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ABSTRACT

Identification of genetic loci associated with late-onset Alzheimer's

disease from East Asian genome-wide association study

Sarang Kang
Advisor: Prof. Kun Ho Lee, Ph.D.
Department of Integrative Biological Sciences

Graduate School of Chosun University

Alzheimer’s disease (AD) is a highly complex neurodegenerative disorder
and is regarded as one of major forms of dementia. The AD is clinically characterized
by progressive deficits in memory, behavioral problems and cognitive impairments.
High genetic heritability (up to 79%) of Late-onset of Alzheimer’s disease (LOAD)
have contributed to large scale of genetic studies, and more than 20 genetic loci have
been discovered, including the Apolipoprotein E (APOE) gene. However, the
majority of genetic loci have been identified through European races, and relatively
few studies using East Asians to discover genetic factors. Furthermore, the results of
East Asian studies have not clearly shown any risk variants in LOAD, except for the
APOE gene. The focus was on the identification of Asian specific genetic loci
associated with AD. In this study, Genome-wide association studies (GWASs) using
2,291 Korean data collected from Gwangju Alzheimer’s & Related Dementias
(GARD) Cohort were performed to find the risk genetic loci of AD. The novel genes
were identified by performing APOE-strata analysis to effectively mask the genetic
effects of APOE. And those genes were confirmed the replication using independent
Japanese data and found the East Asian specific loci through meta-analysis. The

previously reported SNP (or gene) were replicated using GARD cohort and three
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novel susceptible loci were discovered through the APOE-stratified analyses.
Among subjects without the APOE e4 allele, we identified that rs189753894 in
CACNAIA gene and rs2280575 and rs113765515 in LRIGI gene were susceptible
loci for Alzheimer’s disease. Next, 115 AD-associated genes were identified by
bootstrap-based GWAS on a Korean population followed by functional genomic
screening with a Drosophila model of AD. Pathway analysis of the discovered genes
revealed that membrane trafficking is the main functional cluster. Among them, the
function of' 5 selected genes (AP3D1, DNM3, SH3GL2, PIK3C3, and CCDC22) were
validated in vivo and in vitro. Next, the association and risk effect of AD in Koreans
for APOE e2 was evaluated. The association analysis confirmed that the risk of AD
was 0.39 times lower in the group with at least one APOE e2 than in the group with
APOE e3/e3, and that this was more clearly observed in the group with a pathological
diagnosis. Moreover, through survival analysis, the group with more than one APOE
e2 confirmed a 3-year delay in the age of onset of AD compared to APOE e3/e3. The
accumulation of amyloid-beta as age progressed was examined, and it was confirmed
that those who had at least one APOE e2 had no or less amyloid accumulation than
those who did not. To conclude, several new genetic loci have been identified for the
association with AD. Moreover, the East Asian specific risk SNPs, which involved
in the AD mediated pathology were also identified. In addition, the findings of this
study can provide new insights into understanding the complex of neurodegenerative

disease.
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I. INTRODUCTION

I-1. Background of Alzheimer’s disease dementia

Dementia is a symptom of cognitive decline caused by a variety of diseases,
with Alzheimer’s disease (AD) being the most common causative disease. With the
increase in the elderly population, the number of dementia patients is also increasing.
According to the 2016 Korea Dementia epidemiological survey, the estimated
number of dementia patients among the elderly aged 65 and above will be
approximately 790,000 in 2019, and is expected to exceed 1.36 million in 2030, 2.2
million in 2040, and 3 million in 2050 (Nam et al., 2017). The cost of dementia
management is also increasing; in 2010 the cost of management per person with
dementia was about 18.5 million won, and is estimated to be 20.7 million won in
2019 (Lee et al., 2021). AD accounts for an estimated 60-80% of all dementia
patients, and develops in elderly people over the age of 65. According to the 2020
Korea Dementia Observatory Report, in 2021, among the estimated dementia
patients aged 65 years and older, AD patients accounted for the highest estimated at
74.9%, vascular dementia with 8.7% and other types of dementia with 16.3% (Lee
et al., 2021).

The most common early symptom of AD is changes in the brain regions
responsible for learning and memory, which typically make it difficult to form new
memories and remember recently learned information. Serious memory loss,
confusion and disorientation, changes in mood and behaviour, and deeper confusion
about events, time, and place are clear features of Alzheimer's disease. In AD
patients, pathological changes are observed in the brain: senile plaque,
neurofibrillary tangle, and brain atrophy. Senile plaques are produced by the
accumulation of beta-amyloid protein on the external surface of neurons, while
neurofibrillary tangles are the result of hyperphosphorylated tau protein on the

internal surface of neurons. Small accumulations of beta-amyloid, called plaques and
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oligomers, can contribute to neuronal damage and death by interfering with
communication between neurons at the synapse. Tau tangles inside the neuron block
the transmission of nutrients and other molecules essential for normal function and
neuron survival. Although the entire sequence of events is unclear, beta-amyloid
begins to accumulate prior to abnormal tau, and increased accumulation of beta-
amyloid is associated with subsequent increases in tau (Bloom, 2014). In AD, the
accumulation of beta-amyloid and phosphorylation of tau protein causes the death of
neurons throughout the brain, severing the neuronal network and reducing many
brain regions. Hippocampus, entorhinal cortex, subcortical structures, and white
matter were observed in a large part of the brain, and the volume of the brain was
greatly reduced (Pini et al., 2016).

According to the U.S. Dementia Epidemiology Study, the prevalence of AD
is different by ethnicity, and even within the same ethnic group, the prevalence is
different by environment (Anderson et al., 2004). The CHAP study revealed that
among the geriatric population aged 65 and older, 18.6% of Blacks and 14% of
Hispanics have Alzheimer's disease, while only 10% of Whites have AD (Rajan et
al., 2021, Thies and Bleiler, 2021). This suggests that the factors that cause AD are
different for each ethnic group. And more studies, especially cohort-based studies,

are needed to derive conclusions about the prevalence and causes of AD.
I-2. Genetic study of AD

Genetic research on genes that cause late-onset AD (LOAD), which occurs
at ages over 65, has been conducted since the early 1990s. The high heritability of
AD (up to 79%), estimated by twin studies, stimulated genetic research to discover
the genes that induce AD (Gatz et al., 2006). And the genome-wide association study
(GWAS) accelerated the finding genes associated with AD. The early genome-wide
studies led to the identification of many different AD-related genes, such as CD33,
ABCA7, BINI, CLU, EPHAI and SORLI (Harold et al., 2009, Hollingworth et al.,
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2011, Miyashita et al., 2013). GWAS mainly uses single nucleotide polymorphism
(SNP), which is the part of the genome where differences appear in each individual's
genetic sequence, to investigate associations (Shastry, 2002). SNPs can cause
differences in gene expression or changes in protein structure depending on their
genomic loci. In addition, the type and number of SNPs vary among races, which
can lead to different disease traits. Numerous genetic variants may represent diverse
and complex traits, and have synergistic effects on the characteristics of many
diseases.

Unfortunately, genes identified through GWAS could not explain even half
of the disease mechanisms. Perry G. Ridge et al. reports that through studies of AD
heritability estimates using genetic information, only about 33% of heritability was
explained, while the remaining 67% was not (Ridge et al., 2013). This is either due
to the large number of genes that have not yet been identified or due to biological
mechanisms caused by complex combinations of genes.

Recently, researchers have been attempting to discover new genetic variants
not only through simple association analysis but also through applied analysis using
pathway and protein information (Mukherjee et al., 2014, Zhou et al., 2019, Sun et
al., 2021). Not only that, but there are also association studies that increase the
sample size to make it more representative of the population. A recent report of
association analysis using more than 1 million sample showed the results of adding
7 new genes to the previously reported 32 genes (Wightman et al., 2021). However,
most of the reported results have been generated from the research using Europeans,

and the results using East Asians are relatively insufficient.
I-3. Genetic study on apolipoprotein E (APOE)

The most genetically established LOAD risk factor is the e4 allele of the
Apolipoprotein E (APOE) gene on chromosome 19. APOE is a gene that codes for

proteins involved in fat metabolism, such as cholesterol transport in neurons (Martins
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et al., 2006). The human APOE gene has three isotypes e2, €3, and e4 depending on
the combination of two SNPs (rs429358 and rs7412), with frequencies of 8.4%,
77.9%, and 13.7%, respectively (Farrer et al., 1997). Since human genome is diploid,
APOE allele can be inherited from each parent, resulting in six allele types: e2/e2,
e2/e3, e2/ed, e3/e3, e3/e4 and e4/ed. The researchers observed a difference in the
frequency of such pairs by race and ethnicity. For example, comparing populations
with APOE e4/e4, African Americans were 4.5% compared to 2.4% of European
Americans. For the population with APOE e3/e4, the percentage of African
Americans was 28.6% compared to 21.4% for European Americans (Rajan et al.,
2017).

The frequency of the e4 allele is greatly increased in AD patients. Having
one copy of the e4 allele of APOE increases the risk of AD 4-fold, and having two
copies increases it more than 10-fold (Farrer et al., 1997). In addition, amyloid-beta
accumulation occurs more in people who have APOE e4 than in those who do not
(Jansen et al., 2015). And people who have APOE e4 accelerate the onset of AD
compared to those who have APOE e3 (Raber et al., 2004). A number of GWAS
studies have confirmed that APOEe4 is the most powerful genetic risk factor for AD
(Shen and Jia, 2016).

The APOE e2 has the lowest frequency in populations worldwide, especially
in patients with AD. The e2 allele of APOE provides a protective effect against AD
(Corder et al., 1994). When compared to the APOE e3/e3 population, which had the
highest frequency, the population with APOE e2 had the lowest risk of AD and the
highest mean age (Corder et al., 1994, Farrer et al., 1997). The protective effect of
€2 does not vary by ethnicity, age or sex (Farrer et al., 1997).
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PART II
APOE-stratified genome-wide association study suggests potential

novel genes for late-onset Alzheimer's disease in East-Asian
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SUMMARY

The high genetic heritability of Alzheimer’s disease (AD) (up to 79%) has
stimulated genetic studies for AD. Genome-wide association studies (GWAS) using
consolidative procedures, large sample sizes and meta-analysis have identified more
than 30 high-risk genetic loci for AD. However, most studies have been conducted
on Caucasians, and studies using East Asians have been relatively insufficient.
Therefore, it is not enough to understand the genetic mechanisms of AD, which are
genetically complex, heterogeneous, and ethnically distinct. In this study, GWAS
using 2,291 Korean data collected from Gwangju Alzheimer’s & Related Dementias
(GARD) Cohort was performed to discover the genetic risk factors for AD. As shown
in other studies, 54 SNPs at or near APOE displayed genome-wide significance,
while 432 SNPs remained at a suggestive level. To completely mask the genetic
effects of APOE, novel genetic loci were identified through 4APOFE strata analysis.
Then, the replication study was performed using independent Japanese data, and East
Asian-specific loci were confirmed through meta-analysis. The previously reported
SNPs (or genes) were replicated using the GARD cohort, and three novel
susceptibility loci were identified through APOE-stratified analysis. Among subjects
without the APOE e4 allele, rs189753894 in CACNAIA gene and rs2280575 and
rs113765515 in LRIGI gene were identified as susceptible loci for AD. This study
shows that detection of AD-associated variants is possible in ethnic groups with more

homogeneous genetic backgrounds, using a sample composed of fewer subjects.
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I1-1. Introduction

Genetic factors are consistently regarded as important predictors in
understanding the mechanisms of Alzheimer's disease (AD). Among the genetic
factors associated with AD, the most critical and consistently reported gene is
Apolipoprotein E (APOE), which explains the largest portion of the disease
(Strittmatter et al., 1993). However, differences in the effects of APOE genotype are
highly variable among populations (Singh et al., 2006). A notable example is that the
prevalence of AD among Arabs living in communities in northern Israel is almost
double that of their European ancestors, even though the frequency of APOE e4 is
very low (Sherva et al., 2011). In 2013, 11 new AD genetic variants were discovered
through a meta-analysis using 74,046 individuals (Lambert et al, 2013). The
International Genomics of Alzheimer’s Project (IGAP) in 2019, 24 AD-related genes
were discovered using 94,437 individuals (Kunkle et al., 2019). Most recently, using
more than a 1 million people from all cohorts combined, 39 genes were confirmed
to have associations with AD (Wightman et al., 2021). The discovered genes are
involved in diverse biological pathways, such as immune responses and endocytosis,
and give a potential explanation for the complexity and genetic heterogeneity of AD.
However, the large-scale studies that identified the genes used mostly European
populations, which is quite different from the results of studies using East Asians
(Miyashita et al., 2013, Zhou et al., 2018). This supports the research that the genetic
distance between Europeans and East Asians is large (Abdulla et al., 2009, Auton et
al., 2009)and further emphasizes the need for research using East Asians.

Genetic studies using diverse populations have been very valuable in
understanding the genetic architecture of AD (Miyashita et al., 2013, Ghani et al,,
2015, Jun et al., 2017, Jansen et al., 2019). Studies using non-European populations
provide an opportunity to reveal new AD-related genes, which may serve as a basis

for understanding unknown genetic mechanisms of disease. In particular, studies
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using a variety of populations have found genes that explain genetic heterogeneity,
even though the populations consisted of thousands or far fewer samples (Meng et
al., 2006, Jun et al., 2017).

