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Abstract
Applying Genome-Wide Association Study to Analyze Novel Variants That Potentially Relate to

Alzheimer’s Disease

By Lidan Zhang

Alzheimer’s disease is a progressive and irreversible brain disease that is a common cause of
dementia. Alzheimer’s patients will gradually lose their ability to think independently, remember,
make decisions, and function independently. Alzheimer's disease is the sixth leading cause of death
in the United States and there is no cure. In this study, we used datasets from ROSMAP, a project
related to aging and dementia, to conduct Genome-Wide Association Study (GWAS). GWAS is an
approach to relate gene data with specific diseases or traits. We used the gene expression data of 640
individuals with Alzheimer’s disease and matched with 1608 GWAS SNPs. A differential expression
analysis was conducted over the expression data for the GWAS SNPs. A gene set enrichment
analysis (GSEA) was followed to determine which pathways show significance and are related to the
cause of Alzheimer’s disease.

Keyword: Alzheimer’s disease, genome-wide association study, gene set enrichment analysis, SNP,
differential expression analysis, pathway
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Introduction

Alzheimer's disease is a progressive and irreversible brain disease that is a common cause of
dementia [1]. In normal human brains, neurons continuously communicate with each other through
electrical charges that travel through axons, causing chemicals to be released through synapses.
However, among people with Alzheimet's disease, toxins such as beta-amyloid and tau accumulate
and spread in the brain, cutting off connections between neurons [1]. The vascular problem may be
another reason that the brain cannot provide enough blood and nutrition. As neurons die, the brain
shrinks, beginning from the hippocampus, which is an important part of brain learning and memory
[1]]2]. Alzheimer patients will gradually lose their ability to think independently, remember, make
decisions, and function independently [1]. According to the CDC, Alzheimer's disease is the sixth
leading cause of death in the United States [3]. There is no cure for Alzheimer's disease in the
current stage. Treatment options may include drugs that reduce toxins that block the
communication between neurons, treatments aiming to the vascular system, care plans, interventions

such as exercise, and social engagement to improving brain health [3][4].

The cause of Alzheimer’s disease is permanent gene mutations which are reversion, transformation,
addition, or deletion of genes [5]. Genetic risk factor refers to genetic variants that increase the risk
of disease but doesn’t directly cause the disease. Sometimes a gene does not affect only one trait,
which is called pleiotropic gene. Pleiotropy implies a mapping from one thing at the genetic level to
multiple things at a phenotypic level, which means that a gene can result in two or more different
phenotypic traits [6][7][8]. The e4 allele of the apolipoprotein E (APOE) is the best-known genetic

risk factor for Alzheimer’s [1][9]. The risk of Alzheimer’s elevated by the APOEe4 allele is 3 times in



heterozygotes and 15 times in homozygotes. It’s been proven that 40%-80% of Alzheimer patients
have at least one APOEe4 allele. Other genetic risk factors that been proven to be related to

Alzheimer’s diseases include: CASS4, CELF1, FERMT2, HLA-DRB5, INPP5D, MEF2C, NMES,
PTK2B, SORL1, ZCWPW1, SIC24A4, CLU, PICALM, CR1, BIN1, MS4A, ABCA7, EPHA1, and

CD2AP [6][9][10].

To better understand Alzheimer's disease from a genetic perspective, genome-wide association study
(GWAS) is applied to look for variants that could potentially cause Alzheimer's disease. GWAS can
identify new genetic mutations in Alzheimet's disease based on genetic pathways and specific disease
processes [11][12]. Previous studies have shown that tau and tau phosphorylated at threonine 181
(ptau) in Alzheimer’s patients are higher than in non-demented elderly [12]. Genetic mutations that
have been shown to increase the risk of Alzheimer’s disease alter the levels of tau, including
pathogenic mutations in APP, PSEN1 and PSEN2, and common mutations in APOE [1][9][13].
Numbers of genes together consist of pathways which are regulatory networks. A gene can be
involved in different pathways and play different roles. Gene set enrichment analysis (GSEA) is a
method to classify genes into pathways. The GSEA uses predefined datasets and analyze genes
falling into which pathways [14]. Using GSEA helps to find potential pathways associated with

Alzheimet’s.

