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Abstract

Genome-wide association studies (GWAS) conducted in European ancestry (EA) have identified hundreds of single-nucleotide polymorphisms
(SNPs) associated with general cognitive function and/or Alzheimer’s disease (AD). The association between these SNPs and cognitive function
has not been fully evaluated in populations with complex genetic substructure such as South Asians. This study investigated whether SNPs
identified in EA GWAS, either individually or as polygenic risk scores (PRSs), were associated with general cognitive function and 5 broad
cognitive domains in 932 South Asians from the Diagnostic Assessment of Dementia for the Longitudinal Aging Study in India (LASI-DAD).
We found that SNPs identified from AD GWAS were more strongly associated with cognitive function in LASI-DAD than those from a GWAS
of general cognitive function. PRSs for general cognitive function and AD explained up to 1.1% of the variability in LASI-DAD cognitive
domain scores. Our study represents an important stepping stone toward better characterization of the genetic architecture of cognitive aging
in the Indian/South Asian population and highlights the need for further research that may lead to the identification of new variants unique
to this population.
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General cognitive function, a global measure of neurocognitive
ability, tends to be relatively consistent throughout the life course
and is a marker of healthy brain aging. Deficits in neurocognitive
function represent an important component of neurodevelopmental
and neuropsychiatric disorders, with neurocognitive impairments
being the hallmark of conditions such as Alzheimer’s disease (AD).
Genetic studies point to a strong heritable component of cognitive
function and AD, with estimates being as high as 50%-80% (1,2).
Identifying genetic variants that influence both cognitive function
and neurocognitive disorders is critical for predicting the long-term
risk of developing AD and other dementias and can shed light on
underlying etiological pathways.

Genome-wide association studies (GWAS) conducted in par-
ticipants of European ancestry (EA) have identified at least 161
AD-associated single-nucleotide polymorphisms (SNPs) from 90
loci in addition to APOE, which is the strongest genetic risk factor
for AD in many populations (3-7). GWAS of AD conducted by
Lambert et al. (3) and Kunkle et al. (5) identified 19 and 25 AD
risk loci, respectively. A GWAS of clinically diagnosed AD and
AD-by-proxy (71 880 cases, 383 378 controls) conducted by Jansen
et al. (4) identified 29 risk loci, 12 of which were novel. Recently,
2 new GWAS of a similar outcome (AD/AD-by-proxy) conducted
by Wightman et al. (6) and Bellenguez et al. (7) with sample sizes
of 1126 563 and 788 989, respectively, further identified 7 and 42
novel AD-associated loci (38 and 75 total loci). Polygenic risk scores
(PRSs) for AD are known to be associated with cognitive impairment
and/or decline and to a lesser extent with cognition in EA (8). Fewer
GWAS have examined SNPs associated with cognition. The largest
GWAS of general cognitive function, conducted by Davies et al. (9)
in over 300 000 EA participants identified 178 SNPs from 148 in-
dependent loci. Many of these loci had been previously associated
with cognition, educational attainment, AD, and/or other health out-
comes. The transferability of these findings to cohorts of a different
ancestry with notably different linkage disequilibrium patterns, such
as South Asians, has not been fully evaluated.

In 2010, it was estimated that 4 million Indians over age 60 have
dementia, with prevalence estimates likely to increase steadily as the
population ages and life expectancy lengthens (10). Thus, it is urgent
to better understand the role of known genetic risk factors for cog-
nition and dementia in this population, as well as identity the gen-
etic risk factors that are specific to India/South Asians. Evaluating
whether the known genetic risk factors are associated with cognitive
function in older adults who may show early signs of dementia may
be particularly important. Currently, there are no large-scale GWAS
of cognition and/or dementia in Indian or South Asian populations,
and many of the known genetic risk factors were identified in the
GWAS of EA participants. In previous work, we showed that PRSs
from 3 EA AD GWAS (3-3) are associated with memory scores in
older South Asians from the Harmonized Diagnostic Assessment of
Dementia for the Longitudinal Aging Study in India (LASI-DAD)
(11). However, the effects of novel loci identified from the recent
AD GWAS (6,7) have yet to be determined. Meanwhile, cognitive
function in older populations is characterized by both baseline
cognitive ability and cognitive impairment/decline caused by
neurodegeneration (12,13). In addition, cognitive function impacted
by neurodegeneration is not limited to memory. Thus, further studies
that evaluate the effects of both AD and cognition-associated genetic
risk factors on multiple cognitive domains are needed to describe the
genetic architecture of cognitive aging in South Asians.

In this study, we investigated whether independent genome-wide
significant SNPs from GWAS for AD (3-7) and general cognitive

function, (9) either by themselves or aggregated as PRS(s), were as-
sociated with measures of cognition in 932 older South Asians from
LASI-DAD. We also estimated the variation in the cognitive domain
scores explained by age, sex, education, PRSs for AD, and general
cognitive function, and/or APOE €2 and €4 genotypes individually
and simultaneously.