In this study, the genetic information of Koreans, a homogeneous population
that maintains a well-defined genetic background with a high prevalence of AD
among the elderly over 60 years old, was used to discover AD-related genes. For this
purpose, the genetic information for conducting the GWAS was obtained using the
Korea Biobank Array (referred to as Korean Chip) designed for Koreans (Moon et
al., 2019). In order to extend the genetic information, imputation using a multi-ethnic
panel was conducted (McCarthy et al., 2016). The SNPs discovered through the
Koreans were validated through Japanese, the most genetically homogeneous

population (Miyashita et al., 2013).

I1-2. Methods
1I-2-1. GARD cohort

GARD (Gwangju Alzheimer's & Related Dementias) cohort is a group that
has been tracked since 2010 after recruiting local senior citizens aged 60 or older for
research on Alzheimer's disease and dementia. Most of the subjects are recruited at
the Early Dementia Examination Center in Bitgoeul Senior Health Town, Gwangju.
Basic personal information such as height, weight, education, medical history, family
history, and drug use are collected. Biometric tests (EEG, PPG, impedance) and K-
MMSE (Korean Mini-Mental State Examination) tests (Kang et al., 1997) are
performed to assess basic cognitive functions and to determine whether dementia is
judged or not. Currently, the number of subjects who have been assessed for MMSE
is 14,524. After conducting the basic tests, additional full clinical examinations are
conducted for those who wish to have a detailed examination or who agree to the

investigation. A clinical evaluation was conducted wusing the Seoul
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Neuropsychological Screening Battery (SNSB) (Kang et al,, 2003) and brain
imaging information using a 3T MRI (Skyra, Siemens) single scanner. '°F-
Florbetaben (FBB) beta-amyloid positron emission tomography (PET) was
conducted on some subjects who wanted and needed. Based on all the clinically
collected information, dementia specialists in the Department of Neuropsychiatry at
Chosun University Hospital and Chonnam University Hospital conducted the
diagnosis. The Blood, saliva, and cerebrospinal fluid (CSF) were collected from the
diagnosed subjects. After the blood and CSF are collected, they are immediately
purified and stored in deep freezer and nitrogen tank. A portion of the blood collected
was tested for blood counts, cholesterol levels, blood sugar, thyroid function, and
other blood information. The cognitively normal (CN) subjects had no neurological
diseases or disorder, no observed decline in cognitive function, and no problems in
daily life. Subjects with MMSE z-scores greater than -1 or with less than 3 years of
education were excluded from the CN group. Subjects with brain disease, central
nervous system disease, or mental health disorders, including depression, were
excluded from the CN group. Those taking stroke medications, mental health related
medications including sleeping pills, and those drinking alcohol more than four times
a week were also excluded from the group. The clinical diagnosis of probable AD
was determined using NINCDS/ADRDA criteria (McKhann et al., 1984). Amyloid
PET images were used to diagnose AD. All volunteers or authorized guardians for

cognitively impaired individuals gave written informed consent before participation.
I1-2-2. Study participants

Out of 14,524 participants, the subjects were chosen to maximize contrast
between cases and controls for the GWAS. The cases had an age distribution of 60
to 97 years and met the NINCDS-ADRDA for AD. Those with amyloid negative
diagnosis by PET imaging were excluded. The control group consisted of individuals

whose age distribution ranged from 70 to 90 years and who were cognitively normal
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or did not exhibit neurological, psychological, or pathological symptoms. For the
expansion of hospital-based samples, blood or DNA with clinical information was
received from 13 institutions, including Seoul National University Hospital, Inha
University Hospital, Gyeongbuk University Hospital, Dong-A University Hospital,
and Pusan National University Hospital. The study protocol was approved by the
Institutional Review Board of Chosun University Hospital, Korea (CHOSUN 2013-
12-018-070).

Japanese datasets were used to performed a replication study to identify the
novel East Asian specific genes. Professor Takechi Ikeuchi of Niigata University in
Japan gave clinical information and genetic data for a total of 2,022 Japanese cases

and controls (Miyashita et al., 2013).
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Table 1. Summary of demographic information for each group in GWAS analyses

Discovery (n=2,291)

Replication (n=1,956)

P P
CN AD CN AD
All samples, n 1,172 1,119 976 980
Female, n (%) 661 (56.4) 715 (63.9) <0.001 564 (57.8) 702 (71.6) <0.001
Age at exam, m (s.d) 76.03 (8.9) 74.60 (8.9) <0.001 76.94 (5.9) 72.99 (4.3) <0.001
APOE e4 non-carrier, n 976 621 815 435
Female, n (%) 544 (55.7) 393 (63.3) 0.003 470 (57.7) 31 (71.3) <0.001
Age, m (5.d) 76.10 (8.9) 75.43 (9.1) 0.029 77.11 (5.9) 73.42 (4.3) <0.001
APOE e4 carrier 196 498 161 545
Female, n (%) 117 (59.7) 322 (64.7) 0.222 94 (58.4) 392 (68.3) 0.001
Age, m (5.d) 95.45 (8.9) 73.32 (9.0) <0.001 76.06 (5.9) 72.65 (4.3) <0.001

Abbreviations: CN, cognitive normal; AD, Alzheimer’s disease; s.d, standard deviation.
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I1-2-3. SNP genotyping

Genomic DNA from GARD cohort was extracted from peripheral blood
leukocytes that were isolated from whole blood collected in EDTA tube. Of the total
subjects, 5,570 blood samples were finally used for genomic analysis, except for
diagnostic uncertainty, mixed-up, and inadequate DNA concentrations among all
subjects. The samples were genotyped using the KNIH Biobank Array as part of the
discovery sample. Affymetrix Power Tools (APT) were used to process all CEL files.
Dish QC (DQC) values were generated and used to remove samples with DQC<0.82.
Low-quality markers selected by the Ministry of Health to improve marker quality
control have been removed. Also, low-quality markers were removed by SNPolisher
to pass through a better sample QC procedure. The 4,391 samples used KNIH
Biobank array v1.0, while 1,179 samples used KNIH Biobank array v1.1 which is a
more supplemented by Koreans. The number of samples analyzed for discovery
study was expanded by integrating both versions and extracting common SNPs. The
replication data was genotyped with Affymetrix GeneChip 6.0 microarrays, and

includes 905,422 variants for 2,022 subjects (1,007 AD cases and 1,015 controls).
11-2-4. Quality control

Quality control was performed under the same conditions for each chip
version using the PLINK v1.90 package (Chang et al., 2015). SNPs with genotype
call rate (GCR) < 95%, a minor allele frequency (MAF) <0.01, or significant
deviation from the Hardy-Weinberg equilibrium (HWE) (P<10°) were excluded.
Samples with individual call rate < 95%, gender inconsistency between reported and
analysis of X-chromosome SNPs, extremely low or high genome-wide
heterozygosity (£3 S.D from the mean). After performing QC for SNPs and samples,
4,011 samples and 518,326 SNPs were passed from Korean chip v1.0 and 1,117
samples and 577,694 SNPs were passed from Korean chip v1.1. For discovery study,
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totally 2,291 subjects (1,172 controls and 1,119 AD cases) were selected (Table 1).
For replication study, sample QC and marker QC were conducted on the same basis

as discovery dataset, and finally 1,956 samples and 669,196 variants were used
(Table 1).

I1-2-5. Imputation

SNP genotypes for Korean and Japanese were imputed separately using
reference haplotypes pre-phased in the HRC (Haplotype Reference Consortium)
panel version 1.1 (McCarthy et al., 2016). Eagle (version 2.3) was used for phasing,
and Minimac4 was used for imputation. The low-quality (info score <0.5) imputed
SNPs were removed. After imputation, 35,685,761 variants were obtained by
combining the data from Korean discovery dataset and 39,044,005 variants from

Japanese replication dataset.
I1-2-6. Statistical analyses

Genetic Association Study (GAS) Power Calculator was used to analyze the
power of GAWS (Johnson and Abecasis, 2017). Demographic information with the
statistical significance was confirmed through Chi-square test or t-test (Table 1). The
allelic test or a logistic regression procedure was performed using PLINK v1.90 to
test both genotyped and imputed SNPs for association (Chang et al., 2015). Under
the additive gene model, the logistic regression analyses were adjusted for age, sex
and the first four principal components (PCs), suggested from the smartpca program
with EIGENSTRAT (Price et al., 2006, Patterson et al., 2006). Using twstat software
in EIGENSTRAT, Tracy-Widom statistics were calculated to evaluate the statistical
significance of each PCs, and the first 4 PCs for discovery stage and 5 PCs for
replication stage were included in this study.

To mask the high effect of APOE signal, APOE strata analysis was used. To
perform the APOE-stratified GWAS, each group was clustered according to the

13
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presence or absence of APOE e4. A logistic regression model stratified on the
presence of APOE genotypes, especially e4, was configured to search for effect sizes.
SNPs with suggestive significance (P<5x107) in discovery stage were selected as
the candidates and considered significance in replication stage.

In replication stage, 1,956 samples were analyzed similarly done in the
discovery and replication stage, except 5 PCs were adjusted. The association of p
value less than 1x107 was considered significance. The SNPs with reverse direction
of the odds ratio were excluded.

The meta-analysis was performed using METAL (Willer et al., 2010), and
SNPs were selected with p less than 5x107. An inverse variance-weighted fixed
effects meta-analysis was used to test for association with AD. And gene-set analysis
was also conducted through MAGMA for top SNPs (de Leeuw et al., 2015). GCTA
software was used to estimate the SNP heritability as defined by phenotypic variance

explained by genotype information (Yang et al., 2011).
I1-2-7. Gene expression analysis

The expression levels of mRNA and protein in normal human tissues were
considered using public databases that provide open resources, such as Genotype-
Tissue Expression (GTEx, release v8) (https://gtexportal.org/home/) (Consortium et
al., 2015) and Human Protein Atlas (HPA) (http://www.proteinatlas.org/) (Uhlén et
al., 2005), and Functional Annotation of Mammalian Genomes 5 (FANTOMYS)
(https://fantom.gsc.riken.jp/5/) (Lizio et al., 2015).

Genotype-specific expression of SNPs was assessed by quantitative
characteristic position of expression (eQTL) analysis using GTEx. The marker ID
for rs189753894 in CACNA 1A was chrl9 13513675 C A b38. The marker ID for
rs2280575 in LRIGI was chr3 66492439 A G b38. The marker ID for
rs113765515 in LRIGI was chr3_ 66489422 T G b38.

14
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In addition, the publicly available expression dataset (GEO access number:
GSE118553), which specifically contains AD data, was used to perform the
differential expression (DE) analysis (Patel et al., 2019). The DE dataset was
included expression levels of gene in brain tissue from 167 AD patients (both
asymptomatic and AD dementia) and 100 cognitive normal controls. The linear
regression model adjusting for age and sex was performed to examine the differences

among disease status.

I1-3. Results

I1-3-1. Allelic association results using all samples in discovery stage

As a result of allelic association test (chi-square statics), 70 loci (6 genes)
were satisfied genome-wide significance level (P<5x10®) (Table 2). All loci with
genome-wide significance were in the previously reported AD risk genes including
APOE, PVRL2, TOMM40, and APOCI. Among the 479 loci (98 genes) with
suggestive levels, SNPs in BINI and ABCA7 genes, which were previously reported
as AD risk genes, were found (Table 2). This suggests that there is possibility of

identifying AD risk loci even at the suggestive level.
I1-3-2. GWAS for Alzheimer’s disease using Korean cohort

For discovery stage, association analysis was conducted using the all
samples, which included 2,291 subjects and identified 54 genome-wide significant
(P<5x10®) SNPs across three genes namely APOE, PVRL2, and TOMM40 (genomic
inflation=1.03), which were found to be associated with AD in previous studies
(Table 3 and Figure 1). The heritability of AD was estimated without these genes
using a liability-threshold model with the set of SNPs excluding the loci annotated
in these genes; and a relatively large estimate (0.566+0.152) was obtained (Table 4).
In addition, a portion of SNPs in other previously known genes, such as ABCA7 and
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BINI, was also replicated at a genome-wide suggestive level (P<5x107) in
association test using additive model (Figure 1). These results suggest that
unreported additional common variants with smaller effects (or possibly rarer
variants with larger effects) may be identified through a post-hoc analysis with a less
stringent statistical significance. In addition, the rs11218343 in SORLI, previously
identified in a Japanese cohort (Miyashita et al., 2013), was also confirmed in Korean

cohort by replication analysis with a significance of P=5.9x10.

I1-3-3. Identification of novel genes associated with AD using APOE-stratified
GWAS

The APOE-stratified GWAS was performed using subgroups of subjects on
the basis of APOE e4 carrier status. The SNPs reached at genome-wide suggestive
level (P<5x107) were selected for candidates. A total of 219 SNPs (annotated in 61
genes) were identified as e4 carriers (genomic inflation=1.02) with statistical
significance respectively. Also, total of 306 SNPs (annotated in 82 genes) were
identified as e4 non-carriers (genomic inflation=1.03). Lowering the threshold of
statistical significance would obviously increase the number of false findings.
Therefore, an independent cohort dataset was used to ensure replicability of the
discovered SNPs.