The dataset using in this study is from the Religious Orders Study and the Rush Memory and Aging
Project (ROSMAP). The ROSMAP cohort is designed for studies related to aging and dementia. It’s
a GWAS dataset for meta-analysis [15]. Previous study of cognitive testing based on this dataset has

found that APOR is strongly associated with cognitive decline [16]. In this study, ROSMAP cohort



is investigated with 55889 genes and 642 individuals assembled and a genome-wide association study

(GWAS) is conducted to detect novel variants that may potentially link to Alzheimer’s disease.

Methods and Materials

Data

The data ROSMARP is a GWAS dataset from NIAGADS. It is composed of two studies: The
Memory and Aging Project (MAP) and the Religious Orders Study (ROS). Both the studies are
cohort studies of aging and dementia that include organ donation at death. Together, more than
2,700 persons have participated into clinical evaluation and have agreed to brain donation at death.
ROSMAP is a GWAS dataset and is used in ADGC meta-analysis linked to dementia and
neurodegeneration. It is one of the five cohorts assembled by ADGC to replicate genetic variant

findings in LOAD [15].

The expression data contains the expression level data in FPKM for each individual and each gene.
Patients’ IDs are in columns and the ensembl gene IDs are in rows. Ensemble gene ID in this
dataset is consisted of “ENS”, “G” for gene, and unique numeric identifier for objects [17]. In this
dataset, the expression level data of 55889 genes are recorded for 640 individuals. The genotype data
contained information of 382 individuals including IDs, sex, and genotypes. The formats of
genotype data are in plink (\bed, .bim and .fam) format (will be introduced later). There was a list of

SNPs that we wanted to conduct GWAS and the list contained 1608 SNPs.



Data Processing

To extract SNP genotype information, we used PLINK [18][19]. The version we used was v1.9 for
MS-DOS. The genotype data were originally in .bed, .bim, and .fam format since this set of format
had a smaller size and were easy for transferring. Genotype information of GWAS SNP list was

extracted. The output data were in .ped and .map format for further analysis.

For the following steps of analysis, we used R Studio. The expression data was compared with the
filtered .ped PLINK file from last step. Individuals with the same IDs between expression level data
and genotype data were kept for analysis. Information of sex, paternal and maternal 1D, and
phenotype was deleted since only individual ID and genotypes were used. SNPs with minor allele
trequency (MAF) smaller than 0.1 were removed. MAF is the frequency in which the second most
common allele occurs in a given population. Small MAF indicates a small frequency of the minor
allele mutation, which will give a bias to our analysis. Then, the genotypes of each SNP were divided
into two groups: homozygous major allele versus heterozygous and homozygous minor allele.
Heterozygous and homozygous minor allele were considered as one group to assess what pathways
would be influenced by minor allele mutation. SNPs with unknown genotypes were removed so that

every individual and every SNP had known genotypes.

The expression data had gene ID in ensemble gene ID format. In order to conduct the following
gene set enrichment analysis, gene IDs in different format were obtained by the package “biomaR¢t”.
The biomaRt database being used to convert gene ID was “hsapiens_gene_ensembl” containing
genes of homo sapiens, since our targets were Alzheimer’s disease patients. The list contained

information including ensembl gene ID, entrez gene ID, HGNC symbol, external gene name,



description, chromosome name, and strand. The expression data was transformed to log type, which

was log,(data + 0.1), to make the data less skewed.

Differential Expression (DE) Analysis

To conduct differential expression (DE) analysis, the package we used was “limma” [20]. The
genotype was first made into group lists indicating which group the individuals were in for each
SNP. Then the group lists were converted into group matrix with the first column representing
group 1 and the second column representing group 2. In those two columns, “1” indicated the
individual was in the group and “0” indicated not in the group. The row names were individual IDs
and each SNP had a corresponding group matrix. Contrast matrix were also made by limma
function to express contrasts between a set of parameters as a numeric matrix. The parameters were
the group variables which were the coefficients of the linear models that would be fit later. The
contrast matrix specified which comparisons between the coefficients are to be extracted from the
fit. When the preparations were done, the data was fit into a linear model. The function that was
used was called “ImFit” in “limma” package. It fit our data into a linear model for each gene. The
log-transformed expression data was response variable and the group was categorical variable. The
next step was to compute estimated coefficients and standard errors using the function
“contrasts.fit”. The idea of this function was to fit a full-rank model using ImFit, then use
contrasts.fit to obtain coefficients and standard errors for any number of contrasts of the
coefficients of the original model. Then the function “eBayes” was used to compute moderated t-
statistics, moderated F-statistic, and log-odds of differential expression by empirical Bayes
moderation of the standard errors towards a common value with no trend default. It produced an
object containing moderated t-statistics, p-values corresponding to the t-statistics, log-odds of

