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Abstract
Objective
To identify single nucleotide polymorphisms (SNPs) associated with cognitive decline in-
dependent of β-amyloid (Aβ) and tau pathology in Alzheimer disease (AD).

Methods
Discovery and replication datasets consisting of 414 individuals (94 cognitively normal control
[CN], 185 with mild cognitive impairment [MCI], and 135 with AD) and 72 individuals (22
CN, 39 with MCI, and 11 with AD), respectively, were obtained from the Alzheimer’s Disease
Neuroimaging Initiative database. Genome-wide association analysis was conducted to identify
SNPs associated with individual cognitive function (measured with the Mini-Mental State
Examination and Alzheimer’s Disease Assessment Scale–Cognitive Subscale ) while controlling
for the level of Aβ and tau (measured as CSF phosphorylated-tau/Aβ1-42). Gene ontology
analysis was performed on SNP-associated genes.

Results
We identified 1 significant (rs55906536, β = −1.91, standard error 0.34, p = 4.07 × 10−8) and 4
suggestive variants on chromosome 6 that were associated with poorer cognitive function.
Congruent results were found in the replication data. A structural equation model showed that
the identified SNP deteriorated cognitive function partially through cortical thinning of the
brain in a region-specific manner. Furthermore, a bioinformatics analysis showed that the
identified SNPs were associated with genes related to glutathione metabolism.

Conclusions
In this study, we identified SNPs related to cognitive decline in a manner that could not be
explained by Aβ and tau levels. Our findings provide insight into the complexity of AD
pathogenesis and support the growing literature on the role of glutathione in AD.
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Alzheimer’s disease (AD) is characterized by accumulation of 2
key pathogenic proteins, β-amyloid (Aβ) and tau in the brain.
Although pathogenic roles of these proteins have been dem-
onstrated in a number of studies,1,2 it is now clear that AD is a
complex multifactorial disease and that Aβ and tau cannot
account for all aspects of AD.3,4 It has previously been reported
that 30% to 40% of cognitively normal individuals showed an
accumulation of Aβ and tau in the brain.5,6 Furthermore, al-
though tau accumulation showed a higher association with
cognitive dysfunction than Aβ did, both pathogenic proteins
demonstrated a weak to moderate association with the degree
of cognitive function.7,8 These results indicate that Aβ and tau
depositions are required for the pathologic diagnosis of AD but
by themselves are not sufficient to cause cognitive dysfunction
and clinical dementia. Similarly, repeated failures of clinical
trials of anti-Aβ therapies suggest that there may be pathogenic
protein-independent factors in AD pathogenesis.9–11

In recent years, genome-wide association studies have discovered
numerous genetic risk variants for AD12 using Aβ and tau mea-
sured either in CSF or PET as the endophenotype. However,

until now, AD studies have not assessed the genetic risk variants
for cognitive deterioration, which remains unexplained by Aβ and
tau accumulation. Here, we conducted a genome-wide associa-
tion analysis to identify genetic variants that explain individual
cognitive function independently of Aβ and tau levels in indi-
viduals with positive Aβ pathology. Considering the highly
complex multifactorial mechanisms of AD, we expect that iden-
tification of such variants will help elucidate novel pathways
contributing to cognitive deterioration that expand beyond pro-
cesses associated with Aβ and tau.

Methods
Standard protocol approvals, registration, and
patient consents
The study protocol was approved by the institutional review
board of each participating Alzheimer’s Disease Neuroimaging
Initiative (ADNI) site (adni.loni.usc.edu/wp-content/uploads/
how_to_apply/ADNI_Acknowledgement_List.pdf), and par-
ticipants gave written informed consent at the time of
enrollment.

Glossary
Aβ = β-amyloid; AD = Alzheimer disease; ADAS-cog = Alzheimer’s Disease Assessment Scale–Cognitive Subscale; ADNI =
Alzheimer’s Disease Neuroimaging Initiative; CFI = comparative fit index; cis-eQTL = cis-expression quantitative trait loci;
DAB1 = disabled-1; Hi-C = high-throughput chromosome conformation capture;MAF = minor allele frequency;MCI = mild
cognitive impairment; MMSE = Mini-Mental State Examination; MoCA = Montreal Cognitive Assessment; p-tau =
phosphorylated tau; PC = principal component; RMSEA = root mean square error of approximation; ROS = reactive oxygen
species; SEM = structural equation modeling; SNP = single nucleotide polymorphism.
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Participants
Data used in the preparation of this article were obtained from
the ADNI database (adni.loni.usc.edu). The ADNI was
launched in 2003 as a public-private partnership led by prin-
cipal investigator Michael W. Weiner, MD. The primary goal
of ADNI has been to test whether serial MRI, PET, other
biological markers, and clinical and neuropsychological as-
sessment can be combined tomeasure the progression of mild
cognitive impairment (MCI) and early AD. In the primary
analysis, we used data from individuals enrolled in the ADNI-
GO/2 dataset with available genetic, T1-weighted MRI, and
CSF data. We included individuals who either were cogni-
tively normal controls or hadMCI or AD and with positive Aβ
pathology (CSF Aβ1-42 ≤192 pg/mL).13 Subjects with any
significant neurologic disease other than AD were excluded
from the study. In the replication study, we used individuals
enrolled in the ADNI-1 selected on the basis of the same
inclusion and exclusion criteria as in the primary analysis.
Cognitive performance was evaluated with the Mini-Mental
State Examination (MMSE) and Montreal Cognitive As-
sessment (MoCA) scores for individuals in the ADNI-GO/2
dataset and the Alzheimer’s Disease Assessment Scale–
Cognitive Subscale (ADAS-cog) for the ADNI-1 dataset.
Detailed diagnostic criteria are described on the ADNI web-
site (adni-info.org).