To ensure significance for novel discovered SNPs, a replication study was
performed with the Japanese dataset in which previous GWAS signals were filtered.
The results of the replication study showed that 15 out of 82 genes of APOE e4
carriers satisfied the significance. Not only that, 7 out of 61 genes of APOE non-
carriers satisfied the significance. Considering the effect direction and statistical
significance of the variants in both the discovery and replication datasets, the
rs189753894 in CACNAIA and the 1s2280575 and rs113765515 in LRIG1 achieved

significance in the meta-analysis using APOE e4 non-carrier (Table 3).
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Furthermore, the power analysis was conducted to evaluate the expected
power of the e4 non-carrier findings in discovery stage. Considering SNPs in LD
(D'=1) with a prevalence of dementia of 0.087 and a risk allele frequency of 0.082,
the power was estimated at 85% with a significant association of P<5x10~ from the
additive model with powerful effect of OR=1.8. In addition, the Allele Frequency
Aggregator (ALFA) (www.ncbi.nlm.nih.gov/snp/docs/gsr/alfa/) (Phan et al., 2020)
was applied to check the allele frequency of Europeans. Considering that the
frequency difference of some loci more than doubles between Koreans and

Europeans (Table 3), it suggests that ethnic differences appear even with the same

risk loci of AD.
1I-3-4. Functional annotation of CACNAIA and LRIG1

The consortium databases such as HPA (Uhlén et al, 2005), GTEx
(Consortium et al., 2015), and FANTOMS (Lizio et al., 2015) was used as data to
support their molecular states of cells and tissues. The results of the eQTL analysis
using GTEx showed that two SNPs located in LRIGI were produced significant
expression differences in Hypothalamus of the brain (Figure 6 and Figure 7). The
result of the eQTL analysis with rs189753894 in CACNAIA was not showed
difference due to its low frequency.

The RNA expression levels of CACNA 1A were showed as only in brain and
high score, such as 18.2 protein-coding transcripts per million (pTPM) in cerebral
cortex reported by HPA dataset, 394.1 pTPM in cerebellum reported by GTEx, 453.4
scaled tags per million in cerebellum by reported FANTOMS dataset (Figure 9). The
RNA expression levels of LRIGI are showed as high score in the cerebral cortex at
74.1 protein-coding transcripts per million (pTPM) reported by HPA, 16.0 pTPM
reported by GTEx. In FANTOMS dataset, the RNA expression levels of LRIG1 were
higher in the brain region than other tissues, especially for the hippocampal

formation, which was 179.9 scaled tags per million.
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From the DE analysis, the LRIGI gene caused significant expression
differences in Entorhinal cortex, Frontal cortex, Temporal cortex (Figure 10).
Especially when comparing with the CN group, the expression levels clearly changed
as the dementia progressed. For the CACNA 14 gene, a significant difference in gene
expression was observed only in the Entorhinal cortex (P=0.0017) (Figure 10).
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Table 2. Top-ranked genome-wide allelic association results in discovery stage (P<5x10~)

Genotype frequency
Chr Lead SNP (type)* Allele Count Gene P OR (95% CI)
Case Control
All samples
19 15429358 (m) CC 78 0.257 0.084 APOE 5.84x10 3.76 (3.2-4.5)
CT 420
TT 621
19 rs10119 (3" AA 84 0.269 0.096 TOMM40 1.31x10™ 3.48 (2.9-4.1)
AG 434
GG 601
19 1510414043 (g2) AA 55 0.212 0.078 APOCI1 4.07x10™% 3.33(2.8-3.9)
AG 364
GG 700
19 rs111789331 (g) AA 77 0.256 0.096 APOCIP1 2.96x10™% 3.24 (2.7-3.8)
AT 644
TT 1570
19 15412776 (i) AA 77 0.252 0.108 PVRL2 1x107% 2.77 (2.4-3.3)
AG 409
19
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2 135103166 (g)

19 rs3752243 (s)

APOE e4 non-carrier

19 15189753894 (g)

3 rs113765515 (1)

APOE e4 carrier

GG
CC
CT
TT
GG
GA

AC
CC
GG
GT
TT

633
538
1102
651
319
1123
849

119
494

74
546

0.507

0.354

0.109

0.064

0.445

0.413

0.066

0.105

BIN1-NIFKP9

ABCA7

CACNAIA

LRIG1

3.27x107

3.48x107

1.55x107

2.02x107

1.28 (1.1-1.4)

0.78 (0.7-0.9)

1.74 (1.4-2.2)

0.56 (0.4-0.7)

Abbreviations: Chr, chromosome; SNP, single nucleotide polymorphism; OR, odds ratio; CI, confidence interval.

*m: missense, S: synonymous, i: intronic, g: intergenic, 3": 3' UTR.
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Table 3. Top-ranked genome-wide association results in discovery stage (P<5x107), replication stage, and meta-

analyses.
Discovery Replication
Meta-analysis
(1,172/1,119) (976/980) Alt
Chr  SNP (type)* m MAF Gene Allele
OR OR +
P OR P Frq
(95%CI) (95%CI)
All samples
3.637 2.608
19  rs429358(m) C 0.169 APOE 3.74x10™% 1.89x10™ 3227 5.90x10°%°  0.036
(3.03-4.37) (2.04-3.33)
3.378 2.230
19  1s1011933) A 0.180 TOMM40 9.58x10* 7.49%x10% 2731 1.59x10°7  0.279
(2.83-4.03) (1.88-2.65)
2.942 2.656
19 1512972156 (i) G 0.151 PVRL2 1.52x107% 5.42x10™  2.841 8.30x10™%  0.001
(2.45-3.54) (2.06-3.43)
3.082 2.629
19  rs10414043(g) A 0.143  APOC1 3.92x10>! 8.76x10" 2920 4.29x10"  0.109
(2.55-3.73) (2.02-3.43)
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APOE non-carrier

19 1s189753894 (i) A 0.082 CACNAIA

(1.34-2.23)
3 1s2280575() G 0.092  LRIGI

(0.41-0.71)
3 rs113765515() G 0.088  LRIGI

(0.41-0.71)

APOE e4 carrier

900

1.
10° 2.22x10*

(1.35-2.67)

0.551
10° 3.46x10™

(0.40-0.76)

0.499
107 1.03x10*

(0.35-0.71)

1.787  2.49x10° 0.007

0.544 1.51x10%  0.267

0.525  7.69x10” 0.206

*m: missense, s: synonymous, i: intronic, g: intergenic, 3" 3' UTR; "SNP alternative allele frequencies of Europeans reported in

the allele frequency aggregator (ALFA).

Abbreviations: Chr, chromosome; SNP, single nucleotide polymorphism; BP, base-pair position; m, minor allele; M, major

allele; MAF, minor allele frequency; OR, odds ratio; CI, confidence interval.
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Table 4. SNP heritability estimates of Alzheimer’s disease dementia

Heritability, V(G)/Vp (SE)

Total SNP 0.596 (0.152)
Exclude APOE SNPs (15429358 and rs7412) 0.596 (0.152)
Exclude APOE and LD SNPs (r* > 0.2) 0.574 (0.152)
Exclude APOE and near SNPs (+50kb) 0.566 (0.152)

Abbreviations: SNP, single nucleotide polymorphism; SE, standard error
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Figure 1. Manhattan plot and Q-Q plot of GWAS using all samples. X-axis shows chromosomal positions and Y-axis
shows -log10 p values. The upper and lower dotted lines indicate the genome-wide significance threshold (p=5.0x10"%)

and the suggestive level for selecting SNPs for replication study (p=5.0x107).
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Figure 2. Regional association plots for APOE region using all samples. A number of SNPs around rs429358 in APOE
gene are highly correlated. Region within 200 kb from SNPs showing lowest p value is displayed. SNPs showing the
lowest p value is depicted as a purple diamond. Other SNPs colored according to the extent of linkage disequilibrium

(measured in 1?) with SNP showing the lowest p value.
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Figure 3. Regional association plots for SNPs that have been previously
reported to be associated with AD. BIN1 (A) and ABCA7 (B) were showed the
significance with genome-wide suggestive level in Koreans. Region within 200 kb
from SNPs showing lowest p value is displayed. SNPs showing the lowest p value is
depicted as a purple diamond. Other SNPs colored according to the extent of linkage

disequilibrium (measured in r*) with SNP showing the lowest p value.
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Figure 4. Manhattan plot and Q-Q plot of GWAS using APOE e4 non-carriers. X-axis shows chromosomal positions
and Y-axis shows -logl0 p values. The upper and lower dotted lines indicate the genome-wide significance threshold

(p=5.0x10"*) and the cut-off level for selecting single-nucleotide polymorphisms for replication study (p=5.0x10").
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Figure 5. Regional association plots for top-ranked SNPs from APOE e4 non-
carrier study. Each plot of SNPs has a Korean panel at the top and a Japanese panel
at the bottom. The highest association signal in each panel is located on LRIG (A),
CACNAIA (B). Region within 200 kb from SNPs showing lowest p value is
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displayed. SNPs showing the lowest p value is depicted as a purple diamond. Other
SNPs colored according to the extent of linkage disequilibrium (measured in r?) with

SNP showing the lowest p value.
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Figure 6. Violin plot showing the effect of the eQTL rs2280575 on LRIGI
expression in the hypothalamus (p=1.13x107?).
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Figure 7. Violin plot showing the effect of the eQTL rs113765515 on LRIGI
expression in the hypothalamus (P=1.32x1072).
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Figure 8. The expression level of two genes that show significant differences by tissue. (A) The CACNAI1A is expressed at
a high level in the cerebellum (median TPM: 304.8) and in the cerebellar hemisphere (median TPM: 275.0).
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Figure 9. Continued
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Figure 9. The RNA expression and distribution of CACNAIA (A) and LRIGI (B) in brain region (yellow bar) among
normal human tissues. (A) Data from HPA dataset showing highest mRNA expression of the CACNA 1A gene in the cerebral
cortex at 18.2 protein-coding transcripts per million (pTPM). The expression of the CACNA 14 gene was highest in the cerebellum
at 394.1 pTPM in GTEx, 453.4 scaled-tags per million reported by FANTOMS. (B) The expression levels of LRIGI were high
in the cerebral cortex at 74.1 pTPM in HPA, 16.0 pTPM reported by GTEx. Data from FANTOMS dataset showing highest
mRNA expression of the LRIG1 gene in hippocampal formation at 179.9 scaled-tags per million. (Data available from
https://www.proteinatlas.org/ENSG00000141837-CACNA1A/tissue and  https://www.proteinatlas.org/ENSG00000144749-
LRIG1/tissue)
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Figure 10. The differential expression (DE) of CACNAIA (A) and LRIGI (B) in AD patients’ brain. (A) The CACNAIA
gene showed significant difference in expression between CN and AD in the entorhinal cortex (p=0.0019). (B) The LRIG1 gene
showed significant differences in expression between the pairs among CN, aAD, and AD in the entorhinal cortex, frontal cortex,
and temporal cortex. The significance was labeled above the box plots (*p<0.05, **p<0.01, ***p<0.001). Abbreviations: CN,

cognitive normal; AD, Alzheimer’s disease dementia; aAD, asymptomatic AD; n.s, not significant
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I1-4. Discussion

In this study, Genome-wide analysis with a Korean sample was conducted to
identify AD-associated loci. The association between AD status and 4POE locus in
chromosome 19 was validated with genome-wide significance. In addition to APOE,
SORLI has also been identified as a potential risk factor for AD with highly
significant association in certain East Asian population (Miyashita et al., 2013,
Zhang et al., 2017). However, this highly significant association of SORLI with AD
is greatly influenced by the presence or absence of e4 allele of APOE. To mask the
effect of APOE and identify novel candidate loci in East Asians, APOE e4-stratified
GWAS was carried out with two independent East Asian samples and identified
CACANIA (lead SNP: rs189753894) and LRIGI (lead SNP: rs2280575 and
rs113765515) among APOE e4 non-carriers. The candidate risk gene, CACNAIA, is
located on chromosome 19 as in APOE. However, CACNA A is far from the APOE
region (more than 32Mb) and is identified from APOE non-carrier study. For these
reasons, it is considered to be unaffected by the APOE signal.

From the functional annotation and literature survey, those two genes play an
essential role in neurobiological function. CACNAIA is the coding gene for the
subunit of the calcium channel in neuron. Calcium is not only used a
neurotransmitter, but is also used in various parts of the biological system such as
cell migration, differentiation, and maintenance. Calcium, reported as a major factor
in AD research, is well known for causing neuronal cell death by excessively
increasing its concentration in the cytoplasm and mitochondria due to amyloid-beta
protein (Demuro et al., 2011, Itkin et al., 2011, Gurkoff et al., 2013). The calcium
channel-related genes that have been confirmed to be associated with AD through
genomic analysis are CACNA1C and CACNA2D3 (Hollingworth et al., 2012, Tosto
etal, 2015), and CACNA 14 has not yet been reported.
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The genetic function of LRIG has been shown to be involved in the dendritic
formation of neurons, as well as in affecting the neural cell function of the
hippocampus (Alsina et al., 2016). Abnormal expression and dysfunction of LRIG!
lead to dendritic abnormalities, which are involved in morphogenesis of
hippocampal dendrites by brain-derived neurotrophic factor (BDNF) signaling.
BDNF plays a major role in the growth, development and survival of neurons, and
is involved in synaptic plasticity and synaptogenesis for learning and memory in the
adult brain (Bramham and Messaoudi, 2005, Lu et al., 2013). BDNF showed low
gene expression levels in patients with AD (Ng et al., 2019). Several studies have
shown that high expression levels of BDNF could slow down cognitive decline in
the elderly and in patients with AD (Laske et al., 2011, Lu et al., 2013, Jiao et al,,
2016, Buchman et al., 2016).