Method

Study Sample

The Longitudinal Aging Study in India (LASI) is a nationally rep-
resentative sample of over 72 000 Indian adults aged 45 and over.
The Harmonized Cognitive Assessment Protocol, informational
interviews, and blood draws were administered to roughly 4 000
LASI respondents aged 60 years or older as part of the LASI-DAD
add-on study. To ensure a study sample with a broad distribution
of cognitive ability, a 2-stage stratified random sampling approach
was employed to draw an equal number of respondents with high
and low risks of cognitive impairment based on cognitive tests ad-
ministered during the main LASI examination and proxy respond-
ents (14). The LASI-DAD sample used for this analysis was drawn
from 7 states and union territories across India (Supplementary
Figure 1).

Cognitive Measures

The cognitive measures evaluated were based on the recent work
by Gross et al. that derived 5 broad cognitive domains (orientation,
memory, executive functioning, language/fluency, and visuospatial
function) and a generalized cognitive domain (general cognitive
function) in LASI-DAD using factor analysis (15). These cognitive
domain scores were derived using methods based on item response
theory and were internally standardized to an N(0,1) distribution in
the full sample of 4 096 LASI-DAD participants.

Genotyping, Imputation, and Principal Component
Analysis

A total of 960 participants from LASI-DAD were genotyped using the
Ilumina Infinium Global Screening Array-24 (GSA-24) BeadChip,
Version 2.0 (Illumina), and the 1000 Genomes Project worldwide
(16) reference panel (Phase 3, Version 5) was used to impute geno-
types. Details of the quality control and the imputation protocol
have been described previously (11) and are also outlined in the
Supplementary Methods. As reported previously (11), the average
imputation accuracy in LASI-DAD is relatively high (R? > 0.8) for
variants with minor allele frequency (MAF) > 0.1 (Supplementary
Figure 2). For SNPs/variants with MAF < 0.1, and especially for vari-
ants with MAF < 0.02, the average imputation accuracy decreases
sharply.

Principal component analysis (PCA) was performed in
SNPRelate (17) to remove outliers and select a set of 932 unrelated
individuals for analysis (also see (11)). We then merged the data
with 3 publicly available data sets including 300 individuals from
the Simon’s Genome Project (SGDP) (18), 2 504 individuals from
11 populations from the 1000 Genomes Project’’, and 1 163 indi-
viduals from the Genome Asia Project (19). We performed PCA to
study the structure within LASI-DAD samples alone, as well as in
relation to worldwide populations of West Eurasians, East Asians,
and Andamanese Islanders. For association analyses, we adjusted
for population structure using the first 10 genetic PCs constructed
in LASI-DAD samples alone.
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Candidate SNP Selection and Calculation of

Polygenic Risk Scores

Candidate SNPs investigated in this study included all independent
genome-wide significant SNPs from 5 AD GWAS and a GWAS of
general cognitive function (3-7,9), except those with poor imput-
ation quality (R? < 0.8) in LASI-DAD (Supplementary Table 1). In
total, we selected 161 risk SNPs from AD GWAS plus 2 SNPs from
APOE (rs429358 and rs7412). Of these, 1 SNP was excluded be-
cause it was not available in the 1000 Genomes Project reference
panel, and 46 SNPs were excluded due to poor imputation quality
(R?* < 0.8). Similarly, among the 178 candidate SNPs identified from
the general cognitive function GWAS (9), 48 SNPs were removed due
to poor imputation quality (R? < 0.8). The present study thus ana-
lyzed a total of 116 AD risk SNPs and 130 general cognitive function
risk SNPs. The APOE €2 and ¢4 alleles are haplotypes formed by
the combination of rs7412 and rs429358. Given that the €1 allele is
extremely rare in Indian populations and worldwide (MAF << 0.01)
(20,21), we used rs7412 (T) and rs429358 (C) as proxies for €2 and
¢4. Chromosome and position numbers of SNPs are provided for
genome build GRCh37.

Five PRSs for AD (PRS,, . PRS, . PRS, .. . PRS
Wightman? and PRS AD_Be“mguez) were constructed from 5 AD GWAS in EA
participants, respectively (3—7). Each AD PRS was computed inde-
pendently using all reported independent genome-wide significant
SNPs in each GWAS as GRS; = Y~ Six;;, with B, being the effect size
associated with the risk allele for SNP i, and x, being the dosage
of the risk allele for SNP i in individual j, as described previously
(11). Variants in the APOE region were excluded and treated as an
independent signal. Each PRS was then standardized to an N(0,1)
distribution.

The PRS for general cognitive function (PRS_ . ) was created
similarly, using the independent genome-wide significant SNPs
from the general cognitive function GWAS in EA (12). Specifically,
PRSGenCOg was calculated as PRSGencog = Y.  [Bixj, with B, being
the effect size associated with the cognitive function-increasing al-
lele for SNP, and x;; being the dosage of the same allele for SNP
i in individual ;. Since only z scores and p values were reported in
the original GWAS, the effect size of each SNP was calculated using
B = z/1/2 x MAF x (1 — MAF) x (N + 22), where z is the z score,
N is the sample size from the released summary statistics, and MAF
is the minor allele frequency reported in the GWAS. The PRS
was standardized to N(0,1).

