were recruited
from Fundaci6 ACE, Institut Catala de
Neurociéncies  Aplicades (Catalonia,
Spain). Diagnoses were established by a
multidisciplinary working-group, including
neurologists, neuropsychologists, and social
workers, according to the DSM-IV criteria
for dementia and to the National Institute
on Aging and Alzheimer’s Association’s
(NIA-AA) 2011 guidelines for defining AD
(19). See Supplementary Material. In the
present study, we considered AD cases as
dementia individuals diagnosed with

probable or possible AD at any moment of

their clinical course.

We took advantage of this wide clinical
definition to refine AD cases. Considering
the dementia spectrum proposed by
Viswanathan et al. (7), we classified
Gr@ACE AD patients according to the
degree of clinical certainty for AD
phenotype and the presence of vascular co-
morbidity, from “pure” clinical AD cases to
mixed and vascular enriched cases. This
approach was feasible due to Fundacio
ACE’s endorsement of a primary and a

secondary etiologic diagnosis as well as
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TABLE 1. GR@ACE demographic characteristic and endophenotype definitions

Phenoty Primary Secondary Women APOE
. . . . N +
pe Diagnostic Diagnostic Mean Age * (SD) % &4 %

Controls -- -- 3289 543+ 144 48.9 214

VaD™" VaD Pss AD 373 80.1£5.5 54.9 25.0

VaD" VaD/ Pss AD VaD/ Pss AD 1168 80.4+6.3 65.0 32.8
Pr/Pss AD at any time in medical

AD 4120 79.0+£7.5 69.6 40.1
history

AD" Pr/Pss AD Pr/Pss AD 3797 79.2+7.5 70.6 41.2

AD™ Pr AD Pr/Pss AD 2611 78.8£7.9 72.8 44.6

AD™ Pr AD Pr AD 1854 79.0 £8.0 74.6 47.0

VaD = Vascular Dementia; Pss AD = Possible AD; Pr AD = Probable AD.

routine follow-up evaluations (20)
(Supplementary Methods). Using the entire

clinical chart of each subject, we

differentiated five clinical subgroups of
GR@ACE
AD+++

the
the

patients  representing
endophenotypes: 1)
endophenotype comprises individuals with
a last clinical diagnosis of probable AD in
both primary and secondary diagnoses (n =
1,854); 2) the AD"" includes individuals
diagnosed with probable AD either in the
primary or the secondary diagnosis (n =
2,611); 3) the AD" encompasses patients
diagnosed with probable or possible AD
either in the primary diagnosis or in the
secondary diagnosis (n = 3,797); 4) the
VaD"' includes patients diagnosed with
vascular dementia (VaD) or possible AD in
the primary diagnosis (n = 1,168); and 5)
the VaD'" comprises patients diagnosed
with probable or possible vascular dementia
in the primary diagnosis (n = 373) (Table 1)
(Supplementary Figure 1). VaD patients
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were defined according to NINDS-AIREN

criteria (21).

Control individuals were recruited

from three centers: Fundaci6 ACE

(Barcelona, Spain), Valme University
Hospital (Seville, Spain), and the Spanish
National DNA Bank Carlos III (University
of Salamanca, Spain) (www.bancoadn.org).
Written informed consent was obtained
from all participants. The Ethics and
Scientific Committees have approved this
research protocol (Acta 25/2016. Ethics
H. Clinic 1

Committee. Provincial,

Barcelona, Spain).

Replication sample

With the objective to successfully
replicate novel GWAS findings, we used an
independent Spanish sample of 1,943 AD
cases [(Mean age = 79.2; SD = 7.6); 66.3%
women] and 3,016 controls [(Mean age =
52.8; SD = 15.2); 46% women] presenting
similar characteristics to GR@ACE cohort



Impact of Clinical Heterogeneity in Alzheimer’s disease

and with available genetic data. All AD
cases were examined at a single-site,
Fundaci6 ACE, |Institut Catala de
Neurociéncies  Aplicades (Catalonia,
Spain), and were assessed by applying the
same criteria previously explained. The
sample composition of dementia cases was
comprised of 30.1% of AD""" cases (n =
584), 53.9% of AD"" (n = 1,048), 91.9% of
AD" (n=1,783), 23.0% of VaD" (n = 447),
and 4.6% of VaD"™ (n = 89). Control
individuals were selected from the Spanish
population available at three centers,

previously described.

GWAS genotyping, quality control,

imputation, and statistical analysis

Participants were genotyped using
the Axiom 815K Spanish Biobank Array
(Thermo  Fisher).  Genotyping  was
performed in the Spanish National Center
for Genotyping (CeGEN, Santiago de
Compostela, Spain) (Supplementary

Methods).

We removed samples with
genotype call rates <97%, excess
heterozygosity, duplicates, samples
genetically related to other individuals in
the cohort, or sample mix-up (PIHAT
>0.1875). If a sex discrepancy was
detected, the sample was removed unless
the discrepancy was safely resolved. To
detect population outliers of non-European
ancestry (>6SD from European population
mean), principal component analysis was

conducted using SMARTPCA from

EIGENSOFT 6.1.4 (Figure 1)
(Supplementary Methods).

We excluded variants with a call
rate <95% or that grossly deviated from
Hardy-Weinberg equilibrium in controls (P-
value < 1x10); we also excluded markers
with a different missing rate between case
and control (P-value < 5x10* for the
difference) or a minor allele frequency
(MAF) <0.01. Imputation was carried out
using the Haplotype Reference Consortium
panel in the Michigan Imputation Server

(https://imputationserver.sph.umich.edu).

Only common markers (MAF >0.01) with a
high imputation quality (R’ > 0.30) were

selected for downstream analyses.

The GWAS was performed for
GR@ACE as a whole and for each
endophenotype, [(N ap++ = 5,143); (N ap++
= 5,900); (N ap+ = 7,086); (N AD dementia =
7,409); (N vape = 4,487); and (N vups =
3,662)]. The GWAS was conducted for
genotype dosages using an additive genetic
model with PLINK 1.9. A model including
the top four PCs as covariates was used for
the discovery stage because it exhibited the
lowest inflation and optimal power
compared to alternative tested models
(Supplementary  Figure 2).  Further
description is provided in Supplementary
Methods. Power analysis was performed
using QUANTO software v1.2.4 (22) to
model the impact on statistical power at
different MAFs and effect sizes in available
case-control cohorts. Results were depicted

using the ggplot2 package in R. Analyses
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were performed for a GWAS experiment
that would meet criteria for genome-wide
significance (p < 5 x 10°*) and for a
replication experiment that would meet p <
0.05 (Supplementary Figure 3).
Calculations were performed considering a
disease prevalence of 1.73%, according to

registers in the Spanish population.

GR@ACE GWAS data has been
deposited into the European Genome-
phenome Archive (EGA) (https:/ega-
archive.org), which is hosted by the EBI
and the CRG, under accession number

EGAS00001003424.

Genetic exploration of GR@ACE clinical

endophenotypes and enrichment analysis

With the objective to explore
whether different biological routes operate
under different levels of vascular burden in
clinical AD patients, first, we classified
GR@ACE dementia cases to cover the
dementia spectrum previously proposed by
Viswanathan et al. (7). Second, we
extracted the effect (odds ratio, OR) for
known LOAD genetic variants (MAF
>1%). See included wvariants in
Supplementary Table 1. Then, we explored
whether previously identified LOAD
variants were more strongly associated with
a specific subgroup of AD patients. We
quantified the strength of the association for
each variant across endophenotypes, named
henceforth global effect change. It was
calculated as the absolute difference

between variant OR for extreme
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endophenotypes (VaD™"~ vs AD™).
According to the global effect change and
direction of the enrichment, i.e., from
VaD to AD" or from AD"" to VaD ™",
we classified LOAD genetic variants into
three categories. Thus, category A includes
variants with an increase in the association
effect from VaD™ to AD™
endophenotypes and a global effect change
>(0.05; and category B variants with an
increase in the association effect from
AD"" to VaD"" and a global effect change
>(0.05. Category C comprises variants not
fulfilling criteria for categories A or B
(Supplementary Table 1). Finally, we
assessed  the  Dbiological  pathways
underlying each category. We incorporated
data from gene co-expression for each
specific  gene  category using the
GeneFriends tool (http://genefriends.org/)
and performed pathway analysis of top co-
expressed genes using the
overrepresentation enrichment method in

WebGestalt

(http://www.webgestalt.org/option.php).

See Supplementary Methods. With the
objective to further explore potential
additional trends in category C, we
performed a specific sub-analysis in this
category, widely described in
Supplementary Methods. To validate
previous gene classification, which strongly
determines the pathway analysis results, we
conducted a stringent sub-analysis. See
Supplementary Methods and

Supplementary Figure 4.
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Meta-analysis: datasets and association

analysis

To explore the impact of the
different clinical endophenotypes in GWAS
findings, we combined the whole
GR@ACE  GWAS  dataset,  which
represents a dementia set of samples and its
endophenotypes with (1) genotype-level
data from nine additional GWAS series (N
= 13,826), available through dbGaP
(https://www.ncbi.nlm.nih.gov/gap) that we
processed by applying identical quality
control and imputation procedures to those
described for the GR@ACE cohort
(Supplementary Table 2); and (2)
aggregated summary statistics available
Genomics

Alzheimer’s Project (IGAP)

from the International

(http://web.pasteur-

lille.fr/en/recherche/u744/igap/igap downlo
ad.php) (23), including IGAP stages 1 (N
final = 61,571) and IGAP I & II (N final =
81,455) (Supplementary Methods). Meta-

analyses were conducted using the inverse
variant method in METAL software
(https://genome.sph.umich.edu/wiki/META

L). The LD Score calculations, clumping,
and conditional analysis are described in

Supplementary Methods.

Replication of genome-wide significant

findings

We then explored genome-wide
significant (GWS) signals in an
independent cohort of Spanish ancestry (N

= 4,959). We extracted variants of interest

from GWAS data, which was genotyped
and processed applying similar methods to
those explained for the GR@ACE study.
Finally, meta-analysis including the
discovery stage, named Stage I, and the
replica dataset, Stage II, were performed as
previously  described. Results  were
interpreted  according to  American
Statistical Association (ASA) guidelines

(24), (25).

Biological interpretation of meta-GWAS

signals

Gene expression quantitative trait
locus (eQTL) analysis was conducted to
link meta-GWAS top signals to genes.
Markers with moderate-to-high LD (r* >
0.6) with the novel lead markers were
identified using LDlink (26) for European
population and were included in this
analysis. We used brain (n = 11) and whole
blood (n = 1) tissues from the GTEx v7
repository

(https://www.gtexportal.org/home) for

mapping cis-eQTLs (Supplementary Table
3). As an extension of GTEx tissue eQTL
mapping, we explored brain eQTLs for
GWS genomic regions using additional
databases available via FUMA (27). We
also performed functional annotation for
GWS markers, chromatin interaction and
gene-based analysis using similar criteria to
those previously described by Jansen et al.

(17) (See Supplementary Methods).

RESULTS
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GR@ACE genome-wide association
study

After  quality  control and
imputation, the GR@ACE study
encompassed 7,409 unrelated individuals
from the Spanish population and 7.7 million
variants (Agc = 1.03). The APOE-rs429358
marker was the only one to have a GWS
association [OR = 2.27 (2.06-2.50); p =
1.25x10%] (Figure 1). Four additional
LOAD variants displayed statistically
significant evidence of replication (BINI-
rs6733839, MAPT-rs2732703, MS4A2-
rs983392, and PICALM-rs10792832) and
nine additional markers presented a
consistent  direction for the effect
(Supplementary Table 1). MAPT marker
association remains significant in APOE &4
non-carriers, but the effect size was stable
in both strata (Supplementary Table 4).
GWAS of clinical endophenotypes showed
that CNTNAP2-rs117834366 was
associated with the VaD™" endophenotype
(Table 2). This marker is in complete
linkage equilibrium with CNTNAP2-
13114360492 (+* = 0), previously reported
in GWAS of AD by proxy (17). See results
in Supplementary Results (Supplementary
Figures 5 and 6; Supplementary Table 5).

Genetic exploration of GR@ACE clinical

endophenotypes and enrichment analysis

To explore whether clinical AD

subgroups, representing GR@ACE
endophenotypes, reflected variations in the

underlying biological pathways driving
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dementia, we classified LOAD genetic
variants into three categories. Category A
comprised variants strongly related to the
purest form of clinical AD (i.e., subjects
with probable AD in primary and secondary
diagnoses). The most prominent locus of
this category was APOE-rs429358 [AD™
OR =2.92 (2.60-3.27), p-value = 9.26 x 10
7 vaD™ OR (95%) = 1.27 (1.02-1.59), p-
value = 0.04]. Other loci included in
category A were CRI, BINI, MEF2C,
MS4A42, PICALM, MAPT, and CD33. In
contrast, category B comprised variants
with the strongest effect observed in
subjects with AD mixed with vascular
disease (SORLI1, ADAM10, CASS4, ATP5H,
and ACE) (Supplementary Table 1). Further
description is provided in Supplementary
Results. Category C comprised a group of
variants with effects in all clinical
endophenotypes (Figure 2). Sub-analysis
for category C is shown in Supplementary

Results and Supplementary Table 6.

Next, we explored biological
pathways for each gene category. Note that
the regulation of vasculature development
and blood vessel morphogenesis were only
detected for genes in category A, which is
more closely related to pure AD (p =2.03 x
107, p = 1.90 x 10, respectively) (Table
3). Additional categories indicated immune
system pathways (category B, p = 2.07 x
107; category C, p=5.77 x 10"") (Table 3).
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FIGURE 1. Results of genome-wide association analysis for the GR@ACE data set (N = 7409). (A)
Principal component analysis; (B) principal component analysis centered in European population; (C)
QQplot for the discovery model, adjusted for first four PCs; (D) Manhattan plot for genome-wide
results.
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ble 2. Association results for lead single-nucleotide polymorphisms reaching genome-wide significance.

Stage I Stage II (Replica) Stage I+
Position Al/ Discover OR OR OR
Y
Marker Near Locus CHR:BP A2 MAF Stage (C195%) P (C195%) P (C195%)
17834366°  CNTNAP2  7:147634891 A/G  0-011 ~ OR@ACE 603 1.91x10% 1.09 0.73 2.08
' VaD"™" (3.22-11.2) ’ (0.66 — 1.78) ’ (1.42-3.07)
1.19 1.10 1.18
4704171°  ANKRD3I 574368254 C/T  0-123 OR@ACE+ 2.78x 107 0.09
dbGaP (1.12 - 1.27) 0.98 - 1.11) (1.11 - 1.24)
TP53INP1/ 0.94 0.96 0.94
10098778 ° 8:95992020 /T 0470 OR@ACE+ 2.54x10% 0.40
NDUFAF6 IGAP I1&II (0.91 — 0.96) 0.89 — 1.05) 0.92 — 0.96)
1.10 1.14 1.10
7225151 ° SCIMP 17:5137047  A/G  0-126 GR@ACE 8.98x 10® 0.04
+IGAPI&IL (1,06 1.14) (1.00 - 1.30) (1.06 - 1.14)
GR@ACE 1.11 1.07 1.11
, b . . -+ . -8 . .
7225151 SCIMP 17:5137047  A/G 0126 AD IQI%GAP (L07 - 1.15) LI2X10%  ee a0 %49 (115t 107)

> threshold for genome-wide significance was 5 x 10, *Imputed Variant; rs117834366 r2=0.68; "Genotyped variant. Position = GRCh37/hgl9 coordinate
omosome:base pair; Al = Minor allele; A2 = Mayor Allele; MAF = Minor allele frequency obtained from the GR@ACE study (N = 7,409). Stage I corresponds to tl
ye; Stage 11 corresponds to the replica; Stage I+1I corresponds to the meta-analysis of the discovery and the replica. Stage I+II for rs117834366 corresponds to the n
SGR@ACE VaD"" and the entire replica (N=4,959).
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FIGURE 2. (A) Enrichment trend per genetic marker and gene category across GR@ACE
endophenotypes. (B) Graph centered in effect change range 0-0.5.

Effect change per endophenotype = Variant Odds ratio—variant null effect: Enrichment trend per category was obtained
applying a linear regression using ggplot2 in R.AD, Alzheimer’s disease; VaD, vascular dementia.

Finally, with the aim of validating
previous results, we conducted a sub-
analysis by classifying LOAD genetic
variants with more stringent classification
criteria (Supplementary Methods). Again,
APOE, CRI. MEF2C, MS442,
PICALM loci were found in category A:
SORLI and CASS4 were in category B; and

and

additional AD loci were in category C
(Supplementary Figure 4). Regulation of
vasculature development was exclusively
identified as the top pathway in category A
(p = 2.14 x 107) when we restricted the
analysis to include those loci co-expressing
least 4 LOAD
Table 7).

with  at genes

(Supplementary Further

cohorts with available

data

replication in
neuropathological would  be

recommended.

Meta-analysis of GR@ACE study with

other datasets

To assess the impact of sample
composition in AD GWAS, and look for
new AD loci, we first combined the
GR@ACE dataset with nine additional
genomic databases that had genotypic level
data available. Subtle genomic inflation was
detected, mainly explained by polygenicity
(Agc = 1.10; LD score intercept = 1.04).
Five regions were associated with LOAD
four,

(Figure 3); of these
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TABLE 3. Top ten biological pathways per gene category

MS442-1rs983392

have been previously

and BINI-rs6733839)
linked to AD

Ger;)eagll:::;ogy Top 10 co-regulated pathways for Category A P-value
GO0:1901342 regulation of vasculature development 2.03x 107
GO0:0060326 cell chemotaxis 2.59x 107
G0:0048771 tissue remodeling 6.77 x 107
GO:0050865 regulation of cell activation 1.14x10°
G0:0007159 leukocyte cell-cell adhesion 1.21x10°
GO0:0048514 blood vessel morphogenesis 1.90x 10
G0:0003012 muscle system process 2.54x10°
GO0:0002764 immune response-regulating signaling pathway 3.48x10°
G0:0032103 positive regulation of response to external stimulus 3.91x10°
G0:0010959 regulation of metal ion transport 436x10°

Gel;eafl)llvl:;);ogy Top 10 co-regulated pathways for Category B P-value
G0:0009620 response to fungus 2.02x 107
G0:0050886 endocrine process 3.58x 107
G0:0002443 leukocyte mediated immunity 5.47x 107
GO0:0050865 regulation of cell activation 1.52x 107
G0:0031349 positive regulation of defense response 8.42x 107
G0:0032103 positive regulation of response to external stimulus 1.00x 10™
G0:0002250 adaptive immune response 1.30x 10
G0:0098542 defense response to other organism 2.00x 10™
GO:1901568 fatty acid derivative metabolic process 224x10*
G0:0050900 leukocyte migration 2.57x 10"

Gerll)eafl)llxg;ogy Top 10 co-regulated pathways for Category C P-value
GO:0007159 leukocyte cell-cell adhesion 577x 107"
GO:0050865 regulation of cell activation 437x10™
GO:0002764 immune response-regulating signaling pathway 1.33x 10"
G0:0002253 activation of immune response 3.96x 10"
GO0:0002443 leukocyte mediated immunity 434x 10"
G0:0002274 myeloid leukocyte activation 7.78 x 107"
G0:0002250 adaptive immune response 1.24x10™"
G0:0002263 cell activation involved in immune response 7.07x 107"
G0:0022407 regulation of cell-cell adhesion 5.40x 107
GO0:0070661 leukocyte proliferation 122x10%

(APOE-1s429358,  PICALM-rs10792832, Then, we conducted a genome-wide

meta-analysis combining the GR@ACE
study with IGAP stage I. We identified 12

(Supplementary Table 8), and one is a new
GWAS finding [ANKDR31-rs4704171; OR
=1.19 (1.12-1.27); p = 2.78 x 10™*] (Table
2).
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LOAD genomic regions reaching GWS.
CD33-rs3865444, which did not reach
GWS in the IGAP meta-analysis, was
significantly associated with LOAD [OR =
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0.92 (0.89-0.95); p = 3.61 x 10%
(Supplementary Figure 7). Among the top
suggestive signals, we detected HBEGF-
rs4150233 [OR = 0.92 (0.90-0.95); p =
5.10 x 10® ] previously identified by a
transethnic GWAS (28).