The novel loci in CACNAIA and LRIG1 genes that were not revealed in large-
scale GWASs using Caucasian could be discovered in this study. The allele
frequency of rs18973894 in CACNA1A4 is 0.082 in Korean, but 0.007 in European
indicate that there is difference in AD associations between East Asian and
Caucasian. The AD risk signals that emerged from the meta-analysis with a much
larger sample size of Caucasians in the Alzheimer's Disease Sequencing Project
(ADSP) appeared to differ considerably from the results of the present study. The
3:66455703 in LRIGI showed P=6.2x10"'%, and the 19:13395952 in CACNAIA
showed P=3.8x10?". Except for the APOE gene, the SORLI gene achieved at
significance level in each population in East Asian (Miyashita et al., 2013, Zhang et
al., 2017). However, its significance depends on whether APOE e4 is present or
absent (Jin et al., 2014).

There are limitations to this study that need to be considered. The sample size
in this study is relatively smaller than those in other GWASs of AD. Also, this study
used only Korean and Japanese populations, not include other East Asians. However,

the result of this study was promising due to the high reliability of accurate diagnostic
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information based on pathophysiology available in GARD dataset as well as
Japanese dataset. Another limitation of this study is the result of imputed data using
HRC reference. Although the imputed data may have low accuracy due to lack of
Korean references in HRC reference panel, we believe that it facilitated comparison
with Japanese data because the advantage of identifying various SNPs from large
number of haplotypes.

Previous studies on the function of CACNA1A and LIG1 suggest a role for
them in LOAD development, but conclusions on whether each gene influences
dementia progression or protects neurons from degeneration require further
biological validation through AD model systems. Since the conclusions drawn in this
study also acknowledge that they are the result of analyzing two East Asian
populations (Korean and Japanese), it is necessary to be cautious in the process of
interpreting the results in order to conclude whether the findings are specific to the
East Asian population or to the Japanese and Korean populations. Additional
replication analysis or meta- or mega-analysis of a larger sample size of other East
Asian individuals is strongly recommended in order to conclusively arrive at such an
interpretation.

To conclude from the findings made in this work, a portion of previously
reported LOAD-associated genes that identified in mostly Caucasian subjects were
validated using Koreans. Also, the East Asian specific novel loci were identified
through APOE stratified GWAS. The finding in this work might provide an
improved understanding of complex genetic mechanisms underlying the

development of AD.
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PART III
Bootstrap-based genome-wide association studies identify the
association of membrane-trafficking pathway genes with Alzheimer’s

disease
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SUMMARY

The onset of Alzheimer's disease (AD) is caused by multiple factors, with
genetic factors playing the major role. Although more than 30 AD-related genes have
been identified, they are still insufficient to determine the cause of dementia. In this
study, a new approach to identify AD-related genes is presented. Bootstrap-based
random sampling was applied to GWAS. All of 732 genes from bootstrap-based
GWAS were considered as AD-related candidates. A total of 115 genes including 42
genes that had not previously been reported to be associated with AD, were
discovered from Drosophila scoring. Those genes were validated in biological
function through Drosophila model of AD. The biological pathways of each gene
were determined, and about half of the genes were found to be involved in the
membrane trafficking pathway. Of these, 5 genes (4P3DI, CCDC22, DNM3,
PIK3C3, and SH3GL2) were functionally validated through further functional
annotation studies. Significantly, the brain cortex of human AD patients had lower
protein levels for these genes than age matched controls. In conclusion, novel risk
genes for AD have been identified, suggesting that genes associated with membrane
trafficking pathway are likely might be involved in the pathological mechanism of
AD.

43

Collection @ chosun



III-1. Introduction

Dementia is a symptom of cognitive decline caused by a variety of diseases,
with Alzheimer’s disease (AD) being the most common causative disease. The most
common early symptom of AD is changes in the brain regions responsible for
learning and memory, which typically make it difficult to form new memories and
remember recently learned information. Serious memory loss, confusion and
disorientation, changes in mood and behaviour, and deeper confusion about events,
time, and place are clear features of Alzheimer's disease. In AD patients, pathological
changes are observed in the brain: senile plaque, neurofibrillary tangle, and brain
atrophy. Senile plaques are produced by the accumulation of beta-amyloid protein
on the external surface of neurons, while neurofibrillary tangles are the result of
hyperphosphorylated tau protein on the internal surface of neurons. Small
accumulations of beta-amyloid, called plaques and oligomers, can contribute to
neuronal damage and death by interfering with communication between neurons at
the synapse. Tau tangles inside the neuron block the transmission of nutrients and
other molecules essential for normal function and neuron survival. Although the
entire sequence of events is unclear, beta-amyloid begins to accumulate prior to
abnormal tau, and increased accumulation of beta-amyloid is associated with
subsequent increases in tau (Bloom, 2014). In AD, the accumulation of beta-amyloid
and phosphorylation of tau protein causes the death of neurons throughout the brain,
severing the neuronal network and reducing many brain regions. Hippocampus,
entorhinal cortex, subcortical structures, and white matter were observed in a large
part of the brain, and the volume of the brain was greatly reduced (Pini et al., 2016).

Genetic factors are consistently regarded as important predictors in
understanding the mechanisms of AD. Among the genetic factors associated with
AD, the most critical and consistently reported gene is Apolipoprotein E (APOE),
which explains the largest portion of the disease (Strittmatter et al., 1993). Except
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for APOE, a number of AD-related genes, such as CD33, ABCA7, BINI, CLU,
EPHAI and SORLI, have been identified by genome-wide association study
(GWAS) (Harold et al., 2009, Hollingworth et al., 2011, Miyashita et al., 2013). In
2013, 11 new AD genetic variants were discovered through a meta-analysis using
74,046 individuals (Lambert et al, 2013). The International Genomics of
Alzheimer’s Project (IGAP) in 2019, 24 AD-related genes were discovered using
94,437 individuals (Kunkle et al., 2019). Most recently, using more than a 1 million
people from all cohorts combined, 39 genes were confirmed to have associations
with AD (Wightman et al., 2021). The discovered genes, however, were insufficient
to explain the pathogenesis and mechanisms of AD. In addition, many genes have
not been found to be involved in biological function of AD. Also, many of the SNPs,
which were identified the association with AD, are located in introns or intergenic
regions which function is not precisely known (Freedman et al., 2011, Blattler et al.,
2014).

Various statistical attempts for GWAS associated with diseases have led to
discover the novel genes (Faye et al., 2011, Vélez et al., 2013, Arbet et al., 2017).
Bootstrap sampling, one of the sampling techniques, is a technique to extract a large
number of smaller sample size groups. Bootstrapping analysis was useful when the
sample size is small. There are several reports of GWAS results using the bootstrap
sampling, but the analysis results using the Korean genome are insufficient.

The genes discovered from GWAS were constantly required additional
research works to validated biological function. The study of functional genomics
using small genetic models such as Drosophila is a good counterpoint to overcome
the limitations of GWAS. Drosophila is a well characterized genetic model for
testing a large number of genes within a short time. Also, Drosophila have genes
with capabilities that correspond to 75% of human genes (Bier, 2005). The efficiency
of'the Drosophila-based GWAS has been validated through several reports (Shulman
et al., 2011, Wangler et al., 2017).
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In this study, bootstrap-based GWAS using Koreans was used to identify the
novel AD-related genes. In addition, the function of the discovered candidate genes
was validated through scoring using the Drosophila model. Functional analysis with
public databases was used for annotate the biological function and pathway. As a
result, five genes (AP3D1, CCDC22, DNM3, SH3GL2, and PIK3C3) were found to
be novel AD-related genes. These genes were associated with membrane trafficking

pathway and were identified as regulating the amyloid accumulation.

I11-2. Methods

ITI-2-1. Study participants

This study utilized data from participants aged over 60 years from the GARD.
Out of 14,524 participants, 2,291 (1,119 AD dementia and 1,172 cognitive normal)
subjects were chosen to maximize contrast between cases and controls for the
GWAS. The cases had an age distribution of 60 to 97 years and met the NINCDS-
ADRDA for AD. Those with amyloid negative diagnosis by PET imaging were
excluded. The control group consisted of individuals whose age distribution ranged
from 70 to 90 years and who were cognitively normal or did not exhibit neurological,
psychological, or pathological symptoms. For the expansion of hospital-based
samples, blood or DNA with clinical information was received from 13 institutions,
including Seoul National University Hospital, Inha University Hospital, Gyeongbuk
University Hospital, Dong-A University Hospital, and Pusan National University
Hospital. The study protocol was approved by the Institutional Review Board of
Chosun University Hospital, Korea (CHOSUN 2013-12-018-070).

I1I-2-2. SNP genotyping

Genomic DNA from GARD cohort was extracted from peripheral blood
leukocytes that were isolated from whole blood collected in EDTA tube. Of the total
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subjects, 5,570 blood samples were finally used for genomic analysis, except for
diagnostic uncertainty, mixed-up, and inadequate DNA concentrations among all
subjects. The samples were genotyped using the KNIH Biobank Array as part of the
discovery sample. Affymetrix Power Tools (APT) were used to process all CEL files.
Dish QC (DQC) values were generated and used to remove samples with DQC<0.82.
Low-quality markers selected by the Ministry of Health to improve marker quality
control have been removed. Also, low-quality markers were removed by SNPolisher
to pass through a better sample QC procedure. The 4,391 samples used KNIH
Biobank array v1.0, while 1,179 samples used KNIH Biobank array v1.1 which is a
more supplemented by Koreans. The number of samples analyzed for bootstrap-
based GWAS was expanded by integrating both versions and extracting common

SNPs.
I11-2-3. Quality control

Quality control was performed under the same conditions for each chip
version using the PLINK v1.90 package (Chang et al., 2015). SNPs with genotype
call rate (GCR) < 95%, a minor allele frequency (MAF) <0.01, or significant
deviation from the Hardy-Weinberg equilibrium (HWE) (P<10°) were excluded.
Samples with individual call rate < 95%, gender inconsistency between reported and
analysis of X-chromosome SNPs, extremely low or high genome-wide
heterozygosity (+3 S.D from the mean). After performing QC for SNPs and samples,
4,011 samples and 518,326 SNPs were passed from Korean chip v1.0 and 1,117
samples and 577,694 SNPs were passed from Korean chip v1.1. For bootstrap-based
GWAS, totally 2,291 subjects (1,172 controls and 1,119 AD cases) were selected.

I11-2-4. Imputation

SNP genotypes for bootstrap GWAS were imputed separately using
reference haplotypes pre-phased in the HRC (Haplotype Reference Consortium)
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panel version 1.1 (McCarthy et al., 2016). Eagle (version 2.3) was used for phasing,
and Minimac4 was used for imputation. The low-quality (info score <0.5) imputed
SNPs were removed. After imputation, 35,685,761 variants were obtained by

combining the data from Korean discovery dataset.
I11-2-5. Bootstrap-based sampling for GWAS

The following resampling approach was used for generating a large number
of candidate genes. From the original sample with size n, B bootstrap samples with
varying size k are generated. The model took B = 100 and k be a randomly chosen
integer within 0.5n < k < n. For each bootstrap sample, perform a genome-wide
analysis using logistic regression and adjust for age and sex. The candidate gene will
report and include SNPs (or genes) with a P-value of less than 5x107°. These genes
were simply combined with the results, based on whether or not they showed
suggestive significance in multiple analysis. SNPs with higher or lower Odd ratios,
not p-values, were selected as the final candidate. These methods aim to capture as
many candidate genes as possible, and therefore false-positives are likely to be

inherent.
I1I-2-6. Public database filtering

To detect potential AD risk genes, previously reported genetic functions were
annotated using publicly available databases. Candidate genes for which gene
expression in brain regions has not been reported in the Genotype-Tissue Expression
(GTEXx, release v8) (https://gtexportal.org/home/) (Consortium et al., 2015) and
Human Protein Atlas (HPA) (http://www.proteinatlas.org/) (Uhlén et al., 2005) , and
Functional  Annotation of Mammalian Genomes 5 (FANTOMS)
(https://fantom.gsc.riken.jp/5/) (Lizio et al., 2015) were excluded.

I11-2-7. Functional screening of candidate genes using Drosophila
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The rough phenotype caused by amyloid accumulation in Drosophila eyes
was the criteria to be scored. Inhibition of candidate gene expression through RNAi
can cause conversion of Drosophila eye traits or prevent them from changing. Genes
that further aggravate the phenotype were scored positive, and gene that are protected
were scored negative. The Drosophila experiment was supported by Professor

Kyoung Sang Cho's team at Konkuk University.