Genotyping and imputation
Genotyping data were collected with the Illumina Human-
OmniExpress Beadchip and Illumina Human610-Quad
BeadChip (Illumina, San Diego, CA) for the ADNI-GO/2
and ADNI-1 databases, respectively. Only single nucleotide

polymorphism (SNP) markers were analyzed in this study.
Details on genome-wide association study data collection are
provided on the ADNI website (adni.loni.usc/edu/data-
samples/genetic-data). We initially obtained all available SNP
data (ADNI Omni2.5M microarray SNP data, version
2014.2.20), which include 1,173 individuals with 581,553
SNPs. We performed quality control using PLINK software
(version 1.9).14 We excluded individuals with following cri-
teria: the individual had an ethnicity other than White; there
was a sex mismatch; and in cases of related pairs (identified
with identity by descent >0.125), 1 individual of each pair was
randomly excluded from the study. SNPs not meeting any of
the following criteria were excluded: call rate per SNP ≥95%;
minor allele frequency (MAF) ≥3%; and a value of p ≥ 10−5 on
the Hardy-Weinberg equilibrium test. In total, 581,553 SNPs
and 1,163 individuals passed the filter and were included for
imputation. We imputed these filtered SNPs using the
Michigan Imputation Server15,16 with the following setup:
1,000 Genome Project Phase 3 version 5 as the reference
panel, SHAPEIT as the phasing tool, and European as the
population. For postimputation quality control, we excluded
SNPs with following criteria: poor imputation quality (r2 ≤
0.8) and MAF ≤0.03. A total of 6,221,501 SNPs passed the
filters, and the remaining participants were divided according
to their respective ADNI dataset (ADNI-GO/2 and ADNI-
1). Finally, 414 participants (94 cognitively normal control,
185 with MCI, and 135 with AD) for ADNI-GO/2 and 72
individuals (22 cognitively normal control, 39 with MCI, and
11 with AD) for ADNI-1 were used in the analysis. Figure 1A
shows a detailed flowchart of participant selection and
analysis.

Figure 1 Flowchart showing sequence of (A) participant selection and (B) analysis steps

Aβ = β-amyloid; AD = Alzheimer disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; cis-eQTL = cis-expression quantitative trait loci; GWAS =
genome-wide association study; Hi-C = high-throughput chromosome conformation capture; IBD = identify by descent; QC = quality control; SEM = structural
equation model; SNP = single nucleotide polymorphism.
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CSF protein concentration measurements
We used CSF data collected by the University of Pennsylvania
(version 2016.7.5) for both ADNI-GO/2 andADNI-1. The levels
of Aβ1-42, total tau, and phosphorylated tau (p-tau) in the CSF
were measured with a microbead-based multiplex immunoassay
(INNO-BIA AlzBio3 RUO test; Fujirebio, Ghent, Belgium).
Details of CSF collection are described on the ADNI website
(adni.loni.usc/edu/data-samples/biospecimen-data). We used
the CSF data available at the time closest to when the cognitive
tests were performed (MMSE, MoCA, and ADAS-cog).

Image acquisition and preprocessing
To assess brain atrophy, we measured the cortical thickness
value using T1-weighted MRI. We used summary data, gener-
ated at the University of California, San Francisco (version
2016.8.1 for ADNI-2/GO and version 2016.2.1 for ADNI-1).
Cortical reconstruction and segmentation were performed with
FreeSurfer (version 4.3 in ADNI-1, version 5.1 in ADNI-2), and
the cortical thickness for each of the 68 Desikan-Killiany17–
based regions of interest was calculated (surfer.nmr.mgh.har-
vard.edu). A detailed description of image preprocessing is
provided on the ADNI website (adni.loni.usc/edu/data-sam-
ples/mri). On the basis of previous work,18 we calculated the
global cortical thickness value using the average cortical thick-
ness values in the following 11 AD signature regions: bilateral
parahippocampus, entorhinal, fusiform, transverse and inferior
temporal cortex, postcentral, posterior cingulate, precuneus,
superior and inferior parietal cortex, and supramarginal cortex.