differential expression, and other information. After the lists were made, tables of the top-ranked



genes from the linear model fit were extracted with NA values removed. The extracted tables were

the results for differential expression analysis and each SNP had a corresponding table.

Gene Set Enrichment Analysis (GSEA)

For gene set enrichment analysis (GSEA), the R packages we used were: “fgsea” and “gageData”
[21]]22]. The gene IDs were in ensembl annotation and we obtained a list of gene information by
“biomaRt” package. In order to conduct GSEA by fgsea package, the ensembl gene IDs were
converted into external gene names. However, the pathway dataset used for this GSEA step was
“kegg.sets.hs” from gagaData with entrez gene ID, so the format of gene ID in the pathway dataset
was also converted into gene names in order to match with the DE results. Since the GSEA was
conducted by the p-values generated by the DE analysis, vectors of p-values named by gene names
were extracted for each SNP and the vectors were ranked in the increasing order. Then a GSEA
procedure was done by the function “fgsea” using the pathway dataset with gene names and the p-
value vectors, with 1000 numbers of permutation. Tables with GSEA results were generated with
each row of tested pathways and columns of enrichment p-values, BH-adjusted p-values,
enrichment scores, normalized enrichment scores, number of times a random gene set had a more
extreme enrichment score value, size of the pathway after removing genes not present in
‘names(stats)’, and indexes of leading edge genes that drive the enrichment. Each SNP had a

corresponding table of tested pathways.

Pathway Visualization
To visualize the relation between the pathways and SNPs, we did heatmaps for direct visualization.
A matrix containing the GSEA p-values was generated with rows of SNPs and columns of tested

pathways. The NA values were removed. To do heatmaps, the function “heatmap.2” from the



“gplots” package [23] was used with the setting of no trace, and color key and histogram. The color
range was dark blue indicating small values, white indicating medium values, and dark red indicating
large values. Enrichment plots were plotted for significant pathways through the function

“plotEnrichment” in the “fgsea” package.

Results

The original expression data contained 55889 genes and 640 individuals. There were 282 individuals
having matched IDs in the genotype data. Since the expression data were kept only for genes with
corresponding external gene names, the number of remaining genes were 19196. The number of

SNPs remained for DE analysis and GSEA was 345 out of 160.

Figure 1 is the heatmap of ranked datasets for gene set enrichment analysis. The heatmap has
columns of tested pathways and rows of SNPs with p-values of differential analysis results in the
table. Dark blue indicates small values, white indicates medium values, and dark red indicates large
values. As the heatmaps were generated using p-values, the left side was p-value close to 0, and the
right side was p-value close to 1. The smaller the p-value was, the more it was close to dark blue, and
vice versa, the bigger p-value was, the more it was close to dark red. There are 18 pathways that
somehow show significance across SNPs. In the 18 pathways, pathway “hsa04976 Bile secretion”,
“hsa04150 mTOR signaling pathway”, “hsa04722 Neurotrophin signaling pathway”, and “hsa00620
Pyruvate metabolism” show significance in all 345 SNPs, and pathway “hsa04142 Lysosome”,

“hsa00785 Lipoic acid metabolism”, and “hsa04972 Pancreatic secretion” also show significance in



more than 95% of SNPs. Table 1 gives numbers of SNPs that pathways show significance in and the

rate.
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Figure 1. Heatmap of pathways in grasp group. The x axis is test pathways, and the y axis is SNPs. Numbers
from 0 to 1 are indicated by color blue to white to red.