GenCog

Estimation of Genome-Wide Ancestry Proportions

We estimated the genome-wide proportion of Ancestral North Indian
(ANI) ancestry using f, ratio test as implemented in ADMIXTOOLS
(22). We used the model of population relationships shown in
Moorjani et al. (23). The f, ratio test computes the ratio of f(YRI,
Basque, test, Onge)/f(YRI, Basque, Georgian, Onge) which meas-
ures the excess of West Eurasian ancestry in a test sample compared
to the Onge population. We ran the analysis where test = a single in-
dividual in LASI-DAD. This quantity was summed over all sites and
the standard errors were computed using the block jackknife method
(block size of 5 ¢cM).

Estimation of Individual Autozygosity

We used PLINK v1.07 (24) to estimate individual autozygosity
across the genome in a combined data set of LASI-DAD individuals
and 3 non-Indian reference populations (CEU, CHB, and YRI) from
the 1000 Genomes Project. PLINK uses a sliding window approach

to find regions of the genome of at least 1 MB in length containing
100 contiguous homozygous SNPs. We allowed 1 heterozygous
and 5 missing calls per segment. Runs of homozygosity (ROH) seg-
ments were identified separately for each individual. We applied this
method to compute the cumulative sum of the ROH per individual.

Statistical Analysis

Proportion of variance in cognitive domain scores explained by
demographic factors and population genetics

We examined how much variability in the cognitive domain scores
was explained by demographic and population genetic factors
including age, sex, education, genetic PCs, proportion of ANI an-
cestry (%ANI), and ROH. Specifically, for each cognitive measure,
we first evaluated models that included only age, sex, or education.
We then added the first 10 genetic PCs, % ANI, or ROH to a model
including only age, sex, and education. To evaluate whether % ANI
and/or ROH explained any additional variance in cognitive domain
scores after adjusting for population structure using genetic PCs, we
next evaluated the change in R? after adding %ANI or ROH to a
model including age, sex, education, and 10 PCs.

Allele frequency differences for candidate SNPs

To assess whether the allele frequencies of the candidate SNPs were
different between LASI-DAD and the EA samples from GWAS, we
used a 1-sample Z test. We considered the SNP allele frequencies to
be significantly different if p < .0S.

Association between candidate SNPs, PRSs, and cognitive

domain scores

We tested the association between each AD or general cognitive
function risk SNP and each of the 6 cognitive domain scores sep-
arately. Model 1 adjusted for age, sex, and the first 10 genetic PCs,
and Model 2 additionally adjusted for education. For each cognitive
measure, the false discovery rate (FDR) was calculated separately for
AD and general cognitive function risk SNPs. We considered an SNP
significantly associated if FDR g < 0.10. We next assessed whether
each PRS was associated with each cognitive measure separately
using Models 1 and 2. We considered a PRS significantly associated
ifp <.05.

Proportion of variance in cognitive domain scores explained by
candidate SNPs and PRSs

We next examined how much variability in the cognitive domain
scores was explained by APOE €2 and ¢4, the five AD PRSs, and
PRS_ ,, individually or simultaneously. Specifically, for each cog-
nitive measure, we considered the model with age, sex, and 10 PCs
to be the base model. Next, each genetic risk factor was added to
the base model individually or in combination with other risk fac-
tors. Fully adjusted models included the base model and all other
risk factors (education, APOE €2 and €4, and the AD and cognitive
function PRSs).

Results

Descriptive Statistics

A total of 932 participants with both genotype and cognitive meas-
ures were included in the analysis. Males comprised 44% of the
sample and the mean age was 69.3 (SD = 7.3) years (Table 1). Most
participants (71%) had an education level less than lower secondary,
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Table 1. Sample Characteristics for LASI-DAD Participants (N =932)

SD
Characteristic Mean or No. or %
Male sex 409 44%
Age (y) 69.3 7.34
Education
Less than lower secondary 658 71%
Upper secondary and 235 25%
vocational training
Tertiary 39 4%
General cognitive function score 0.11 0.93
Broad cognitive domain scores
Orientation 0.02 0.80
Executive function 0.11 0.90
Language/fluency 0.19 0.77
Memory 0.10 1.04
Visuospatial function -0.05 0.86

Note: LASI-DAD = Diagnostic Assessment of Dementia for the Longitu-
dinal Aging Study in India.

25% had upper secondary or vocational training, and 4% had ter-
tiary education. The correlation among the broad cognitive domain
scores ranged from 0.46 (visuospatial function and language/flu-
ency) to 0.73 (executive function and orientation; Supplementary
Table 2). The correlation between general cognitive function and the
5 broad domains ranged from 0.72 (visuospatial function) to 0.95
(executive function).

