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Abstract

INTRODUCTION: The APOE ε2 and ε4 alleles have beneficial and adverse impacts on 

Alzheimer’s Disease (AD), respectively, with incomplete penetrance, which may be modulated 

by other genetic variants.

METHODS: We examined whether the associations of the APOE alleles with other 

polymorphisms in the genome can be sensitive to AD-affection status.

RESULTS: We identified associations of the ε2 and ε4 alleles with 314 and 232 polymorphisms, 

respectively. Of them, 35 and 31 polymorphisms had significantly different effects in AD-affected 

and unaffected groups, suggesting their potential involvement in the AD pathogenesis by 

modulating the effects of the ε2 and ε4 alleles, respectively. Our survival-type analysis of the 

AD risk supported modulating roles of multiple group-specific polymorphisms. Our functional 

analysis identified gene enrichment in multiple immune-related biological processes, e.g., B cell 

function.

DISCUSSION: These findings suggest involvement of local and inter-chromosomal modulators 

of the effects of the APOE alleles on the AD risk.
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1. BACKGROUND

Apolipoprotein E (APOE) gene that encodes a protein involved in lipids transport 

and metabolism1 has been widely studied in the past decades due to its broad 

functional implications and potential roles in various traits2, such as Alzheimer’s disease 

(AD)3–5, vascular dementia6, dementia with Lewy bodies7, coronary artery diseases8,9, 

cerebrovascular accidents10–12, Parkinson’s disease-associated dementia13, frontotemporal 

lobar degeneration14, malignancies15, immune/inflammatory responses and autoimmune 

disorders16–18, and longevity19,20. The APOE gene has three main alleles, i.e., ε2, ε3, and 

ε4. The ε4 allele encoded by the minor allele of rs429358 single-nucleotide polymorphisms 

(SNP) is considered as the strongest single genetic risk factor for AD, which is associated 

with AD in various populations4,21. The ε2 allele encoded by the minor allele of rs7412 

shows beneficial associations with AD4,22, but the understanding of its potential protective 

role is tempered due to, in part, its small population frequency and the diminished number of 

AD cases among ε2 carriers.

Despite decades of research, the role of the APOE gene and its neighboring region in AD 

development is not entirely clear because of uncertainty about how to treat genetic variants 

from this region. For example, while most of the field tends to consider the role of the 

ε4 allele itself, the role of more complex structures such as haplotypes with variants from 

different genes in the APOE region is also widely emphasized23–27. The complex role of the 

APOE region variants, as well as the other variants from the entire genome, in AD has been 

supported by environmental28 and evolutionary27,29 studies.

In this study, we examined the associations of the ε2 and ε4 alleles with other SNPs in the 

human genome. We leveraged a strategy, which can partly address heterogeneity in genetic 

predisposition to AD by examining these allele-SNP associations in the AD-affected and 

unaffected subjects separately. We evaluated whether these associations in the AD-affected 

and unaffected subjects were different. Our analyses aimed to better understand genetic 

modulators of contributions of the APOE alleles to AD pathogenesis, especially variants 

outside of the neighboring genes in the APOE 19q13.3 region. These analyses identified a 

large number of promising ε2- and ε4-associated loci, both within and outside the APOE 
region, in the AD-affected, unaffected, or both groups. We found a subset of these loci in 

which associations of the ε2 and ε4 alleles with the other SNPs were statistically different 

in the AD-affected and unaffected groups. These findings suggest the roles of interactions of 

the ε2- and ε4 alleles with SNPs from specific loci spread throughout the entire genome in 

AD pathogenesis.
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2. METHODS

2.1 Study participants

We used data on individuals of European ancestry from five studies: Cardiovascular Health 

Study (CHS)30, Framingham Heart Study (FHS)31,32, Late Onset Alzheimer’s Disease 

Family Study (LOADFS) from the National Institute on Aging (NIA)33, whole genome 

sequencing (WGS) data from Alzheimer’s Disease Sequencing Project (ADSP-WGS)34,35, 

and three cohorts from the NIA Alzheimer’s Disease Centers (ADCs), which are a part 

of the Alzheimer’s Disease Genetics Consortium (ADGC)36. The overlapping ADSP-WGS 

participants with the other datasets were excluded. The APOE genotypes in CHS and 

LOADFS were determined based on their genotypes at rs429358 and rs7412 loci. The 

ADGC, ADSP-WGS, and FHS have directly reported the APOE genotypes for recruited 

subjects. AD patients were directly identified by the ADGC, ADSP-WGS, FHS, and 

LOADFS researchers primarily based on the neurologic exam criteria37,38. In CHS, AD-

affected subjects were determined using the International Classification of Disease codes, 

ninth revision (i.e., code: 331.0). Basic information on 6136 AD-affected and 10555 

unaffected subjects is presented in Table S1.