Next, meta-analysis of the whole
GR@ACE dataset with IGAP I and II
enabled the identification, for the first time,
of NDUFAF6-rs10098778 as a GWS signal
[OR = 0.94 (0.91-0.96); p = 2.54 x 10).
When we combined GR@ACE AD™
endophenotype with IGAP I and II, we also
detected SCIMP-rs7225151 [OR = 1.11
(1.07-1.15); p = 1.12 x 10™®] (Table 2)
(Supplementary  Figure 8). It was
previously reported as a genome-wide
suggestive signal by IGAP (23). Recently,
SCIMP-1s113260531, which is in complete
LD with our lead marker (+* = 1), was

associated with AD (17).

Replication of genome-wide significant

findings

Finally, we tested for replication of
the new signals in an independent sample of
4,959 Spanish individuals. The CNTNAP2-
rs117834366, detected in the GWAS of
GR@ACE VaD"" endophenotype, had a p
value of 0.79 with similar effect direction
to that reported previously, but strongly
deflated in the entire replica sample [OR =
1.09 (0.66-1.78); p = 0.79] (Table 3).
Analysis of the sub-specific VaD phenotype
in the replica (N = 89) would be highly

inaccurate.

In the exploration of meta-GWAS
findings, we observed that the ANKDR3I-
rs4704171-C marker increased the risk of
AD [OR = 1.10 (0.98-1.25); p = 0.09;
Power = 33%]. Although the expected
effect is in line with previous data, the
precision of the estimate in this replica
differs, ranging from a 2% decrease (a
small negative association), to a 25%
increase. Of note, the result emerging from
the meta-analysis of the replica with the
discovery sample (n = 26,194) is
compatible with its potential role in
dementia [OR = 1.18 (1.11-1.24); p = 1.15
x 10®] (Table 3). See forest plot in
Supplementary Figure 9.

We observed a similar effect
direction in the NDUFAF6-rs10098778
marker to that reported in the discovery
stage, with interval estimates ranging from
a risk decrease of 11% to a risk increase of
5% [OR = 0.96 (0.89-1.05); p = 0.40;
Power = 16%]. This signal had a p = 2.32 x
10® in the final meta-analysis, including the
whole GR@ACE dataset, the replica and
IGAP I and II (n = 91,373) (Supplementary
Figure 9).

SCIMP-rs7225151 showed a risk
effect in the whole replica. Limits of the
interval were consistent with a positive
association [OR = 1.14 (1.01-1.29); p =
0.047; Power = 39%; n cases = 1,943]. In
the AD" endophenotype, the marker
presented the same positive risk effect

direction [OR = 1.07 (0.88-1.30)], although
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had p = 0.49, which could be
mainly explained by by a reduction of the
sample size [Power = 19%; n cases = 584].
Our results for both meta-analyses, the final
meta-analysis of the whole GR@ACE
dataset (n = 91,373) and the final meta-
GR@ACE AD™"
endophenotype (n = 85,055) were

analysis of

compatible with a potential effect of this
marker in AD (Table 3). See forest plots in
Supplementary Figure 9.

Biological interpretation of meta-GWAS

signals

To identify candidate genes and
potential causal variants within novel meta-
GWAS regions, we conducted cis-eQTL
mapping. The rs2335107 marker located in
the ANKRD31 locus (chr5:74,451,693) was
associated with the cortical expression of
the long non-coding RNA (IncRNA) CTD-
2235C13.3 (p = 1.26 x 107). This variant is
located 83.4kb from the meta-GWAS lead
SNP (rs4704171, chr5:74,368,254) and
both are in complete LD (+ = 1). The CTD-
2235C13.3 gene is located 1.6kb from the
HMGCR locus and its function is unknown.
The NDUFAF6 region mapped for
NDUFAF6 RNA cortical expression (p =
5.56 x 10°) and for TP53INP1 RNA blood
expression (p = 1.17 x 10"%). Finally,
rs73976325 (chr17:5,123,227), located in
the SCIMP locus, to 13.8kb from the meta-
GWAS top signal (rs7225151,
chr17:5,137,047), mapped to brain cis-
acting eQTL for AC012146.1 lincRNA (p =

2.15 x 107). Two additional markers were

pinpointed to blood eQTLs, SCIMP-
1s6502851 (p = 3.89 x 10™) and RABEP-
1s59277121 (p = 389 x 10%)
(Supplementary Table 3). In an additional
prioritization strategy, combining
information from positional mapping,
eQTL, chromatin interaction and genome-
wide association gene base analysis via
FUMA, pointed to ANKDR31 and POLK
for the ANKDR31 genomic region, as well
as NDUFAF6 and TP53INP1 for
the NDUFAF6 region (Supplementary Table

9). Further description is provided in

supplementary information and
Supplementary Table 9.
DISCUSSION

We present a comprehensive
genome-wide association study of AD
dementia cases. This represents the first
pilot study exploring the genetics and
underlying  biological  pathways  of
subgroups of AD patients, defined
according to vascular burden. We showed
differential biological routes underlying
clinical endophenotypes and demonstrated
how these differential subgroups of AD
patients impact GWAS discoveries. The
GR@ACE study represents a unique
genomic resource because all affected cases
were diagnosed in a single memory clinic
using the same screening and diagnostic
techniques. This might limit potential
sources of clinical variation between study

participants, recently demonstrated in a

large meta-GWAS (12).
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Based on the increase in evidence
suggesting that vascular brain pathology
can act concomitantly with AD to produce a
more rapid cognitive decline (5), we
explored the effect of known LOAD loci
across different levels of vascular burden in
dementia patients using only clinical
definitions. Our basic idea was to dissect,
from a molecular point of view, the model
previously proposed by Viswanathan et al.
(7). We observed three categories of loci,
which might reflect the disease’s clinical
heterogeneity, from vascular and mixed
forms to a “purer” AD phenotype.
Intriguingly, we detected vascular processes
to be the main causal mechanism in
clinically pure AD and found the immune
system pervasively detected across the three
categories. Although both pathways have
been previously associated with LOAD by
network analysis (29), this is the first study
to show that the association with the
vascular system is conducted by AD-

specific clinical subgroup.

It should be noted that the present
study used clinical criteria to define the AD
cases (19), but recently the classification of
AD has evolved. In 2018 the National
Institute of Aging-Alzheimer’s Association
(NIA-AA) proposed a novel research
framework for the biological classification
of AD based on the presence in vivo of
biomarker-evidences for amyloid (A), tau
(T) and neurodegeneration (N), as surrogate

of the neuropathological state of an

individual (30). The AT(N) biomarker
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system allows the classification of
individuals into three categories: those with
a normal biomarker profile, those with
biomarkers compatible with AD-change,
and those with biomarkers compatible with
non-AD pathological changes (30). Using
the NIA-AA approach, the generation of
subgroups of AD patients considering
vascular pathology would be unfeasible, as
nowadays the ATN classification does not
integrate measures of vascular dysfunction.
Taking into account that most of dementia
cases are caused by mixed pathologies, the
current system seems deeply incomplete to
study the probable interaction between
neurodegeneration and vascular
dysfunction. This idea has also been
claimed by others (31), (32). Thus, we
encourage other groups to contrast the
proposed loci classification, which was
based on the GR@ACE clinical
endophenotypes, but using well-powered
GWAS cohorts with

available

neuropathological data.

Silent changes occur in brain
microvasculature during AD progression. In
fact, CAA is a well-recognized AD
pathological feature characterized by the
accumulation of amyloid proteins in the
walls of small cerebral vessels. CAA has
been proposed to compromise the
perivascular drainage of AP from the brain
to the peripheral system (33). Almost all
AD brains harbor CAA pathology to some
extent, although in vivo most CAA cases

remain undiagnosed, even using the
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validated Boston criteria (34). Mendelian
mutations of the 4PP gene have been found
in CAA and AD (8), (35). APOE &4 and
CRI have been associated with an increased
risk of CAA (36), (37). In particular,
distinct AD loci have been associated with
capillary and non-capillary CAA (38).
Between them, APOE €4 was strongly
related to capillary CAA (38). These links
make it conceivable that a potential genetic
overlap exists between CAA and AD, and
suggest that CAA pathology could
represents an underlying process for AD. In
that context, we think that intrinsic
alterations to the wvasculature could
contribute to disease pathogenesis in more
pure forms of AD, explaining our results.
Conversely, in AD individuals with evident
cerebrovascular lesions comprising mixed
forms, the additional role of cardiovascular
risk factors such as hypertension,
atherosclerosis, or arteriosclerosis should be
considered, as these could point to a
systemic pathological state leading to
vascular damage and dementia. This would
agree with the limited genetic correlation
between neurodegenerative and other
neurologic disorders (12), as well as with
results coming from  heterochronic

parabionts in aging models (39).

Understanding  the role  of
vasculature pathology in AD seems a
pertinent step. In that scenario, CAA would
be a key AD hallmark. CAA represents the
unique identified link between the vascular

and amyloid hypotheses, but it has been

completely neglected in the original

hypothesis formulation.

From a clinical point of view,
placing each patient somewhere along the
disease spectrum proposed by Viswanathan
is complex (7). A deep understanding of
heterogeneity in AD seems necessary to
design better genetic studies, which must
drive the discovery of novel loci and,
ultimately, innovative targets for AD
therapies. In this study, we explored how
clinical heterogeneity might impact GWAS
findings by integrating distinct GWAS
datasets with either the GR@ACE cohort as
a whole or its endophenotypes. We found
several new GWS signals that seem
strongly dependent on the sample
composition. For example, after combining
IGAP Stages I and II with the entire
GR@ACE dataset, we identified genetic
signals in the NDUFAF6 genomic region,
but not in SCIMP region. When this
exercise was conducted using GR@ACE
endophenotypes, the SCIMP signal was
detected using the clinically “pure” AD
GR@ACE endophenotype. It should be
noted that the power to detect SCIMP signal
in the meta-analysis with GRA@ACE
dementia and GR@ACE AD"™ was 75 and
70%, respectively. We tried to replicate this
finding in a purer AD dataset without
clinical mixed dementia cases, but the
available number of clinical AD"™ cases
might be compromising the statistical
power to replicate (N cases = 584; Power =

19%). Despite that, we think that using
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specific clinical subgroups of the AD
population might empower genetic studies
to detect genes associated with specific

disease axes.

An alternative strategy is taking
advantage of clinical heterogeneity.
Specifically, heterogeneity might play a
dual role in genetic studies. Although it
might decrease the power to detect genes
associated with more specific clinical
subgroups, incorporating detailed clinical
AD definitions can also promote identifying
genes shared with other conditions or co-
pathologies such as small vessel disease
(SVD). In fact, this was the case for the
ATP5H locus, which was previously found
to be associated with AD (40) and more
recently found in relation to SVD (41). We
think that the same could apply to the
ANKRD31 finding. ANKRD31 encodes a
protein containing ankyrin-repeats, which is
linked with neurodevelopmental disorders
(42). Of note, ANKRD31 GWAS signal
mapped to the brain eQTL of a IncRNA,
located 1.6kb from the HMGCR locus and
residing in the COL4A3BP gene. The
HMGCR locus is one of the most important
co-regulators of cholesterol biosynthesis,
and it is the therapeutic target of statins.
The COL4A3BP gene is involved in lipid
transport (43). Several studies have linked
HMGCR polymorphisms and AD risk or
age at onset for AD (44), and the
cholesterol pathway has been identified to
be a biological route shared between AD

and SVD. Interestingly, markers in the
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POLK locus, associated by genome-wide
association gene based analysis on this
study, and located in the same
disequilibrium block of ANKDR31 (Figure
3), jointly conferred risk for AD and plasma
levels of LDL (45). Considering prior
findings, our results are consistent with this
genomic region having a role in mixed
dementia. The reported genetic signal
should be considered a highly probable
finding, although independent replications

are still required.

In the present work, NDUFAF6
signals reached GWS for the first time. This
finding presented the same effect direction
in the independent sample (Power = 16%),
and remains as GWS after the final meta-
analysis. Our lead GWAS marker is in high
LD with NDUFAF6-rs4735340, the top
suggestive signal reported by Kunkle et al.
(15) at this region (#* = 0.95, for CEU
population). Despite that, there are subtle
differences in LD estimates for the Iberian
population (+* = 0.87), suggesting that the
genetic  architecture of the Spanish
population could be helping to pinpoint the
region of interest. This region is in the close
vicinity  of  TP53INPI,  previously
associated with AD by a gene-based
approach (46). Considering these findings
and results emerging from eQTL analysis, it
would be feasible that a regulatory element
for NUDFAF6 resides upstream of the
TP53INPI locus. We also detected that the
SCIMP signal was mainly conducted by a

specific group of AD cases. This signal was
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reported to be a suggestive signal by IGAP
(23), and a proxy of it (SCIMP-
rs113260531) reached GWS recently (17).
SCIMP is involved in mitochondrial
function. SCIMP regions has been involved
in several eQTLs, from uncharacterized
cortical IncRNA to blood eQTLs in SCIMP
and RABEPI loci, both associated with
immune system function (47), (48). The
CD33 locus remains a controversial LOAD
locus because large meta-GWAS were
unable to replicate this signal (23), but here
it reached GWS. We previously proposed
that cryptic population sub-structure could
explain the divergent observations for this

locus (49).

Note that the lack of definitive
neuropathological data for AD cases is a
severe limitation of the present study.
Clinical  definitions have  important
uncertainties, and diagnosis
misclassifications sometimes occur. Hence,
some AD individuals included in enriched
AD  endophenotypes  may  present
concomitant vascular brain disease. The
generation of large histopathological
GWAS cohorts with associated quantitative
data on each pathological hallmark is the
ultimate solution to tackling the intrinsic
heterogeneity in AD. Unfortunately, there
are few examples of neuropathological
cohorts: only one GWAS has investigated
the genetics of CAA, with APOE being the
unique GWS signal (36). In this study, a
small number of AD cases evolved to

vascular dementia during follow-up. Large

cross-sectional clinical GWAS cannot
control diagnostic changes occurring in
clinical practice. Clinical diagnosis is a
dynamic variable, so understanding the
genetic profiles of subgroups of patients
evolving to other pathologies would

provide powerful information.

It should be considered that there is
a limitation in reducing the sample size by
splitting  the  cohort in  different
endodophenotypes, instead of combining
them. Despite that, spanning the spectrum
of dementia individuals to generate clinical
endophenotypes provided us a versatile
design, which let us explore the effect of
heterogeneity in GWAS and replicate the
main findings of pathway analysis using an
alternative strategy. The limited number of
VaD cases in subgroup analysis limits the
accuracy of gene categorization and
pathway analysis. Finally, the exact effector
genes for LOAD genetic findings remain
unclear. This is a severe limitation to
pathway analysis that can only be
circumvented by isolating the causative
mutations. Independent replication will be
needed to corroborate our new GWS
signals. In that sense, the selection of
specific patient groups might lead to

successful replication studies.

The assessment of heterogeneity
has important implications for gene
discovery, the development of treatments,
and their appropriate use in individual
patients. The GR@ACE cohort provides

useful genomic information, as it accounts

127



3.3.1. Publication IV

for potential sources of variability and
contains different subgroups of cases. This
enabled us to analyze the LOAD genetic

landscape in  terms  of  clinical

endophenotypes. Our efforts to disentangle
the mechanistic pathways operating under
clinical subgroups of patients revealed that
vasculature regulation may be an essential
part of the causative mechanism of LOAD.
Finally, our exploration of AD genetics
highlights the relevance of sample

composition in  genetic  discoveries.

Considering sample composition in the
design of genetic studies might lead to the
identification of genetic profiles, which can
help clinicians distinguish subsets of
patients within the disease spectrum and

promote novel therapy targets for AD.
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SUPPLEMENTARY METHODS

GR@ACE cohort and phenotype

definitions

All AD patients included in the
GR@ACE study received a thorough
structured neurological evaluation that
included: history, examination, Mini-
Mental State Examination (MMSE) (1),
Blessed Dementia Rating Scale (BDRS)
(2), (3), Neuropsychiatric Inventory-
questionnaire (NPI-Q) (4), Tinnetti scale for
gait and balance(5), Clinical Dementia
Rating (CDR) (6), Global Deterioration
Scale (GDS) (7) scoring and Hachinski
Ischemia Scale (8). The Fundacio ACE
neuropsychological battery (NBACE) (9)
was administered to all patients. The
NBACE includes measures of cognitive
information processing speed, orientation,
attention, verbal learning and memory,
language, visuoperception, praxis and
executive functions. Family members or
caregivers are interviewed by a social

worker.

Endophenotype approach was feasible due
to Fundaci6 ACE’s endorsement both, a
primary and a secondary diagnosis, as well
as routine follow-up evaluations. The
secondary diagnosis might be the same or
an additional clinical condition that
explains the clinical symptoms. Follow-up
visits  enabled controlling for the
progression of the disease and identifying

comorbidities and sometimes diagnosis

changes, thereby providing a longitudinal
landscape for each individual’s clinical
evolution (Supplementary figure 1). VaD
patients were defined according to NINDS-
AIREN criteria (10).

GWAS genotyping

Peripheral blood was taken from all
individuals to isolate germline DNA from
leukocytes. DNA extraction was performed
automatically according to standard
procedures using the Chemagic system
(Perkin Elmer). Extensive DNA quality
control was conducted. Only samples
reaching DNA concentrations >10ng/ul and
presenting high integrity were included for
genotyping. Samples and controls were
randomized across sample plates to avoid

batch effects.

The genotyping array, Axiom 815K
Spanish Biobank array, is an adaptation of
the Axiom Biobank Genotyping Array, but
also contains population-specific rare
variations observed in the Spanish
population. DNA samples were genotyped
according to the manufacturer’s instructions
(Axiom™ 2.0 Assay Manual Workflow).
The Axiom 2.0 assay interrogates biallelic
SNPs and simple indels in a single assay
workflow. Starting with 200 ng of genomic
DNA, the samples were processed through
a manual target preparation protocol
followed by automated processing of the
array plates in the GeneTitan Multi-

Channel instrument. Target preparation
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involved DNA amplification,

fragmentation, purification and
resuspension of the target in a hybridization
cocktail. The hyb-ready targets were then
transferred to the GeneTitan Multi Channel
instrument for automated, hands-free
processing including hybridization,
staining, washing and imaging. CEL files
were generated using the GeneTitan Multi
Channel instrument. To achieve higher
genotyping performance, quality control for
samples and plates was performed using the
Affymetrix power tool (APT) 1.15.0
software following Axiom Data Analysis
Workflow. Briefly, sample quality was
determined based on the resolution of AT
and GC channels in a group of non-
polymorphic SNPs (resolution > 0.82).
Passing samples were genotyped for sample
QC. Samples with a call rate greater than
97% and plates with an average call rate
above 98.5% were included for final SNP
calling. Quality samples were jointly called
to minimize batch effects. Best quality
markers were selected for downstream
analysis (Ngnps =777,649; 95.4%) using the
SNPolisher R package (Thermo Fisher). To
assess the sample genotyping concordance,
we intentionally re-sampled 200 samples

and determined a concordance rate of

99.5%.
GWAS quality control

Principal component analysis was

conducted excluding markers  with
moderate-to-high linkage disequilibrium

(LD) (r2>0.3) and long-range LD regions
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from PCA analysis using the “indep-
pairwise” option of PLINK 1.9(11)
(https://www.cog-genomics.org/plink2).

GWAS Statistical analysis

We tested the association between markers
and the targeted phenotypes with and
without covariates. To establish the
discovery model, we conducted an
exploratory step using the GR@ACE
dataset. We evaluated the performance of
five different models: a) Model A,
unadjusted; b) Model B, unadjusted and
excluding all individuals matching with
Hispanic American ancestry; ¢) Model C,
adjusted per four main PCs; d) Model D,
adjusted per top four PCs, gender and age;
and e) Model E, adjusted per top four PCs,
gender, age and APOE  status
(Supplementary figure 2). We explored the
QQ plot and the genomic inflation factor
(M), wusing the Qgman and GenABEL
packages

(http://www.genabel.org/packages/GenABE

L) from R, to test for covariates in the

regression model.

Genetic exploration of GR@ACE clinical

endophenotypes and enrichment analysis

We explored the biological
pathways underlying each gene category.
First, we extracted the significant co-
expressed genes (p < 0.05) for each
category using GeneFriends in human
microarray datasets containing 26,113
experimental conditions and 19,080 genes

(12). Second, to avoid unspecific pathway
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detection, we selected co-expressed genes
with >2 LOAD loci per category, and
ranked the results from the highest to the
lowest number of co-occurrences. Third, we
set the maximum number of co-expressed
genes for pathway analysis to 150. Thus,
category A and category C includes 150 co-
expressed genes (Bonferroni p-value = 3.33
x 10™); and category B, 99 (Bonferroni p-
value = 5.05 x 10™*). Next, we explored the
biological pathways underlying each co-
expression on the ranked list by applying an
overrepresentation enrichment method in
WebGestalt (13), while using Gene
Ontology as a reference database for
functional annotations of non-redundant

biological pathways.