Population Structure in LASI-DAD

Recent genetic studies have shown that most South Asian groups
descend from a mixture of 2 genetically divergent populations:
ANI related to Central Asians, Middle Easterners, Caucasians, and
Europeans; and Ancestral South Indians (ASI) not related to any
groups outside the subcontinent and only distantly related to the
indigenous Andamanese Islanders (23,25). To assess the population
structure in LASI-DAD samples in relationship with other world-
wide groups, we performed PCA with 932 individuals from 7 Indian
states along with samples from 1000 Genomes Project including in-
dividuals of European (CEU) and East Asian (CHB) ancestry (16), as
well as Andaman Islanders (Onge) from Genome Asia Project (19),
Georgians and Iranians from SGDP. We observed that PC1 separ-
ated the West Eurasians (Georgians, Iranians, and Europeans) and
East Asians (CHB), and the LASI-DAD individuals fall on a cline of
relatedness to West Eurasians along PC2 (Figure 1A) (23,25). Our
LASI-DAD sample, however, appears to be very heterogeneous in
ancestry across regions or states, with F_ values ranging between
0.001 and 0.009. We also performed PCA with LASI-DAD samples
alone and found that PC1 is correlated to the North/South axes in
India, with the Northern regions of Delhi, Haryana, and Rajasthan
being separated from the Southern states of Kerala and Tamil Nadu
(Figure 1B, Supplementary Figure 3). PC2 primarily separated par-
ticipants from Kerala into 2 clusters, which may represent distinct
ancestry of some individuals currently living in Kerala and/or histor-
ical migration patterns. Within the limits of resolution, the 2 clusters
from Kerala were not significantly different from each other in terms
of demographic factors, %ANI ancestry, or ROH (all p > .05, see
below for %ANI and ROH calculations). To quantify the propor-
tion of ANI-ASI ancestry, we used the f, ratio test using the popula-
tion model described in Moorjani et al. (23). We inferred that ANI

ancestry varies between ~38% and 62% across India (Figure 1C,
Supplementary Table 3).

Previous studies have inferred strong founder events and consid-
erable inbreeding in India (26,27). The inheritance of identical haplo-
types from a common ancestor due to inbreeding or consanguinity
can create long regions of homozygous genotypes known as ROH
(28,29). To characterize the impact of inbreeding in our LASI-DAD
samples, we estimated the total number of base pairs present in ROH
across the genome using PLINK. We found South Asians have ap-
proximately one- to twofold excess of homozygous segments, com-
pared to other worldwide populations (CEU, YRI, or CHB). On
average, groups from South India (Tamil Nadu and Karnataka) had
~50% higher genome-wide ROH than Northern groups, though there
was large variation within and across groups (Figure 1D).

Allele Frequency Distribution of Candidate SNPs
The allelic distributions of the 116 AD risk SNPs are presented in
Supplementary Table 4. Briefly, most SNPs (98 out of 116) had a sig-
nificantly different allele frequency between LASI-DAD and the EA
GWAS samples (p < .05). However, although allele frequencies may
be different across the 2 populations, the absolute difference is some-
times relatively small (e.g., <5%). Among the 98 AD risk SNPs with
different allele frequencies, 65 SNPs (66.3 %) were imputed, whereas
a slightly lower proportion of SNPs with consistent allele frequencies
were imputed (11 of 18 SNPs [61.1%]). Among the 130 cognition-
associated SNPs, 103 had allele frequency differences between LASI-
DAD and the EA GWAS sample (p < .05, Supplementary Table 3).
Of the 103 SNPs, 89 (86.4%) were imputed. Of the remaining 27
SNPs with consistent allele frequencies, 26 (96.3%) were imputed.
To evaluate whether imputation to a primarily EA reference
panel may have artificially reduced allele frequency differences, we
tested whether the proportion of imputed SNPs differed between the
SNPs with allele frequency differences compared to those without
using Fisher’s exact test. The tests of proportion were not significant
for the AD or the cognitive function risk SNPs. To examine whether
allele frequency differences from EA were greater for the LASI-DAD
samples that had a smaller %ANI, we calculated the absolute dif-
ference between the allele frequencies at each SNP for each %ANI
quintile. The allele frequency differences tended to be smaller as the
average proportion of ANI ancestry increased (Figure 1E and F).

Variability in cognitive domain scores explained by demographic
factors and population genetics