2.2 Genotype data and quality control (QC)

Genetic data in the selected five studies were from the array-based (i.e., ADGC, CHS, 

FHS, and LOADFS) or whole-genome sequencing (i.e., ADSP-WGS) platforms. First, 

we imputed SNPs to harmonize about 2.5 million of variants to facilitate cross-platform 

analyses39. Then, we performed QC using PLINK package40 to filter out low-quality data 

including: imputed SNPs with r2<0.7 (in ADGC, CHS, FHS, and LOADFS), SNPs/subjects 

with missing rates >5%, SNPs with minor allele frequencies <1% or PHardy-Weinberg<1E-06, 

and SNPs/subjects/families with Mendel error rates >2% in family-based datasets (i.e., 

ADSP-WGS, FHS, and LOADFS). The QC process resulted in 1904013, 1844347, 

1695409, 1541793, 1829245 SNPs in ADGC, ADSP-WGS, CHS, FHS, and LOADFS, 

respectively.

2.3 Two-stage genetic analysis

Design.—We used two variables as outcomes in our analysis. One outcome included 

carriers of the ε2ε2 and ε2ε3 AD-protective genotype (herein referred to as the ε2 allele) 

as cases, and the other included carriers of the ε4ε4 and ε3ε4 AD-risk genotype (herein 

referred to as the ε4 allele) as cases. The same ε3ε3 genotype was used as a reference in 

each outcome. The analyses leveraged a two-stage approach. The first stage was designed 

to examine associations of the ε2 and ε4 alleles with the other SNPs in the genome in 

AD-affected (AD) and unaffected (NAD) groups of subjects separately. At stage two, we 

examined group-specific effects by evaluating the differences in associations of the ε2 and 

ε4 alleles with the other SNPs in the AD-affected and unaffected subjects, which were 

selected at stage one.

Stage one: Genome-wide association study (GWAS).—Additive genetic models 

were fitted separately in each dataset to associate the ε2 or ε4 alleles with the other SNPs 

in the genome. The models were adjusted for fixed-effects covariates, including the top five 

Nazarian et al. Page 3

Alzheimers Dement. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



principal components of genetic data, sex, age/birth year, and ADC cohorts (in ADGC), 

as well as random-effects family structure (in ADSP-WGS, FHS, and LOADFS). The 

logistic regression models were fitted using GENESIS R package41,42. The GWAS results 

from these five datasets were combined using a fixed-effects inverse-variance meta-analysis 

implemented in GWAMA package43.

We used two GWAS strategies. First, following the discovery-replication strategy, we 

selected two independent sets of data. One set (referred to as nonADGC) included data 

from ADSP-WGS, CHS, FHS, and LOADFS, and the other set (referred to as ADGC) was 

represented by the ADGC cohort. These datasets were used as the discovery and replication 

sets interchangeably. In other words, results of the meta-analysis of the GWAS statistics 

from the nonADGC studies were used as the discovery set and ADGC as the replication 

set, and vice versa. The second strategy was to pool the results from all five datasets (i.e., 

nonADGC+ADGC samples) using meta-regression. We selected promising SNPs for stage 

two from the associations attained genome-wide (P<5E-08) or suggestive-effect (5E-08≤ 

P<5E-06) significance in: (i) the discovery dataset and had the same effect direction and 

P<0.05 in the replication dataset, and vice versa, and (ii) the meta-analysis of all five 

datasets.

Stage two: Group-specific analysis—Group-specific analysis provides quantitative 

metric to identify AD or NAD group-specific associations. This metric is necessary because 

significance of the association in one group and the lack of significance in the other group 

does not automatically guarantee significant difference of the associations between these 

groups. We quantified the differences in the associations between these groups by fitting 

an interaction model with a SNP-by-AD status term in the pooled sample of AD and NAD 

subjects for each SNP selected at stage one. Significant findings from the interaction model 

were identified after Bonferroni correction for the number of SNPs selected at stage one.

2.4 Analysis of the role of sex

To examine the potential role of sex as a modulator of the associations of the ε2 and ε4 

alleles with group-specific SNPs, we fitted the same models as in our stage-two analysis 

with an additional SNP-by-sex interaction term using GENESIS R package41,42.