Statistical analysis

Genome-wide association analysis
A linear regression model was constructed to detect the associ-
ation between SNPs and MMSE score while controlling for the
CSF p-tau/Aβ1-42 ratio, age, sex, and education level. In this study,

we used CSF p-tau/Aβ1-42 to reflect individual AD pathologic
burden as established in previous studies.19,20 We also conducted
a principal component (PC) analysis of each participant’s SNP
data and included the first 4 PCs as a covariate in the linearmodel.
Therefore, the linear regression model was expressed as follows:
MMSE score = β0 + β1 age + β2 sex + β3 education + β4 PC + β5
p-tau/Aβ1-42 + β6 SNP, where β represents the coefficient and
SNP (additive model, 0, 1, and 2 as the number of minor alleles)
represents the genotype of each marker tested. Using this model,
we identified genetic variants that explained cognitive function
independently of the levels of Aβ and p-tau. Reported p values
were 2 tailed, and we defined a value of p < 5 × 10−8 as being
statistically significant and p < 5 × 10−7 as being statistically
suggestive according to the previous genome-wide association
study.21We assessed genomic inflation by dividing the median of
the observed χ2 statistics from the genome-wide association
analysis by the approximate median of a χ2 distribution with 1 df,
a value calculated to be 0.456.22 In the replication dataset, we used
the ADAS-cog score as the quantitative cognitive measure and
performed the analysis for SNPs that were identified in the pri-
mary analysis. For the replication analysis, given that the effects
are expected to occur in the same direction as the results from the
discovery dataset, 1-tailed p values are reported.

Post hoc analysis
After identifying significant SNPs, we performed a hierarchi-
cal linear regression to estimate the amount of variance in
cognitive function that is explained by the SNPs. Next, we
stratified all participants by the presence of the SNPs and
compared baseline demographics and the level of AD pa-
thologies. We furthermore evaluated the effect of SNPs on
each cognitive domain, including memory (delayed recall
score), attention (sum of target detection, serial subtraction
task, and digit forward and backward score), language (sum of

Table 1 Demographics of participants

ADNI-GO/2 ADNI-1

NC (n = 94) MCI (n = 185) AD (n = 135) p Value NC (n = 22) MCI (n = 39) AD (n = 11) p Value

Age (SD), y 75.9 (6.5) 74.0 (6.9) 74.4 (8.2) 0.14 77.3 (3.4) 75.1 (7.2) 73.6 (6.1) 0.24

Female, n (%) 57 (60.6) 70 (37.8) 58 (43.0) 0.001a 31 (48.4) 16 (30.2) 6 (50.0)

Education (SD), y 16.3 (2.3) 16.1 (2.7) 15.7 (2.5) 0.28 15.5 (3.2) 16.6 (2.9) 14.9 (2.5) 0.15

MMSE/ADAS-cog score (SD) 28.9 (1.2) 27.5 (2.1) 23.4 (2.7) <0.0001b 9.3 (5.05) 18.0 (6.9) 22.8 (3.3) <0.0001a

CSF Aβ1-42 (SD), pg/mL 148.7 (25.6) 138.6 (25.6) 127.1 (20.1) <0.0001b 149.7 (24.6) 137.8 (21.3) 128.1 (23.3) 0.03c

CSF total tau (SD), pg/mL 75.9 (36.0) 103.6 (57.3) 134.4 (60.0) <0.0001b 92.2 (33.4) 114.2 (52.0) 123.4 (52.5) 0.12

CSF p-tau (SD), pg/mL 43.6 (23.1) 50.5 (25.3) 63.0 (34.2) <0.0001a 38.6 (17.7) 51.9 (31.3) 42.3 (9.1) 0.13

Global cortical thickness
(SD), mm

2.48 (0.12) 2.42 (0.14) 2.27 (0.17) <0.0001a 2.33 (0.13) 2.28 (0.16) 2.16 (0.16) 0.017c

Abbreviations: Aβ = β -amyloid; AD = Alzheimer disease; ADAS-cog = Alzheimer’s Disease Assessment Scale–Cognitive Subscale; ADNI = Alzheimer’s Disease
Neuroimaging Initiative; MCI = mild cognitive impairment; MMSE = Mini-Mental State Examination; NC = normal control; p-tau = phosphorylated tau.
The p values were calculated with 1-way analysis of variance or χ2 test. Post hoc test used Bonferroni correction.
a NC vs MCI, NC vs AD.
b NC vs MCI, MCI vs AD, AD vs NC.
c NC vs AD.
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3-item naming task and repetition of 2 complex sentences
score), visuospatial (sum of clock-drawing task and 3D cube
copy score), and executive function (sum of Trail-Making
Test B task and 2-item verbal abstraction score) using MoCA
subitem scores.23 We used MATLAB (MathWorks 2014b,
Natick, MA) for the above statistical analyses and result
visualization.