Next, we performed a sub-
classification and pathway analysis for
variants from category C:  Subset Cl
includes variants presenting a stable effect
across endo-phenotypes (ABCA7,
ADAMTSI, CD2AP, CELFI, EPHAI,
INPP5D, NMES, PTK2B, ZCWPW1);, and
subset C2 includes variants with an inverse
effect between extreme endo-phenotypes
(CLU, FERMT2, IQCK). Both clusters

presented 150 co-expressed genes for

pathway analysis.

Finally, we carried out a stringent analysis
to validate previous results. We applied a
linear regression model using R to evaluate
the effect change trend per each genetic
variant across clinical endophenotypes.
Dementia  endophenotypes were the

independent variables, coded as follows:

VaD"" =1; VaD" =2; Dementia =3; AD"™""
=6; AD" = 4; AD"" = 5. Effect change was
the dependent wvariable. Effect change
represent the strength of the association per
variant in each endophenotype, and it is
calculated as the absolute difference
between variant odds ratio (OR) and variant
null effect (OR = 1) (Supplementary Figure
4). Variants presenting a linear trend and a
positive effect (R2>0.80 and [>0.01)
comprised Category A (APOE, CRI,
MEF2C, MS4A42, PICALM). Those
presenting a linear trend and a negative
effect (R2>0.80 and P<-0.01) comprised
Category B (SORLI, CASS4). Those not
fulfilling the above criteria comprised
Category C (EPHAI, ABCA7, ACE,
ADAMTSI, ADAMI10, ATP5H, BINI,
MAPT, CELFI1, CD2AP, CD33, CLU,
FERMT?2, INPP5D, IQCK, NMES, PTK2B,
ZCWPWI).  Pathway  analysis  was
conducted applying identical procedure to
those described previously. Category A
includes 150 co-expressed  genes
(Bonferroni p-value = 3.33 x 107,
Category B, 116 (Bonferroni p-value = 4.31
x 10™*) and Category C, 150. At this point,
we were not able to detect vascular
processes in Category A. To discard that
this was caused by unspecific pathway
detection, we restricted the analysis to
include those loci co-expressing with more
than 4 LOAD genes at this cluster (co-
expressing loci = 43, Bonferroni p-value =
555 x 10". Regulation of vascular

development was identified as top pathway

(p<2.14x107).
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Meta-analysis: datasets

To identify novel loci associated
with AD, we combined the GR@ACE
dataset and its endophenotypes with: 1) raw
genotype data from nine additional GWAS
series (N = 13,826) (Supplementary Table
2); and 2) public summary statistics from
IGAP stages I (N = 54,162) and I (N =
74,046).

Genotype level data

In the first meta-analysis, we had
access to raw genotyped data for 7,879 AD
patients and 5,947 controls. All datasets
were processed by applying the same
quality control and imputation procedures
as those described for the GR@ACE
cohort. To exclude duplicate samples
coming from different studies, we also
performed a joint analysis and carried out
an identity-by-descendent analysis (IBD)
(Pi-hat > 0.80) of the nine cohorts and
GR@CE (n = 21,235) using PLINK
software 1.9.(11) The study cohorts

included:

The Alzheimer’s Disease Neuroimaging

Initiative (ADNI).

We obtained the data used in
preparing this article from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI)
database (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 ADNI is to test whether serial magnetic
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resonance  imaging (MRI), positron
emission  tomography  (PET), other
biological markers and clinical and
neuropsychological assessments can be
combined to measure the progression of
mild cognitive impairment (MCI) and early
Alzheimer’s disease (AD). The ADNI study
has three phases: ADNI1, ADNI GO and
ADNI2. For up-to-date information, see
www.adni-info.org. In the present study, we
included 478 cases and 243 controls from

ADNII and ADNI2.
The AddNeuroMed Study.

AddNeuroMed was a public-private
partnership for biomarker discovery and
replication in Alzheimer’s disease (14,15).
It was a multi-center study in Europe with
the first patient enrolled in January 2006
and the last in February 2008. The study
protocol was planned for a baseline
assessment visit with follow-ups every 3
months for the first year, then annual visits
that continued through 2013. The study
enrolled a total of 258 AD, 257 MCI and
266 controls, but not all had complete data
at each assessment. In the present study, we

included 450 cases and 187 controls.

This dataset was downloaded from Synapse

(doi:10.7303/syn2790911).

The  Alzheimer's Disease Genetics

Consortium (ADGC).

The National Institute on Aging
(NIA) Alzheimer's Disease Centers’ (ADC)

cohort includes subjects ascertained and
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evaluated by  the clinical and
neuropathology cores of the 29 NIA-funded
ADCs (16). Data collection was
coordinated by the National Alzheimer's
Coordinating Center (NACC). The ADC
cohort consists of autopsy-confirmed and
clinically-confirmed AD cases, cognitively
normal elders (CNEs) with complete
neuropathology data who were older than
60 years at age of death, as well as living
CNEs evaluated using the Uniform dataset
(UDS) protocol who were documented to
not have mild cognitive impairment (MCI)
and were between 60 and 100 years of age
at assessment. In the present study, we

included 3287 cases and 1322 controls.

This study was downloaded from dbGaP
(phs000372).

Multi-Site  Collaborative — Study  for

Genotype-Phenotype  Associations in
Alzheimer's  disease and Longitudinal
follow-up of

Associations in Alzheimer's disease and

Genotype-Phenotype

Neuroimaging component of Genotype-
Phenotype  Associations in Alzheimer's

disease (GenADA).

GenADA was a  multi-site

collaborative study involving
GlaxoSmithKline Inc and nine medical
centers in Canada, including 1000 AD
patients and 1000 ethnically-matched
controls in order to associate DNA
sequence (allelic) variations in candidate

genes with AD phenotypes (17,18). The

study consisted of both retrospective and

prospective data. Where possible, biological
relatives with Alzheimer's (up to third-
degree relationships such as cousins) and
unaffected siblings of AD cases were also
recruited. In the present study, we included

785 cases and 764 controls.

This study was downloaded from dbGaP
(phs000219).

The Mayo Clinic LOAD genome-wide

association study.

Subjects from the Mayo LOAD
GWAS were selected from two clinical AD
Case-Control  series:  Mayo  Clinic
Jacksonville (MCJ) and Mayo Clinic
Rochester (MCR), as well as a
neuropathological series of autopsy-
confirmed subjects from the Mayo Clinic
Brain Bank (19). All subjects from the
clinical series (MCJ and MCR) were
diagnosed by a Mayo Clinic neurologist; all
control subjects had a Clinical Dementia
Rating score of zero at the most recent time
of testing; all LOAD patients had a
diagnosis of probable or possible AD
according to the NINCDS-ADRDA criteria
(20). All ADs had definite diagnoses
according to the NINCDS-ADRDA criteria
and had Braak scores of >4.0. All non-AD
Controls had Braak scores of <2.5; many
had brain pathology unrelated to AD. . In
the present study, we included 703 cases

and 1066 controls.

This dataset was downloaded from

Synapse (doi:10.7303/syn5550404).
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The Neocodex-Murcia study.

The study included 327 sporadic
AD patients and 801 controls with
unknown cognitive status from the Spanish
general population collected by Neocodex
(21,22). AD patients were diagnosed as
possible or probable AD in accordance with
the criteria of the National Institute of
Neurological and Communicative Disorders
and Stroke and the Alzheimer's Disease and
Related Disorders Association (NINCDS-
ADRDA)(20). In the present study, we
included 324 cases and 754 controls.

The Religious Orders Study and Memory
and Aging Project (ROS/MAP) Study.

The Religious Orders Study (ROS)
was a longitudinal clinical-pathologic
cohort study of aging and Alzheimer's
disease (AD) from Rush University that
enrolled individuals from religious
communities for longitudinal clinical
analysis and brain donation (23).
Participants were enrolled from more than
40 groups of religious orders (nuns, priests,
brothers) across the United States.
Enrolment required no known indications
of dementia. Medical conditions were
documented starting in 1994 by clinical
evaluation or self-report. Alzheimer's
disease status was determined by a
computer algorithm based on cognitive test
performance with a series of discrete
clinical judgments made in series by a

neuropsychologist and a clinician.
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The Memory and Aging Project
(MAP) was a longitudinal epidemiologic
clinical-pathologic cohort study of common
chronic conditions of aging with an
emphasis on declines in cognitive and
motor function and the risk of Alzheimer’s
disease. This study began in 1997 and was
run by Rush University (23). This study
was designed to complement the ROS study
by enrolling individuals with a wider range
of life experiences and socioeconomic
status into a study of similar structure and
design as ROS. The study enrolled older
individuals without any signs of dementia,
primarily recruiting from continuous care
retirement communities throughout
northeastern Illinois, USA. Diagnoses of
dementia and AD were performed in an
identical manner to the ROS study. . In the
present study, we included 628 cases and

229 controls. This dataset was downloaded

from Synapse (doi:10.7303/syn3219045).

The Translational Genomics Research

Institute (TGEN) study.

The TGEN GWAS study included
643 late-onset AD cases and 404 controls
from a neuropathological cohort, and 197
late-onset AD cases and 114 controls from
a clinical cohort, all of which were
genotyped with the Affimetrix 500 K
GeneChip Array (24). In the present study,

we included 741 cases and 449 controls.

TGEN investigators have provided

free access to genotype data to other
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researchers via Coriell Biorepositories

(http://www.coriell.org/).

IGAP summary statistics

In the second meta-analysis, we
combined public summary statistics from

IGAP stages 1 and II (http://web.pasteur-

lille.fr/en/recherche/u744/igap/igap downlo
ad.php) with the GR@ACE dataset and its
endophenotypes. IGAP stage I consisted of
17,008 AD cases and 37,154 controls
collected from four published GWAS

datasets (The European Alzheimer's disease
Initiative — EADI; the Alzheimer Disease
Genetics Consortium — ADGC; the Cohorts
for Heart and Aging Research in Genomic
Epidemiology consortium — CHARGE; the
Genetic and Environmental Risk in AD
consortium —  GERAD) containing
7,055,881 single nucleotide polymorphisms
(SNPs). IGAP stage Il was a replication
effort in which significantly associated
variants of stage [ were genotyped (Ngnp =

11,632) in 8,572 AD cases and 11,312

controls.
Meta-analysis: association analysis

Summary  statistics for each
individual dataset were combined with
METAL software (25), release 2011-03-25,
using inverse variance weighted meta-
analysis without genomic control as default.
Meta-analysis with genomic control was
also explored. To define independent
significant signals in the meta-analyses, we
assigned variants to clusters using the

clump function of PLINK software 1.9(11)

based on the association p-values and the
short-range LD (+* > 0.5; 250Kb). We used
GCTA-COJO(26), version 1.91.3 beta3, to
perform standard conditional analysis
adjusting for the lead SNP in a region of
+500kb. We estimated the LD score
intercept using LD score regression (LDSC
v.1.0.0) to distinguish polygenicity from
other confounding factors (27). Regional
plots were generated using LocusZoom

software (28).

Biological interpretation of meta-GWAS

signals

Functional consequences of GWS
markers obtained in the meta-analyses were
assessed using FUMA (29). Briefly, FUMA
uses ANNOVAR, RegulomeDB, and
chromatin states to predict genomic
functional elements, and CADD score to
predict variant effect. Criteria to define lead
SNPs was set to »2>0.5 in a window of
250kb, which is the same criteria used for
clumping analysis. eQTL  mapping
performed in FUMA included the
exploration of brain and blood eQTLs in
BRAINEAC, CommonMind Consortium
Portal, and xQTL Serve databases, in
addition to GTEx v7. Chromatin interaction
was performed applying similar
methodology to that described by Jansen, et
al. (30). Finally, gene based analysis was
conducted using MAGMA, via FUMA. A
total of 18,795 coding genes were included
for GRACE and dbGaP meta-analysis, 861
for GRACE and IGAP12 meta-analysis,

and 864 from GRACE AD""" and IGAPI2
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meta-analysis, Bonferroni correction was
set t0 2.66 x 10, 5.79 x 10” and 5.81 x 10

>, respectively.

SUPPLEMENTARY RESULTS

GR@ACE genome-wide association
study

Genome-wide analysis for
GR@ACE clinical
revealed a suggestive signal in AD
endophenotype [PCBDI/UNC5B-
rs7100488; OR = 0.76 (0.69 — 0.84); p =

endophenotypes

-+

5.16 x 10™]. After exploring endophenotype
GWAS signals, PCBD1/UNC5B-rs7100488
and CNTNAP2-rs117834366, in additional
datasets, we detected a nominal significance
and a consistent effect for PCBD1/UNC5B-
rs7100488 marker only in the ADGC2
dataset [OR = 0.79 (0.61 — 1.01); p = 0.058]
(Supplementary table 5).

Genetic exploration of GR@ACE clinical

endophenotypes and enrichment analysis

For category B, with variants with stronger
effects in AD mixed with vascular disease,
SORL1-rs11218343 showed the strongest
vascular enrichment [VaD™ OR (95%) =
0.71 (0.43 - 1.16), p-value = 0.168; AD™
OR (95%) = 0.97 (0.77 — 1.23), p-value =
0.805], and ADAMI10-rs593742 was the
unique marker significantly associated with
the VaD™" endophenotype [VaD"™™ OR
(95%) = 0.80 (0.66 — 0.97), p-value = 0.02;
AD™" OR (95%) = 0.95 (0.87 — 1.05), p-
value = 0.34].
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The sub-analysis of Category C
allowed distinguishing two sub-categories
of variants residing in this cluster. The first
subset comprised variants with a stable
effect across all endo-phenotypes. The
second subset included variants with
inverse effects between extreme clinical
subgroups. Vascular processes and the
regulation of nervous system development
were detected in top pathways in this

second subset (Supplementary Table 6)

Biological interpretation of meta-GWAS

signals

The combined results from four

prioritization strategies, including
positional mapping, eQTLs, chromatin and
genome-wide association genes based
analysis, showed that ANKDR31 and POLK
loci were the top ranked genes contained in
the region of ANKDRD31 signal. They
were mapped by positional mapping,
eQTLs, and gene-based analysis. Chromatin
interaction did not show a significant
association for regions containing markers
reaching GWS neither in ANKDRD31 nor
in POLK (Supplementary Table 9A, 9D,
9G, 9J). Apart from FUMA analysis, our
primary eQTL strategy showed a significant
association for non-protein coding RNA,
CTD-2235C13.3, further described in the
main text. In the case of NDUFAF6
genomic region, the top rank genes are
NDUFAF6 and TP53INPI, which are

mapped by three out of four strategies,

positional mapping, eQTLs, and gene-based
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analysis (Supplementary Table 9B, 9E, 9H,
9K). Finally, in SCIMP region SCIMP
locus was mapped using the four
prioritization strategies, although RABEPI
gene was also associated by these four, the
chromatin interaction region did not
contained GWS markers (Supplementary
Table 9C, 9F, 91, 9L).

Genome-wide association analysis
for the results emerging from GRACE
dementia with IGAP12 showed 133
significant genes associated with AD, 15 of
them being new genomic regions, not
previously associated with AD. In case of
analysis of GRACE AD"™ with IGAP12,
we detected 144 significant loci, and 3 new
genomic regions, not previously associated
with AD and not detected in the analysis
from GRACE dementia with IGAP12. It
should be noted that gene-based analysis
was performed using summary statistics via
FUMA. Thus, further analyses with raw
genotypes are recommended to explore new
regions. The association detected in the new
region is driven by more than 5 markers in

all cases.
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SUPPLEMENTARY FIGURE 2. Quantile-quantile plots across five regression models using the

GR@ACE cohort.

Model A, unadjusted; Model B, unadjusted and excluding all individuals matching with Hispanic American ancestry:
Model C, adjusted per four main PCs; Model D, adjusted per top four PCs, gender and age; and Model E, adjusted
per top four PCs, gender, age and APOE status
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SUPPLEMENTARY FIGURE 3 AND SUPPLEMENTARY TABLES

Supplementary Figure 3 and Supplementary Tables can be accessed scanning the following
code:

Supplementary Figure 3.  Statistical power analysis. A) Analyses were performed for an
experiment that would meet criteria for genome-wide significance (p
<5 x 107%); and B) significance (p < 0.05) in GR@ACE datasets; C)
Analyses were performed for an experiment that would meet criteria
for genome-wide significance (p < 5 x 10®) in meta-analysis.

Supplementary Table 1. Association results obtained from the GR@ACE dataset and
GR@ACE endophenotypes, classified per gene categories for
functional pathway analysis, and including global effect change per
genetic variant.

Supplementary Table 2. Full description of dbGaP datasets used in the meta-analysis.

Supplementary Table 3. eQTL analysis for novel GWAS significant hits associated with AD

Supplementary Table 4. Association results for rs2732703-KANSLI/MAPT in APOE &4
carriers and non-carriers across GR@ACE endophenotypes.

Supplementary Table 5. Replication results for rs7100488-PCBDI1/UNC5B and rs117834366-
CNTNAP? in additional datasets.

Supplementary Table 6. Top ten biological pathways per gene cluster after sub-analysis of
gene Category C.

Supplementary Table 7. Top ten biological pathways per gene cluster after secondary gene
categorization.

Supplementary Table 8. Association results for known LOAD loci in meta-analysis with
dbGaP datasets and IGAP Stage I and Stage [+II.

Supplementary Table 9. Functional annotation of GWS variants, eQTL analysis, chromatin

interaction and gene-based results performed via FUMA.
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Autosomal Recessive Alzheimer’s disease (arAD): homozygosity mapping
of genomic regions containing arAD loci.

Sonia Moreno-Grau."* and Agustin Ruiz '*

'Research Center and Memory clinic Fundacié ACE. Institut Catala de Neurociéncies Aplicades. Universitat
Internacional de Catalunya. Barcelona. Spain. “CIBERNED, Center for Networked Biomedical Research on
Neurodegenerative Diseases, National Institute of Health Carlos III, Ministry of Economy and Competitiveness,
Spain.

ABSTRACT

Long runs of homozygosity (ROH) are contiguous stretches of homozygous genotypes,
which are a footprint of recent inbreeding and recessive inheritance. The effect of recessive-
acting alleles is suggested for Alzheimer’s disease (AD). However, the search for recessive
variants has been poorly assessed to date. To investigate homozygosity in AD, we performed a
fine-scale ROH analysis including 21,100 individuals from 10 cohorts of European ancestry
(11,919 AD cases and 9,181 controls). We detected an increase of homozygosity in AD cases
respect to controls [Brron (CI95%) = 0.051 (0.023 — 0.078); P = 3.25 x 10™*]. None ROH was
associated with AD after multiple corrections. Our top ROH was identified near to HS3ST1
locus, previously related with AD. ROHs increasing the risk of AD were significantly
overrepresented respect to ROHs increasing protection (p < 2.20 x 10°). Next, to construct a
homozygosity map of AD cases, we selected ROHs shared by genuine inbred AD cases
extracted from an outbred population. We then used whole-exome sequencing data from 1,449
individuals from the Knight-ADRC-NIA-LOAD (KANL) cohort, to identify potential recessive
variants in candidate ROHs. Candidate variants, neighbored genes previously associated with
AD (rs116644203 in ZNF282, near to CNTNAP2, and rs73263258, a missense variant in
ESPRI, near to TP53INPI/NDUDFAF6). We also identified a novel marker, rs117458494,
mapped in SPONI locus which has been previously associated with amyloid metabolism. Here,
we provide a research framework to look for recessive variants in AD using outbred
populations. Our results showed that AD cases are enriched in homozygosity, suggesting that

recessive effects may explain a proportion of the AD heritability.
Keywords: Alzheimer’s disease, Runs of Homozygosity, recessive variants, inbreeding.

2019. [In preparation]
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INTRODUCTION

Alzheimer’s disease (AD) is a
neurodegenerative disorder, which
represents the leading cause of dementia
worldwide (1). A small proportion of
patients develop AD before 65 years old,
known as Early Onset AD (EOAD),
whereas in most persons, clinical symptoms
begin after 65 years old, namely Late Onset
AD (LOAD). AD presents a strong genetic
component. In fact, heritability estimations

for EOAD and LOAD fall in a range of 92
to 100%, and 13 to 73%, respectively

2).3).