Pathway

hsa04976 Bile secretion
hsa04150 mTOR signaling pathway

hsa04722 Neurotrophin signaling pathway
hsa00620 Pyruvate metabolism

hsa04972 Pancreatic secretion
hsa00785 Lipoic acid metabolism
hsa04142 Lysosome
hsa00770 Pantothenate and CoA biosynthesis
hsa00563 Glycosyl phosphatidyl inositol (GPI)-anchor biosynthesis
hsa00290 Valine, leucine and isoleucine biosynthesis
hsa03010 Ribosome
hsa05142 Chagas disease (American trypanosomiasis)
hsa04114 Oocyte meiosis
hsa05216 Thyroid cancer
hsa04970 Salivary secretion
hsa04141 Protein processing in endoplasmic reticulum
hsa05214 Glioma
hsa04146 Peroxisome

Number of SNPs
345
345

345
345

341
333
329
245
136
116
92
64
26
20
15
15
10
4

Rate
100%
100%

100%
100%

98.84%
96.52%
95.36%
71.01%
39.42%
33.62%
26.67%
18.56%
7.54%
5.80%
4.35%
4.35%
2.90%
1.16%

Table 1. Number of grasp SNPs that pathways show significance in. The first column is the name of the
pathways and the pathway dataset used is “kegg.sets.hs” from “gageData” package. The second column is the
number of SNPs that pathways show significance in. The total number of SNPs in grasp group is 345. The
third column is the rate of pathways showing significance, which is calculated by number of SNPs divided by

total number of SNPs (345).

Figure 2 shows the enrichment plots for the top eight pathways in Table 1, which are hsa04976 bile

secretion, hsa04150 mTOR signaling pathway, hsa04722 neurotrophin signaling pathway, hsa00620

pyruvate metabolism, hsa04972 pancreatic secretion, hsa00785 lipoic acid metabolism, and hsa04142

lysosome. The green line shows how the enrichment score running for the gene set as the analysis

goes along the ranked list.



Figure 3 shows the enrichment plots for four pathways that have relatively smaller number of
significant SNPs, which are hsa03010 ribosome, hsa05216 thyroid cancer, hsa04970 salivary
secretion, and hsa04146 peroxisome. Pathway ribosome has 92 (26.67%) of significant SNPs.
Pathway thyroid cancer has 20 (5.80%) of significant SNPs. Pathway salivary secretion has 15

(4.35%) of significant SNPs. Pathway peroxisome has 4 (1.16%) of significant SNPs.
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Figure 2. Enrichment Plots of Eight Pathways with High Rate of Significance. From (a) to (g), the pathways
are hsa04976 bile secretion, hsa04150 mTOR signaling pathway, hsa04722 neurotrophin signaling pathway,
hsa00620 pyruvate metabolism, hsa04972 pancreatic secretion, hsa00785 lipoic acid metabolism, and
hsa04142 lysosome. The green line is the enrichment score of the rank. The red dotted line is the range of the
enrichment score.
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Figure 3. Enrichment Plots of Four Pathways with Small Number of Significant SNPs. From (a) to (d),
hsa03010 ribosome, hsa05216 thyroid cancer, hsa04970 salivary secretion, and hsa04146 peroxisome. The
green line is the enrichment score of the rank. The red dotted line is the range of the enrichment score.

Discussion

In the heatmaps, it can be found that some pathways have relatively consistent color while other
pathways have different shade of color. The color indicates the p-values. The smaller the p-value is,
the more it is close to dark blue. And oppositely, the bigger the p-value is, the more it is close to
dark red. Some pathways have similar p-values across SNPs so that they have consistent color. The
18 pathways in Table 1 have difference extent of significance and the 7 pathways shown in the
enrichment plots of Figure 2 have high rate of showing significance across SNPs, from 100% to
95.36%. In this case, we could say that the 7 pathways are related to Alzheimer’s diseases. In Figure

2, the green line shows the enrichment score trend for the gene set as the analysis goes. The peak
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points which are the furthest from 0 are the enrichment scores for the current gene set. The leading-
edge subsets are the part from 0O to the rank at the max enrichment score, which contribute the most
to the enrichment score [24]. All the pathways except lipoic acid metabolism in Figure 2(f) have
enrichment score above 0, which means the 6 pathways are over expressed. However, the Figure
2(f) have negative enrichment score, which means the pathway of lipoic acid metabolism is under
expressed. As we can see, Figure 2(f) has very few points of enrichment score, since the pathway
lipoic acid metabolism only contains three genes: LIAS, LIPT1, and LIPT2. Small number of genes

results in few points and drastic changes.