Structural equation modeling
Next, to evaluate mediating factors between identified SNPs
and cognitive decline, we performed structural equation
modeling (SEM). We first built a model in which SNPs have
direct and indirect paths to cognitive decline through all
possible mediators, including age, sex, education, CSF p-tau/
Aβ1-42, and the global cortical thickness value. Using the
biomarker model of AD,24 we also derived an indirect path
between CSF p-tau/Aβ1-42 to cognitive decline through the
global cortical thickness value (figure e-1A, data available from
Dryad). After path coefficients were derived, paths were
thresholded by eliminating paths with values of p > 0.05 to
achieve a more parsimonious model. Path elimination was
monitored via successive improvements of the comparative fit
index (CFI) and root mean square error of approximation
(RMSEA). Good model fit was assessed as a CFI of >0.9025

and an RMSEA of >0.06 or 0.05.26 The final model fit was
bootstrapped for 500 replications, and the 95% confidence
intervals of the path parameters of the final model were es-
timated. Using the final model, we performed SEM with 68

regional cortical thickness values to assess which regional
cortical thickness changes were responsible for the cognitive
decline in individuals with SNPs. SEM was conducted with
AMOS software (SPSS, Chicago, IL).27

High-throughput chromosome conformation capture
We evaluated genes associated with identified SNPs using
available high-throughput chromosome conformation cap-
ture (Hi-C) data on the hippocampus and dorsolateral pre-
frontal cortex (kobic.kr/3div).28 Specifically, we identified the
transcription start site of a gene that exhibited long-range
chromatin interactions with the bin (5 kb in size) harboring
the SNPs. We considered genes with a distance-normalized
interaction frequency ≥2 as significantly associated.

Gene ontology analysis
To infer the biological significance of the identified genes, we
performed gene set enrichment analysis using EnrichR (amp.
pharm.mssm.edu/Enrichr).29 The 3 functional categories of
gene ontology (i.e., the biological process, cellular compo-
nents, and molecular function) were analyzed. The ontology
terms that have at least 2 genes and adjusted value of p < 0.05
were considered significant.

Genotype cis-expression quantitative trait loci
analysis
In subsequent analyses, we evaluated the genotype-specific
expression of identified SNPs in 48 human tissues using cis-

Figure 2 Results of genome-wide association analysis

Manhattan plot showing 1 significant SNP (rs55906536) and suggestive SNPs on chromosomes 1 and 6. Solid red line indicates the genome-wide significance
level (p = 5 × 10−8); dotted red line indicates the genome-wide suggestive level (p = 5 × 10−7).
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expression quantitative trait loci (cis-eQTL) analysis through
the Genotype-Tissue Expression portal (gtexportal.org.
home).30 We reported genes with significant changes in ex-
pression in brain tissues (p < 5 × 10−8). An overall schematic
diagram of the analyses is illustrated in figure 1B.

Data availability
The dataset that supports the conclusions from our genome-
wide association analysis is available in the ADNI public da-
tabase (adni.loni.usc.edu/data-samples/access-data/). Ano-
nymized patient identification numbers and imaging, genetic,
and biospecimen data are available from the ADNI database at
the request of qualified researchers. Hi-C data from the hip-
pocampus and dorsolateral prefrontal tissue are available at
Gene Expression Omnibus (accession No. GSM2322543).
Cis-eQTL data are available from the Genotype-Tissue Ex-
pression Project (gtexportal.org/home/).

Results
Description of participants
Table 1 shows the baseline demographics for the 2 datasets.
As expected, patients with MCI and AD performed worse on
the cognitive performance and showed higher levels of CSF
p-tau and lower level of CSF Aβ1-42 and global cortical
thickness compared to cognitively normal individuals. The
mean time intervals from CSF to MMSE, MoCA, and ADAS-
cog were 36.4 (SD 29.2), 20.7 (SD 35.8), and 10.9 (SD 20.7)
days, respectively.