Specific ~ autosomal  dominant
mutations have been linked to familial
EOAD: mutations in presenilin 1 (PSENI)
(4), presenilin 2 (PSEN2) (5), and amyloid
precursor protein (APP) (6). These findings
were pivotal events pinpointing to the role
of amyloid metabolism such a disease-
causing mechanism (7). Despite that,
dominant causes account for a minority of
both, familial or apparently sporadic EOAD
cases. It is suggested that autosomal
recessive loci might cause most of EOAD
cases (~90%) (2). But to date, only two
homozygous mutations in APP gene

(A673V and E693A) have been described

(8)(9), that remain controversial.

The commonest AD phenotype, the
sporadic form of LOAD, has a polygenic
background. Genome-wide association
studies (GWAS) and large sequencing

projects have identified near to 40 genetic
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variants associated with LOAD risk (10),
(11), (12), (13), yet all these discoveries
together only explain a limited part of
disease heritability (~31%) (14). Current
genetic findings were discovered using an
additive mode of inheritance, which
overlooks the relevance of non-additive
genetic components, i.e. the recessive
model despite they could be explaining
large part of disease heritability.

It is well-known that inbreeding
increases the incidence of recessive
diseases. The probability of detecting a
recessive locus increases in offspring of
consanguineous unions (15), because the
partners share alleles inherited from a
recent common ancestor. This recent
parental relatedness points to genuine
regions of autozygosity. Long runs of
homozygosity (ROHs) — long stretches of
consecutive homozygous genotypes (>1
Mb) — are a recognized signature of
recessive inheritance. Thus far, they have
been used for homozygosity mapping (16).
Population history, e.g. historical bottleneck
or geographical isolation, is also
influencing  homozygosity levels in

individual genomes (17), (18).

To assess the role of recessive
inheritance in AD, Farrer et al. (19) studied
183 families of the isolated Wadi Ara
region (an area in Israel populated mainly
by Arab citizens of Israel). The Wadi Ara
population  has  increased  parental
relatedness and high prevalence of AD.

Farrer et al. pointed to candidate regions
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with potential recessively acting loci (19),
(20). Using homozygosity mapping in a
consanguineous EOAD  family, and
subsequence sequencing of candidate
regions, Bras et al. suggested CTFS gene as

a potential recessive locus (21), (22).

Recently, it has been demonstrated
that ROHs are also found ubiquitously even
in outbred populations (23), (24). An excess
of homozygosity has been associated with
AD in individuals from Caribbean-Hispanic
and African-American ancestries (25), (26),
(27). It suggests the presence of inbreed and
potentially autosomal recessive AD (arAD)
cases nested in these populations.
Conversely, this association presented
controversial results for individuals from
European ancestry (28), (29). Several
reasons might explain inconsistencies. First,
ROHs patterns are highly divergent
between populations. In that sense, specific
recent bottlenecks, as well as the presence
of cultural practices promoting endogamous
marriages, in Latino groups could be
increasing inbreeding at these populations
(30), (31); and consequently ROHs
estimations. Second, it has been estimated
that large samples sizes (12,000 — 65,000)
are required to detect an excess of
homozygosity in outbreed populations (32).
Thus, previous studies might be

underpowered.

Assessing the impact of inbreeding
in the genetic architecture of AD remains a
challenge. The limited number of deeply

characterized consanguineous families, the

difficulties to find familial information for
sporadic AD individuals, mainly due to the
late onset of the disease, and the reduced
size of intragenerational pedigrees in
western countries make intricate the search
for arAD loci. Furthermore, follow-up of
candidate ROHs in sequencing data might
be a necessary step to definitively map a
recessive locus, but it has been poorly
assessed to date. Considering limitations,
we think that capturing the fraction of
consanguineous individuals nested in AD
cases from outbred population could be an
efficient strategy to prioritize homozygous

regions potentially harboring recessive loci.

To the best of our knowledge, this
is the largest genomic data set exploring the
influence of homozygosity in AD (n =
21,100). First, we investigated whether AD
individuals from a European outbred
population presented an excess of
homozygosity respect to controls. Next, we
delineated the scale of inbreeding in AD
cases. To prioritize regions with potential
recessive  loci, we  constructed a
homozygosity map of genomic regions
overrepresented in inbred AD cases.
Finally, further exploration of several

promising candidate ROHs was performed

in whole exome sequencing (WES) data.

SUBJECTS AND METHODS

The overview of the proposed
strategy for ROH detection and subsequent

prioritization is depicted in Figure 1.
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Genotyping data

This study includes 10 independent
genome wide data sets comprising, a total
sample size of 21,100 unrelated individuals
(11,921 AD cases and 9,181 individual
controls)  from  European  ancestry
(Supplementary ~ Table  1).  Further
information on the recruitment,
phenotyping and quality control for
genome-wide data has been previously

described (13).

Briefly, genotype-level data for
each cohort was processed by applying
identical quality control and imputation
procedures. Individuals were excluded for
low quality sample (call rate <97%), excess
heterozygosity, sample duplicates, or if they
were related to another sample (PIHAT >
0.1875). Individuals were excluded if sex
discrepancy was detected. Population
outliers from European ancestry were also
removed. Variants were excluded if
departures from Hardy-Weinberg
equilibrium (P-value < 1 x 10*), presented
different missing rate between cases and
controls (P-value < 5 x 10" for the
difference), low frequency (MAF < 0.01) or
low call rate < 95%. High quality variants
were imputed in Michigan Server using the
Haplotype reference consortium (HRC)
panel

(https://imputationserver.sph.umich.edu).

Only common markers (MAF > 0.05) with
a high imputation quality (R”>0-90) were

used for downstream analysis.

Next, we generated a merged
dataset combining imputed genotypes of
high quality from available data sets. We
calculated identity-by-descendent (IBD)
with PLINK 1.9 to generate a cohort of
unrelated individuals. All possible pairs had
Pi-hat < 0.1875, Z0 > 0.75 and Z1 < 0.25.
Imputed markers with call rate > 0.95 and
MAF > 0.05 in the merged dataset were
selected for ROH calling (N gnps
2,678,325).

Whole Exome Sequence (WES) data

With the objective to explore most
promising ROHs candidates in sequencing
data, we wused the Knight-ADRC-NIA-
LOAD (KANL) cohort (33). We excluded
autosomal dominant familial cases and
sporadic AD cases harboring well-known
disease-causing mutations, as they could
explain disease status. Thus, this study
comprised 986 AD cases and 463 control
individuals from European ancestry (See
Supplementary Table 1 and Supplementary
Figure 1). Of them, 488 subjects presented
both, GWAS and WES data available for
this study. Detailed description of cohort
characteristics and quality control for WES

data have been previously reported (33).

Briefly, exome libraries were
prepared using Agilent’s SureSelect Human
All Exon kits V3 and V5 or Roche
VCRome. WES samples were sequenced on
a HiSeq2000 with paired ends reads, with a
mean depth of coverage of 50x to 150x for

WES and 30x for WGS. Fastq sequences
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were aligned to the GRCh37.p13 genome
reference. Variant calling was performed
following GATKv.3.6 Best Practices
(https://software.broadinstitute.org/gatk/)

and restricted to a 100bp of padding capture
region. Variants and indels within the
99.9% of the VQSR confidence interval
were included in the analysis, as well as
variants with allele-balance between 0.30—
0.70, quality depth >5 for indels and > 2 for
SNPs and call rate > 95% (33).

1. Identification of individual ROHs

Individual ROH calling was
conducted using the  observational
genotype-counting approach implemented
in PLINK (v1.09) (https://www.cog-
genomics.org/plink/1.9/), as it outperforms
additional methods in ROH detection (34).
ROH detection was performed for each
individual study and for the merged dataset
using imputed genotypes. Since included
datasets were genotyped using different
genotyping arrays, they shared a small
fraction of directly genotyped markers.
Given that it is demonstrated that lower
SNP density can impact the accuracy of
ROH analysis (35), we decided to use
imputed genotypes of high quality to
increase SNP coverage. To scan the
genome we used a sliding window of 50
SNPs in 5000 Kb of length. One
heterozygote and five missing calls were
tolerated per window in order to manage
genomic regions with small number of
genotyping errors and discrete missingness.

These parameters were similar to those
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previously described (36). The minimal
number of SNPs in a ROH was set to 100
SNPs (37),(38). We empirically explored
two minimal length cut-offs to consider a
ROH, 1 Mb and 1.5 Mb. It is suggested that
ROHs > 1Mb prevents the detection of
short homozygosity stretches, which are
generated by linkage disequilibrium forces
in the human genome according to
empirical studies (39), (40), (41). However,
the ability to detect autozygous regions
with ROH length set to 1Mb could be
estimations

compromised.

resulting from individual ROH > 1.5Mb has

Inbreeding

been most strongly correlated with
inbreeding  estimated from pedigree
information (23), but this threshold has
never been applied to AD studies.
Autosomal SNPs were included in a ROH if
>5% of the sliding window was
homozygous, it means that at least 3 SNPs
in 250 Kb from the sliding window are
required to include a new marker. The
maximum distance between two

consecutive SNPs was set to 1000 Kb apart,
and SNP density to at least 1 SNP in 50Kb.

2.  Exploration of homozygosity

parameters

To assess data quality and genetic
architecture of detected ROH (> 1 Mb and
> 1.5 Mb) in each individual study and in
the whole dataset, we calculated: a) the
mean of the total length of ROH, or sum of
ROH (SROH), b) the average ROH length
(AVROH), c¢) the number of ROHs
(NROH), and d) ROH-based estimates of
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the inbreeding coefficient, F, (FROH) per
individual. AVROH is the SROH divided
by NROH per subject. FROH represents the
proportion of homozygous segments in the
autosomal genome per individual (Equation
1), i.e. for individuals would be the SROH
detected divided by a factor of 3,020,190
Kb, the total autosomal genome length
according to GRCh37.p13 assembly. We
further explored whether the effect of
homozygosity parameters were similar
when: 1) ROH length was set to 1 Mb or
1.5 Mb; and 2) the analysis was performed
per dataset or in the final merged database
(Supplementary Figure 2). Supplementary
Table 2 and Supplementary Figure 3

demonstrated that FROH estimates derived
from ROH calling at 1Mb exhibited large
inflation, not allowing an accurate detection
of inbreeding (Mean FROH 1Mb = 0.028;
Mean FROH 1.5Mb = 0.011), which is in
accordance with prior studies (23). After
conducting the analysis with the 2,678,325
SNPs shared between available datasets,
parameters from individual datasets and the
merged dataset analyses were similar
(Supplementary Figure 2 and
Supplementary Table 3). After these
exploratory analyses, we decided to conduct

downstream analyses with ROH calling at

1.5 Mb in the merged data.

SROH (Kb)

Equation 1. Fron =

Copy number variants (CNV),
particularly hemizygous deletions, are
known to cause spurious ROHs. However,
prior studies have demonstrated that the
impact of performing ROH calling with or
without CNVs is only 0.3% in the total
ROH length (23), making it highly unlikely
that deletions called as ROH influence
findings. To assess the impact of CNVs,
specifically deletions, in our study, we also
conducted ROH calling after removing

common CNVs deletions , extracted from

Autosomal Genome (Kb)

the Database of Genomic Variants (DGV)
(http://dgv.tcag.ca/) (42).

3. Identification of consensus ROHs

Consensus ROHs were defined as
overlapping segments between individual
ROHs observed in different genomes. A
consensus ROH needs a DNA segment
match of at least 95% for non-missing SNP
markers. Consensus ROH calling was
performed using PLINK 1.9 in the merged

dataset. We then extracted those consensus
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ROHs with a DNA length over 100 Kb and
more than 3 consecutive SNPs. These
criteria were applied to prevent the

detection of false positive findings.
4. Analyses

4a.  Association  analysis  between

homozygosity parameters and AD risk

To assess the quality of the data in
each individual study we explored sample
distribution for each of four homozygosity
parameters: NROH, SROH, AVROH and
FROH. Exploratory analysis was depicted
with violin plots, which combine a box plot
with kernel density plot, using ggplot2
package from R (Supplementary Figure 4

and 5). Inverse rank normal transformation

was performed to general homozygosity
parameters using “rankNorm” option of
RNOmni package in R. Transformed
distribution are shown in Supplementary
Figure 6. To test the association of
homozygosity parameters with AD status,
we conducted a generalized linear model
for a binominal outcome using R, for
individual level data. To account with
potential heterogeneity between individual
studies we adjusted the model per cohort
and the first four principal components
(PCs) resulting from ancestry analysis. See
Equation 2. Sensitivity analysis was
conducted to explore the impact of age in
homozygosity parameters (Supplementary

Table 6).

Equation2. Z =4, Homozygosity Parameter +f, Cohort +£; PC1 +5, PC2 +f; PC3 +f; PC4 + ¢

4b. Association analysis between consensus

ROHs and AD

The association between the
phenotype and all consensus ROHs was
explored using a logistic model. The model
was adjusted per cohort and PCs as
covariates for downstream analysis..
Nonetheless, covariate models adjusted per
age and gender, in addition to cohort and
PCs, were also calculated. Regression-
based results were corrected for multiple

testing using Bonferroni correction.

Next, we sought to estimate

whether there was an overrepresentation of
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risk (B > 0) or protective (B < 0) consensus
ROHs in our association results at different
levels of ROH length and SNP number. We
applied a binominal test using R. We
considered that under the null hypothesis of
no association similar distribution would be

expected for both (50/50).

5. The homozygosity map of inbred AD

individuals
Sa. Detection of inbred individuals

To detect the subset of inbreed
individuals within the whole dataset, we
used FROH estimates. This parameter has

been previously shown to better correlate
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with the unobserved pedigree inbreeding
(32),(43). The cut-off between inbreed and
non-inbreed individuals was set to Froy >
0.0156 (35). This cut-off corresponds to
second-degree relative, i.e. the mean
inbreeding coefficient for kinship of second
cousin marriage, or closer. It is assumed
that there is not different biological effects
below 0.0156 respect to general population
(44). We demonstrated the efficient capture
of inbreed individuals in Supplementary
Figure 7 which shows the inverse
relationship between ROH length and ROH
age. Thus, short ROHs evidence ancient
origin, and long ROHs more recent origin,
which might indicate ROHs emerging from
consanguineous mating. Next, we explore
whether the frequency of consanguinity was
higher in AD cases respect to controls, we
calculated odds ratio and chi square P

values using epitools package from R.

5b. ROHs prioritization based on inbred

AD cases

ROH detection was conducted in
the subset of inbred AD cases, applying
similar criteria to that previously described
for the outbred population. Briefly,
considering the long size of homozygous
tracts for inbred individuals, there is higher
probability to find a consensus ROH within
consaguineous AD cases than in the general
population by chance. Hence, we applied
stringent criteria to define consensus ROHs
within inbred AD cases. Consensus ROHs
from inbred AD cases with ROH length >
100 Kb and ROH > 100 SNPs were given

priority for further analysis. Shared
overlapping regions between
consanguineous AD cases and the whole
dataset were also identified (See bash code
in Supplementary Material), and selected
considering their overrepresentation in
cases respect to controls (B > 0.03).

Prioritized regions were explored in

sequencing data.

6. Candidate gene prioritization

strategies using WES
6a. Gene based analysis

To prioritize genes in consensus
ROHs regions, we performed a gene-based
analysis (986 cases vs 463 controls) (Figure
1). To generate SNP sets, variants were
filtered out according to minor allele
frequency (MAF<0.01) and functional
impact. The allele frequency cut-off was
established  according the  Exome
Aggregation Consortium (ExXAC) non-
Finnish European, Exome Sequencing
project (ESP) and 1000G. Only those
variants predicted to have a high or
moderate effect according to SnpEff were
included (45). To compute p-values per
gene set, SKAT-O model were applied
using R. The models were adjusted to
consider the impact of the first two PCs and
sex. Genes were filtered out from results if
the number of SNPs included in the model

was below or equal to 3.

6b. Variant filtering strategy for inbred AD

cases
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ROH segments emerging from
consanguineous AD cases are the most
promising candidates to harbor autosomal
recessive variants. Therefore, we deeply
explored ROHs by applying an alternative
strategy, based on variant filtering. To
identify candidate genes and/or mutations
associated with AD, we explored 488
individuals with complementary GWAS
and WES data in the present study. Because
there is a low likelihood to identify any
novel or causative mutation in available
databases, variants with MAF > 0.01 in the
Exome Aggregation Consortium (ExAC)
non-Finnish European, Exome Sequencing
project (ESP) and 1000G were excluded.
All heterozygous variants were removed.
Finally, only the wvariants mapped in

individual ROHs were selected.
Biological significance of ROH findings

To map genes within ROHs, first
we extracted all the SNPs located in ROHs
region. Next, we annotated individually

each SNP of them
RESULTS

RoH parameters are associated with

Alzheimer disease risk.

We  examined the  general
characteristic of the four ROH parameters
(SROH, NROH, AVROH, and FROH) in
21,100 unrelated European individuals of

10 independent cohorts (Supplementary
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Table 1). Data distributions in each
individual dataset and in the joint analysis
are showed in Supplementary Table 2 and
Supplementary Figure 4. All datasets
exhibited similar estimations in
homozygosity = measures.

between the mean NROH and SROH are

Relationship

show in Figure 2. Within the merged
dataset the mean NROH was 14.6 + 4.6, the
AVROH was 2.11 £ 0.61Mb and the SROH
was 31.9 = 22.2Mb. These estimations are
in accordance with that observed in
European individuals (35), except for
NROH parameter, which resulted higher

compared to previous studies (35).

Next, we tested the association of
the four parameters between AD cases and
control subjects. We found that i) a larger
homozygosity fraction of the genome
(Fron) increased the risk to suffer AD [
rron (C195%) = 0.051 (0.023 — 0.078); P =
3.25 x 10™] (Table 1) ii) AD individuals
presented more ROH segments compared to
controls [B rron (C195%) = 0.043 (0.015 —
0.071); P = 2.48 x 107], iii) increased
average lengths of ROHs in AD cases
compared with controls [B rron (CI195%) =
0.027 (0.000 — 0.055); P =0.051] (Table 1).
Results per each individual cohort are
shown in Supplementary Table 4. Of note,
sensitivity analysis conducted excluding
known deletions, i.e. hemizygous segments
(42), provided similar results

(Supplementary Table 5).
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TABLE 1. Effect of genome-wide homozygosity measures in Alzheimer Disease for the joint

analysis
Unadjusted Adjusted Cohort Adjusted Cohort, PCs
Dataset
Beta (CI95%) P value Beta (CI95%) P value Beta (CI95%) P value
0.059 . 0.064 . 0.051 .
FROH 032 -0087) 292X107  g036-0001) *+20X107  (go23-0078) 32 x10
0.014 0.030 0.027
AVROH  001-0.053) 200 (0003-0057) 0032 (0.000 - 0.055) 0.051
NROH 0.053 1.11x 10* 0.058 3.62x10° 0.043 2.48x 103

(0.027 - 0.081)

(0.030 - 0.086)

(0.015-0.071)

Results for association of excess of homozygosity (FROH), average ROH lenght (AVROH), and number of ROH

(NROH) with Alzheimer disease status.

OR, Odds Ratio; with 95% confindence interval (C195%) and level of statistical significance (P value)

We also detected correlation
between age and homozygosity measures in
the control group ranging from 50 to 80
years old. Specifically, FROH and NROH
exhibited a significant positive correlation,
conversely, AVROH showed a significant
inverse correlation (Supplementary Table

6). Having these findings, we decided to

test the impact of acquired clonal
mosaicism introduced by aging in
homozygosity estimations. First, we

conducted a sensitivity analysis controlling
per cohort, PCs and age. The effect of
FROH remains significant and stable after
adjustments. The average length of ROH
also remained significantly different
between cases and controls [B avron
(CI95%) = 0.074 (0.040 - 0.106); p=2.16 x
107)]. Interestingly, the number of ROH
[(B nrom

(CI95%) = 0.010 (-0.024 - 0.044); p =

was largely age-dependent

0.559]. These findings are supporting the
notion that genomic somatic instability
increases with age and can distort
pervasively the gene-dosage of multiple

loci (Supplementary Table 6).