IT1-3. Results

I1I-3-1. Bootstrap-based GWAS discovered AD-related genes

For the study sample, 2,291 participants (1,119 AD and 1,172 controls) from
the Gwangju Alzheimer's Related Dementias (GARD) were included. To provide a
better opportunity to identify candidate genes associated with AD, a bootstrap-based
GWAS was performed. In particular, GWAS was performed on 100 bootstrap
samples originally extracted from the samples, and a genome-wide suggestive level
of 5x107° was applied to define the candidate gene list. These methods aim to capture
as many candidate genes as possible, and therefore false-positives are likely to be
inherent. As a result of the GWAS using bootstrapping, 732 genes satisfying the
genome-wide suggestive level were selected as the candidates.

To evaluate the performance of bootstrap GWAS, International Genomics of
Alzheimer's Project (IGAP) and AlzGene from public database were used to
compare the number of genes. Overlapping genes with the standard GWAS was only
1, while bootstrap GWAS found 52 genes overlapped with AlzGene. When
compared to the genes reported in IGAP, more genes are identified in the bootstrap
GWAS than in the standard GWAS at levels with P<0.05, P<0.01, P<1x10%,
P<1x107. Moreover, the previously reported as AD associated genes (such as

ABCA7, PICALM, and SORLI) appear in the bootstrap GWAS results. To determine
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novel AD-related genes, genes that have not been reported to be associated with AD

were selected as candidate groups.
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Table 5. Summary of demographic information for bootstrap GWAS

CN AD
All samples, n 1,172 1,119
Female, n (%) 661 (56.4) 715 (63.9)
Age at exam, m (s.d) 76.03 (8.9) 74.60 (8.9)
APOE e4 non-carrier, n 976 621
APOE e4 carrier 196 498

Abbreviations: CN, cognitive normal; AD, Alzheimer’s

deviation.
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ITI-3-2. Functional genomic screening of the AD-associated genes using the
Drosophila AD model

To examine the biological functions for the selected as candidate genes
through bootstrap GWAS, Drosophila AD model was applied for functional
genomic screening. The model, in which the human beta-amyloid 42 transgene is
expressed in the eye, induced a rough phenotype. The 732 human genes were
matched with 507 fly genes. To characterize the function of candidate genes, RNAi-
based gene repression was induced in Drosophila eyes in which beta-amyloid 42 was
being expressed. Then, the phenotypes of eyes expressing only amyloid and eyes
expressing RNAi along with amyloid were compared and scored. The results showed
that 85 genes aggravated the eye phenotype and 18 genes suppressed the eye
phenotype. 404 genes caused no change in the phenotype. A total of 115 human

genes were used in further functional studies.

ITI-3-3. Most of the candidate genes were involved in membrane-trafficking

pathways

To develop an insight into the biological pathways involved in AB pathology,
A total number of 115 human genes (which were annotated with 103 Drosophila
genes) was selected to analyze the biological function. Through literature and public
database search (gene ontology and KEGG pathway), 42 out of 115 human genes
were found to be associated with membrane trafficking pathway. The membrane
trafficking, which involves the transport of proteins and neurotransmitters during
neuronal development, can lead to neurodegenerative disorders when defective
(Wang et al., 2013, Winkle and Gupton, 2016). From the 42 genes, 5 genes (AP3D1,
CCDC22, DNM3, SH3GL2, and PIK3C3) were finally selected. These genes were
the ones that have not been reported in association with AD. Also, restricting the

expression of these genes in the Drosophila eye increased amyloid-beta toxicity.
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This suggests that defect of membrane trafficking is associated with enhanced

intensified amyloid toxicity to cells.
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Table 6. Overlap with publicly available AD-associated genes

IGAP IGAP IGAP IGAP
N AlzGene
(P<0.05) (P<0.01) (P<1x10™) (P<1x107)

Standard GWAS 92 1 60 39 5 2

Bootstrap GWAS 732 52 521 289 21 7

*APOE, APOCI1, APOCIPI, TOMM40, and PVRL?2 are excluded.
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Table 7. List of AD-related candidate genes involved in amyloid pathology.

Chr SNP BP Gene code OR
1 AX-40230529 95692909 ENST00000303635 1.92
1 AX-16677431 15098897 ENST00000355305 2.656
1 AX-11131178 18373797 ENST00000304685 2.108
1 AX-31891363 3836884 ENST00000371079 1.903
1 AX-16441570 67792359 ENST00000357650 1.337
1 AX-113686088 52246936 ENST00000370855 4.748
1 AX-113207361 2127493 ENST00000307340 2.269
2 AX-83215840 112274613 ENST00000312428 2.065
2 AX-114350156 106695625 ENST00000307845 1.638
2 AX-114334954 117586284 ENST00000332345 1.671
2 AX-113334323 61727485 ENST00000263816 2.821
2 AX-11180835 22044324 ENST00000302217 1.913
2 AX-114112618 96047736 ENST00000252711 1.852
2 AX-33089401 5615437 ENST00000234111 1.464
2 AX-113827487 7758798 ENST00000294964 1.602
2 AX-33537227 60618452 ENST00000455896 0.549
2 AX-82984255 123271680 ENST00000171887 1.803
3 AX-11284410 11073961 ENST00000283290 1.156
3 AX-114164301 155366240 ENST00000263665 2.442
3 AX-114300364 74488051 ENST00000357716 2.634
3 AX-12609846 146937656 ENST00000263754 1.765
3 AX-34205077 76393989 ENST00000296252 1.387
3 AX-14215539 149488870 ENST00000414318 2.17
3 AX-107719170 68265576 ENST00000284483 2.74
3 AX-113170079 31509043 ENST00000296328 1.414
4 AX-34819019 169359519 ENST00000330055 2.026
4 AX-14801403 4372194 ENST00000264568 1.859
4 AX-113657001 1641830 ENST00000260184 1.865
4 AX-113197539 21845330 ENST00000506970 2.757
4 AX-12636562 196852887 ENST00000327908 1.224
4 AX-14678063 11795157 ENST00000295971 1.99
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2.389
1.831
4.38
1.472
1.765
1.627



10
10
10
10
10
10
10
10
11
11
11
11
11
12
12
12
12
13
13
14
14
14
15
15
15
15
16
16
16
17
18
18
18
18
19

AX-114306172
AX-114136719
AX-37457727
AX-16384484
AX-12435167
AX-11149560
AX-114112885
AX-114317272
AX-113874428
AX-83524439
AX-84943959
AX-11196920
AX-29861657
AX-11432354
AX-113196754
AX-107901847
AX-113649407
AX-114311195
AX-113706959
AX-31338883
AX-113146982
AX-31500777
AX-107778825
AX-12987420
AX-31600117
AX-12921946
AX-113692167
AX-54654994
AX-12429419
AX-106717449
AX-113202501
AX-114130267
AX-113864205
AX-113627154
AX-32656553
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88481623
10586660
40561246
57311728
39482779
42325918
46686080
45630779
43073085
23494119
150087887
40516682
26336442
183617094
64581937
55186091
97551919
43957510
56761069
7427402
15006623
17616366
16217238
107441324
50523757
134435705
101376836
75906959
220483371
99556509
43689201
32551388
33193617
38228570
17962362
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ENST00000303745
ENST00000315238
ENST00000379261
ENST00000373744
ENST00000369061
ENST00000260731
ENST00000373957
ENST00000361972
ENST00000007633
ENST00000301774
ENST00000227520
ENST00000379554
ENST00000335953
ENST00000301190
ENST00000381340
ENST00000281928
ENST00000344941
ENST00000376887
ENST00000282397
ENST00000341321
ENST00000251091
ENST00000555005
ENST00000560857
ENST00000355254
ENST00000260404
ENST00000267842
ENST00000307431
ENST00000449606
ENST00000320241
ENST00000262442
ENST00000315677
ENST00000262039
ENST00000587834
ENST00000585404
ENST00000345016

3.353
1.36
1.784
2.725
2.093
1.83
2.338
2.011
1.705
1.433
1.925
1.912
1.874
1.362
2.363
1.966
1.89
2.209
2.137
2.453
1.7
2.443
1.583
1.966
1.382
1.496
2.211
1.482
1.563
2.863
2.361
2.045
1.329
4.416
1.804



19 AX-32713813 101916315 ENST00000262626 1.843

19 AX-32751013 82169138 ENST00000221462 1.224
19 AX-40480671 170870307 ENST00000269829 2.046
20 AX-113183526 218713365 ENST00000317304 2.115
20 AX-11706390 90966179 ENST00000372733 0.925
20 AX-113710195 196141815 ENST00000372801 3.144
20 AX-114109228 216457245 ENST00000216923 2.359
21 AX-33281443 169987027 ENST00000400454 3.365
21 AX-113644983 113879295 ENST00000361371 1.496
21 AX-113621101 45669825 ENST00000331343 1.485
22 AX-113643142 50797025 ENST00000262794 2.044
22 AX-40854533 58772579 ENST00000263116 1.15
22 AX-113912696 63749830 ENST00000332840 2.037

Abbreviations: Chr, chromosome; BP, base-pair position; SNP, single nucleotide
polymorphism; OR, odds ratio.
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I11-4. Discussion

In this study, bootstrap-based GWAS was conducted using Korean sample to
discover the novel genes associated with AD. Moreover, the Drosophila model
served to filter out AD-related genes and validate their functions. Bootstrap-based
GWASSs can identify more AD-responsible genes than standard GWAS. Compared
to the standard GWAS, which exclusively matched only 65% of the genes assumed,
the bootstrap-based GWAS matched 71.2% of the genes from IGAP (P<0.05). Out
of 115 genes from Drosophila scoring, 42 genes were found to be associated with
membrane trafficking pathways. This suggests that the membrane trafficking
pathway is associated with amyloid accumulation and toxicity. From the functional
analysis using public databases, five genes (4P3D1, CCDC22, DNM3, SH3GL2, and
PIK3C3) were found to be novel AD-related genes. These genes were associated
with membrane trafficking pathway and were identified as regulating the amyloid
accumulation.

The membrane trafficking pathway is a very diverse and complex process
involved in the transport of substances into and out of cells. Presenilinl and tau are
the well-known trafficking proteins in AD researches (Howell et al., 2006, Rajendran
and Annaert, 2012). Abnormal cleavage of amyloid precursor protein (APP) by beta-
and gamma-secretases causes trafficking defection and accumulating the beta-
amyloid, which leads to neurodegeneration (Uemura et al., 2004, Rajendran and
Annaert, 2012). The beta-secretase activity is induced by a membrane protein called
beta-site APP-cleaving enzyme 1 (BACE1), and the gamma-secretase is mediated
by a membrane protein complex called presenilins (PSENs) (Epis et al., 2012).
Unfortunately, there have been insufficient researches explaining the membrane
trafficking mechanisms for other genes or proteins associated with AD.

From the functional annotation and literature survey, those two genes play an

essential role in neurobiological function. According to GeneCards
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(http://www.genecards.org), Adaptor Related Protein Complex 3 Subunit Delta 1
(AP3D1) protein is associated with the golgi region and implicated in trafficking of
neurotransmitter vesicles. Also, the adaptor related protein (AP) 3 plays a major role
in the transport of molecules in neurons, such as in the sorting the vesicles and axonal
targeting of transporters (Guardia et al., 2018).

Coiled-Coil Domain Containing 22 (CCDC22) protein is involved in
regulation of NF-kappa-B signaling (Starokadomskyy et al., 2013). The NF-kappa-
B signaling plays role in immune response, cell apoptosis, proliferation, and
differentiation. This complex, which is also involved in ubiquitination, gene
transcription, and other biological processes, plays a major role in the transport of
proteins in cytoplasm. Moreover, NF-kappa-B also acts as a regulator of
hippocampal synaptic plasticity (Albensi and Mattson, 2000).

Dynamin 3 (DNM3) protein is subfamily of GTP-binding proteins that
involved in microtubule association and vesicle transport. The interaction of the
microtubule associated protein tau and dynamin has been reported previously.
Induced expression of tau, which is highly associated with AD, in cortical neurons
showed decreasing the level of dynamin 1 and caused defects in endocytosis (Xie et
al., 2019). Although no association between dynamin 3 and AD has been reported,
dynamin 1 and dynamin 2, which has a similar function, has been reported to be
highly associated with AD (Aidaralieva et al., 2008, Zhu et al., 2012, Oliver and
Reddy, 2019).

SH3 Domain Containing GRB2 Like 2, Endophilin A1 (SH3GL2) protein is
a member of endophilin A, which is increased in AD brain (Ren et al., 2008).
Increased endophilin Al at synaptic terminals led to synaptic alterations from the
AD model (Yu et al., 2018). However, these studies were validated in animal models,
not in human AD patients, and the mechanisms may differ from human AD.

Endophilin Al is also associated with morphogenesis, especially formation of
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dendritic spines, which is known to affect synaptic plasticity and potentiation (Yang
et al., 2015, Yang et al., 2018).

Phosphatidylinositol 3-Kinase Catalytic Subunit Type 3 (PIK3C3), also
known as VPS34, is a protein that make complex with other membrane proteins,
taking part in a variety of membrane trafficking processes in neurons. The defects in
PIK3C3 can lead to loss of synapses, neurodegeneration, and dysregulation of
intracellular amyloid precursors (Wang et al., 2011, Morel et al., 2013, Miranda and
Di Paolo, 2018). However, the AD association of the gene through genomic analysis
has not yet been reported.