Genome-wide association analysis
Genome-wide association analysis identified 1 significant
(rs55906536, β = −1.91, standard error 0.34, p = 4.07 × 10−8), 4
suggestive variants on chromosome 6, and 19 suggestive vari-
ants on chromosome 1 (figure 2 and table e-1, data available
from Dryad). A quantile-quantile plot of p values revealed no
genomic inflation (λ = 0.98). In the replication analysis, we
again observed a significant association for all 24 SNPs with the
direction of the effect opposite to the findings from the dis-
covery data (table e-1, data available from Dryad). The di-
rection of the effect was expected because higher ADAS-cog
score suggests poorer cognitive function,31 which contrasts
withMMSE andMoCA, for which lower scores indicate poorer
cognitive function. Identified SNPs on each chromosome
showed high linkage disequilibrium (r2 > 0.8) with each other
(figure e-1, data available from Dryad). Therefore, we selected
rs55906536, which showed peak p value, for the post hoc
analysis. We also performed the analysis for rs10889039, which
showed peak p value among identified SNPs at chromosome 1.

Post hoc analysis
In the hierarchical linear regression analysis, while in-
corporating p-tau/Aβ1-42 into the model explained an addi-
tional 7% of the total variance of individual cognitive function,
incorporating SNPs into the model explained the additional
5% of the total variance (table e-2, data available fromDryad).
When we incorporated the number of the APOE ɛ4 allele as a
covariate in the model, the effect remained significant for
rs55906536 (β = −1.93, standard error 0.34, p = 4.63 × 10−8)

Table 2 Comparison between individuals by SNPs

rs55906536 rs10889039

G/G (n = 339) G/A or A/A (n = 75) p Value C/C (n = 108) C/T or T/T (n = 306) p Value

Age (SD), y 74.72 (6.89) 74.21 (9.11) 0.651 74.69 (7.42) 74.60 (7.32) 0.913

Female, n (%) 147 (43.4) 38 (50.7) 0.25 45 (41.7) 140 (45.8) 0.463

Education (SD), y 16.01 (2.54) 16.25 (3.03) 0.522 16.06 (2.75) 16.05 (2.59) 0.966

MMSE score (SD) 26.85 (2.94) 25.08 (3.61) <0.0001 25.39 (3.56) 26.93 (2.88) <0.0001

Presence of APOE «4 allele, n (%)a 211 (62.6) 44 (60.3) 0.709 69 (63.9) 186 (61.6) 0.672

Diagnosis (NC/MCI/AD), n 86/155/98 8/30/37 0.001 18/42/48 76/143/87 0.008

Global cortical thickness
(SD), mm

2.39 (0.16) 2.34 (0.20) 0.047 2.38 (0.18) 2.39 (0.16) 0.516

CSF Aβ1-42 (SD), pg/mL 137.40 (25.4) 136.23 (24.4) 0.716 133.45 (25.51) 138.51 (25.05) 0.073

CSF total tau (SD), pg/mL 105.75 (58.67) 112.63 (55.86) 0.364 110.87 (59.43) 105.59 (57.75) 0.424

CSF p-tau/Aβ1-42 (SD), pg/mL 0.41 (0.26) 0.37 (0.20) 0.249 0.40 (0.21) 0.41 (0.26) 0.817

CSF p-tau (SD), pg/mL 53.89 (29.94) 49.48 (24,2) 0.234 51.25 (25.49) 53.74 (30.16) 0.445

Time interval (SD), db 37.08 (30.14) 34.09 (24.69) 0.424 34.76 (26.36) 37.17 (30.19) 0.462

Abbreviations: Aβ = β-amyloid; AD = Alzheimer disease; MCI =mild cognitive impairment; MMSE =Mini-Mental State Examination; NC = normal control; p-tau
= phosphorylated tau.
The p values were calculated with the Student t test or χ2 test.
a Subjects have ≥1 e4 allele. APOE genotyping was not available for 4 subjects.
b Time interval between CSF and MMSE.
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and suggestive for rs10889039 (β = 1.02, standard error 0.19,
p = 3.42 × 10−7). In a comparison of the demographics be-
tween individuals with and without the rs55906536 SNP,
significant differences were found in MMSE scores, baseline

diagnosis, and global cortical thickness values (table 2). For
rs10889039, individuals with the rs10889039 SNP showed a
higher MMSE score, while there was no significant difference
in the level of CSF p-tau/Aβ1-42 and global cortical thickness

Figure 3 Results of region-wide SEM

(A) Static map for indirect effect of rs55906536 through re-
gional cortical thickness value. (B) Static map for indirect
effect of CSF p-tau/Aβ1-42 through regional cortical thickness
value. Regional β coefficient was calculated with the struc-
tural equationmodel (SEM). Staticmapwas thresholded byp
< 0.01 (uncorrected). Aβ = ß - amyloid; MMSE = Mini-Mental
State Examination; p-tau = phosphorylated tau; SNP = single
nucleotide polymorphism.
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values (table 2). When we evaluated the effect of the SNP on
each cognitive domain, individuals with rs55906536 showed
the greatest deficit in visuospatial function (table e-3, data
available from Dryad).