ROH analysis of AD risk using the whole

dataset

We identified 21,190 consensus
ROHs in the merged dataset (N = 21,100).
We then tested the association of each
consensus ROH with AD status. We
identified 11,974 risk associations (f > 0)
and 9,216 protective associations (f < 0).
Overall, we observed a highly significant
over-representation of ROHs increasing the
risk to suffer AD (p < 2.20 x 107') (Table
2). The same over-representation of risk
associations was detected after filtering at
several levels (Table 2). When the test was

conducted with results adjusted per cohort,

163



3.4.1. Publication V

TABLE 2. Frequency of Consensus ROHs with a Potentially Risk or Protective effect in

Alzheimer's disease

Risk Protective Probability of
NROH associations associations P value Success
Whole dataset 21190 11974 9216 <22x10"° 0.56
Category A 1017 593 424 <22x107 0.58
Category B 926 537 389 1.30x 10 0.57
Category C 858 499 359 1.98x10° 0.58
Category D 42 33 9 27x10* 0.79
Whole dataset /
Map of Inbreed 6636 3969 2667 <22x107 0.60
AD Cases

Strategy A, ROHs > 100 kb; > 3 SNPs; Strategy B, ROHs > 100 kb; > 25 SNPs; Strategy C, ROHs > 100 kb; > 50

SNPs; Strategy D, ROHs > 100 kb; >3 SNPs, P<0.05

PCs, age and gender, the over-
representations of risk associations still

remained significant (p <2.20 x 107°).

To prevent the detection of false
positive associations, we selected consensus
ROHs with >100 Kb and >3 SNPs, which
provided a subset of 1,017 consensus ROHs
(Figure 1 and Supplementary Table 7).
After correction of multiple testing
(Bonferroni correction of p = 4.92 x 107),
the most significantly associated ROH was
detected in 57 individuals (45 AD cases vs
12 controls, B (C195%) = 1.09 (0.48 — 1.48),
p =9.03 x 10™). It expanded 115.9Kb in an
intergenic (chr4:11,189,482—

11,305,456) near to HS3STI locus. This

region

region survived to age and gender
adjustments  (Supplementary Table 7).
Importantly, this region has been previously
associated with AD (46) but the recessive

model has never been tested.

Using associated ROH as a

reference, we explored the genes located in
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significant risk consensus ROHs (p<0.05)
also in WES data (Figure 1). A total of 33
ROHs, comprising 41 genes were analyzed.
Of them, 32 genes included >3 SNPs in the
model (32 genes; Bonferroni correction p =
0.0015). NECABI locus (chr8:91,803,921-
91,971,630) presented the most significant
signal in all the models tested (p = 0.01)
(Supplementary Table 8) but it never
statistical

reached significance  after

multiple test correction.

Homozygosity mapping of AD using

DNA segments identified in inbred cases

We detected 1,621 individuals,
presenting a Froy > 0.0156, from the total
sample (N  =21,100) (Figure 2)
(Supplementary Table 9). Interestingly,
inbreeding over second degree of
consanguinity was associated with higher
risk to suffer AD [OR (95%, CI) = 1.12
(1.01 — 1.25); p value = 0.027), which is in
line with our previous results. This supports

the idea that AD consanguineous cases are



Homozygosity Mapping in Alzheimer’s disease

o _| e AddNeuroMedB1
« AddNeuroMedB2
® ADGC1

ADGC2

ADGC3

ADNI1
ADNI2GO
GENADA
GRAACE

MAYO

NIA

25

ROSMAPB1
© ROSMAPB2
- ROSMAPIllumina
° e TGEN

*® .

Mean NROH
15
|

10

100
|

80

™ ® AddNeuroMedB1

AddNeuroMedB2

ADGC1

. . ADGC2

¢ ADGC3

ADNI1

ADNI2GO

GENADA

GRAACE

MAYO

NIA

NxC

ROSMAPB1

® ROSMAPB2
ROSMAPIllumina

® TGEN

I I I
400 600 800

Mean NROH

40
o

SROH >1.5Mb

FIGURE 2. Runs of homozygosity per cohort and per individual. A) Mean number of ROHs versus
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total sum of ROHs in Mb per individual explored.
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overrepresented in the general AD
population. Accordingly, the search for
recessive loci having a role in AD can be

first assessed in consanguineous cases.

After ROHs calling in inbred AD
cases, we detected 5,087 pools of
overlapping ROHs. Of them, we extracted
consensus ROHs with >100 Kb and >100
SNPs. Then, we selected those ROHs
overlapping with the whole sample, and
over-represented in cases respect to controls
(Figure 1). We prioritized 807 consensus
homozygous segments from inbred cases
(Figure 3 and Supplementary Table 10). It
represented the 8.6% of the total autosomal
genome and comprised 1,722 genes
(Supplementary Table 11). Of them, we
explored 1,136 genes with available WES
data using a gene-based approach. None of
them remained associated after multiple
corrections (N genes tested = 1,136; p = 3.47 x
10), our top signal was detected for FRY
locus (p = 0.001) (Supplementary Table
11).

Considering that recessive variants
are expected at low frequencies, even gene
based analysis would be underpowered to
detect gene candidates. Therefore, we
decided to further prioritize loci by
searching homozygous mutations within
selected consensus ROHs from inbred AD
subjects (Figure 1).We identified seven AD
cases that had eight new (or extremely rare)
homozygous variants in long ROH

segments (Table 3). Of them, two
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individuals were consanguineous (F roy >
0.156). One had a potential causative
missense variant (rs140790046) within the
MKX locus, and another carried a novel
variant (rs116644203) in ZNF282 locus,
which was located in an extremely large
region of homozygosity (14.9 Mb) (Table
3). Furthermore, three additional
homozygous variants were detected: a
novel variant (rs117458494) in SPONI
locus, previously related with amyloid
metabolism (47), and two potential
causative variants, carried by only the same
individual, within a previously identified
AD region (TP53INP/NDUFAF6) (13). Of
them one (rs73263258) is a missense
variant  (c.475G>A) which encodes
p-Alal59Thr change (Table 3). Further
annotation and functional effect predictions
for these wvariants are provided in

Supplementary Table 12.
DISCUSSION

This study represents the largest
analysis of  homozygosity  (ROHs)
conducted in Alzheimer’s disease (AD).
Our estimate of excess of homozygosity in
individuals with AD from European
population provides firm evidence for a role
of consanguinity in AD. This finding
predicts that there might be a number of
recessive AD loci explaining genomic
variability. This statement has several
implication for the design of AD genetic

studies, for the better understanding of the

causes of phenotypic variation in AD and
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Histogram for the effect of the 21,190 consensus ROHs identified in the whole sample is shown; risk ROHs
associations are shown in red; protective ROHs associations are shown in green. Blue regions represent prioritized
ROHs from inbred AD cases. Orange segments represent priorizated regions harboring potential recessive variants.
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TABLE 3. Candidate recessive variants after ROH prioritization focused in inbred AD cases

al Frou SROH CHR ROHstart ROHend ROH length ROH gnp, Rs Variant Near Locus Ref/Alt MAF
(Kb) Allele
11 0.0058 17422 7 53232690 55262627 2029.9 4213 NA 7:53930748 RP11-678B3.2 C/A Novel M
12 0.0185 55861 7 135617715 150518393 14900.7 12426 rs116644203  7:148903805 ZNF282 C/T Novel M
13 0.0099 29869 8 47018484 49544784 2526.301 1265 NA 8:48352954 SPIDR T/A 0.004
MC
1s73263258  8:95658495 ESPRI* G/A 0.002 M
14 0.0153 46195 8 91282507 96735572 5453.1 4734
rs138998679  8:95780656 DPYI9L4* A/G 0.003
15 0.0179 54138 10 24516308 28414933 3898.6 6248 rs140790046  10:27964291 MKX T/C 0.0005 MC
16 0.0137 41393 11 12032272 16358722 4326.5 4473 rs117458494  11:14282085 SPONI G/A Novel M
: : s : RP11-21L19.1 ove
SYNE2 MC
17 0.0115 34603 14 63906601 66333670 2427.1 2633 rs140897155 14:64688393 ESR2 G/A 0.001
M
 from TP53INP1/NDUFAF6
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variants should play a role.

The genetic basis of human late-
onset diseases has been mainly explained
by selective neutrality (48) under the
common disease common—variant (CD-
CV) hypothesis (49). Considering that,
several evolutionary theories of aging have
been proposed and demonstrated to some
extent, e.g. mutation accumulation (MA)
and antagonistic pleiotropy (AP) (50),(51).
Theoretical and experimental models for
MA further support inbreeding effects for
late-onset diseases (52),(53). Given that the
human population is evolutionarily young,
large proportion of human variation is
necessarily rare (54). Thereby, late-acting
alleles will also be found at low-
frequencies. In that scenario, contemporary
genetic models are in agreement with
present results, where rare and recessive-
acting variants could explain a part of the

genetic basis of AD.

On the search of homozygosity
patterns in AD, previous studies in
populations from European and non-
European  ancestries  have  showed
inconsistent results (28),(29),(27),(26). In
that sense, we believe that several technical
considerations must be taken into account
for the analysis of ROH. First, it is
suggested that the estimation of an excess
of homozygosity from outbred population
requires a large sample size (32), but prior
studies accounted with very modest sample

size (N < 6,000) (28),(29),(27),(26). Thus

most probably they were underpowered to

detect inbreeding effects from unrelated

individuals.

Second, different scenarios should
be considered for selecting shorter or longer
ROHs than 1.5 Mb for the measurements
and statistics, because they evidenced
different aspects of demographic history.
Evidence suggest that individual ROHs <
1.5 Mb might reflect LD patterns of ancient
origin, rather than consanguineous cultural
practices and genetic isolation, captured
with ROHs > 1.5 Mb (55). Here, we
detected substantial inflation in
homozygosity parameters when individual
ROH length was set to 1 Mb. This makes
intricate the detection of genuine inbred
individuals from an outbred population, and
strongly confounds the interpretation of
homozygosity estimations. Despite that,
prior AD genetic studies, assessing the role
of homozygosity, have not tested the
potential effect of performing ROH calling
for segments longer than 1 Mb

(28),(29),(27),(26), which might be

explaining, in part, initial failures.

Overall, ROH studies in AD have
been several technical handicaps, which
might have caused to overlook the potential
inbreeding effect for this disease. Hence,
we encourage other groups to conduct ROH
analysis from unrelated population, but
with enough sample sizes and redefining
the ROHs lengths at least to 1.5Mb, to
better capture the recessive component of

AD.
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In our ROH analysis using the
whole sample (N = 21,100), the most
promising consensus ROH was located in
the proximity of the HS3STI gene (~200
Kb), and showed a strong genetic effect.
Genetic markers in the vicinity of the
homozygous block (~300kb) have been
previously associated with AD (56),(46).
Additionally, brain expression of HS3STI
was differentially expressed between AD
cases and controls (56). Despite these
findings, the causative genetic mechanism
involving this region with AD remains
elusive. In that sense, we believe that high
resolution mapping across the 115 Kb of
the reported consensus ROH could help to
positional cloning of the causative

mutation.

Our study of ROH > 1.5Mb shed
lights in the homozygosity component
influencing AD, as it reflected recent
consanguinity and/or population isolation.
Inbred individuals tend to have lower
survival, fertility and growth rates
(57),(58),(59), as well as post-reproductive
health (60). Considering that, we believe
that enriching our subset in inbred cases can
provide a redefined framework for
investigating inbreeding effect and looking
for recessive acting variants. This idea has
driven the design of the present study. With
the aim to increase the probability to detect
regions harboring recessive-acting loci, we
prioritized consensus ROH according to the
homozygosity map exclusively obtained of

inbred AD individuals. Candidate regions
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were then explored in sequencing data.
Among them, variants in MKX and ZNF282
genes were detected in two independent
inbred AD cases. Both, ZNF282 and MKX
loci are encoding transcription factors
(61),(62),(63). In that sense, recently, the
largest WES study analyzing rare variation
in AD highlighted the potential role of
transcriptional regulation for this disease
(64). Of note, ZNF282 gene is mapped
roughly to 800Kb from CNTNAP2 gene,
previously associated with AD (11).
Autosomal  recessive  mutations  in
CNTNAP?2 loci have been also linked with
epilepsy and intellectual disability (OMIM

604569).

In this study, we also found a
potential recessive variant in SPONI locus.
SPON1 has been related with the
mechanistic of AD, where the APP
metabolism has a central role. APP
cleavage through p-secretases produces
amyloid-beta (AB), which later accumulates
in AD brains (7). It is described that
SPON1 binds to APP, inhibiting its o/p
cleavage (47). Further studies also reported
SPON1 binding to APOE family of
receptors (65), and genetic markers in this
gene has been related with dementia
severity (66). Taking into account prior
findings and the present result, it would be
biologically plausible the presence of
recessive acting-variants in APP or in its
biological partners, which directly influence
amyloid cascade. Thus, we believe that

SPONI could be considered an interesting
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candidate, which deserves future

resequencing efforts.

Among other candidates, we
identified a missense variant (rs73263258
in ESPRI gene) within a long ROH of an
AD patient. This gene is mapped in the
close vicinity of TPS53INP1/NDUFAF6
genomic region. This region has been
previously associated with AD using gene-
based strategy (67). Recently our group also
identified genome-wide significant markers
within this region (13). It is not unexpected
that genes containing common variants with
small genetic effect might also be enriched
in rarer variants, with higher penetrance.
The existence of several genetic
mechanisms acting at this region should be
considered when deeply sequencing will be

conducted, to pinpoint the causative variant.

Our observations are subject to
limitations that need to be considered. Since
datasets used in the present study were
genotyped using different genotyping
platforms, they shared a small proportion of
directly genotyped markers. Given that
lower SNP density could impact the
accuracy of the study (35), we decided to
perform the present analysis using imputed
genotypes of high quality (imputation
quality, 2> 0.90). To make the data
optimally comparable, we generated a
merged dataset including the same variants
with MAF > 0.05. We also showed that
ROH calling is insensitive to perform the
analysis per each individual dataset or in

the merged data, for a set of individuals

from the same ancestral group, when we

fixed the SNP set to use.

The potential impact of CNVs in
ROH analysis must be taken in
consideration as a potential limitation.
However, when we assessed CNV impact
in our analyses, no differences were found
in homozygosity parameters, before and
after CNVs exclusion. These results are in
agreement with previous studies, suggesting
that the effect of deletions in homozygosity

parameters, when exist, is minimal (36).

Clonal mosaicism can also generate
spurious ROHs. A direct correlation
between clonal mosaicism events in
peripheral blood and age >50 years, was
demonstrated (68). We believe that these
events might be introducing ROHs of short
lengths. Consequently, an age-dependent
increase in the total ROH length and the
number of segments was detected. This
phenomenon promotes a reduction of the
total average length of ROH. In fact, it
would be explaining why we identified
higher than expected mean ROH number
for this dataset of European population
compared to prior studies (35). From our
point of view, controlling the role of
genome instability for late  onset
neurodegenerative diseases represents a
challenge, due to the impossibility to detect
true converters to AD before disease onset,
and the difficulties in collecting biological
information from the target tissue. In spite
of a signature of genome instability in ROH

studies might exist, our adjusted results
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considering age effect are still supporting
the idea that inbred individuals are
overrepresented in AD population respect

to controls.

In summary, we demonstrated the
existence of an inbreeding effect in AD and
efficiently captured a fraction of
consanguineous individuals from outbred
populations. The proposed method can be
considered a refined strategy to investigate
the role of recessive variants in AD.
Considering that there is a large limitation
in collecting complete information from
consanguineous  AD  families, the
identification of  highly  probable
consanguineous AD cases in outbred
populations could be important for future

large-scale homozygosity

mapping.
Furthermore, the opportunity to explore
complementary sequencing data gave an
added value to this research, providing a
subset of potential candidates harboring
recessive variants. In any case, the proposed
candidates, acting under a recessive
inheritance mode, will only be confirmed
when at least an additional individual
harboring the same recessive mutation or a
compound heterozygote is detected. We
recognize our current lack of power to
firmly verify arAD loci. That is why,
greater efforts and larger collections of
individuals with GWAS and sequencing

data are needed to confirm our findings.

Understanding the dynamics of
population genomics in complex diseases

like AD is far from complete but ROHs
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analyses provide us a window to go further;
and might be an alternative strategy to
uncover the genetic loci underlying

Alzheimer’s disease
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SUPPLEMENTARY FIGURE 1. Quality control for A) ancestry and B) relatedness in the exome.
All possible pairs had Pi-hat < 0.1875,a Z0>0.75 and a Z1 <0.25. EUR; Individuals from European ancestry.
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SUPPLEMENTARY FIGURE 2. Boxplot for FROH per individual at ROH calling with 1Mb
and 1.5Mb.
Red line represents FROH = 0.0156 (mean inbreeding coefficient for kinship of second cousin marriage).
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SUPPLEMENTARY FIGURE 4. Violin plots showing the distribution of ROH > 1.5 Mb
within each dataset and in the merged data for the homozygosity parameters (NROH,
SROH, AVROH, FROH).
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Discussion

The aim of this thesis was to disentangle the genetic basis of Alzheimer disease and its related
endophenotypes. Herewith, we highlight our findings (Figure 1), and place them in the context

of genetic AD research.
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FIGURE 1. Loci associated with Late Onset Alzheimer’s disease after this thesis.

The circular ideogram was created using Circos (118). New genetic markers reaching GWS at this work are
highlithed in red. Previously genome-wide loci not reaching significance in the lastest IGAP or follow-up
studies but reaching GWS at this work are showed in blue. Histogram for ROHs shows: risk ROHs
associations in red; protective ROHs associations in green. Blue regions represent priorizated ROHs from
inbred AD cases. Orange segments represent priorizated regions harboring potential recessive variants.

APOE, the strongest genetic risk factor for AD
The APOE €4 is the strongest genetic risk factor for AD. Here, we addressed its effect and

utility in early stages of the disease (Section 3.1.1). Next, we investigated genetic forces

disturbing APOE genetic region (Section 3.1.2).
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The early effect of APOE

In Section 3.1.1, we evaluated whether APOE alleles were associated with SCD status and with

cerebral AP accumulation in the FACEHBI cohort.

We showed that SCD individuals from the FACEHBI study are enriched in APOE &4 and
APOE &2 alleles. This fact has important implications. The increased frequency of the APOE &4
allele in preclinical AD supports the hypothesis that this subpopulation represents an enriched
subgroup of at-risk individuals for AD. Conversely, the increased allele frequency of the APOE
&2 was an unexpected finding, considering the protective effect attributed to €2 in AD (72). We
believe that this enrichment could be caused by the presence of individuals who might convert
to VaD, instead of dementia due to AD. Thus, APOE patterns at the preclinical stage can be

used instrumentally, to enrich subsets of individuals with high probability of conversion to AD.

In an effort to further characterize our population, we also tested the association of APOE alleles
and the cerebral AP endophenotype. We showed that increased burden of cerebral Ap was
mainly driven by APOE &4 carriers, which is in accordance with other studies (153), (154).
APOE dosage explained 11% of the variance for this trait. Despite that, there is a large part of
the trait variance which remains unexplained (155), (156). We then expanded the study to
analyze this correlation in the entire AD spectrum (SCD, MCI and AD). After doing so, we
detected the highest correlation between cerebral AP and APOE dosage in late MCI stages,
instead of AD. This effect might be explained by the influence of atrophy in AD brains (157).
To counteract it, and to increase the statistical power of analyses, we recommend the use of the
entire spectrum of AD subjects, i.e. SCD, MCI and AD individuals, to conduct large GWAS for
the cerebral AP endophenotype. Given that, adjustments according to clinical classification

would be pertinent.

The expansion of genetic studies beyond the AD phenotype is helping to: 1) identify AD
progression genetic factors; 2) validate new proposed AD endophenotypes; and 3) select and
follow up on individuals with high probability of conversion to AD. Despite that, the
availability of preclinical cohorts with complete genetic or biomarker information is scarce.

Further efforts are required to generate large preclinical cohorts with multiscale data.

The molecular characterization of individuals at preclinical stages has important implications
for the design of clinical trials, and prevention strategies, and for the evaluation of the responses
to treatments. In that sense, genetics could be used as a strategy to enrich preclinical sets of AD

individuals.
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The APOE curse

In Section 3.1.2, we introduced the concept of the APOE curse, or “the impossibility of
determining whether additional AD loci truly exist around APOE.” Since its discovery 26 years
ago, controversial genetic findings have emerged in genes neighboring 4POE (74),(158), (76),
(77). Here, we investigated whether LRLD patterns are affecting genetic discoveries at this
region, in chromosome 19. Thus, we designed a replication study for a well-known AD marker,
ABCA7-rs4147929 (115), located in the opposite arm of chromosome 19, where LRLD with
APOE is impossible; and a controversial AD marker, CD33-rs3865444 (115), located near to

APOE, in the long arm of chromosome 19.