In conclusion, this study used a bootstrap-based GWAS to discover 115 AD-
related genes in Koreans. Moreover, the discovered genes have been screening and
functionally validated using Drosophila AD model. Considering that 42 genes are
associated with membrane trafficking pathways, the results suggest that membrane
trafficking and amyloid accumulation are highly correlated in AD pathology.
Moreover, 5 candidate genes (AP3D1, CCDC22, DNM3, SH3GL2, and PIK3C3)
were investigated for their biological functions, establishing their importance for
beta-amyloid toxicity, neuronal degeneration, and synaptic plasticity. The
association of these proteins with AD was confirmed indirectly through their
association with amyloid protein. This study presented a bootstrap sampling for
GWAS in Korean population and a process of functional validation using Drosophila
AD model. Identification of novel AD-related genes played role in membrane
trafficking pathway will contribute to understanding of the genetic mechanisms of

AD.
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PART IV

Protective effect of APOE e2 for late-onset Alzheimer's disease in
Korean
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SUMMARY

The effect of Apolipoprotein E (APOE) gene region may explain ethnic
differences in the association of Alzheimer’s disease (AD) with e4. More than one
copy of APOE e4 allele increases the risk of AD, while more than one copy of APOE
e2 allele decrease the risk of AD. The effects of APOE e2 homozygotes were not
well defined because of its low frequency worldwide. In this study, the effects of
APOE e2 were confirmed in Korean population. For contrast odds ratios, the
association analysis was performed separately for the group with clinical diagnosis
and the group with neuro-pathological diagnosis using amyloid PET images. The
association analysis confirmed that the risk of AD was 0.39 times lower in the group
with APOE e2 than in the group with APOE e3/e3. And those protective effects were
more evident in the group with pathologically confirmed group. Through survival
analysis, the age of onset of AD was delayed by 3 years in the group with e2-carrier
compared to group with e3/e3. The degree of amyloid-beta accumulation with
advancing age showed that those with at least one €2 had no or less amyloid
accumulation than those without. In this study, the effect of APOE e2 associated with
AD in Korean was conducted using GARD cohort. Also, this study shows that
different patterns of amyloid beta accumulation by APOE allele types according to

age.
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IV-1. Introduction

The most genetically established Alzheimer’s disease (AD) risk factor is the
e4 allele of the Apolipoprotein E (APOE) gene on chromosome 19. APOE is a gene
that codes for proteins involved in fat metabolism, such as cholesterol transport in
neurons (Martins et al., 2006). The human 4POE gene has three isotypes €2, e3, and
e4 depending on the combination of two SNPs (rs429358 and rs7412), with
frequencies of 8.4%, 77.9%, and 13.7%, respectively (Farrer et al., 1997). Since
human genome is diploid, APOE allele can be inherited from each parent, resulting
in six allele types: e2/e2, e2/e3, e2/e4, e3/e3, e3/e4 and ed/e4.

The frequency of the e4 allele is greatly increased in AD patients. Having
one copy of the e4 allele of APOE increases the risk of AD 4-fold, and having two
copies increases it more than 10-fold (Farrer et al., 1997). The APOE e2 has the
lowest frequency in populations worldwide, especially in patients with AD. The e2
allele of APOE provides a protective effect against AD (Corder et al., 1994). When
compared to the APOE e3/e3 population, which had the highest frequency, the
population with APOE e2 had the lowest risk of AD and the highest mean age
(Corder et al., 1994, Farrer et al., 1997). However, the mechanism underlying the
protective effect of APOE €2 against AD remains unclear.

According to a previously reported study, APOE e2 is associated with
reduced amyloid deposition in the brain (Xu et al., 2012, Kanekiyo et al., 2014),
which at least suggests that APOE e2 reduces the risk of AD. Moreover, APOE e2
prevents from cognitive impairment for subjects with higher beta-amyloid levels in
the brain (Kim et al., 2017, Sweigart et al., 2021). The APOE e2 has also been
associated with longevity (Vélez et al., 2016, Shinohara et al., 2020, Kuo et al., 2020).

Recently, the Alzheimer’s Disease Genetics Consortium (ADGC) reported
the protective effect of the APOE e2 genotype using over 20,000 samples (Reiman
et al., 2020). For the analysis, neuro-pathologically diagnosed groups by autopsy
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were used to ensure diagnostic accuracy. Analyses using a large sample were
sufficient to establish an APOE effect, there was no evidence for difference between
ethnic groups.

In this study, the genetic information of Koreans, a homogeneous population
that maintains a well-defined genetic background with a high prevalence of AD
among the elderly over 60 years old, was used to determine the effects of APOE e2.
To confirm the powerful contrasting protective effects of APOE e2, subjects were
divided into suspected group and neuro-pathologically confirmed group. To confirm
the protective effect of APOE in Koreans, age of onset and amyloid accumulation

were compared by APOE genotype.

IV-2. Methods

IV-2-1. Study participants

For the study, data from participants aged over 60 years from the GARD
cohort at Chosun University in Gwangju, were used. Out of 14,524 participants,
3,924 (1,225 AD dementia and 2,699 cognitive normal) participants were chosen to
maximize contrast between cases and controls. The cases had an age distribution of
60 to 97 years and met the NINCDS-ADRDA for AD. Those with amyloid negative
diagnosis by PET imaging were excluded. The control group consisted of individuals
whose age distribution ranged from 70 to 90 years and who were cognitively normal
or did not exhibit neurological, psychological, or pathological symptoms. For the
expansion of hospital-based samples, blood or DNA with clinical information was
received from 13 institutions, including Seoul National University Hospital, Inha
University Hospital, Gyeongbuk University Hospital, Dong-A University Hospital,
and Pusan National University Hospital. The study protocol was approved by the
Institutional Review Board of Chosun University Hospital, Korea (CHOSUN 2013-
12-018-070). To confirm the powerful contrasting protective effects of APOE e2,
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subjects were divided into suspected group and neuro-pathologically confirmed
group. The suspected group diagnosed through neurological examination without
amyloid PET imaging and the neuro-pathologically confirmed group diagnosed with

amyloid PET.
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Table 8. Summary of demographic information for each group.

Suspected group Pathologically confirmed group
Control Dementia Control ADD
N 1840 770 859 366
Sex, F (%) 1207 (65.6) 515 (66.9) 477 (55.6) 210 (57.4)
Age, M (SD) 72.78 (5.9) 74.92 (6.9) 70.71 (5.7) 73.67 (6.7)
Amyloid PET - - Negative Positive
SUVR, M (SD) - - 1.0125 (0.08) 1.3571 (0.15)

Suspected group, neurologically diagnosed group without amyloid PET; Confirmed group, pathologically diagnosed
group with amyloid PET.

Abbreviations: CN, Cognitive normal; NC, Normal control; ADD, Alzheimer's disease dementia
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IV-2-2. SNP genotyping and quality control

Genomic DNA from GARD cohort was extracted from peripheral blood
leukocytes that were isolated from whole blood collected in EDTA tube. Of the total
subjects, 5,570 blood samples were finally used for genomic analysis, except for
diagnostic uncertainty, mixed-up, and inadequate DNA concentrations among all
subjects. The samples were genotyped using the KNIH Biobank Array as part of the
discovery sample. Affymetrix Power Tools (APT) were used to process all CEL files.
Dish QC (DQC) values were generated and used to remove samples with DQC<0.82.
Low-quality markers selected by the Ministry of Health to improve marker quality
control have been removed. Also, low-quality markers were removed by SNPolisher
to pass through a better sample QC procedure. The 4,391 samples used KNIH
Biobank array v1.0, while 1,179 samples used KNIH Biobank array v1.1 which is a
more supplemented by Koreans. The number of samples analyzed for discovery
study was expanded by integrating both versions and extracting common SNPs.
Quality control was performed under the same conditions for each chip version using
the PLINK v1.90 package (Chang et al., 2015). Samples with individual call rate <
95%, gender inconsistency between reported and analysis of X-chromosome SNPs,

extremely low or high genome-wide heterozygosity (£3 S.D from the mean).
IV-2-3. Positron emission tomography (PET) image processing

A total of 1,225 participants from GARD had PET scans at the Chosun
University Hospital. A Discovery ST (General Electric Medical Systems) PET-CT
scanner was used to acquire PET images 90 minutes after injection of approximately
300 MBql8F-Florbetaben (18FBB) intravenously. Each of the subjects' MRT1-
weighted images was processed with FreeSurfer (version 5.3.0) using an optimized

automated processing flow to reproduce a 3D cortical surface model (Dale et al.,

1999, Fischl et al., 1999, Fischl and Dale, 2000).
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IV-2-4. Standardized uptake value ratio (SUVR) calculation

All PET images were processed in SPM12 toolbox which is implemented in
MATLAB (R2018a, Mathworks, Natick, MA, USA). At the beginning, each T1
weighted MR image of the same subject taken within 6 months of the same time or
interval time was co-registered with the F-18 PET image. The transformation
parameters were then estimated for the spatial normalization of each T1-weighted
image in the standard MNI template. In addition, the PET images were spatially
normalized as standard MNI templates using the parameters. FreeSurfer (version 6.0)
was used to apply the segmentation of each structural MR image and extract the
standard value uptake ratios (SUVR) from 68 predefined regions of interest
(Palmgqvist et al., 2017). SUVRs for the frontal lobe, lateral parietal, posterior
cingulate, anterior cingulate, and lateral temporal regions were used to generate the

global cortical retention mean SUVRs for the whole cerebellum (Maass et al., 2017).
IV-2-5. Statistical analysis

To estimate the ORs of AD associated with each APOE allele, the APOE
genotype of interest is coded as 1, the reference genotype is coded as 0 (APOEe2/e2,
APOEe3/e3 or APOEe4/e4) and the other genotype is coded as missing. The ORs
and 95% ClIs for each APOE genotype were calculated compared to APOE e3/e3
genotype. A genotype association test was performed for each APOE allele genotype
with the APOE e3/e3 used for AD with or without covariate adjustment for age and
sex. For estimations, ORs were calculated in logistic regression using a generalized
linear model. For allelic dose evaluation of APOE e2, the e3/e3, e2/e3, and e2/e2
were coded as 0,1, and 2, respectively. For allelic dose evaluation of APOE e4, the
e3/e3, e3/e4, and e4/e4 were coded as 0,1, and 2, respectively. The Allelic association
tests for the APOE e2 and APOE e4 were performed under a logistic regression

analysis with or without covariate adjustment for age and sex using the GLM for
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AD. Data from the neuro-pathologically confirmed group were used to generate the
Kaplan-Meier curves for each APOE genotype. The curve represents the proportion
of neuro-pathologically confirmed cases and controls who are free or onset for AD
as they age. Best fit lines of correlation between age and SUVR were estimated using

linear regression.

IV-3. Results

IV-3-1. Neuropathologically confirmed and unconfirmed groups

The number of Alzheimer’s dementia cases and cognitively unimpaired
controls for each APOE genotype in GARD cohort clinically characterized and
neuropathologically confirmed group and its clinically characterized but
neuropathologically unconfirmed clinical group (Table 8). The 1,225 participants in
the neuropathologically confirmed cohort included 366 AD dementia cases and 859
cognitively unimpaired and neuropathologically unaffected controls. The 2,610
participants in the clinically classified but neuropathologically unconfirmed cohort
included 770 probable AD dementia cases and 1,840 cognitively unimpaired

controls.
IV-3-2. Association of APOE carriers compared to the APOE e3/e3 genotype

Table 9 shows ORs of AD for each APOE genotype and allelic doses after
adjustment for age and sex in the neuro-pathologically confirmed and unconfirmed
groups, compared to the common APOE e3/e3 genotype. ORs associated with APOE
e2 allelic dose and APOE e4 allelic dose were estimated using allelic association
tests in an additive genetic model. Since the low frequency of APOE e2/e2, ORs
were not showed the expected level of significance in genotypic associations.
However, the significance of APOE e2 was observed in the allelic associations

among neuro-pathologically confirmed group with OR=0.457. In the case of APOE
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e2/e3, the significance was observed in the neuro-pathologically confirmed group
than in the suspected group.

The APOE carrier analysis combining the allele types ensured meaningful
results and accurate contrasts. The results of the association analysis in the APOE e2
carrier confirmed that the OR was 0.42 times lower than the e3/e3 in the confirmed
group. Furthermore, these contrasts were revealed more clearly when the adjusted

variables were added, confirming that the risk for the e2 carrier was 0.39 times lower.
IV-3-3. Ages at Alzheimer’s disease dementia onset

Age of onset of AD by APOE allele type shows a clear difference. The
Kaplan-Meier curve, using a neuro-pathologically confirmed group, shows that the
age of onset is higher in groups with e2 than others (Figure 12). Subjects with APOE
e2/e2 will present with AD at an estimated mean age of 83 years, while those subject
with APOE e3/e3 will present at 81.58 years. This curve also observes the effect of
e4 together, subject with APOE e4/e4 will present with AD at an estimated mean age
of 72.22 years.