We first examined how much variability in the cognitive domain
scores was explained by demographic and population genetic fac-
tors including age, sex, education, genetic PCs, proportion of ANI
ancestry (%ANI), and ROH as indicated by the change in R? from
corresponding regression models. The percentage of variance in the
cognitive domain scores explained by age and sex alone ranged from
7.1% (visuospatial function) to 19.4% (orientation), and education
added an additional 18.2% (orientation) to 34.7% (general cogni-
tive function) (Supplementary Table 6). Beyond age, sex, and edu-
cation, the additional variance explained by the first 10 genetic PCs
ranged from 0.8% (visuospatial function) to 14.2% (language/flu-
ency) with p < .05 for most cognitive domains except visuospatial
function. The additional variance beyond age, sex, and education ex-
plained by %ANI and ROH was much lower (<0.001%-7.1%, and
<0.001%-1.14%, respectively). However, %ANI was significant (p
< .05) for 4 of the cognitive domain scores (general cognitive func-
tion, executive function, language/fluency, and memory) and ROH
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Figure 1. Panel (A) shows the first 2 principal components (PCs) from the principal component analysis (PCA) of 932 LASI-DAD individuals from 7 Indian
states or union territories with 3 reference populations including West Eurasians (Europeans [CEU], Georgians, Iranians), East Asians (Han Chinese), and
Andamanese Islanders (Onge). Panel (B) shows the first 2 PCs from the PCA of 932 LASI-DAD individuals without reference populations. In both panels, PC1 is
on the x-axis, and PC2 is on the y-axis for each participant. Color coding in panels (A) and (B) is according to the sampling location (state/union territory) of the
participant. Panel (C) shows the Ancestral North Indian (ANI) ancestry in LASI-DAD populations. The f, ratio test was used to test the ANI ancestry proportion
in LASI-DAD samples using ratio of AAYRI, Basque, test, Onge)/fiYRI, Basque, Georgian, Onge) where test = LASI-DAD samples belonging to each state/union
territory in India. Standard errors were estimated using a block jackknife across genomes with 5-MB blocks across the genome. Panel (D) shows the genome-
wide runs of homozygosity (ROH) in LASI-DAD. The cumulative sum of ROH per individual was estimated using PLINK for individuals from the 1000 Genomes
Project (Africans [YRI], Europeans [CEU], and East Asians [CHB]) and 932 LASI-DAD samples from different states/union territories. Panels (E) and (F) show the
distribution of the absolute difference in allele frequencies for 116 AD risk SNPs (E) and 130 general cognitive function SNPs (F) between quintile groups of ANI
ancestry in LASI-DAD and European Ancestry (EA) GWAS samples. LASI-DAD participants were stratified into 5 groups based on quintiles of proportion of ANI
(%ANI). The x-axis shows the mean %ANI of each stratified group in increasing order. Color coding is according to quintile. GWAS = genome-wide association
study; LASI-DAD = Diagnostic Assessment of Dementia for the Longitudinal Aging Study in India
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was significant for language/fluency. After controlling for age, sex,
education, and the first 10 genetic PCs, %ANI and ROH do not ex-
plain any additional variance at p < .05, and thus were not included
as covariates in association analyses.

Association Between Single SNPs and Cognitive
Domain Scores

We assessed the association between each candidate SNP and cog-
nitive measure in LASI-DAD using 2 models. Model 1 adjusted for
age, sex, and the top 10 genetic PCs, whereas Model 2 also adjusted
for education. Quantile-quantile (QQ) plots for the associations be-
tween the 116 AD risk SNPs and the 6 cognitive domain scores in
Model 1 are shown in Supplementary Figure 4A. For most cogni-
tive domain scores, the QQ plots indicate that the observed p values
from the AD risk SNPs are more significant than expected by chance
alone, indicating a potential excess of associations between the AD
risk SNPs and measures of cognition.

Of the 116 AD risk SNPs, 1 SNP in CR1 (rs2093760) was as-
sociated with language/fluency at FDR g < 0.10 (Table 2) in Model
1. The association was attenuated but remained nominally signifi-
cant (p < .05) after additional adjustment for education (Model
2). This SNP also was nominally associated with all other cogni-
tive domain scores except orientation (Supplementary Table 7), and
its MAF ranged from 0.066 to 0.107 across states/union territories
(Supplementary Table 8). The other CR1 SNP investigated in this
study, rs6656401, also had a nominal association with general cog-
nitive function, language/fluency, memory, and visuospatial function
(Supplementary Table 7).

For comparison purposes, Table 2 also shows the associations
between APOE €2 and €4 with the cognitive domain scores. APOE
€4 was not associated with any of the cognitive domain scores, and
APOE €2 was associated only with language/fluency in Model 1 (p <
.05). Aside from the association between APOE €2 and visuospatial
function in Model 2, beta coefficients for all APOE associations
were in the expected direction, even if not significant. All associ-
ations for the 116 AD risk SNPs are shown in Supplementary Table
7. At a nominally significant p value (p < .05), additional 31 AD
SNPs were associated with at least 1 cognitive measure (Model 1 or
Model 2), with 19 SNPs associated in the expected direction. Among
them, 10 SNPs (mapping to BIN1, CASS4, SORL1, ADAMTSI,
PTK2B, and CR1) were associated with more than 1 of the 5 broad
cognitive domain scores.