Section 3.3 reinforced the role of ABCA7-rs4147929 in AD, which is in line with prior studies
(104), (126). Conversely, inconsistent results were observed for the CD33-rs3865444 marker
during this study. Our replication study did not support a role for rs3865444 signal in AD.
However, the meta-GWAS strategy from Section 3.3 showed a GWS association for this

marker. This genome-wide association was also observed by another group (114).

With the purpose of revealing the causes of these inconsistencies, we evaluated whether LRLD
was present between APOFE markers (rs7412 and rs429358) and CD33 SNP (rs3865444). We
detected a subtle and non-universal LRLD between APOE £2 and CD33-rs3865444 (D’ = 0.3),

which meant that a fraction, roughly 30% of individuals, in the population exhibited this LRLD.

Forces increasing long range LD patterns are diverse, i.e. mutations, genetic drift, genetic flow,
chromosome inversions, and natural selection, including hitchhiking effect and epistasis (159).
The effect of population-specific natural selection patterns can lead to allele micro-
heterogeneity. Thus, we also explored the effect of population-specific LRLD patterns, but our
data did not support an evident population substructure in the studied cohorts. Despite that, it
cannot be ruled out, because it is well-known that current methods are unable to detect it (160).
We also discarded an inbreeding effect affecting unequally tested populations. A deeper
exploration of the forces creating LRLD across the APOE region will be required to definitively
discard or support our findings. Sequencing of the entire region, centered on the search for local

rearrangements near APOE, will thus be advisable.

This study represents a proof of concept, suggesting that LRLD might be present in the APOE
region. This observation, when confirmed, could contribute to elucidating the role of APOFE in
longevity and in disease. As long as it remains unknown, the APOE curse will impair the

confirmation of additional loci surrounding the major genetic risk factors for AD.
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Strategies for gene hunting in Alzheimer’s disease

Here, we have addressed several hypotheses that supported our objective of making new genetic
discoveries related to AD. First, we tested whether genes related to neuronal apoptosis were
potentially linked with AD (Section 3.2). Next, we moved to an agnostic approach, using
genome-wide data (GWAS). At this level, we explored the role of 1) phenotypic and 2) genetic
heterogeneity in AD (Section 3.3 and Section 3.4).

Genes related with neuronal apoptosis in Alzheimer’s disease

Neuronal apoptosis, a process of programmed cell death, is mainly mediated by pro-
inflammatory molecules through two major pathways: mitochondria or DRs. TNF-a and Fas-L
are identified as key effectors activating DRs (161). cFLIP, BIRC3 or FAIM anti-apoptotic
proteins are crucial to the efficient control of apoptosis, as they can inhibit TNF- a and Fas-L
mediated apoptosis. In that context, the Cell Signaling and Apoptosis Lab of VHIR observed a
decrease of FAIM proteins in AD brains. This finding was the main driver motivating the
present study. At this point, I, as master student in the lab, and in collaboration with Fundacio
ACE began a candidate gene study of apoptosis-related genes. However, our findings did not

support the association of these genes with AD.

Most AD candidate gene studies have failed to discover of new genes (see Chapter 1). For a
complex disease like AD, where the disease mechanic remains mainly unknown or poorly
understood, I believed that the use of agnostic approaches can be more informative for

uncovering AD etiology.

Exploring phenotypic heterogeneity in Alzheimer’s disease

In Section 3.3, we, as part of GR@ACE and the DEGESCO consortia, performed the largest
Spanish GWAS for dementia to date. This study was launched simultaneously with large AD
meta-GWAS, i.e. Kunkle et al. (N = 94,437) and Jansen et al. (N = 455,258). Thus, rather than
an effort to increase the sample size, and consequently the statistical power, our objective was to
explore the impact of AD’s clinical heterogeneity in genetic findings, and in biological routes

leading to dementia.

Alzheimer’s disease is a heterogeneous neuropathological disorder. Apart from the typical
neuropathological hallmarks of AD (see Chapter 1), most AD patients have mixed pathologies,
with vascular damage being highly prevalent in AD cases (11). Viswanathan et al. (162)

suggested that dementia could be considered a gradient of vascular and neurodegenerative
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components. We believed that, considering this scenario from a molecular point of view could
be a useful strategy for disentangling disease pathways. Thus, we classified our group of
dementia cases to cover the Viswanathan spectrum (162), generating five clinical
endophenotypes of dementia. Next, we explored the effect of known LOAD genetic variants
across dementia subgroups, and investigated whether differential biological pathways were

operating across the different subgroups of detected loci.

Notably, these categories let us identify different biological pathways for dementia. Immune-
related pathways were detected across all categories, but pathways related to vasculature

alterations were only detected in the purest forms of clinical AD.

There is considerable evidence supporting the role of vasculature in AD. First, the accumulation
of amyloid beta in the wall of cerebral vessel, CAA, is a recognized hallmark of AD (8).
Capillary and non-capillary types of CAA have been defined, being capillary CAA, more
frequently found in AD. Second, mutations in the APP gene cause both the Mendelian form of
CAA (163) and early-onset AD (40). This genetic overlap confirms a role for the APP locus in
vascular amyloidosis. Third, the APOE 4 allele and markers in the CRI gene have been
associated with CAA. Particularly, APOE &4 is related with capillary CAA (164). Fourth,
knock-out models of the APOE gene cause atherosclerotic lesions in blood vessels (165), (166),
(167). Although this might be an indirect effect of the APOE gene in the regulation of
cholesterol metabolism (168), it should be remembered that cholesterol metabolism is an AD-
related pathway (115). It has recently been demonstrated that cholesterol efflux efficiently
controls angiogenesis (169). Finally, vascular traits, such as arteriosclerosis and atherosclerosis,
are associated with AD risk (12). Taken together, these pieces of evidence reinforce the
causative role of vascular alterations in AD. We believe this role is carried out via two potential
pathways: the intrinsic vascular damage mediated by the amyloid, and the accumulation of more

systemic age-related vascular insults, leading to dementia.

Given that CAA represents the unique identified link between the vascular and amyloid
hypotheses, investigating its role in disease mechanics seems pertinent. The concept of a “vessel
on a chip” has recently been expanded to generate a tridimensional artificial model of CAA,
which includes endothelial cells, smooth muscle cells, and astrocytes, enabling further study of
CAA biology (170). Using this model, it would be possible to study the role of known AD
genetic variants in CAA, for example by their gene editing, as well as by silencing or knockout
of target genes. It is reported that AP40 has a direct effect on vessels, promoting
vasoconstriction (171). Taking into account that CAA is characterized by the accumulation of
AP40 in the wall of the vessels, exploring its effects in the context of AD would be useful.

Finally, the monitoring of biomarkers for vascular damage in preclinical individuals could help
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to test which alteration happens first in vivo, vascular or amyloid plaques. Despite that, the
National Institute of Aging-Alzheimer’s Association (NIA-AA) has not yet integrated measures

of vascular dysfunction into the proposed core AD biomarkers (172).

Deep understanding of heterogeneity in AD seems necessary to design better genetic studies.
Our meta-GWAS strategy revealed two new GWS signals, markers in the ANKDR31 and
TP53INPI1/NDUFAF6 genes (mentioned below), which are highly dependent on the group of
AD cases, or the clinical endophenotype. In addition, two additional signals were confirmed in

our data; SCIMP-rs7225151 and CD33-rs3865444, which has been mentioned above.

For example, we were able to detect the ANKDR31 signal using all the dementia cases, instead
of group of probable AD patients alone. The ANKDR31 gene has been related with
neurodevelopmental disorders (173), and very recently, with longevity (174). Our ANKRD31
GWAS signal was mapped to a brain eQTL in a IncRNA, located 1.6kb from the HMGCR locus
and residing in the COL4A3BP gene. The HMGCR gene is the most important co-regulator of
cholesterol synthesis, and is with LD with our marker. Polymorphism in the HMGCR locus has
been previously associated with AD and age at onset of the disease (175). Moreover, cholesterol
metabolism is among top pathways linked to AD pathology (115). Our post-GWAS analysis,
which also included results from eQTLs, chromatin interactions and gene-based analysis
pointed to the POLK gene as a potential causal gene in this region. Markers in the POLK locus
have previously been linked with AD and LDL plasma levels (176). Considering prior findings,
our results are consistent with the role of this genomic region in mixed dementia, although
independent replications are required. In that context, deeper post-GWAS analysis will

ultimately be needed to pinpoint the causal variant and the causal gene.

The performance of large meta-GWAS in neuro-pathologically confirmed cases would be the
next step in confirming specific disease pathways and new GWS findings. In that scenario,
conducting genetic studies for each dementia-associated neuro-histopathological hallmark,
could provide a holistic way to construct “gene categories”. Next, we could test the association
of genes per category with different types of dementia, or even with different types of
neurodegenerative disease, using a Mendelian randomization strategy. These strategies would
be useful: 1) to redefine the genuine effect of known AD loci; 2) to better understand the
biological complexity operating in AD; and 3) to find new loci linked with specific dementia
axes. In addition, testing the genetic overlap between specific gene categories would be

recommended to explore the shared biology between neurodegenerative diseases.
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The search of AD recessive alleles

In Section 3.4, we looked for a footprint of recessive inheritance in AD. With that aim and
using an outbred population, we conducted the largest ROH study for AD to date (N = 21,100).
First, we explored whether homozygosity parameters, i.e. NROH, SROH, AVROH and FROH,
were associated with AD respect to controls, and investigated the role of consensus ROHs in the
whole sample. Next, we prioritized homozygosity segments overrepresented in consanguineous

AD cases to look for potential recessive variants.

Our results show that there is an excess of homozygosity in AD cases respect to controls,
supporting the claim that consanguineous AD patients are overrepresented in this population.
This reinforces the role of recessive inheritance in AD, and creates a new scenario for studying

AD genetics beyond the classical GWAS studies or the search of dominant loci.

Previous ROH studies in AD for European and non-European populations have shown
inconsistent results (149),(147),(150),(148). When ROH analysis is performed from an outbred
population, several technical considerations should be taken into account: 1) ROH patterns
across the human population; 2) sample size; and 3) individual ROH length. ROH patterns are
highly dependent of local population history and cultural practices. Large sample size is
required to detect an excess of homozygosity from an outbred population (151). However,
previous ROH studies of AD have used modest samples (N < 6,000) (149), (147),(150),(148),
compromising their statistical power. Second, in Section 3.4, we demonstrated that establishing
the individual length of ROH to 1 Mb, the threshold used in previous AD studies, inflates
homozygosity parameters, complicating their interpretation. It is suggested that individual
ROHs < 1.5 Mb might reflect LD patterns of ancient origin, rather than the consanguineous
cultural practices and genetic isolation captured with ROHs > 1.5 Mb (177). This, could, in part,
explain previous inconsistent results in the field (149), (147). Hence, we decided to conduct our
analysis by redefining the length of individual ROH segments from 1 Mb to 1.5 Mb, to better

capture the consanguinity component.

ROH analysis in the whole sample revealed a homozygosity region of 115.9 Kb
(chr4:11,189,482—11,305,456), in the proximity of the HS3ST! gene. GWS AD markers have
been mapped near to HS3STI gene (rs6448807, chrd: 11,676,144; and rs13113697,
chr4:11,711,232) (107),(178). Different brain expression of the HS3ST gene has been reported
between AD cases with respect to controls (178). To date, however, the causative mutation and
the molecular mechanisms of this association remain elusive. We believe that a recessive acting
variant located in the homozygosity segment could explain the reported associations. High-

resolution mapping in this region would be required to confirm this rising hypothesis.
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Accordingly, to increase our chance to detect a recessive variant, we prioritized the
homozygosity segments based exclusively on the homozygosity map observed in inbred AD
cases. First, we efficiently captured inbred individuals from an outbred population, offering a
new framework for analyzing the inbreeding component in AD. Next, we selected candidate
regions to explore them in the context of whole-exome sequencing data. Our prioritization
strategy is outlined in Section 3.4. This strategy let us select eight rare (MAF <1%) and
homozygous variants located in candidate ROHs, carried exclusively by seven AD cases (see
Section 3.4). We highlighted the potential role of a novel variant in the SPONI gene. SPON1
protein inhibits APP cleavage through [B-secretase (179), probably influencing the amyloid
cascade. The amyloid cascade has been previously described in Chapter 1. Intriguingly, it has
been reported that SPON1 protein also binds to APOE receptors (180), and SPONI genetic
variants have been related with dementia severity (181). Considering previous data, the presence
of recessive acting-variants in partners of APP would be biologically plausible. We believe that
the SPONI gene could be considered an interesting candidate, which deserves future

confirmatory resequencing efforts.

It must be noted that, we did not explore whether inbred AD cases present differential clinical
characteristics respect to non-inbred cases. However, we believe that their deeper

characterization would be of interest in future genotype-phenotype correlations.

Here, we also detected a direct correlation between the ROH number and the total ROH length,
from peripheral blood, with age. Considering that clonal mosaicism can emerge as age-
dependent copy number variations (CNVs) (182), and that CNVs, specifically hemizygous
deletions, can be captured in ROH studies, we believe this finding might be explained by the
presence of genome instability in aged populations, which has previously been reported (182).
Thus, it supports the idea that, in late-onset disease, ROHs can be caused by a genuine
inbreeding component, but also by the increasing genome instability intrinsic to the aging
process. The integration of a refined map of CNVs in our data, or perhaps the crossing of
ROHs, CNVs, and a Hardy-Weinberg disequilibrium maps, would be the next step in
differentiating both types of segments. Conducting a GWAS for homozygosity parameters
could be considered an additional strategy to distinguish both types of segments. In that context,
we believe that results for AVROH and results for NROH could differentiate these two aspects
of ROHs, the homozygosity component and the somatic instability, respectively. New questions
also arise from this finding, e.g. how many of the previously identified AD regions can
represent regions of somatic instability? Although we are unable to answer this yet, tissue-
specific, or cell-specific whole sequencing could help us to address this emerging concept in

AD research.
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Clonal mosaicism could also explain why we found a higher number of ROHs in our study than
that expected for European populations (183). From our point of view, although a signature of
genome instability in ROH studies might exist, our adjusted association results, which consider
the age effect, still support the idea that inbred individuals are overrepresented in the AD
population as compared to controls. Controlling the role of genome instability for late-onset
neurodegenerative disease is a challenge, due to the impossibility of detecting true converters to
AD before disease onset and the difficulties of collecting biological information from the target

tissue.

Here, we demonstrated the effect of inbreeding in AD and efficiently captured the subset of
consanguineous cases nested in our population. The opportunity to explore complementary
sequencing data provided a subset of potential candidates harboring recessive variants.
However, a larger collection of individuals with GWAS and sequencing data would be needed
to confirm our findings. Altogether, ROH analyses have provided an alternative strategy to

uncover the genetic heterogeneity underlying Alzheimer’s disease.

New Findings in TP53INP1/NDUFAF6 genomic region

In this research, NDUFAF6 signals reached genome-wide significance for the first time
(Section 3.3). Our GWAS top hit (rs10098778 in chr8:95,992,020) supports the potential AD
involvement of TP53INPI and NDUFAF6 loci. Intriguingly, we observed that our top marker
resides in a consensus ROH (chr8:95,843,111-chr8:96,071,272) detected in 32 AD cases and 20
controls from the whole sample (Section 3.4). When ROH analysis was conducted only with
inbred AD cases, the consensus ROH was expanded from chr8:95,578,201 to chr8:96,071,272.
At this point, we were able to identified two rare variants, rs73263258 (chr8:95,658,495) in the
ESPRI gene and rs138998679 (chr8:95,780,656) in the DPY19L4 gene, carried by the same
individual in a long ROH segment (5.4 Mb) across the region (Figure 2).

The candidate region includes six genes (ESPRI, DYPI19L4, INTSS8, CCNE2, TP53INPI and
NDUFAF6). Our post-GWAS analysis further supports a role for TP53INPI or NDUFAF6
genes. Several mechanisms could be explaining detected signals at this locus. For example, a
synthetic association could be causing a GWAS signal. Conversely, several genetic mechanisms
mediating the risk to AD could be operating at the same locus, e.g. additive and recessive
models or even regional genetic instability. Detailed re-exploration of this region will be

required to elucidate the causal mechanism.

Extended haplotype analysis in a set of AD cases could help to investigate whether our GWAS
marker is linked with ESPRI- DPY1914 detected variants. Subsequently, a recessive model for
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FIGURE 2. Genetic findings in the TP53INP1/NDUFAF6 genetic region.
LocusZoom plot shows GWS markers identified at this work. Homozygosity tract is showed in blue. Red arrows
points to candidate recessive variants at this region.

the variants in that haplotype could be tested in a cases vs control dataset. Conducting the
analysis specifically for the Spanish population should be considered to help identify casual
mechanisms. The Spanish population is genetically more diverse than western European
cohorts. For example, our lead GWAS marker is in high LD with NDUFAF6-rs4735340, the top
suggestive signal reported by IGAP (115) in this region (+* = 0.95, for CEU population). Despite
that, there are subtle differences in LD estimates for the Iberian population (+* = 0.87). We
believe that substructure of the Spanish population could help to fine-mapping of this AD

region.

What to do now? Old questions new data

What is the causal variant? What is the target gene? Thousands of sentinel variants have been

linked to complex disease or traits using GWAS. Despite that, the causative variants and/or the
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target genes remain mostly unknown. Thus, GWAS is a successful approach to delineate a
genomic region, but this is just the beginning. In that context, intense post-GWAS studies are
required. In this new post-GWAS era, extensive population cohorts should be selected for deep

multi-omics and single cell genotyping and phenotyping.

Our work shows the need for generating complementary data coming from GWAS and
sequencing technologies to explore recessiveness. Without the generation of complementary
data, narrowing down from a genomic locus to a single variant seems really intricate. In
addition, I believe that AD genetics needs to recover basic genetic concepts, and expand them
beyond the simple strategy to increase the sample size. Considering evolutionary forces

affecting human late disease seems necessary to better understanding AD genetics.

Which biomarker? Could be genetic? In the context of Mendelian AD, genetic testing for APP,
PSENI or PSEN2 mutations is discriminative. Despite that, most AD patients do not present
these mutations. The molecular characterization of preclinical stages of AD can be really useful
to establish a plasma or CSF biomarker or a composite of biomarkers, where known AD genetic
variants or polygenic risk scores can have their space. In fact, the selection of APOE £4 carriers

is already a very common strategy to enrich preclinical cohorts in AD cases.

How to translate the biological complexity for a disease in bits of useful information?
McClellan and King wrote, in an interesting review about the genetic heterogeneity of human
disease, (117): “The degree of biological complexity underlying a phenotype is an excellent
predictor of locus heterogeneity.” The case of BRCAI and BRCAZ2 genes, where thousands of
mutations for breast cancer have been detected, provides a good example (117). AD is probably
not different, and the number of common and rare genetic variants mediating disease risk could
be overwhelming. In that scenario, searching out common biological pathways for multiple

variants might shed light on the disease mechanism.

This thesis contributes to the elucidation of new loci and the proposal of new core pathways. It
brings new possibilities to the genetic field of AD, considering the recessive component for this
disease. Despite that, giving them a deeper biological significance will require an immense

effort.
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Conclusions

1. The generation of clinical endophenotypes of dementia led us to detect three categories of AD

genes. These categories allowed us to identify differential biological routes leading to dementia.

2. Vasculature regulation may be an essential part of the causative mechanism in pure forms of

AD.

3. The meta-analysis of GR@ACE with additional GWAS datasets revealed two novel AD loci,
the ANKRD31-1rs4704171 (in the HMGCR genomic region) and NDUFAF6-rs10098778.

4. Our GWAS strategy confirms SCIMP-rs7225151 and CD33-rs3865444. Both loci have

obtained uncontroversial genome-wide statistical significance during this study.

5. Homozygosity component was overrepresented in AD cases respect to controls. Our results

suggest that recessive effects may explain a fraction of the AD heritability.

6. We efficiently captured consanguineous AD cases from an outbred population, which

supposes a refined method to analyze inbreeding in AD.

7. The SPONI gene is a new candidate AD locus with a potential recessive component, as it is a

biological partner of APP.

8. Using a homozygosity mapping approach, we detected potential recessive variants in the
HS3STI and TP53INP1/NDUFAF6 loci, previously associated with AD using conventional
GWAS strategies.

9. The APOE &4 is a genetic risk factor to suffer SCD. The FACEHBI sample presents an
enrichment of APOE €4 carriers, suggesting that a pool of AD cases is nested in this

subpopulation.

10. The APOE gene explains 11% of brain amyloid variance, suggesting the role of additional

genetic or epigenetic factors in modulating this trait.