Structural equation modeling
In the SEM analysis of rs55906536, the initial model showed
poor model fits (CFI 0.724, RMSEA 0.000). To modify the
model, each path that did not reach the significance threshold
was removed (SNP–CSF tau/Aβ1-42, p = 0.291; SNP-education,
p = 0.383; SNP-sex, p = 0.310; SNP-age, p = 0.966; age–MMSE
score, p = 0.890). After removal of these paths, a new statistically
significant model was created with an improved model fit (CFI
0.954, RMSEA 0.033). The final model indicated that both SNP

and CSF p-tau/Aβ1-42 ratios have direct and indirect paths to
cognitive decline through decreased cortical thickness (figure
e-2A, data available from Dryad). In the SEM using 68 regional
cortical thickness values, SNP and CSF p-tau/Aβ1-42 showed a
distinct regional pattern. While changes in cortical thickness in
the occipital and right parietal cortices were responsible for the
indirect effect of SNPs on cognitive decline, wider areas, espe-
cially temporal cortices such as the entorhinal cortices, were
responsible for the indirect effect of CSF p-tau/Aβ1-42 (figure 3).
In the SEM analysis of rs10889039, the initial model showed
poor model fits (CFI 0.727, RMSEA 0.000). To modify the
model, each path that did not reach the significance threshold
was removed (SNP–CSF tau/Aβ1-42, p = 0.796; SNP–global
cortical thickness, p = 0.38; SNP-education, p = 0.538; SNP-sex,

Table 3 List of genes identified by Hi-C

Tissue Bin (chromosome: position) Distance
Distance-normalized
interaction frequency Gene

rs55906536

Hippocampus chr6:52535000–52540000 1205000 3.06 TMEM14A

Dorsolateral prefrontal cortex chr6:53200000–53205000 540000 6.23 RPS16P5

Hippocampus chr6:53860000–53865000 120000 2.31 MLIP-IT1

Dorsolateral prefrontal cortex chr6:53140000–53145000 600000 2.98 MIR5685

Hippocampus chr6:52145000–52150000 1595000 2.17 MCM3

Dorsolateral prefrontal cortex chr6:53655000–53660000 85000 6.49 LRRC1

Hippocampus chr6:52605000–52610000 1135000 8.16 GSTA7P

Hippocampus chr6:52710000–52715000 1030000 2.72 GSTA5

Hippocampus chr6:52770000–52775000 970000 4.47 GSTA3

Dorsolateral prefrontal cortex chr6:52625000–52630000 1115000 2.32 GSTA2

Dorsolateral prefrontal cortex chr6:55190000–55195000 1450000 2.29 GFRAL

Dorsolateral prefrontal cortex chr6:53010000–53015000 730000 7.88 GCM1

Hippocampus chr6:52930000–52935000 810000 2.49 FBXO9

Dorsolateral prefrontal cortex chr6:54710000–54715000 970000 2.72 FAM83B

Dorsolateral prefrontal cortex chr6:53210000–53215000 530000 4.95 ELOVL5

rs10889039

Dorsolateral prefrontal cortex Chr1:59250000–59255000 1425000 4.14 LOC100131060

Dorsolateral prefrontal cortex Chr1:59245000–59250000 1420000 2.51 JUN

Hippocampus Chr1:57320000–57325000 505000 2.23 C8A

Hippocampus Chr1:59250000–59255000 1425000 2.19 LOC100131060

Hippocampus Chr1:59775000–59780000 1950000 2.12 FGGY

Dorsolateral prefrontal cortex Chr1:57285000–57290000 540000 2.04 C1orf168

Abbreviations: C1orf168, FYB2 = FYN binding protein 2; C8A = complement C8 alpha chain; ELOVL5 = elongation of very long chain fatty acids protein 5; FAM83B =
family with sequence similarity 83 member B; FBXO9 = F-box only protein 9; FGGY = FGGY carbohydrate kinase domain containing; GCM1 = glial cells missing
transcription factor 1;GFRAL = GDNF family receptor alpha-like;GSTA2 = glutathione S-transferase A2;GSTA3 = glutathione S-transferase A3;GSTA5 = glutathione
S-transferase A5; GSTA7P = glutathione S-transferase A7 pseudogene; Hi-C = high-throughput chromosome conformation capture; LRRC1 = leucine-rich repeat
containing 1; MCM3 = minichromosome maintenance complex component 3; MLIP-IT1 = muscular LMNA interacting protein-Intronic transcript 1; MIR5685 =
microRNA 5685; RPS16P5 = ribosomal protein S16 pseudogene 5; TMEM14A = transmembrane protein 14A.
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p = 0.443; SNP-age, p = 0.749; age–MMSE score, p = 0.968;
sex–MMSE score, p = 0.135). After removal of these paths, a
new statistically significant model was created with an improved
model fit (CFI 0.988, RMSEA 0.05). The final model indicated
that while rs10889039 has a direct path to cognitive decline, CSF
p-tau/Aβ1-42 showed both direct and indirect paths to cognitive
decline through decreased cortical thickness (figure e-2B, data
available from Dryad).