2.5 Analysis of the AD risk

To examine whether the group-specific SNPs identified at stage two can modulate the 

impact of the APOE alleles on the AD risk, we performed survival-type analysis using 

Cox regression model. We evaluated the main effects of the ε2-coding rs7412 or ε4-coding 

rs429358 and each group-specific SNP, along with their interactions. We used age at onset 

(AAO) of AD as a time variable. As in our GWAS analysis, we fitted additive genetic 

models and included the same fixed- and random-effects adjustments. These analyses were 

performed using coxme (for family-based studies) and survival R packages44,45.

2.6 Functional enrichment analysis

To make biological sense of the observed statistical associations, we examined 

gene enrichment in bio-functions (defined by “molecular and cellular function” and 
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“physiological system development and function” categories) using the Ingenuity 

Pathway Analysis (IPA) tool (QIAGEN Inc., https://www.qiagenbioinformatics.com/

products/ingenuitypathway-analysis).

3. RESULTS

Our stage-one (i.e., GWAS) analyses revealed several associations of the ε2 and ε4 alleles 

with other SNPs across the genome in AD, NAD, or both groups. Figures S1–S4 show 

Manhattan and QQ plots for these results in nonADGC, ADGC, and nonADGC+ADGC 

samples. The genomic control values (i.e., lambda) in these analyses were between 0.972–

1.002 in nonADGC samples and 1.010–1.023 in ADGC dataset, indicating adequate control 

of potential confounding effects of population structure. Next, we discuss the results from 

the promising associations.

3.1 Associations for the ε2 allele.

The ε2 allele showed promising associations with 29 SNPs in 13 loci in the AD group but 

not in the NAD group (Table S2), and with 191 SNPs in 16 loci in the NAD group but not 

in the AD group (Table S3). In the AD group, we identified three (of 29) promising SNPs 

associated with the ε2 allele in the APOE 19q13.3 locus. In contrast, the vast majority of 

SNPs identified in the NAD group, 159 of 191 (83.2%), were in the APOE 19q13.3 locus. In 

addition to these 220 (=29+191) SNPs, the ε2 allele was associated with 94 SNPs (all in the 

APOE 19q13.3 locus) in both AD and NAD groups (Table S4), totaling 314 promising SNPs 

in all groups combined.

Differences in the detected associations of SNPs with the ε2 allele in the AD and NAD 

groups suggested potential group-specific effects, i.e., interactions of SNPs with the AD 

status. The stage-two analysis identified group-specific associations of the ε2 allele with 

35 SNPs in 11 loci, which attained a conservative Bonferroni-adjusted (i.e., all selected 

SNPs for this test were conservatively considered as independent) significance level of 

P<1.59×10−4 (i.e., 0.05/314) in the interaction analyses (Tables 1 and S5).

Most of these SNPs, 22 of 35, were selected at stage one based on promising associations 

with the ε2 allele only in the AD group, and one SNP (rs3101357 mapped to FRMDF4) 

was associated with this allele only in the NAD group. These 23 SNPs were mapped to 

ten genes/loci which were on nine chromosomes outside of the APOE 19q13.3 locus. The 

other 12 SNPs with group-specific effects had promising significant association signals in 

both AD and NAD groups. These SNPs were mapped to 7 genes within the APOE 19q13.3 

locus. Figure 1 illustrates the effect sizes of the ε2-associated group-specific SNPs from 

the analyses of nonADGC+ADGC samples in the AD and NAD groups. In general, the 

magnitudes of the effects were larger in the APOE 19q13.3 locus than in the non-APOE loci 

in both AD and NAD groups. Also, the magnitudes of effect sizes of the associations of the 

ε2 allele with each of these 35 SNPs were larger in the AD than NAD group, indicating 

stronger associations between the ε2 allele and alleles of these SNPs in the AD group. For 

most of these SNPs, 26 of 35, the effect directions were positive in both AD and NAD 

groups, indicating stronger associations between their minor alleles and the ε2 allele in the 

AD group. The remaining 9 of 35 SNPs had different directions of effects in the AD and 
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NAD groups, denoting the opposite patterns of associations between the minor/major alleles 

of these SNPs and the ε2 allele in the two groups.

3.2 Associations for the ε4 allele.

In the AD group, we identified promising associations of the ε4 allele with 12 SNPs in seven 

non-APOE loci and 86 SNPs in the APOE 19q13.3 locus, totaling 98 SNPs in eight loci 

(Table S6). In the NAD group, there were nine promising associations in six non-APOE loci 

and 14 in the APOE 19q13.3 locus, totaling 23 SNPs in seven loci (Table S7). In addition, 

there were 111 SNPs (all within the APOE 19q13.3 locus) with promising associations with 

the ε4 allele in both AD and NAD groups (Table S8). Overall, this analysis identified 232 

promising associations with the ε4 allele.