11. Results emerging from this thesis reinforce the involvement of the 4BCA7-rs4147929 in
AD.

12. Non-universal and weak LRLD is present between APOE-rs7412 and CD33-rs3865444

markers. The forces originating LRLD in this region remain unknown.

13. Our data does not show a link between genes related with neuronal apoptosis and AD.
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ABSTRACT

Genetic characterization of individuals at risk of Alzheimer’s disease (AD), i.e. people having
amyloid deposits in the brain without symptoms, people suffering from subjective cognitive
decline (SCD) or mild cognitive impairment (MCI), has spurred the interests of researchers.
However, their pre-dementia genetic profile remains mostly unexplored. In this study, we
reviewed the loci related to phenotypes of AD, MCI and SCD from literature and performed the
first meta-analyses evaluating the role of apolipoprotein E (4APOE) in the risk of conversion
from a healthy status to MCI and SCD. For AD dementia risk, an increased number of loci have
been identified; to date, 28 genes have been associated with Late Onset AD (LOAD). In MCI
syndrome, APOE is confirmed as a pheno-conversion factor leading from MCI to AD, and
clusterin (CLU) is a promising candidate. Additionally, our meta-analyses revealed APOE as
genetic risk factor to convert from a healthy status to MCI (OR = 1.849 [1.587-2.153]; p =2.80
x 10™"°) and to a lesser extent from healthy status to SCD (OR = 1.151 [1.015 — 1.304]; p =
0.028). Thus, we believe that genetic studies in longitudinal SCD and MCI series may provide
new therapeutic targets and improve the existing knowledge of AD. This type of studies must be
completed on healthy subjects to better understand the natural disease resistance to brain insults

and neurodegeneration.

Keywords: Alzheimer’s disease, cognition, genetics, mild cognitive impairment, subjective cognitive

decline
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INTRODUCTION

Although Alzheimer’s disease (AD)
is mainly diagnosed in the elderly, its
pathophysiological processes begin several

years prior to the onset of symptoms (1).

Clinical AD is preceded by a long
asymptomatic period, which has been
divided into three stages: 1) an initial
preclinical stage, 2) a second mild, but
progressive, cognitive impairment (MCI),
and 3) the final stage of clinical dementia
due to AD (1),(2),(3). Recently, researchers
have increasingly focused on the
characterization of stages of AD risk, as
these provide a critical opportunity for

potential intervention (1).

With ageing, there is a natural
decline in cognitive skills. Thus, it may be
difficult to discriminate between early
cognitive changes due to AD and normal
ageing process (4). In that context, the first
evidence of dementia may be the subjective
cognitive decline (SCD), defined as a self-
reported memory impairment with normal
cognitive performance (5). Complainers
present a higher rate of conversion of SCD
to either MCI or dementia (Ref 6). Thus,
epidemiological studies pointed SCD as a
predictor of cognitive decline (7), (8) and as
an independent risk factor for dementia (9).
In succession, the prodromal stage of
dementia, MCI, has been defined as
memory impairment beyond that expected
for normal ageing (10). Several MCI
phenotypes have been associated with AD
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progression (11); however, amnestic MCI

(aMCI) confers a higher risk of conversion

(11).

The identification of MCI subjects,
or even SCD who will convert to MCI or
dementia, puts across an interesting strategy
for secondary prevention of AD. In that
sense, the biomarkers of B-amyloidosis and
tau-mediated neuronal injury are detected in
subjects with normal cognition (12).
However, these biomarkers are not
sufficient to produce the clinical symptoms
of MCI and dementia or are not specific to
AD either (1).

biomarkers are not sensitive to disease

Furthermore, these

progression (13). Hence, new approaches
are required to improve the differentiation

of SCD or MCI converters to AD.

AD’s genetics has gained much
attention since AD presents a heritability of
up 70% (14). Recently, researchers have
been striving towards the identification of
new AD’s genetic risk factors. In that sense,
the identification of a genetic risk profile
for pre-dementia stages may prove to be a
powerful approach to select the candidate
subjects to prevent or delay the disease
progression during the early preclinical
stages. If a fraction of SCD and MCI
patients are in the pre-AD stages, the
identification of an increased number of AD
risk alleles as well as that of additional
genetic factors specifically influencing SCD

or MCI progression can be expected.



Genome Research in preclinical stages

In this work, we reviewed the
available information in the literature for
genome-wide significant variants associated
with AD and their involvement in
preclinical, prodromal and dementia stages
of AD. Additionally, we provide new meta-
analyzed data for APOE €4 in preclinical

and prodromal stages.
METHODS: META-ANALYSIS

Meta-analysis was performed for
exploring the role of APOE €4 in: 1) risk of
MCI, and 2) risk of SCD.

Dataset selection

Literature search was conducted in
PubMed

(http://www.ncbi.nlm.nih.gov/pubmed/)

using the following keywords: 1) for MCI:
APOE, genetics, risk, mild cognitive
impairment and excluding reviews; and 2)
for SCD: APOE, subjective cognitive
decline. A total of 301 articles were found

for MCI and 32 for SCD.

We selected the studies meeting the
following criteria: (1) case/control studies
or longitudinal studies where it is possible
to distinguish a sub-population of cases and
a sub-population of controls; (2) studies
that provide a complete definition of the
participants; (3) studies that evaluated the
APOE €4 genotype as a risk factor leading
to MCI or SCD, or provided the numbers of
APOE €4 genotypes or provided sufficient
data to calculate them; and (4) studies that
provided an OR with 95% CI as well as the

p-value or provide sufficient data to
calculate them. Finally, of the 301 articles
found for MCI, 207 did not follow
inclusion criteria, 29 showed sample
overlapping, and 41 had restricted access. A
total of 24 articles and 23,668 individuals
on MCI were finally included. In the case
of SCD, 21 of the 32 articles did not follow
the inclusion criteria and 3 showed sample
overlapping; finally, a total of 8 articles and
6,824 individuals were included in the

meta-analysis.
Meta-analysis

Meta-analysis was conducted using
the inverse variant method (fixed-effects
model) in Ephisheet Excel application. In
the case of heterogeneity, DerSimonian and
Liard method (random-effects model) was
used. Heterogeneity was considered
significant when I* > 50% and p < 0.05.
Meta-analysis results and forest plots were

obtained using OpenMeta.

DEMENTIA STAGE: GENETIC RISK
FACTORS OF AD.

AD is a genetically heterogeneous
disorder. From a genetic point of view, two
patterns of inheritance have been linked to
the genomic loci: the autosomal dominant
and the polygenic. Traditionally, these
patterns have been associated with early
and late onset forms of the disease,
respectively. However, based on the family
history, AD can be subdivided into
autosomal dominant, familial and sporadic

(15).
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Autosomal dominant AD

The familial autosomal dominant
pattern in AD represents ~1% of all the AD
cases and is found almost exclusively in
early onset AD (EOAD) (15). It occurs in at
least three individuals in two or more
generations, with two of the individuals

being first-degree relatives of the third (15).

Linkage and candidate gene studies
in EOAD families led to the identification
of disease-causing mutations in B-amyloid
precursor protein (4PP), presenilin 1
(PSENI) and presenilin 2 (PSEN2) genes
(16), (17), (18). Most frequent mutations
are shown in PSENI and APP loci,
respectively, which present complete
penetrance in contrast to PSEN2, which
presents 95% penetrance (15). These
identifications promoted the formulation of
amyloid cascade hypothesis, which is still
considered as a possible disease
mechanism. Despite that, there are EOAD
families with negative screening for APP,
PSENI and PSEN2 mutations supporting
the existence of additional causal genes
(19). In addition, it is seen that APOE &4
genotype, the major genetic risk factor for
Late-Onset Alzheimer’s disease (LOAD)
(20), also modifies the risk of EOAD (21).

Presently, 262 pathogenic
mutations have been identified: 42 in APP,
207 in PSENI, and 13 in PSEN2

(http://www.molgen.ua.ac.be/ADMutations

); no other genes have been associated with

an autosomal dominant form of AD.
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Familial AD (FAD)

FAD occurs in more than one
individual and, at least, two of the affected
individuals are third-degree relatives or
closer (15). Most of the FAD cases are
LOAD, but the presence of early onset FAD
may be caused by hidden autosomal-

dominant AD mutations (15).
Sporadic AD (SAD)

SAD occurs in isolated cases in
families or cases separated by more than
three degrees of relationship. SAD
represents 75% of all AD cases and
typically presents a LOAD chart (15).

The commonest AD phenotype, LOAD

The genetic and molecular basis for
the commonest AD phenotype, LOAD,
remains widely unknown. However,
important progress on the isolation of the
loci associated with AD has been achieved
in the past few years because of the
emergence of the genome-wide association

(GWAS) and exome studies.

The €4 allele of the Apolipoprotein
E (APOE) gene was the first genetic variant
associated with LOAD (20), and it remains
as the major risk factor for the disease until

now.

Behind the APOE discovery, the
candidate gene approach led to the
identification of two clusters of SNPs in
SORLI gene (22). Recently, this association

has been validated by International
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Genomics Alzheimer’s Project (IGAP)
(23). However, candidate gene approach

did not show more successful outcomes.

Most discoveries arrived when the
GWAS strategy was applied to the large
case-controlled datasets. In the GWAS era,
common variants located at CLU, PICALM,
CRI, BINI, ABCA7, CD2A4P, CD33,
EPHAI and MS4A6A4-MS4A4E loci were
associated with LOAD (24), (25), (26).

To wvalidate the original GWAS
findings, replication studies were performed
with  many  independent  datasets.
Consequently, CRI, PICALM, CLU, and
BINI signals have been replicated in
Caucasians (27), (28), Caribbean Hispanics
(29) or Asian individuals (30), (31). In
addition, the EPHAI and CD33 genetic
variants were replicated in Caucasian
subjects (32), and ABCA7 in African

Americans (33).

A recent meta-analysis developed
by IGAP in 74,046 individuals of European
ancestry confirmed previously reported
GWAS signals (ABCA7, BINI, CLU, CRI,
CD2AP, EPHAI, MS446A-MS4A4E, and
PICALM) (23). Nevertheless, the CD33
locus, previously associated with LOAD,
did not reach the genome-wide significance
in the replication stages (23). Moreover, the
IGAP meta-analysis identified 10 novel
genetic regions associated with LOAD:
CASS4, SLC24A4-RIN3, FERMT2, HLA-
DRB5-HLA-DRBI,  INPP5,  MEF2C,
PTK2B, CELF1, NMES, and ZCWPW1 and

also confirmed a candidate gene, SORLI
(23). Follow-up studies of the IGAP results
revealed additional locus namely TRIP4
(34) and a novel AD locus within the
MAPT region at 17¢21.31 (35). Finally, the
gene-wide analyses of the IGAP dataset
identified TP53INPI and IGHVI1-67 as the
novel AD loci (36), and an independent
meta-analysis identified ATPSH/KCTD2 as
the LOAD risk signal (37). Most loci
reported after the initial IGAP report would
require independent replications confirming

its plausibility.

Despite that, the GWAS approach
presented a disadvantage, i.e., its inability
to detect rare variants, which might be a
source of functional variants with larger
effects on the LOAD risk (38). This lack
was covered by the implementation of
genome and exome sequencing
technologies. Thus, in the recent years, rare
variants with a significant effect on the risk
for LOAD have been identified in APP,
TREM?2, PDL3, and UNC5C loci (38), (39),
(40), (41). However, more -efforts are
needed to confirm the original signals.
Several studies have confirmed the reported
association of TREM2 with LOAD (42),
(43). In addition, the existence of TREM?2
variants associated with the Naso—Hakola
disease (44) and frontotemporal dementia
(45) supports its role in neurodegeneration.
Alternatively, the  PLD3  variants’
replication did not replicate the previous

effect or overall burden analyses (46), (47).

Therefore, prudence is required to define

225



Appendix 1: Supplementary Publication |

the genuine signals associated with rare

variants.

At present, 28 genetic regions have
been associated with LOAD (Table 1), but
many of them still require independent
validation. These genes can be divided into
four major functional clusters: (i) amyloid
beta (APB) metabolism (APOE, CLU,
ABCA7, CASS4, SORLI, and APP), (ii) Tau
metabolism (BINI, SLC24A44-RIN3, CASS4,
FERMT2, and 17q21.31 MAPT region), (iii)
synaptic  function (PICALM, CD2AP,
EPHAI, SLC24A4-RIN3, MEF2C, and
ZCWPWI), and (iv) immune response and
inflammation (CLU, CRI1, EPHAI, MS4A4
cluster, ABCA7, HLA-DRB5-HLA-DRBI,
INPP5; MEF2C, TREM2, and IGHV1-67).
Seven identified loci do not have a well-
established pathway (PTK2B, CELFI,
NMES, TRIP4, ATP5H/KCTD2, UNCSC,
and TP53INPI) (Figure 1).

Along with the identification of
single locus, GWAS also permits the
genetic  confirmation  of  candidate
pathways. Recently, pathway analysis
studies have pointed toward the crucial role
of the immune system in AD (48), which
has been further reinforced by the IGAP
results (49). Moreover, the IGAP study also
implicates the regulation of endocytosis,
cholesterol ~ transport, and  protein
ubiquitination as prime targets in the
etiology of AD (49). The knowledge of the
biological pathways involved in disease

etiology is crucial in the development of
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therapeutic strategies to aid in the

prevention or treatment of LOAD.

PRODROMAL STAGE: GENETICS OF
MILD COGNITIVE IMPAIRMENT
SYNDROME

APOE genotype in MCI

Petersen et al (50) were the first to
provide evidence that MCI subjects with at
least one allele of of APOE €4 presented a
higher probability of conversion to
dementia. Although subsequent genetic
studies supported it (51), (52), they had
small sample sizes, which only succeeded
in providing an approximate value of the
risk effect (53). Thus, the meta-analysis
conducted by Elias-Sonnenschein et al. (54)
provided the first consistent data
corroborating the role of APOE €4 as a
genetic risk factor for progression from

MCI to AD (Table 2).

The involvement of APOE €4 as a risk
factor for MCI remains less explored.
Therefore, here we we have explored the
risk conferred by APOE €4 genotype to
suffer MCI. Our meta-analysis, which
includes 23,668 individuals of different
ethnic groups, confirmed a significant risk
association of APOE &4 genotype and MCI
(OR = 1.849 [1.587 — 2.153]) (Figure 2)
(Table 2). Our dataset showed high
heterogeneity (I* = 63%; p-value < 0.001).



Genome Research in preclinical stages

TABLE 1. Genetic regions associated with LOAD at the dementia stage from highest to lowest

Odds Ratio.
Gene SNP OR (CI95%) P Value Author
COMMON VARIANTS
APOE 15429358 3.68 (3.30 —4.11) 9.3 x 107 Corder et al. (20)°
ATPSH/KCTD? 1s11870474 1.53 (1.33-1.77) 4.7 x10° Boada et al. (37)
TRIP4 1574615166 1.31 (1.17-1.42) 9.7x107° Ruiz et al. (34)
BINI 1s6733839 1.22 (1.18-1.25) 6.9 x 107 Seshadri et al. (25)°
ABCA7 154147929 1.15 (1.11-1.19) 1.1x107" H°Hm%‘;6°)r§h etal
CRI 1s6656401 1.18 (1.14-1.22) 5.7 %102 Lambert et al. (119)
FERMT? 1s17125944 1.14 (1.09-1.19) 7.9 x 107 Lambert et al. (23)
D Rg%RB . 1s9271192 1.11[1.08-1.15] 29 x 10" Lambert et al. (23)
PTK2B 1528834970 1.10 (1.08-1.13) 7.4 % 10 Lambert et al. (23)
CD24P 1510948363 1.10 (1.07-1.13) 5.2 x 10™M H°llmg(“2"6°)rfh etal
INPP5D 135349669 1.08 (1.05-1.11) 3.2x10% Lambert et al. (23)
CELF1 rs10838725 1.08 (1.05-1.11) 1.1 x 10 Lambert et al. (23)
NMES rs2718058 0.93 (0.90-0.95) 4.8 x 10° Lambert et al. (23)
MEF2C 1s190982 0.93 (0.90-0.95) 3.2x10% Lambert et al. (23)
ZCWPWI 1s1476679 0.91 (0.89-0.94) 5.6x10" Lambert et al. (23)
SLC2444-RIN3 1s10498633 0.91 (0.88-0.94) 55x10° Lambert et al. (23)
CD33° rs3865444 0.91 (0.88-0.94) 1.6 x 10° H°““‘g(“2"6’;‘h etal
MS44 15983392 0.90 (0.87-0.92) 6.1 x 107 H°“‘“§‘2"'6°)rfh etal
EPHAI rs11771145 0.90 (0.88-0.93) 1.1 x 10" H°lhng(‘2"’6°)rfh etal
CASS4 1s7274581 0.88 (0.84-0.92) 25x%10°% Lambert et al. (23)
PICALM 1s10792832 0.87 (0.85-0.89) 9.3 x 107 Harold et al. (24)°
CLU 1s9331896 0.86 (0.84-0.89) 2.8x10% Harold et al. (24) ¢
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Gene SNP OR (CI95%) P Value Author
SORLI 1s11218343 0.77 (0.72-0.82) 9.7 x 1075 Lambert et al. (23)
IGHVI-67 NA NA 7.9 x 10°8 Escott-Price et al. (36)
TP53INPI NA NA 1.4 x 10° Escott-Price et al. (36)

! ,7;’;{)3 ! 152732703 0.73 (0.65-0.81) 58x107° Jun et al. (35)
APOE 17412 0.62 (0.46 — 0.85) 27x10° Corder et al. (20)°
RARE VARIANTS
TREM? 1575932628 5.05 (2.77-9.16) 9.0x107 Guerreiro et al. (34)
UNC5C 1137875858 2.15 (1.21-3.84) 9.5x10° Wetzel'f;?;tll etal
PLD3 15145999145 2.10 (1.47-2.99) 2.9 x 107 Cruchaga et al. (40)
APP 1s63750847 0.24 (NA) 42 %107 Jonsson et al. (38)

*Not replicated in follow-up studies or IGAP. ® Estimator extracted from Bertram et al. (118). ¢ Estimator extracted
from Lambert et al. (23). IGAP: International Genomics Alzheimer’s Project; LOAD: late onset Alzheimer’s

disease: NA: not available; OR: odds ratio.

In that sense, sub-population study
revealed higher heterogeneity for Caucasian
dataset with respect to Asiatic group (I =
68%: p-value < 0.001; I = 51%, p-value =
0.104). It must be considered that the major
number of available studies is provided for
Caucasians. Additionally, several studies
have shown that the risk is higher for aMCI
subpopulation in comparison to the rest of
the MCI subtypes (55) (Table 2). This
makes sense in the context of MCI as the

prodromal stage of AD.

Although most of the attention has
been focused on the risk allele ¢4 of APOE,
the €2 allele has also demonstrated its role

in AD (56). Some studies have shown that
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cognitively normal carriers of €2 allele were
less likely to present with cognitive decline
(57), (58) and develop AD (relative risk
[RR] = 0.76 [0.40—1.44]) (57).