High-throughput chromosome
conformation capture
We sought to verify the potential target regions of the identified
SNPs through Hi-C data generated in hippocampal and dorsolat-
eral prefrontal tissue. The bin including rs55906536 showed a
strong interaction (distance-normalized interaction frequency >2)
with bins located near the promoter region of 15 genes (table 3).
With regard to rs10889039, the bin including rs10889039 showed a
strong interaction (distance-normalized interaction frequency >2)
with bins located near the promoter region of 5 genes (table 3).

Gene ontology
Gene ontology analysis showed that identified genes from
rs55906536 were significantly enriched in biological pro-
cesses, including a glutathione metabolic and biosynthetic
process and a peptide, organonitrogen, and sulfur compound
biosynthetic process. Molecular function analysis showed that
identified genes were enriched in glutathione transferase ac-
tivity (table 4). Cellular component analysis did not dem-
onstrate any significant enrichment. However, with regard to
rs10889039, the gene ontology analysis could not identify any

significant enrichment of identified genes from rs10889039 in
biological, molecular function, or cellular component.

Genotype cis-eQTL analysis
In the cis-eQTL analysis, no gene reached statistical significance
for rs55906536 in the brain tissues. However, in the analysis of
rs10889039, the minor allele (thymine) of rs10889039 was
significantly associated with higher expression of theDAB1 gene
in 2 brain tissues (figure e-3, data available from Dryad).

Discussion
In this study, we identified 1 significant SNP (rs55906536)
related to cognitive decline in a manner that could not be
explained by Aβ and tau levels. We demonstrated that this
SNP negatively affects cognitive function, partially through
cortical thinning of the brain. In addition, through bio-
informatics methods, we discovered that this SNP was asso-
ciated with genes related to glutathione metabolism.

Although individuals with SNP showed similar AD pathologic
burdens, they performed worse on cognitive function. To
identify the underlying neurobiological substrates that lead to
cognitive deterioration for the identified SNP, we performed
SEM analysis. In the region-wide SEM analysis, we found that
the SNP had a negative effect on cognitive performance
partially through cortical thinning of the occipital and right
posterior parietal cortices. The spatial pattern was different
from that of CSF p-tau/Aβ1-42, which involved wider cortical

Table 4 List of significant gene ontology of identified genes from rs55906536: Biological process andmolecular function

Term Overlapa P Valueb
Adjusted p
valuec

z
Scored

Combined
scoree Gene

Biological process

Glutathione-derivative metabolic process 2/23 1.3 × 10−4 0.0024 −2.29 20.49 GSTA3, GSTA2

Glutathione metabolic process 3/50 6.54 ×
10−6

4.7 × 10−4 −1.55 18.60 GSTA5, GSTA3,
GSTA2

Glutathione-derivative biosynthetic process 2/23 1.3 × 10−4 0.0024 −1.72 15.43 GSTA3, GSTA2

Peptide metabolic process 3/105 6.1 × 10−6 0.0022 −1.27 12.39 GSTA5, GSTA3,
GSTA2

Organonitrogen compound biosynthetic
process

3/182 3.1 × 10−4 0.0045 −1.25 10.12 GSTA3, ELOVL5,
GSTA2

Sulfur compound biosynthetic process 2/123 0.0037 0.039 −1.36 7.64 GSTA3, GSTA2

Molecular function

Glutathione transferase activity 3/31 1.51 ×
10−6

2.72 × 10−5 −1.98 26.54 GSTA5, GSTA3,
GSTA2

Abbreviation: ELOVL5 = elongation of very long chain fatty acids protein 5;GSTA2 = glutathione S-transferase A2;GSTA3 = glutathione S-transferase A3;GSTA5 =
glutathione S-transferase A5.
a Overlap between the input gene list and the gene set associated with the term.
b The p value was calculated with the Fisher exact test.
c Adjusted p value was obtained with the Benjamini-Hochberg method for corrections for multiple hypothesis testing.
d The z score was calculated for deviation from an expected rank with a modification of the Fisher exact test.
e Combined score was calculated as log(p value) × z score.
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areas, especially the medical temporal areas, which corre-
sponds to AD signature regions implicated by previous
studies.32 Thus, the topologic difference in the effect of this
SNP suggests a mechanistic process linking SNP, cortical
thickness, and cognitive decline distinct from those of AD
pathologies. In line with MRI findings, individuals with the
SNP showed prominent cognitive deficit in the visuospatial
domain, which is known to be processed in occipital and
nondominant parietal cortices.33

The rs55906536 and 4 additional suggestive SNPs on chro-
mosome 6 showed high linkage disequilibrium to each an-
other. The MAF of the SNP was ≈8.0% to 9.5% (population
including both Aβ positive and negative) across all datasets
(ADNI-1, n = 136 and ADNI-GO/2, n = 658), which is in
accordance with the previously reported prevalence of 8% for
the European population.34 This accordance indicates that the
samples used in this study are not biased and may be repre-
sentative of the whole White population.