In contrast to the AD risk SNPs, p values from the general cog-
nitive function SNPs generally follow a uniform distribution in both
models for the cognitive domain scores (Supplementary Figure 4B).
Only the QQ plots for visuospatial function exhibit slightly smaller
p values than expected by chance alone. This suggests that most
SNPs identified for general cognitive function from EA GWAS may
not be associated with cognition in South Asians. Indeed, none of the
130 general cognitive function risk SNPs identified in EA were as-
sociated with cognitive domain scores in LASI-DAD after adjusting
for multiple comparisons (Supplementary Table 9). However, 33 of
the 130 SNPs were nominally associated with at least 1 of the 6 cog-
nitive measures in Model 1 and/or Model 2. Among them, 21 SNPs
were associated in the expected direction, where cognitive func-
tion—increasing alleles were associated with higher cognitive domain
scores. Four of the 21 SNPs, which map to NMNAT2, HMGN4,
MAPT, and RBL2, were associated with more than 1 of the 5 broad
cognitive domains.

Table 2. SNPs With at least one Significant Association With Cognitive Domain Scores in LASI-DAD (FDR < 0.10), and APOE €2 and €4 Alleles

Model 2,
Beta (p)

Risk AF in
LASI-DAD

Risk AF in
GWAS

Nearest

Model 1, Beta (p)

Cognitive Measure

Risk Allele

GWAS Study

Gene

Position

Chr

SNP

-0.14 (.003)

-0.18 (.001)

Language/fluency

0.096

0.205

Jansen et al. (4).
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genome-wide association study; LASI-DAD

Notes: AF = allele frequency; Chr = chromosome; GWAS
morphism. Model 1 is adjusted for age, sex, and first 10 genetic PCs. Model 2 is adjusted for Model 1 covariates and education. Effect sizes (betas) are calculated with respect to the Alzheimer’s disease risk allele. Signifi-

cant associations between single SNPs and cognitive domain scores at FDR < 0.10 are shown in bold font. Associations between APOE €2 and €4 alleles and cognitive domain scores at p < .05 are indicated by an asterisk.
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Association Between PRSs and Cognitive

Domain Scores

We further assessed whether the candidate SNPs, when aggregated
together as PRSs, were associated with cognitive measures. Briefly,
5 PRSs for AD were constructed from the AD GWAS in EA parti-
cipants (3-7), after excluding variants in the APOE region. Note
that there is an overlap in some of the SNPs that comprise these
PRSs. The correlation between the 5 AD PRSs ranged from 0.50 to
0.80 (Supplementary Table 10). The PRS for general cognitive func-
tion (PRSGE“COg
from the general cognitive function GWAS in EA (9). The correl-
ations between PRS__ . and the S AD PRSs ranged from 0.01 (with
PRS, ;) petengucer) t0 0.06 (with PRS ; Supplementary Table 10).
We assessed whether each PRS was associated with each cognitive

) was created similarly, using the 130 candidate SNPs

AD_Kunkle>

domain score separately using regression, with the same adjustment
variables as Models 1 and 2 described earlier.

All associations between PRSs and cognitive domain scores were
in the expected direction, with higher AD PRSs and lower general
cognitive function PRS associated with lower cognitive function
(Table 3). Specifically, all PRS(s) were associated with general cogni-
tive function in Model 1 at p < .05. However, the associations of the
AD PRS(s) and the cognitive function PRS seemed to be driven by
different domains: AD PRS(s) were generally associated with execu-
tive function, language/fluency, memory, and visuospatial function
with some variation by specific PRS, whereas the general cognitive
function PRS was only associated with orientation. All associations
attenuated in Model 2.

Variability of Cognitive Domain Scores Explained by
Demographic and Genetic Factors

We next examined how much variability in the cognitive domain
scores was explained by APOE €2 and €4, the 5 AD PRSs, and
PRS_, ., individually or simultaneously. The percentage of variance
in the cognitive domain scores explained by a base model of age,
sex, and the first 10 genetic PCs ranged from 9.97% (visuospatial

function) to 29.24% (language/fluency) (Table 4). APOE €2 and ¢4,

which are known to be associated with AD, only explained an add-
itional 0.03% (visuospatial function) to 0.49% (language/fluency)
beyond the base model. The 5 AD PRSs explained an additional
0.04% (PRSAD_Be“e“guez and orientation) to 1.11% (PRS,;, wunkte
visuospatial function) beyond the base model, whereas PRS,_ . ex-
plained an additional 0.07% (language/fluency) to 0.77% (orienta-
tion). When the AD genetic risk factors were combined (5 AD PRSs
and APOE €2 and €4), they explained 0.51% (executive function)
to 1.39% (memory) over the base model. Further adding PRS
to the model with the AD genetic risk factors resulted in a total of

and

GenCog

1.11% (executive function) to 1.66% (memory) additional variance
explained over the base model. When education was included, the
genetic risk factors (5 AD PRSs, PRS_, ¢, APOE €2 and &4) ex-
plained less variability, ranging between 0.45% (executive function)
and 1.01% (memory).