The Kaplan—Meier plots confirmed a relationship between APOE e2 carrier
and AD onset ages in older (Figure 13). Compare to the onset age of the subject with
APOE e3/e3 (estimated mean ages = 81.58 +0.79 in e3/e3), the onset age of group
with APOE e2 is delayed by 3 years (estimated mean ages = 84.0 + 1.7 in e2 carrier).
In contrast, the onset age of group with APOE e4 accelerates about 5 years compare

to the group with APOE e3/e3 (estimated mean ages = 79.07 +0.4 in e4 carrier).
IV-3-4. Amyloid accumulation for APOE genotype

The aspect of amyloid accumulation in neuro-pathologically confirmed
group was shown to differ depending on APOE. Amyloid accumulation in subjects
with APOE e2 showed an unchanged pattern with age, and the estimated regression

equation was constructed: = 1.07 — 4.15 x 10™*x. The amyloid accumulation in
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subjects with APOE e3/e3 increased slightly with age, and the estimated regression
equations was constructed: § = 0.97 + 1.48 x 10~ 3x. The amyloid accumulation in
subjects with APOE e4 highly increased with age, and the estimated regression

equations was constructed: § = 0.58 + 7.83 x 107 3x.
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Table 9. Association of APOE genotypes and allelic doses compared to APOE e3/e3.

Suspected group Pathologically confirmed group
APOE CN/AD OR 95%CI P CN/AD OR 95%CI P

genotypic  e3/e3 1442/448 ref ref ref 1775/524 ref ref ref

e2/e2 4/2 0.877 0.09-8.13 091 3/1 1.498 0.13-17.03 0.74

e2/e3 219/57 0.894 0.64-1.23 0.50 86/10 0.351 0.15-0.80 0.01

e2/e4 23/10 1.423 0.65-3.09 0.37 16/6 1.599 0.53-4.79 0.40
e3/ed 290/262 3.264 2.64-4.02 2.05E-28 273/165 2.926 2.14-3.99  1.14E-11
ed/ed 4/49 52319  18.59-147.17 6.42E-14 6/36 27.939  10.29-75.82  6.27E-11

allelic e2 223/59 0.897 0.66-1.23 0.50 89/11 0.457 0.22-0.94 0.03
e4 294/311 3.837 3.18-4.62 2.45E-45 279/201 3.466 2.65-4.54  1.47E-19

For genotypic association tests, odds ratio (OR), 95% confidence interval (CI), and P value (P) for each APOE genotype

compared to the APOE e3/e3 genotype were calculated under a logistic regression model.

For allelic association tests, OR, CI, and P associated with APOE ¢2 allelic dose in APOE ¢4 non-carriers and APOE e4

allelic dose in APOE e2 non-carriers in an additive genetic model were generated under a logistic regression model.
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Table 10. Association of APOE carriers compared to the APOE e3/e3 genotype.

Suspected group Confirmed group
APOE CN/AD OR 95%CI P CN/AD OR 95%CI P
without adj

e3/e3 1442/448 ref ref ref 557/131 ref ref ref
e2 carrier 223/59 0.85 0.62-1.17 0.34 223/59 0.42 0.19-0.9 0.03
e4 carrier 294/311 3.65 2.98-4.44 2.21E-37 294/311 3.06 2.29-4.07 1.95E-14
with adj

e3/e3 1442/448 ref ref ref 557/131 ref ref ref
e2 carrier 223/59 0.89 0.64-1.23 0.49 223/59 0.39 0.18-0.85 0.02
e4 carrier 294/311 3.88 3.16-4.75 4.03E-39 294/311 3.44 2.54-4.65 9.12E-16

For genotypic association tests, odds ratio (OR), 95% confidence interval (CI), and P value (P) for each APOE genotype

compared to the APOE e3/e3 genotype were calculated under a logistic regression model.

Abbreviations: CN, Cognitive normal; AD, Alzheimer's disease dementia; adj, adjustment.
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Figure 12. Percentage of individuals without AD according to age. Kaplan-Meier
curves were generated from AD cases and CN controls in the confirmed group. Y-
axis represents the percentage of individuals with each APOE genotype in the

pathologically confirmed group. X-axis denotes age ate at onset of cases.
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Table 11. Estimated mean of AD onset ages by APOE allele types.

95% CI
APOE Mean SE P
Lower Upper
e2/e2 83.00 0.0 83.0 83.0
e2/e3 84.73 1.14 82.47 86.95
e3/e3 81.58 0.79 80.00 83.09 -
1.62x10
e2/ed 77.61 1.14 75.63 79.70
e3/ed 76.52 0.39 75.76 77.30
ed/ed 72.22 1.21 69.89 74.61

P-value was calculated under log rank test.

Abbreviations: SE, standard error; CI, confidence interval.
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Figure 13. Percentage of individuals without AD according to age among APOE
carriers. Kaplan-Meier curves were generated from AD cases and CN controls in
the confirmed group. Y-axis represents the percentage of individuals with each
APOE carrier in the pathologically confirmed group. X-axis denotes age ate at onset

of cases.
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Table 12. Estimated mean of AD onset ages by APOE carriers.

95% CI
APOE Mean SE P
Lower Upper
e2 carrier 84.41 1.07 82.31 86.52
e3/e3 81.58 0.79 80.02 83.14 9.01><10-19
e4 carrier 76.07 0.37 75.33 76.80

P-value was calculated under log rank test.

Abbreviations: SE, standard error; CI, confidence interval.
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Figure 14. Different changes for standardized uptake value ratio (SUVR) with
APOE allele. Y-axis represents the amyloid accumulation score using SUVR from
amyloid PET image. X-axis denotes age ate death for controls and age at onset of

cases, while replacing with age at death when age at onset was unavailable.
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IV-4. Discussion

This study demonstrates an extremely low probability of AD in APOE e2 in
GARD cohort of clinically and neuro-pathologically diagnosed cases and controls.
The APOE e2 carrier was associated with a significantly lower 0.39 OR of AD
compared to the most common APOE e3/e3 genotype (95% CI: 0.18—0.85) in those
neuro-pathologically confirmed subjects. The subject with APOE e2 have 3 years
delay in the onset of AD compared to subject with e3/e3. Also, APOE e2 carrier
group tend to have a decrease compared to other groups in amyloid accumulation.
The findings emphasize the impact of APOE and its variants on AD risk.

Association analysis in the neuro-pathologically confirmed group established
a much larger effect of APOE e2 than in the neuro-pathologically unconfirmed group.
The low risk and significance of AD in suspected group can probably be attributed
to the mix of patients with asymptomatic or multi-causal dementia.

APOE e2/e4, APOE e3/e4, and APOE e4/e4 genotypes compared to APOE
e3/e3 genotype in the neuro-pathologically confirmed group were associated with
1.60, 2.93, and 27.94 ORs, respectively. In the case of APOE e2/e4, the protective
effect of APOE e2 and risk effect of APOE e4 were conflicting directions, and low
toxicity is observed. These results indicate the toxicity of APOE e4 for AD.

Age at disease onset and amyloid accumulation were observed to differ by
APOE genotype, and APOE e2 played a protective role against AD. The difference
in age at disease onset between the e2 and e4 subjects was almost 8 years. Also the
amyloid accumulation pattern in APOE e2 carriers appeared to be unchanged or
decreased compared with that in APOE e4 carriers.

The low frequency of the APOE e2/e2 is a limitation in this study to confirm
the effect of e2 allele for AD. However, the protective effect of APOE e2 was

confirmed indirectly through allelic and carrier strata analysis. By increasing the
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number of e2-bearing subjects, the effect of APOE e2 is expected to be further
expanded to ensure significance.

Additional research is needed to clarify the mechanism by which APOE and
its variants contribute to the pathogenesis and potential treatment and prevention of
AD. There is a critical need to discover treatments that account for impact of
genotypes on the differential risk of AD dementia, including those that may account
for a profound resistance to AD dementia in APOE e2 homozygotes, and to establish

their value in the treatment and prevention of AD.
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VII. APPENDIX

VII-1. Scripts for analysis

VII-1-1. Analysis.sh

#you need pheno.txt and smpl.txt per each analysis

#make symdata file

In -s

/tera/home/sarang/Data/Chosun5545 dnalinkQC_rmregion HRC1.1imputed/chosu
n 5545 dnalinkqc rmregion HRC-1.1 imputed chrl-

22 red4/chosun_ 5545 dnalinkqc rmregion HRC-1.1 imputed chrl-

22 re4 qcmaf.bed plink.bed

In -s

/tera/home/sarang/Data/Chosun5545 dnalinkQC_rmregion HRC1.1imputed/chosu
n 5545 dnalinkqc rmregion HRC-1.1 imputed chrl-

22 red4/chosun_ 5545 dnalinkqc rmregion HRC-1.1 imputed chrl-

22 re4 qcmaf.bim plink.bim

In -s

/tera/home/sarang/Data/Chosun5545 dnalinkQC_rmregion HRC1.1imputed/chosu
n 5545 dnalinkqc rmregion HRC-1.1 imputed chrl-

22 red4/chosun_ 5545 dnalinkqc rmregion HRC-1.1 imputed chrl-

22 re4 qcmaf.fam plink.fam

mkdir Heritability

mkdir ./Logistic/jap

#logistic regression

plink --bfile plink --hide-covar --logistic --maf 0.01 --pheno ./info/pheno.txt --
keep ./info/smpl.txt --out ./Logistic/logistic --covar ./info/cov_sexage4pc.txt --ci

0.95
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#draw manhattan & qq plot

#Rscript

/tera/home/sarang/Data/Chosun5545 dnalinkQC rmregion HRC1.1imputed/qqma
nhat-v2.R ./Logistic/logistic.assoc.logistic

#extract p<0.0001

awk 'NR==1 {print}; $12 < 0.0001" ./Logistic/logistic.assoc.logistic

> /Logistic/top _logi 00001

#make snplist p<0.0001

awk "{print $2}' ./Logistic/top logi 00001 > ./Logistic/top _snp 00001

#annotate snplist

grep -F -w -f ./Logistic/top_snp 00001

/tera/home/sarang/chosun 3719 160928 maf0.01 ibd filt 0.9 HRC imputed chr
1-22 vef annot_info-1.csv > ./Logistic/annot_top snp 00001

#Minor allele freq

plink --bfile plink --freq case-control --out ./Logistic/freq --pheno ./info/pheno.txt -
-extract ./Logistic/top _snp 00001

#match with jap result

grep -F -w -f ./Logistic/top_snp 00001 ./Logistic/jap/logistic_ci95.assoc.logistic

> /Logistic/top_snp_jap

#meta p00001

plink --meta-

analysis ./Logistic/top_logi 00001 ./Logistic/jap/logistic_ci95.assoc.logistic --

out ./Logistic/meta_p00001

#summary results

Rscript result_ sum2.R

VII-1-2. qgqmanhat-v2.R
#!/usr/bin/env Rscript
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args = commandArgs(trailingOnly=TRUE)

library("snpStats")

library("qqman")

gwas <- read.table(args[1], header=TRUE)

ylimit <- as.numeric(args[2])

## calculate lambda

qq <- qq.chisq(-2 * log(gwas$P), df=2, xlab="Expected", ylab="Observed",
conc=c(0.05,0.95), thin=c(0.25,50), overdisp=TRUE, pvals=TRUE, pch=20,
col.shade="gray", trim=0.5)

mat <- as.matrix(print(qq))

lam <- format(round((mat[3,1]), 4), nsmall=2)

lam1 <- paste("Lambda =",lam)

## plot qq

outpdfqq <- paste(args[1]," qgplot.pdf", sep="")

outpngqq <- paste(args[1]," qqplot.png", sep="")

outpdfman <- paste(args[1]," manplot.pdf", sep="")

outpngman <- paste(args[1]," manplot.png", sep="")

pdf(outpdfqq, width=12, height=9)

qq.chisq(-2 * log(gwas$P), df=2, xlab="Expected", ylab="Observed",
conc=c(0.05,0.95), thin=c(0.25,50), overdisp=TRUE, pvals=TRUE, pch=20,
col.shade="gray", trim=0.5)

legend(20,14, lam1, cex=0.8, bty="n")

png(filename = outpngqq, width=840, height=733, units = "px", res=92)
qq.chisq(-2 * log(gwas$P), df=2, xlab="Expected", ylab="Observed",
conc=c(0.05,0.95), thin=c(0.25,50), overdisp=TRUE, pvals=TRUE, pch=20,
col.shade="gray", trim=0.5)

legend(20,14, lam1, cex=0.8, bty="n")
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## plot manhattan

#pdf(outpdfman, width=12, height=9)

#manhattan(gwas, ylim=c(0,10), chr = "CHR", bp = "BP", p ="P", snp = "SNP",
col = ¢("orange",
"darkblue","firebrick3","forestgreen","maroon4","deepskyblue","gray28","hotpink"
,"olivedrab3","black","orchid4"), chrlabs = NULL, suggestiveline = -log10(1e-05),
highlight = NULL, logp = TRUE, annotatePval = 0.00001, annotateTop = TRUE)
png(filename = outpngman, width=1280, height=680, units = "px", res=92)
manhattan(gwas, ylim=c(0,16), chr = "CHR", bp = "BP", p ="P", snp = "SNP", col
= ¢("orange",
"darkblue","firebrick3","forestgreen","maroon4","deepskyblue","gray28","hotpink"
,"olivedrab3","black","orchid4"), chrlabs = NULL, suggestiveline = -log10(1e-05),
genomewideline = -log10(5e-08), highlight = NULL, logp = TRUE, annotatePval =
0.00001, annotateTop = TRUE)