Of them, the stage-two analysis identified group-specific associations of the ε4 allele with 

31 SNPs at a conservative Bonferroni-adjusted significance level of P<2.16×10−4 (i.e., 

0.05/232) in the fitted interaction models (Tables 2 and S9). Figure 2 illustrates the effect 

sizes of the ε4-associated group-specific SNPs from the analyses of nonADGC+ADGC 

samples in the AD and NAD groups. Six SNPs with group-specific effects were associated 

with the ε4 allele only in the AD (5 SNPs) or NAD (1 SNP) groups. They were mapped 

to 3 genes in 3 loci, including EXOC3L2 gene in the APOE 19q13.3 locus. All these 6 

SNPs had negative effect directions in the AD group and positive ones in the NAD groups, 

highlighting the opposite patterns of the associations of the ε4 allele and minor/major alleles 

of these SNPs in the two groups. The other 25 SNPs with group-specific effects (mapped 

to 5 genes within the APOE 19q13.3 locus) were associated with the ε4 allele in both AD 

and NAD groups. They had the same directions of effects in both groups (14 positive and 

11 negative effects). The effect sizes of SNPs with positive effect directions were larger in 

the NAD group than the AD group implying stronger associations between the ε4 allele and 

minor alleles of these SNPs in the NAD group. In contrast, magnitudes of the effects of 

SNPs with negative directions were larger in the AD group than the NAD group indicating 

stronger associations between the ε4 allele and major alleles of these SNPs in the AD group. 

Again, the magnitudes of the effects were mainly larger in the APOE 19q13.3 locus than in 

the non-APOE loci.

3.3 The role of sex

We found interactions between sex and each of four and three group-specific SNP in their 

associations with the ε2 and ε4 alleles, respectively, at P<0.05. Only the interaction of 

sex with ε2-associated rs445925 (APOC1 variant), however, attained Bonferroni-adjusted 

significance (P<1.43E-03=0.05/35). All these seven SNPs were within the APOE 19q13.3 

locus (Tables S10 and S11).

3.4 Associations with the AD risk

Among 35 ε2-associated group-specific SNPs, our survival-type analysis revealed 

significant (P<0.05) interaction effects of the ε2-coding rs7412 with 30 SNPs on the AD risk 

in the ε4-negative sample (Table S12). Twelve of these 30 interactions attained Bonferroni-

adjusted significance (P<1.43E-03=0.05/35) (Table 3). All these 12 interactions had positive 

effect directions and were with SNPs not on chromosome 19. Among 31 ε4-associated 
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group-specific SNPs, we identified significant (P<0.05) interaction effects of the ε4-coding 

rs429358 with 16 SNPs on the AD risk in the ε2-negative sample (Table S13). Four of them 

attained Bonferroni-adjusted significance (P<1.61E-03=0.05/31) (Table 3). All these four 

interactions had negative effect directions and were with SNPs in the APOE locus.

3.5 Functional enrichment analysis

The analysis was performed for 15 and seven protein-coding genes (excluding 

CEACAM22P and APOC1P1 pseudogenes) harboring group-specific SNPs associated with 

the ɛ2 and ɛ4 alleles, respectively. We found that 32 and four bio-functions were enriched by 

three or more genes for the ɛ2- and ɛ4-associated SNPs, respectively (Figure 3, Tables S14 

and S15), at a false discovery rate adjusted P<0.0546. One of them, activation of leukocytes, 

was significantly enriched in both sets (Figure 3).

4. DISCUSSION

In this study, we assumed the APOE alleles as proxies for potential biological processes 

related to the protection against (ε2 allele) or predisposition to (ε4 allele) cognitive decline. 

We analyzed the associations of the ε2 and ε4 alleles with other SNPs in the genome 

to identify genetic variants, which may modulate the effects of these alleles. We were 

particularly interested in dissecting heterogeneous genetic architecture of AD by identifying 

associations that can be different between the AD-affected and unaffected subjects. Such 

differences may indicate genetic modulators of APOE impacts on AD development and 

partly explain the incomplete penetrance of the APOE alleles47,48.