Discussion

Genetic association studies in populations with complex ancestry
are challenging, especially when GWAS from another ancestry, such
as EA, are used to inform the selection of candidate SNPs/variants.
Investigating the genetic associations in Indians/South Asians may be
particularly challenging as they are racially, geographically, and gen-
etically diverse. As discussed in the literature and demonstrated here,
Indian/South Asian ancestry is characterized by a mixture of ASI and
ANI, as well as many heterogeneous subpopulations due to stronger
founder events (23,25,26,30,31). The extent of inbreeding, which is
known to be associated with many traits including cognition (32),
also varies substantially within and across the subpopulations. The
complexity compounds because diverse genetic ancestry is also a
product of cultural, historical, socioreligious, language, caste-based,
and urban/rural influences in India (30). As a result, this population
is likely to have a unique genetic architecture for cognitive function
and AD, and operating genetic factors may also be influenced by a
variety of social and cultural factors. Further, even though major
efforts were put into training interviewers in different language
groups, as well as analytically accommodating language differences

Table 3. Association Between AD and General Cognitive Function PRSs and Cognitive Domain Scores in LASI-DAD

PRS PRS PRS PRS PRS PRS

'AD_Lambert AD_Jansen AD_Kunkle 'AD_Wightman AD_Bellenguez 'GenCog
Beta p Beta P Beta P Beta P Beta P Beta P
General cognitive Model1  -0.057 .033 -0.061 .021 -0.081 .002 -0.052 .048 -0.054 .039 0.059 .027
function Model 2 -0.042 .046 -0.041 .055 -0.058 .006 -0.027 .203 -0.041 .051 0.031 143
Orientation Model 1 -0.022 331  -0.017  .451  -0.037 .104  -0.020 .388 -0.016  .487 0.072 .002
Model2  -0.013  .545 -0.005 .818  -0.021 301 -0.005 .827  -0.008 .693  0.056 .007
Executive function ~ Model 1~ -0.051  .055 -0.057 .031 -0.071 .006 -0.050 .059 -0.056 .033 0.044 .095
Model 2 -0.037 .081 -0.037 .085  -0.050 .020 -0.025 .243  -0.043 .044 0.017 439
Language/fluency Model 1 -0.047 .033 -0.059 .007 -0.056 .010 -0.036 .102  -0.024 273  0.020 351
Model 2 -0.037 .059 -0.047 .017  -0.041 .036 -0.021 .281 -0.017  .402  0.005 799
Memory Model1  -0.057 .065 -0.075 .015  -0.099 .001  -0.051 .097 -0.069 .025 0.046 133
Model 2 -0.044 110 -0.057 .039 -0.078 .004 -0.029 285 -0.058 .036  0.023 406
Visuospatial Model 1~ -0.071  .009  -0.046  .093  -0.091 .001 -0.063 .020 -0.062 .022  0.040 .148
function Model2  -0.059 .015 -0.030 216 -0.072 .003 -0.044 .070 -0.052 .031 0.019 440

Notes: AD = Alzheimer’s disease; LASI-DAD = Diagnostic Assessment of Dementia for the Longitudinal Aging Study in India; PRS,, | . . = Alzheimer’s disease

polygenetic risk score calculated using the identified risk SNPs from Lambert et al. (3); PRS = Alzheimer’s disease polygenetic risk score calculated using the
identified risk SNPs from Jansen et al. (4); PRS, .
PRS,}, wighuman = Alzheimer’s disease polygenetic risk score calculated using the identified risk SNPs from Wightman et al. (6); PRS
PRS calculated using the identified risk SNPs from Bellenguez et al. (7); PRSGchog

risk SNPs from Davies et al. (9). Model 1 adjusted for age, sex, and first 10 genetic PCs. Model 2 adjusted for Model 1 covariates and education. All PRSs are
standardized to an N(0,1) distribution. Associations significant at p < .05 are shown in bold font.

AD_Jansen

= Alzheimer’s disease polygenetic risk score calculated using the identified risk SNPs from Kunkle et al. (5);

_ e 1
AD_Bellenguez = Alzheimer’s disease

= general cognitive function polygenetic risk score calculated using the identified
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Table 4. Percentage of Variance in Cognitive Domain Scores Explained by Genetic Risk Factors in LASI-DAD

General Cognitive Executive Visuospatial

Function Orientation Function Language/Fluency =~ Memory Function
Age + sex + 10 PCs® 27.66% 26.70% 24.66% 29.24% 22.13% 9.97%
APOE? 0.21% 0.28% 0.10% 0.49% 0.16% 0.03%
PRS, o 0.36% 0.08% 0.30% 0.35% 0.29% 0.66%
PRS,} fuen” 0.42% 0.05% 0.38% 0.56% 0.50% 0.28%
PRS,, o 0.75% 0.21% 0.61% 0.51% 0.89% 1.11%
PRS, ) wihuman” 0.31% 0.06% 0.29% 0.21% 0.23% 0.53%
PRS,; petenguce. 0.33% 0.04% 0.37% 0.09% 0.43% 0.51%
APOE + 5 AD PRSs? 1.04% 0.51% 0.82% 1.25% 1.39% 1.20%
PRScop’ 0.39% 0.77% 0.23% 0.07% 0.19% 0.20%
APOE + SAD PRSs + 1.53% 1.36% 1.11% 1.37% 1.66% 1.46%
PRSGenCogb
APOE + 5AD PRSs + 0.65% 0.75% 0.45% 0.83% 1.01% 0.86%
PRSGchngc