The 7 pathways in Figure 2 that show significance are: bile secretion, mTOR signaling pathway,
neurotrophin signaling pathway, pyruvate metabolism, pancreatic secretion, lipoic acid metabolism,
and lysosome. Studies have shown that genes involved in alternative bile acid synthesis pathways are
expressed in the brain, while genes in the classical pathway are not [25]. Increased level of bile
secretion is associated with Alzheimer’s and cognitive decline. It’s been known that the
accumulation of Abeta and tau directly contribute to the cause of neurodegeneration, and mTOR is
a target protein which is linked to the generation of Abeta and tau [26]. The over expression of
mTOR signaling pathway is caused by PI3K/AKT pathway activated by Abeta administration [26].
Therefore, the up regulation of mTOR is a possible cause with Alzheimer’s. Abeta and tau is not
only associated with Alzheimer’s, but also type-2 diabetes [27]. The impact of type-2 diabetes causes
the increases of Abeta and amylin accumulation [27]. The up regulation of pancreatic secretion is
linked with Alzheimer’s. About neurotrophin family, there are two proteins being affected in the
early phase of Alzheimer’s: NGF and BDNF [28]. The over expression of neurotrophin signaling
pathway increases the amount of NGF and BDNF, therefore related to the Alzheimer’s. Among the

Alzheimer’s patients, the cerebral metabolic rate is impaired to some extent even before they show

14



any evidence of the clinical disease [29]. The impairment of pyruvate metabolism influences the
glucose oxidation and, hence damaging the brain [29]. The dysfunction of lysosome is common
among Alzheimer’s patients which causes abnormal autophagy in cells. The abnormal process of
autophagy results in the accumulation of autophagic vacuoles which should be resolved by lysosome
[30]. The increase of lysosome may be one of the evidences of Alzheimer’s and neurodegeneration.
Lipoic acid is fatty acid that helps regulate metabolism [31]. The lack of lipoic acid can lead to
dementia and neurodegeneration. Lipoic acid could be a potential treatment for Alzheimer’s
patients, but there is need to be aware of the possible harm if lipoic acid is provided in long term

[31].

The four pathways in Figure 3 that show some significance are: ribosome, thyroid cancer, salivary
secretion, and peroxisome. Protein dysfunction is found in the affected cortical regions of brains of
patients with early-onset of Alzheimer’s, and this is associated with ribosome dysfunction. The
impairment of ribosome decreases the rate of protein synthesis. This may cause the over expression
of ribosome to continue synthesize proteins needed for brain activities [32]. Thyroid cancer is
related with the lack of iodine element. Researchs have found that iodine deficiencies can not only
cause thyroid cancer but may also delay neuronal maturation and decrease brain weight [33]. The
increasing expression may indicate that thyroid cancer can occur along with Alzheimer’s. It’s been
known that tau protein and the phosphorylation of tau is associated with Alzheimer’s. Saliva samples
of Alzheimer’s patients contain higher rate of phosphorylated tau compared to healthy control [34].
The over expression of salivary secretion may be an indicator of easier diagnosis of the Alzheimer’s.
Peroxisome proliferator-activated receptor gamma is involved in the regulation of inflammatory
processes in the brain [35]. Considering the fact that inflammatory is related to Alzheimer’s, the up-

regulation of peroxisome may also be linked to Alzheimer’s.
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In conclusion, the 7 pathways with high rate of significance are associated with Alzheimer’s disease.
The 7 pathways are: bile secretion, mTOR signaling pathway, neurotrophin signaling pathway,
pyruvate metabolism, pancreatic secretion, lysosome, and lipoic acid metabolism. The first 6
pathways are over expressed, and the last pathway lipoic acid metabolism is under expressed. In
addition, the 4 pathways with smaller number of significance SNPs also give us some insights. The 4
pathways are: ribosome, thyroid cancer, salivary secretion, and peroxisome. These over expressed

pathways may be regarded as potential causes or indicator of Alzheimer’s.
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