Others showed that the MCI patients with
€2 allele had a better memory in
comparison to non-carriers (59). Similarly,
a recent study also detected the protective
effect of APOE €2 against pheno-
conversion from MCI to AD (HR = 0.69
[0.51-0.86], p = 0.004) (60). These
observations suggest the role of €2 allele in
the protection against LOAD and its
importance as a possible mechanism to
reverse the APOE ¢4 effect (60).
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FIGURE 1. Genes by pathways associated with subjective cognitive decline (SCD), mild cognitive
impairment (MCI) and clinical Alzheimer’s disease (AD) and representation of level of genetic
information at each stage

Non-APOE LOAD loci in MCI =0.013; PICALM p = 0.027), respectively,

however they did not support Bonferroni
Apart from APOE, the genome-wide )

corrections (63).
significant variants for LOAD in MCI

population remain largely unknown. Following studies for EPHAI only
However, in the past few years, several replicated it marginally (p = 0.05) (62).
studies have pointed out their influence in Finally, the CLU locus was associated with
cognitive decline. cognitive  endophenotypes in several

studies. In that sense, the CLU risk allele
Thus, CRI and ABCA7 genes have

has been associated with a faster rate of
been associated with faster rate of cognitive
decline (CRI p-value = 0.011; ABCA7 p-
value = 0.013) (61, 62). EPHAI and

PICALM loci were also associated with

decline in some neuropsychological
characteristics such as verbal immediate (p
= 0.0032) and delayed free recall (p =

0.032) (64) and its protective allele with a
faster and slower rate of decline (EPHAI p
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TABLE 2. Genetic variants associated with risk or progression to dementia in mci and SCD

subjects
Gene Marker OR (95%, CI) p-value Type of Study
MILD COGNITIVE IMPAIRMENT
5 Meta-analysis
. 1.85(1.59-2.15)  2.8:10°
Risk APOE 42938 Longitudinal study
Factors 2.50 (1.13-5.69)" 0.020
(55)
APOE 15429358 2.29(1.88-2.8)  <0.001 Meta-analysis (54)
CLU 1511136000 1.19(0-05-1 -32)b 0.003 GWAS (60)
ACOTI1 1s12752888 1.78 (1.21-2.64) <0.001 GWAS (63)
UBR5-RRM2B 17840202 2.26 (1.56-3.26)°  <0.001 GWAS (63)
Prsgress“’“ Unknown sl1637611  2.15 (1.4-3.31)°  <0.001 GWAS (63)
actors
MAPT Hl haplotype  2.31 (1.52-3.51) 0.001 Candidate Gene (68)
5-HTT S allele 1.73 (1.05-2.84) 0.002 Candidate Gene (74)
ADRA2 Deletion 4 ) 71 )
DRA2B (301-303) 0.49 (0.27-0.89) 0.0 Candidate Gene (76)
SUBJECTIVE COGNITIVE DECLINE
Risk APOE 15429358 1.15(1.02-1.30)° 0.028 Meta-analysis
Factor

“Amnestic MCI. "Parameter of association measure hazard ratio; MCI: mild cognitive impairment; SCD:

subjective cognitive decline; OR: odds ratio.

decreased risk of conversion to AD (odds
ratio [OR] = 0.25 [0.07-0.84], p = 0.025)
(65).

A study that evaluated the
progression of normal subjects (n > 2000)
to MCI/LOAD pointed the significant effect
of CLU on logical
recognition (LMDR)
LMDR =-0.51 (-0.92 to —0.11, p = 0.012)

(62). It further

memory delayed

(coefficient  for

showed a borderline

significant hazard ratio (HR) in the
sensitivity analysis between CLU risk allele
and the risk of progression from MCI to
AD (HR = 1.10, p = 0.13; sensitivity HZ =
1.14, p = 0.049) (62). Recently, another
experiment conducted on 3,326 MCI

subjects of four countries supported the
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association of the CLU locus with the
conversion from MCI to AD (HR = 1.19
[0.05-1.32], p = 0.0035) (60) (Table 2).

Most of the identified LOAD loci
present small risk effects and are, therefore,
not quite informative for risk prediction on
their own (65). Consequently, it is
apprehended that the use of the genetic risk
score (GRS) strategy, where multiple loci
with modest effects are combined, might
improve the identification of people at risk
for common diseases (65). It was observed
that MCI carriers of six or more non-4APOE
LOAD risk alleles showed rapid conversion
to AD (65). However, in another study, the
significant effect was only reached when

the APOE genotype was considered (HR =
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1.29, p = 1.14 x 107’ sensitivity HR = 1.32,
p =573 x 10'%) (62). In a recent study,
GRS for 19 LOAD loci with genome-wide
significance was associated with MCI (OR
= 1.15, p = 0.011) and with progression
from MCI to dementia (HR = 1.59, p <
0.001) (66).

With the exception of the APOE
and CLU variants, it seems difficult to
arrive at a conclusion about the role of
LOAD SNPs in the context of MCI. Studies
developed in larger cohorts are needed to
check and validate the expected association
between the LOAD risk genetic variants

and MCI.
New loci associated with MCI

It has been observed that additional
loci have been associated with MCL
Recently, a GWAS associated rs12752888
(ACOTI11 gene), 1s7840202 (UBRS -
RRM?2B region), and rs11637611 (unknown
gene) markers with MCI progression (63)
(Table 2). However, establishing a
relationship with the present
pathophysiological hypothesis of AD, at
this stage, seems complex. Consequently,
these signals require validation if they were
to be discarded as false positive and either
to be accepted as factors responsible for

MCI progression.

Alternatively,  candidate  gene
studies have suggested several aspirant
genes associated with the pheno-conversion

of MCI to AD. One such example is the

microtubule-associated protein tau (MAPT)
gene. Specifically, a study revealed that the
HI/H1 haplotype carriers presented a
higher conversion rate of MCI to dementia
(67). Moreover, the H1 haplotype has been
associated with the risk of aMCI in
converters to AD and non-converters (68)

(Table 2).

Recently, the region 17q21.31, where
MAPT was found, has been associated with
LOAD reaching GWAS significance in
non-APOE carriers (35). However, it
remains unknown whether the casual
variant is located in the MAPT or the nearby
genes (35). For this reason, the MAPT
linkage with MCI was explained at this
point. Although MAPT is expected to be
associated with LOAD because of the role
of Tau protein in the classical AD
hallmarks and the existence of several
studies pointing towards this relationship,
(69), (70), prudence is required until the

location of the causal signal is identified.

Other genes associated with the pheno-
conversion of MCI to AD are the vascular
endothelial growth factor (71), the brain-
derived neurotrophic factor (BDNF) (72) or
butyrylcholinesterase (BCHE) (73). An
additional marker in the serotonin
transporter (SHTT) gene has also been
related to MCI (74). It has also been
associated with an  emotion-induced
retrograde amnesia (75), highlighting the

role of serotonin in the memory system.
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FIGURE 2. Forest plot for APOE &4 genotype in (a) risk to mild cognitive impairment (MCI) and

(b) risk to subjective cognitive decline (SCD).
OR: odds ratio.

The last reported association with
MCI is detected in the o2b-adrenergic
receptor (ADRA2B) (OR = 0.491 [0.268—
0.899]; p = 0.021); this association is also
identified in AD subjects (OR = 0.463
[0.261-0.822]; p = 0.009) (76) (Table 2).
Since none of these genes have been
validated for LOAD, it can be said that they
may act as genetic progression factors.
They are capable of modulating the rate of
decline but are not involved in the risk

leading to AD.

PRECLINICAL STAGE: SUBJECTIVE
COGNITIVE DECLINE
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There is limited research on the
genetic variants that determine the risk to
SCD or the progression of SCD to MCI or
AD. Therefore, we have conducted the first
meta-analysis exploring the involvement of
APOE €4 in the risk to suffer SCD. A
significant risk effect was detected (OR =
1.151 [1.015-1.304]) (Figure 2) (Table 2),
with a  borderline  non-significant
heterogeneity (I’=46%, p-value = 0.075),
which remains when the analysis is only
performed for Caucasians (’=48%, p-value
= 0.087). However, this significant
association disappears (OR = 1.158 [0.933

— 1.437]; p = 0.184) when a random model
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is used to conduct the meta-analysis. From
our point of view, these results must be
taken with prudence. SCD individuals
represent a mixed population, where a pool
of subjects may develop dementia, not
exclusively AD, and others never develop
it. Hence, the sample size needed to detect

Alzheimer’s genuine genes must be larger.

Apart from the APOE &4
polymorphism, other markers have been
investigated to assess their possible
association with SCD, such as alpha-2
macroglobulin gene (77), presenilin-1
mutation Glu318Gly (78), gene
polymorphisms involved in vascular
alterations (49), and inflammatory genes

(80). However, all these studies did not

report any association with SCD.

The genetic profile of the SCD
subjects is unexplored in spite of the fact
that its analysis could provide new ways to
manage the disease. The generation of large
SCD  datasets integrating  genomic
information with follow-up data would be
an essential step in identifying genetic
elements responsible for the progression of

SCD to MCI and AD.

OTHER APPROACHES:
ENDOPHENOTYPE-BASED
APPROACH

The wuse of quantitative traits
closely related to the disease state, namely,
endophenotypes, has been proposed as a
simpler way to deal with genetic testing of

LOAD. Thus, several endophenotypes have

emerged across the cognitive spectrum of

AD.

Differential amyloid burden and brain

volume as endophenotype

Greater amyloid positron emission
tomographic (PET) uptake is detected in
AD, MCI and SCD cases as well as healthy
controls who are carriers of the €4 allele of
APOE gene (81), (82). APOE €4 carriers
become positive for amyloid PET imaging
earlier (81) and show a higher cognitive
decline (83). Moreover, signals in APOE
locus have been detected by GWAS of
longitudinal studies for change in amyloid
burden (84). Thus, in the past few years,
APOE contribution to the determination of
AD dementia converters has been
reinforced. In addition, recent GWAS of
longitudinal studies has also provided novel
genetic correlations with the amyloid
burden, such as BCHE, TREMI, and
ILRIRAP (83), (85), 86).

Findings around differential brain
volumes have also involved LOAD loci
showing that a reduced hippocampal
volume (HCV) is associated with SORLI in
AD patients (87) and CLU gene in young
healthy controls (88). HLA-DRBI locus was
correlated with a decrease in total brain
volume along large longitudinal cohorts
(89). Putamen volume was also associated
with genetic variants, involved in apoptosis,
axon guidance, and vesicle transport (90).
In that context, axon guidance pathway was

also associated with reduced HCV, as well
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as calcium and ErbB signaling (91). In
addition, GRS for LOAD risk variants was
associated with cortical thickness (92) and
reduced HCV in cognitively normal
subjects, although HCV association
disappears after removing APOE locus (89).

Amyloid-p and tau levels in

cerebrospinal fluid (CSF)

CSF levels of AB42 and pTaul81
have also been wused as LOAD
endophenotypes. APOE locus has been
associated with both AB42 (93), (94), (95)
and pTaul81 levels (94). However, Elias-
Sonnenschein et al. (93) showed the
correlations of APOE with AP42 but not
with CSF tau biomarkers. Correlations with
other LOAD loci remain scarce. Kauwe et
al. (96) did not find any association for
BIN1, CRI, CLU, and PICALM, although,
recently, CLU and MSA4A have been
associated with AP42 levels (93). In
addition, GRS for AD loci did not provide
any association (97). Novel identifications
have pointed to the 3q28 region, GLIS3
gene, and TREM cluster association with
tau biomarkers (94) and SUCLG?2
association with AP42 levels (95). For
further information, refer to Cruchaga et al.

(98).

There is an inverse correlation
between brain amyloid burden and Ap CSF
levels (99). From our understanding, both
techniques are dealing with the same
pathological process, AP deregulation. In

that scenario, the identification of the
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following two might be expected: (1) the
same genetic factors independently of the
analyzed quantitative trait and (2) the
reported LOAD loci associated with AP
metabolism. Available data seem to be too
far of these requisites, with the exception of
APOE, the most consistent across studies
and across AD stages. Therefore, from our
view, an unsuited sample size affecting
statistical power or the use of the incorrect
endophenotypes of AD could be preventing

new discoveries.

BRAIN  GENETIC  RESISTANCE
FACTORS: STUDIES IN HEALTHY
PEOPLE

The presence of Alzheimer-type
pathology in healthy elderly people at death
(100) evidenced the existence of
compensatory mechanisms avoiding a
cognitive decline in populations. A GWAS
developed in this group of subjects
suggested the involvement of the RELN in
the compensatory mechanism for AD (101)
and illustrated that studies on non-demented
subjects with AD neuropathology are an
interesting starting point to identify brain

genetic resistance factors.

The state of resistance to brain
insults, where the neuropathological
hallmarks without clinical AD existing, has
been defined as the cognitive reserve (CR).
Individuals with higher CR tolerate the
pathology for a longer duration and show
signs of cognitive decline later in life (102).

Environmental and genetic factors are also
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believed to influence CR. It has been
observed that the educational level (103),
work complexity (104), engagement in
leisure (105), or social activity (106) result
in a reduced risk of dementia, contributing
to CR. However, neuroplastic processes
form the base of the above-mentioned
factors. A study showed that the years of
education is associated with genes involved
in synaptic plasticity (107), and not
surprisingly, cognition and neuroplasticity

seem to be driven by shared genes (108).

The human cognition has a
heritable = component  (109),  (110).
Cognition status is associated with several
genetic variants, such as genes involved in
oxidative stress (111), biosynthesis of
neurotransmitters (112), ubiquitin
metabolism, and immune system (113). It is
to be noted that the immune system is
highlighted as a prime pathway in LOAD
(49) and is expected to be linked with
cognition. The association of memory with
BDNF, 5HTT, and catechol-O-methyl
transferase (COMT) genes remains more
controversial (114). However, as indicated,
BDNF and S5HTT genes have also been
associated with the conversion of MCI to
AD (72), (74). These make them suitable

candidates for further studies in genetics

with MCI or SCD subjects.

Recently, two studies conducted on
non-demented elderly subjects have showed
that genes related to AD (TOMM40, APOE,
MEF2C, and ABCGI) are significantly

associated with the cognitive function

(113), (115). This suggests that genes
involved in the normal and pathological
cognitions somehow overlap (115) and
highlight the applicability of the studies
performed on healthy people. In addition,
the cognition status has also been related to
differential brain volumes (116), thus, it
seems that the hippocampal volume is a key
component of the neuroanatomical basis of
CR against memory in multiple sclerosis
(117). Thus, although the existence of a
genetic component influencing cognition is
evident, its relevance in the health and
disease  processes remains  unclear.

However, it cannot be denied that its

knowledge can bring new insights.

Either way, the investigation of
genetic variants affecting cognition and
brain structure in healthy people with and
without AD neuropathology could be a
starting point to determine the intrinsic
genetic  resistance to dementia. The
information obtained through these studies
must be comprehensively translated to
evaluate its clinical utility in the preclinical

stages of AD.

CONCLUSION

There exists an increasing interest
in the characterization of the stages of pre-
dementia. Taking into account the high
genetic component of AD (14), the
identification of  genetic variants
influencing MCI and SCD can provide a

new perspective in tackling the disease.
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Recent technological improvements
have promoted the identification of 28
genetic variants for LOAD. Despite that,
data concerning pre-dementia stages remain
scarce. At present, APOE gene is the most
consistent association with risk to MCI and
progression from MCI to AD (54). The
CLU locus has also showed promising
results (60). There are more inconsistent
data for SCD. To the best of our
knowledge, we are the first to show meta-
analyzed data evidencing the role of APOE
as a risk factor for SCD (Figure 2).

There is highly pronounced absence
of genetic data for pre-dementia stage
(Figure 1). In addition, there is a high
degree of heterogeneity between available
studies in pre-dementia stage. In an
extended way, the MCI studies show a
statistical correlation between the genotype
and neuropsychological test scores, which
mainly provides informative data. In most
cases, studies with SCD and MCI
individuals have small sample sizes.
Moreover, the consideration of population
characteristics seems pertinent. SCD and
MCI  individuals  comprise  highly
heterogeneous population, where converters
to AD dementia coexist with converters to
other forms of dementia and non-
converters. In  that scenario, the
identification of novel and expected LOAD
loci may be hampered by the effect size of
the true AD group. That could explain the
reduction in the effect size of APOE along

stages. On the other hand, the identification
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of progression factors that are not
previously reported must be considered
with prudence until their validation. This
limitation points to the necessity of using
larger cohorts in studies involving a pre-

dementia stage.

Efforts are required to provide
useful data, which can help in designing
strategies to stop or modulate the course of
the disease. In that sense, a GWAS in the
MCI  population seems mandatory.
Moreover, the identification of the genetic
factors conferring resilience to dementia in
non-demented people could provide a good
opportunity in uncovering the
compensatory mechanisms that may
prevent the disease progression. Therefore,
a genome-wide approach for
endophenotypes involved in CR also seems

affordable and advisable.

In conclusion, genetic research in
the pre-dementia stages of non-demented
people must be potentiated to obtain
advances in AD and design prevention

strategies.
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INTRODUCTION

Genome-wide studies have become
a common tool to identify genetic variants
associated to complex traits. A new
generation of genome-wide arrays has been
introduced in the field. We sought to
explore the performance of two commercial
high-throughput genotyping arrays, the
815K Axiom Spain Biobank array (Axiom
BA, Affymetrix) and the Infinium global
screening array (GSA, Illumina), in 443
Spanish individuals of the Alzheimer’s
disease cohort from Fundacio ACE,

Barcelona, Spain.

METHODS

Two independent Spanish cohorts
of Alzheimer’s disease were used. The
Gr@ACE cohort is composed by 4,124 AD
cases and 3,290 controls, which were
genotyped using the Axiom BA array in the
Spanish  National Genotyping Center
(Santiago de Compostela, Spain). The
second dataset, the FACE EADB cohort
(925 cases, 826 MCI and 1,507 controls),
was genotyped using GSA array in Life and
Brain Center (Bonn, Germany). A total of
443 individuals were genotyped using both

platforms.

Wet genotyping was performed
according to manufacturer’s instruction in
each case. SNP calling was conducted using

APT software for Axiom BA array and
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TABLE 1. Marker failure rate after GWAS Quality Control

GWAS Quality Control 815K Axiom Affymetrix GSA .
INlumina
No. Markers 814 923 696 375

Internal probe sets

56 183 (6.9%)

53551 (7.8%)

Markers failing Standard Quality
Control

111 754 (13.7%)

103 112 (14.8%)

Markers MAF <1%

54 597 (6.7%)

108 195 (15.5%)

Genome Studio for GSA. The same
GWAS quality control was applied for each
dataset using PLINK software 1.9

(https://www.cog-genomics.org/plink?2).

Briefly, samples with heterozygosity rate
>3SD were excluded. Gender discrepancies
were removed. Relatedness, re-sampling
and potential undetected contamination
were evaluated conducting Identity by

Descent (IBD) analysis (PiHat > 0.1875).

Principal  component  analysis  was
performed to detect individual ancestry.
Markers with different missing rate
between cases and controls, failing HWE
(p<0.000001) and rare variants
(MAF<0.01) were excluded. Call rate per
sample and per marker was established in
97% and 95%, respectively.Four quality
datasets were imputed. The experiment A
comprised entire Gr@ACE and FACE
EADB cohorts (N > 3,000) and the
individuals

experiment B includes

genotyped using both platforms (N = 443).

246

Imputation was performed using HRC
reference panel in Michigan Server

(https://imputationserver.s ph.umich.e

du/start.html ).

IBD analysis was conducted to evaluate
concordance rate (COR) between platforms

using PLINK 1.9 software
RESULTS

After GWAS QC, both platforms present
similar proportion of failure rate but GSA
had less common variants available (Table
1). Axiom BA array imputed more variants
with acceptable quality for further research
(R2>0.3; MAF<0.01), independently from
dataset sample size (Table 2).

The mean quality for the acceptable
variants was higher for Axiom BA platform
across different allelic frequencies (Figure
1). The concordance of common variants
between both platforms in genotyped data
was higher than 0.99 (SD;0.016) (Figure 2).
The samples size and the quality of
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TABLE 2. Number of markers after imputation procedure

Experiment A

Experiment B

IMPUTATION
815K Axiom GSA 815K Axiom GSA
Affymetrix Ilumina Affymetrix INlumina
No. Individuals 7414 3258 443 443
Markers R2>0.3 25206 529 20 248 594 14 724 604 13 677 810
Markers R2>0.3
MAF > 0.01 7734 408 7653310 7720363 7614 477

imputed genotypes are also impacting the

concordance rate (COR) between platforms

(Figure 2).
CONCLUSIONS

Axiom BA array genotyped correctly more

SNPs and imputed a higher number of high

quality variants. The higher number of
common variants presents in this array
could be driving these findings. Both
methods provided similar genotype and
imputation accuracies displaying also an
excellent concordance among genotyped

SNPs.

2.50 1.00
230 L /( = = = - 0.95
— - 0.90
2.10 +H | &7

?/ [1 ExperimentA, Axiom | 0.85

1.90 ¢ 4% [T ExperimentA,GSA |
1.70 4 [0 ExperimentB, Axiom | 0.80
[l ExperimentB,GSA | 0.75

1.50 ~ !
I - 0.70

1.30 - |
- 0.65
1.10 ~ . 0.60
0.90 - - 0.55
0.70 | . . . |_| . 0.50

0.05 0.10 0.20 0.30 0.40 0.50

FIGURE 1. Number of imputed variants and imputation quality according to allelic frequency

per quality dataset.

247



Appendix 2: Supplementary Publication Il

1.00
0.98
0.96
0.94
0.92
0.90
0.88 —
0.86 —
0.84 —
0.82 —
0.80

Experiment A

ExperimentB
Genotyped

Ll

R2 O 0.3 0.5 0.8 Genotyped

FIGURE 2. Concordance Rate (Cor) between Axiom BA and GSA platforms by imputation quality.
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