Although the molecular mechanisms by which rs55906536 af-
fects the cognitive decline in AD have not been validated, some
possible explanations can be inferred from bioinformatics
methods. By leveraging the 3D chromatin structure, we found
that SNPs have physical interactions with the transcription start
site of 15 genes (TMEM14A, RPS16P5, MLIP-IT1, MIR5685,
MCM3, LRRC1, GSTA7P, GSTA5, GSTA3, GSTA2, GFRAL,
GCM1, FBXO9, FAM83B, and ELOVL5) in the hippocampus
and dorsolateral prefrontal cortex. The gene ontology analysis
demonstrated that identified genes were enriched in 6 biological
process and 1molecular function. Among them, the glutathione-
associated pathway was consistently identified, and we specu-
lated that the glutathione pathway might mediate the SNPs to
cognitive decline in AD.

Glutathione is a major endogenous enzyme-catalyzed anti-
oxidant that plays a fundamental role in detoxification of re-
active oxygen species (ROS) and regulates the intracellular
redox environment.35,36 Previous in vitro and in vivo studies
have demonstrated a neuroprotective role of glutathione
against oxidative insults; its deficiency in the brain leads to
ROS-associated damage.37–39 Glutathione reductions have
been reported in animal models of AD40 and patients with
AD.41,42 Our results suggest that individuals with the
rs55906536 SNP might have a reduced or limited capacity to
synthesize glutathione and are thus more vulnerable to ROS
insult. To prove our speculation, we are planning to evaluate
the levels of glutathione and oxidative stress markers in in-
dividuals with SNPs in the context of a future study.

Unlike rs55906536 and its linkage disequilibrium–linked SNPs,
suggestive SNPs at chromosome 1 showed a protective effect
against cognitive decline; individuals with SNPs at chromo-
some 1 showed higher cognitive functions with a similar level of
AD pathologies. The gene expression analysis revealed that the
minor allele of rs10889039 was associated with increased ex-
pression of the DAB1 gene in brain tissues.

Disabled-1 (DAB1) protein is an essential component of the
Reelin signal transduction pathway, which regulates synaptic
neurotransmission, plasticity, and memory in the adult
brain.43 A number of studies have reported the protective role
of Reelin and DAB144,45 by attenuating Aβ fibril formation
and toxicity.46,47 Consistent with previous studies, we showed
that the SNP that is associated with increased expression of
DAB1 had a protective effect against cognitive decline.

This study has some limitations. First, this study was conducted
with a data-driven approach. Furthermore, because we re-
stricted the participants included to those with positive Aβ
pathology, the sample size was small. However, replicated
findings across various cognitivemeasures (MMSE, ADAS-cog,
and MoCA) and across different datasets (ADNI-GO/2 and
ADNI-1) strengthen the robustness of our findings. Never-
theless, our findings should be interpreted cautiously given the
potential for false positives and replicated with a large data
sample. Second, we measured Aβ and tau from the CSF data.
Compared to CSF measures, Aβ and tau PET images can
provide spatial information that can be used for more in-depth
analysis. However, tau-PET (18F-AV1451) is available for only
a subset of participants in the ADNI dataset. Furthermore,
while CSF Aβ and tau reflect the rates of both production and
clearance at a given point in time,48,49 Aβ and tau PET repre-
sent the magnitude of the neuropathologic load over time.
Therefore, CSF Aβ and tau can be a better biomarker for a
pathologic state. Third, it is known that a large number of
individuals with AD have comorbid pathologies in addition to
Aβ and tau accumulation.50 Because we did not measure other
AD-related pathologies such as transactive response DNA
binding protein of 43 kDa and Lewy bodies, we were unable to
evaluate whether unmeasured pathologies mediated the effect
of the identified SNP on cognitive changes in AD.

Considering the highly complex multifactorial mechanisms of
AD, it is important to identify the pathomechanisms that are
common and distinct from typical AD pathogenesis. In this
study, we identified SNPs related to cognitive function, which is
not explained by the levels of Aβ and tau. Our findings support
the growing literature on the role of glutathione in AD path-
ogenesis andmay provide a new treatment strategy for AD such
as antioxidative agents for individuals with the identified SNPs.
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