Our stage-one analysis revealed promising associations of the ε2 and ε4 alleles with 314 

and 232 SNPs, respectively. The associations identified only in the AD or NAD groups were 

with SNPs both within and outside of the APOE 19q13.3 locus (Tables S2, S3, S6, and S7), 

whereas those identified in both AD and NAD groups were with SNPs within the APOE 
19q13.3 locus only (Tables S4 and S8).

Among SNPs with significant association signals only in the AD or NAD groups, our 

stage-two analysis revealed group-specific effects for 23 and six ε2- and ε4-associated 

SNPs, respectively (Tables 1, 2, S5, and S9). These SNPs were mapped to 13 genes/loci, of 

which only EXOC3L2 gene was located within the APOE 19q13.3 locus. The magnitude 

of the effects of all these SNPs, except rs1414663 (LRRC7 variant), were larger in the AD 

than NAD group. Almost half of these SNPs had different directions of effects (i.e., opposite 

patterns of associations between their minor/major alleles and the APOE alleles) in the two 

groups. Accordingly, the alleles of these SNPs may affect the AD risk by modulating the 

effects of the ε2 or ε4 alleles. A literature review revealed that polymorphisms in most of the 

genes harboring these group-specific SNPs were implicated in AD pathology. For instance, 

SNPs mapped to FRMD4A49 and EXOC3L250,51 were previously associated with AD at the 

genome-wide significance. Also, a previous study of epistatic associations with AD reported 

that interactions of SNPs mapped to VAV3, MPDZ, FRMD4A, DDX10, SDK2, ZFP64, 

and KCNQ3 with SNPs in the other genes were associated with pathological hallmarks of 

AD such as paired helical filament tau protein, neurofibrillary tangles, and diffuse brain 

plaques52. Additionally, LRRC7 was previously associated with cognitive performance53. 
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Notably, none of the previously reported SNPs from these genes are in significant LD with 

SNPs identified in our study in the Caucasian population54.

Among promising SNPs with significant association signals in both AD and NAD 

groups, 12 and 25 SNPs exhibited group-specific associations with the ε2 and ε4 alleles, 

respectively (Tables 1, 2, S5, and S9). They were mapped to CEACAM22P, CEACAM16, 

BCL3, NECTIN2, TOMM40, APOE, APOC1, APOC1P1 genes within the APOE 19q13.3 

locus. Four SNPs from the APOE (rs75627662 and rs72654473) and APOC1 (rs445925 

and rs483082) genes were associated with both ε2 and ε4 alleles. The magnitudes of the 

effects for all 12 ε2-associated group-specific SNPs (with positive effects in the AD and 

NAD groups) and those for 11 of 25 ε4-associated group-specific SNPs (with negative 

effects in the AD and NAD groups) were larger in the AD than NAD group, indicating 

stronger associations of the ε2 or ε4 alleles with alleles of these SNPs in the AD group. In 

contrast, the effect sizes of the remaining 14 of 25 ε4-associated SNPs (with positive effects 

in the AD and NAD groups) were larger in the NAD than AD group, indicating stronger 

associations of their minor alleles and the ε4 allele in the NAD group. Hence, the alleles 

of these 37 SNPs are likely involved in modulating the effects of the ε2 or ε4 alleles on 

AD risk. Our findings are consistent with the other reports, which emphasize the roles of 

the complex haplotype structure in the APOE 19q13.3 locus in the AD risk and support 

the importance of more complex analyses to dissect heterogeneity in genetic architecture of 

AD26,27,55–59.

Expression quantitative trait loci (eQTLs) that are in high LD (i.e., r2 and/or D’ ≥ 0.8) with 

several group-specific SNPs were previously reported to alter the expressions APOC1P1, 

GNPDA2, KCNQ3, NECTIN2, and ZFP64 in brain tissue at P<5E-0660 (Table S16). Since 

the group-specific SNPs differentially impacted the AD and NAD groups, we suggest the 

alterations in these genes’ expressions may contribute to the AD pathogenesis.

Our analysis supported the minor role of sex as a modulator of the associations of the 

ε2 or ε4 allele with group-specific SNPs. Our survival-type analyses revealed a three-time 

larger number of interactions of the ε2-encoding rs7412, than the ε4-encoding rs429358, 

with group-specific SNPs (12 vs. 4 interactions) in their associations with the AD risk at 

Bonferroni-adjusted significance (Table 3). All SNP-ε2 interactions were with 12 SNPs 

not on chromosome 19, whereas all interactions with the ε4 allele were with four SNPs 

in the APOE 19q13.3 locus. These interactions imply that the beneficial effect of the ε2 

allele (i.e., smaller AD risk, or, equivalently, AAO at older ages, compared to the ε3ε3 

carriers) can be significantly modulated by alleles from SNPs spread throughout the entire 

genome. This study also shows that the adverse effect of the ε4 allele (i.e., larger AD risk 

or, equivalently, AAO at younger ages, compared to the ε3ε3 carriers) can be significantly 

modulated by alleles from the other APOE and APOC1 SNPs. While genetic linkage may 

drive the associations of the ε2/ε4 alleles and local variants (i.e., cis modulators), the 

functional linkage may underline the roles of, particularly, trans-modulators of the effects of 

these alleles61.