#manhattan(gwas, ylim=c(0,ylimit), chr = "CHR", bp = "BP", p ="P", snp =
"SNP", col = ¢("orange",
"darkblue","firebrick3","forestgreen","maroon4","deepskyblue","gray28","hotpink"
,"olivedrab3","black","orchid4"), chrlabs = NULL, suggestiveline = -log10(5e-06),
genomewideline = -log10(5e-08), highlight = NULL, logp = TRUE)

dev.off()

dev.off()

dev.off()

dev.off()

VII-1-3. result_sum2.R

# filel : top_logi 00001 CHR SNP
# file2 : top_snp jap SNP P OR SE L95 U95
# file3 : meta p00001.meta SNPPORQI
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# file4 : annot_top 00001 V1 V2'V3'V4V5V6 V7 'V8' V9
library(plyr)

library(tidyr)

library(dplyr)

result <- read.table("./Logistic/top logi 00001", header=TRUE)

jap <- read.table("./Logistic/top_snp jap", header=TRUE)

meta <- read.table("./Logistic/meta p00001.meta", header=TRUE)

freq <- read.table("./Logistic/freq.frq.cc", header=TRUE)

annot <- read.table("./Logistic/annot top snp 00001", header=FALSE, sep="\t",
fill=TRUE)

freq <- transform(freq, MAF= ((MAF_A*NCHROBS A) +
(MAF_U*NCHROBS _U))/(NCHROBS A+NCHROBS U))

result$A2 = freq[match(result$SNP, freqSSNP), "A2"]

resultSMAF = freq[match(result$SNP, freqSSNP), "MAF"]

result$JAP = jap[(match(result$SNP, jap$SNP)),]

resutSMETA = meta[(match(result$SNP, meta§SNP)),]

resultSANNT = annot[match(result$SNP, annot$V1),]

write.table(result, file="./Logistic/result sum top00001 r2", na="NA",

quote=FALSE, row.names=F)

VII-1-4. meta-analysis.sh

#!/bin/bash

##you need metal process.txt , convert OR2beta.R

##sh meta-analysis.sh logistic logistic ci95

mkdir METAL

cp metal process.txt /METAL/

awk -F " " "{print $2}" ./Logistic/"$1".assoc.logistic > ./METAL/tmp 1 snp
awk -F " " "{print $2}' ./Logistic/jap/"$2".assoc.logistic > ./METAL/tmp 2 snp
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awk "{X=""; for (i=1;i<=NF;it=1) {printf "%s%s", X, $i; X="\t"}; printf
"\n"}'./Logistic/"$1".assoc.logistic > ./METAL/"$1".assoc.logistic ADD
awk "{X=""; for (i=1;i<=NF;it=1) {printf "%s%s", X, $i; X="\t"}; printf
"\n"}"./Logistic/jap/"$2".assoc.logistic > ./METAL/"$2".assoc.logistic ADD
awk -F " " "{print
$2"\t"S1M"E3"Mt"$4M " ES""$6 " E 7"\t "$8 " §O"t"$10"\t"$12}' /METAL/"$1".a
ssoc.logistic. ADD > ./METAL/tmp ADD 1
awk -F " " "{print
$2"t"S1M"E3"Mt"$4M " ES""$6 " E 7"\ "$8 " $O"t"$10"\t"$12}' /METAL/"$2".a
ssoc.logistic. ADD > ./METAL/tmp ADD 2
awk -F " " 'FNR==NR {x2[$1]=$0; next} $1 in x2 {print
x2[$1]}' /METAL/tmp ADD 2 /METAL/tmp 1 snp
> /METAL/"$2".assoc.logistic ADD_overlap
awk -F " " "{print $1}' /METAL/"$2".assoc.logistic. ADD_overlap
> /METAL/tmp 3 snp
awk -F " " 'FNR==NR {x2[$1]=$0; next} $1 in x2 {print
x2[$1]}' /METAL/tmp ADD 1 /METAL/tmp 3 snp
> /METAL/"$1".assoc.logistic ADD_overlap
rm -rf /METAL/tmp*
# create allele frequency file
plink --bfile plink --freq --out /METAL/"$1"_freq
plink --bfile
/tera/home/sarang/Data/Chosun5545 dnalinkQC rmregion HRC1.1limputed/nigatt
a_ maf001 imputed gwas/nigatta afterQC_exsnp --freq --out /METAL/"$2" freq
# create input files for metal
awk -F " " '{print $2"\t"$3"\t"$4}' /METAL/"$1"_freq.frq |
sed 's/A1\tA2/RISK\tREF/g' > /METAL/tmp 1 freq
awk -F " " '{print $2"\t"$3"\t"$4}' /METAL/"$2"_freq.frq |
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sed 's/A1\tA2/RISKMREF/g' > /METAL/tmp 2 freq
awk -F " " "{print $1}' /METAL/"$1".assoc.logistic. ADD_overlap
> /METAL/tmp 1 snp
awk -F " " "{print $1}' /METAL/"$2".assoc.logistic. ADD_overlap
> /METAL/tmp 2 snp
awk -F " " 'FNR==NR {x2[$1]=$0; next} $1 in x2 {print
x2[$1]}' /METAL/tmp 1 freq /METAL/tmp 1 snp > ./METAL/tmp 1 freq 1
awk -F " " 'FNR==NR {x2[$1]=$0; next} $1 in x2 {print
x2[$1]}' /METAL/tmp 2 freq /METAL/tmp 2 snp > ./METAL/tmp 2 freq 2
paste -d "\t" ./METAL/"$1".assoc.logistic. ADD overlap ./METAL/tmp 1 freq 1
> /METAL/"$1".assoc.logistic. ADD overlap freq
paste -d "\t" ./METAL/"$2".assoc.logistic ADD overlap /METAL/tmp 2 freq 2
> /METAL/"$2".assoc.logistic. ADD overlap freq
Rscript convert OR2beta.R ./METAL/"$1".assoc.logistic ADD overlap freq ##
convert OR to BETA
Rscript convert OR2beta.R ./METAL/"$2".assoc.logistic ADD overlap freq ##
convert OR to BETA
sed 's/"//g' /METAL/"$1".assoc.logistic ADD overlap freq BETA.txt
> /METAL/tmp 1 freq beta 1
sed 's/"//g' /METAL/"$2".assoc.logistic ADD overlap freq BETA.txt
> /METAL/tmp 2 freq beta 2
mv ./METAL/tmp 1 freq beta 1 /METAL/file 1 metal.txt
mv ./METAL/tmp 2 freq beta 2 ./METAL/file 2 metal.txt &&
rm -rf /METAL/tmp*
cd METAL
echo "run metal"
#i#ttype 'metal’ in the terminal####
#SOURCE metal process.txt

104

Collection @ chosun



VII-1-5. locuszoom.sh

#make gene list > genelist.txt

#make SNP"\t"P list > snpP

awk "{print $2"\t"$12}" ./Logistic/logistic.assoc.logistic > ./Logistic/snpP

#for gene
for i in $(cat ./LD/genelist.txt)
do
mkdir ./LD/$i
cp ./Assoc/snpP ./LD/$i/snpP
cd ./LD/$v/
locuszoom --flank 400kb --metal snpP --markercol SNP --pvalcol P --build
hg19 --pop ASN --source 1000G_Nov2010 --refgene $i --delim space
cd ..
cd ..

done

#for single snp with rs#
#mkdir LD
#make locus_top snp file in LD directory
awk '{print $2" "$9}' ./Assoc/assoc.assoc > ./Assoc/snpP
for i in $(cat ./LD/locus_top_snp)
do
mkdir ./LD/$i
cp ./Assoc/snpP ./LD/$i/snpP
plink --bfile plink --1d-snp $i --1d-window 99999 --1d-window-kb 400 --1d-
window-r2 0 --r2 dprime with-fregs --out ./LD/$i/1d$i
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awk 'BEGIN {print "snp1 snp2 dprime rsquare"} {if(NR>1) print $3" "$7"
"$10" "$9}' /LD/$1/1d$i.ld > ./LD/$i/snp12dr2

cd LD/$i

locuszoom --metal snpP --markercol SNP --pvalcol P --1d snp12dr2 --refsnp
$i --source 1000G_Nov2010 --build hg19 --pop ASN --delim space

cd ..

cd ..

done

#for chr & position

mkdir ./LD/1:1234

plink --bfile plink --1d-snp 1:1234 --ld-window 99999 --1d-window-kb 400 --1d-
window-12 0 --r2 dprime with-freqs --out ./LD/11234/1d11234

awk 'BEGIN {print "snp1 snp2 dprime rsquare"} {if(NR>1) print $3" "$7" "$10"
"$9}' /LD/7156258568/1d7156258568.1d > snp12dr2

locuszoom --metal snpP --markercol SNP --pvalcol P --chr 1 --start 1234-400000 --
end 1234+400000 --source 1000G_Nov2010 --build hg19 --pop ASN --delim space
--1d snp12dr2 --flank 400kb

VII-1-5. Analysis_assoc.sh
mkdir Assoc

mkdir ./Assoc/jap

mkdir info

In -s -f /tera/home/sarang/Data/plink genotype merged6602/ANA2/plink.bim
plink.bim

In -s -f /tera/home/sarang/Data/plink genotype merged6602/ANA2/plink.fam
plink.fam
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In -s -f /tera/home/sarang/Data/plink genotype merged6602/ANA2/plink.bed
plink.bed

#association test
plink --bfile plink --assoc --out ./Assoc/assoc --pheno ./info/pheno.txt --maf 0.01 --
ci 0.95 --keep ./info/smpl.txt

#extract p<0.0001

awk 'NR==1 {print}; $9 < 0.0001' ./Assoc/assoc.assoc > ./Assoc/top_assoc_00001
#make snplist p<0.0001

awk "{print $2}' ./Assoc/top_assoc 00001 > ./Assoc/top_snp 00001

#annotate (geno)

grep -F -w -f ./Assoc/top_snp 00001

/tera/home/sarang/ ANNOTATION/Axiom_ Custom Array.na34.annot.csv

> /Assoc/annot_top 00001

#annotate (impu)

grep -F -w -f ./Assoc/top _snp 00001

/tera/home/sarang/chosun 3719 160928 maf0.01 ibd filt 0.9 HRC imputed chr
1-22 vcf annot_info-1.csv > ./Assoc/annot_top 00001

#match with jap result
grep -F -w -f ./Assoc/top_snp 00001 ./Assoc/jap/assoc.assoc

> /Assoc/top_snp_jap

#meta p00001
plink --meta-analysis ./Assoc/top_assoc 00001 ./Assoc/jap/assoc.assoc --

out ./Assoc/meta_p00001
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#paste files

Rscript result_ sum.R

#draw manhattan plot

Rscript

/tera/home/sarang/Data/Chosun5545 dnalinkQC rmregion HRC1.1imputed/qqma
nhat 1.R ./Assoc/assoc.assoc

#draw g-qplot

Rscript

/tera/home/sarang/Data/Chosun5545 dnalinkQC_rmregion HRCI1.limputed/qqpli

nk.R ./Assoc/assoc.assoc

#Minor allele freq
plink --bfile plink --freq case-control --out ./Assoc/freq --pheno ./info/pheno.txt --
extract ./Assoc/top_snp 00001 --keep ./info/smpl.txt

#Model test for freq (mm/mM/MM)

plink --bfile plink --model --out ./Assoc/model --pheno ./info/pheno.txt --
extract ./Assoc/top_snp 00001 --keep ./info/smpl.txt

awk 'NR==1 {print} $5~/GENO/' ./Assoc/model.model > ./Assoc/model geno

#In -s /tera/home/sarang/Data/plink genotype merged6602/result sum.R

result sum.R

In -s

/tera/home/sarang/Data/Chosun5545 dnalinkQC_rmregion HRC1.1imputed/result

_sum.R result sum_assoc.R

#summary results
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Rscript result_sum_assoc.R

VII-1-6. result_sum_assoc.R

# filel : top_assoc_00001 CHR SNP

# file2 : top_snp jap SNP P OR SE L95 U95

# file3 : meta p00001.meta SNPPORQI

# file4 : annot top 00001 V1V2'V3'V4V5V6 V7'V8' V9
library(plyr)

library(tidyr)

library(dplyr)

result <- read.table("./Assoc/top_assoc_00001", header=TRUE)

jap <- read.table("./Assoc/top_snp_jap", header=TRUE)

meta <- read.table("./Assoc/meta_p00001.meta", header=TRUE)

model <- read.table("./Assoc/model geno", header=T)

annot <- read.table("./Assoc/annot_top 00001", header=FALSE, sep="\t",
fill=TRUE, col.name=c("SNP","ANNT"))

result$FRQ = model[match(result$SNP, model$SNP), ¢(6,7)]
resultSANNT = annot[match(result $SNP, annot$SNP), "ANNT"]

result2 <- separate(result, ANNT, c(NA,"REGION", NA, "GENE", NA, NA), sep=
"W")

result2$JAP = jap[(match(result $SNP, jap$SSNP)),]

result2$META = meta[(match(result$SNP, meta§SNP)),]
write.table(result2, file="./Assoc/result sum top00001 r", na="NA",
quote=FALSE)
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