Our functional enrichment analysis revealed that the genes harboring the group-specific 

ɛ2-associated SNPs were mainly enriched in inflammation- and immunity-related processes. 
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For example, significantly enriched functions highlighted B and T lymphocytes and 

phagocytes, such as neutrophils and macrophages, which are involved in antigen-

specific (adaptive) and nonspecific (innate) immunity. Immune system and inflammatory 

responses have been implicated in AD pathogenesis39,62–64. The top term enriched 

for the ɛ2-associated genes was the quantity of marginal-zone B (MZB) lymphocytes 

(Figure 3A). It is believed that MZB cells mainly produce IgM antibodies and may 

regulate autoimmunity65,66. The MZB cells play their vital role in the early antibody 

reaction to pathogens by mobilizing an optimal response of the innate and adaptive 

immune systems67,68. Although B cells may have a neuroprotective effect by producing 

immunoglobulins against amyloid-beta (Aβ)69, murine AD models show that B cells may 

also influence the formation of Aβ plaques through deposition of immunoglobulins and 

appear to be enriched in the AD brains64. Interestingly, the inflammatory response-related 

process, activation of leukocytes, was also at the top for genes harboring the group-specific 

ɛ4-associated SNPs (Figure 3B). These results suggest inflammation and immunity as 

mechanisms modulating penetrance of the APOE alleles.

Despite the rigor of this study, we acknowledge its limitations. First, although we analyzed 

five well-known AD datasets, further validation of our findings in larger samples would 

provide additional strength. Second, the statistical power of the ε2 allele-related analysis 

may not be optimal due to the small frequency of this allele in the general population 

of Caucasians and, especially, in cohorts enriched for AD patients. Third, the functional 

enrichment analysis had an inherent limitation of a relatively small number of protein-

coding genes.

In conclusion, our analyses demonstrated that the associations of the APOE ε2 and ε4 

alleles with multiple SNPs spread throughout the entire genome are affected by the AD-

affection status. We found that 66 SNPs had significantly different effects in the AD-affected 

and unaffected groups. The group-specific SNPs may modulate the contributions of the 

ε2 or ε4 alleles to the AD protection or susceptibility. Our survival-type analysis of the 

AD risk supported modulating roles of multiple group-specific SNPs. Genes harboring the 

group-specific SNPs were mainly enriched in inflammation- and immune-related biological 

processes, e.g., B cell function. These findings provide novel insights into the incomplete 

penetrance of the APOE alleles and suggest involvement of local and inter-chromosomal 

modulators of their effects on the AD risk.
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Figure 1. 
The effect sizes of the ε2-associated group-specific SNPs in Alzheimer’s disease-affected 

(AD) and unaffected (NAD) groups. (A) SNPs outside of the APOE 19q13.3 locus and (B) 

SNPs within the APOE 19q13.3 locus. The x-axis shows SNPs and genes identifiers; the 

y-axis shows the effect sizes (i.e., beta coefficients), red bars indicate the AD group; blue 

bars indicate the NAD group. Vertical lines show 95% confidence intervals.
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Figure 2. 
The effect sizes of the ε4-associated group-specific SNPs in Alzheimer’s disease-affected 

(AD) and unaffected (NAD) groups. (A) SNPs outside of the APOE 19q13.3 locus and (B) 

SNPs within the APOE 19q13.3 locus. The x-axis shows SNPs and genes identifiers; the 

y-axis shows the effect sizes (i.e., beta coefficients), red bars indicate the AD group; blue 

bars indicate the NAD group. Vertical lines show 95% confidence intervals.
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Figure 3. 
Enrichment of bio-functions. (A) Top-10 bio-functions enriched for genes harboring the 

ɛ2-associated SNPs. (B) Enrichment of bio-functions for genes harboring the ɛ4-associated 

SNPs. All bio-functions are significantly enriched at a false discovery rate-adjusted P<0.05.
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