Notes: AD = Alzheimer’s disease; APOE = apolipoprotein E; LASI-DAD = Diagnostic Assessment of Dementia for the Longitudinal Aging Study in India;

PRS = polygenetic risk score; PRS

AD_Lambert

st

score calculated using the identified risk SNPs from Kunkle et al. (5); PRS
SNPs from Wightman et al. (6); PRS,

AD_Bellenguez

= Alzheimer’s disease polygenetic risk score calculated using the identified risk SNPs from Lambert et al. (3); PRS
. = Alzheimer’s disease polygenetic risk score calculated using the identified risk SNPs from Jansen et al. (4); PRS

'AD_Wightman

= Alzheimer’s disease PRS calculated using the identified risk SNPs from Bellenguez et al. (7); PRS

AD_Jan-

_ P AP
b kunie = Alzheimer’s disease polygenetic risk

= Alzheimer’s disease polygenetic risk score calculated using the identified risk

Gencop = €Tl COB-

nitive function polygenetic risk score calculated using the identified risk SNPs from Davies et al. (9). All PRSs are standardized to an N(0,1) distribution.

*Change in R? when the variable(s) were added to a null model.

"Change in R*> when the variable(s) were added to the following model: cognitive domain score ~ age + sex + 10 PCs.

¢Change in R?> when the variable(s) were added to the following model: cognitive domain score ~ age + sex + 10 PCs + education.

in the construction of the cognitive factors, we found that significant
proportions of variance in cognitive domain scores were explained
by genetic ancestry. This may be due to causal genetic differences
or may be a product of the changing sociocultural environment
across the states and union territories that happens to track allele
frequency clines.

Minor allele frequencies were different between LASI-DAD and
the EA GWAS sample for about 80% of the SNPs we examined.
Not surprisingly, SNPs identified in EA GWAS demonstrated limited
transferability to LASI-DAD. However, our study highlighted 1 SNP
in CR1 that may play an important role in cognitive function in
Indians/South Asians. CR1, one of the first identified (3,33) and
most widely studied AD risk genes, codes complement receptor 1
that is largely involved in glial-mediated inflammation and clear-
ance of beta-amyloid (34). This gene is also associated with AD in
East Asians (35,36), though different SNPs than those evaluated in
this study show the strongest associations. Similar to what we ob-
served previously (11), the APOE major isoforms (¢4 and €2) have
limited associations with cognitive function in this sample. APOE
major isoforms are known to have a less pronounced effect on cog-
nitive function than AD, and the strength of the association varies by
instrument (37-41). In addition, the influence of APOE on cogni-
tion/AD might involve multiple variants and mechanisms in Indians/
South Asians that differ somewhat from EA populations (e.g., inter-
action with other variants, local ancestry, or environmental factors)
(11,42-45). All these reasons could contribute to the lack of associ-
ation between APOE major isoforms and cognitive domain scores
in this study. Future large-scale studies in Indians/South Asians with
cognition and/or clinically diagnosed AD are needed to fully under-
stand the function of APOE in this population.

Though we detected few associations after multiple testing
corrections, most of the SNPs have effect directions that are con-
sistent with those from the EA GWAS. Notably, there were also a
handful of SNPs that were nominally associated in the unexpected

direction. This could be due to a different LD structure in South
Asian and EA populations such that the same risk allele tags dif-
ferent haplotypes (e.g., risk vs protective haplotypes) in each popu-
lation. Similar heterogeneous associations have been observed in
other studies. For example, the major allele (C) of SNP rs3865444,
an AD risk allele in Europeans, was found to be protective in Han
Chinese (46). Nonetheless, these associations were not significant
after multiple testing corrections and should be interpreted with
caution.

The lack of significant associations at the SNP level could be due
to limited sample size and inadequate power, as we tested hundreds
of SNPs with very small effect sizes. This notion is further supported
by the observation that when those SNPs were aggregated together
as PRSs, both the general cognitive function and AD PRSs were as-
sociated with general cognitive function in LASI-DAD, explaining
up to 1.1% of the variance in cognitive measures in LASI-DAD. As
a comparison, similar PRSs for general cognitive function explain
between 2.6% and 4.3% of variance in general cognitive function in
EA samples (9); however, the PRSs examined were constructed using
genome-wide SNPs at various p value thresholds and thus are not
directly comparable to the cognitive function PRS examined here.
Several studies have examined the association between AD PRSs
and cognition in EA, but these studies do not report the variance
explained by the PRSs (8), which makes comparison across studies
and ancestry groups difficult. The larger variance explained by AD
PRSs than the general cognitive function PRS in LASI-DAD might
be in part because AD is under stronger genetic control compared
to cognition based on heritability estimates (1). Further, AD GWAS
have a well-defined phenotype (clinical AD) whereas the general cog-
nitive function GWAS investigated a measure of cognition that was
defined differently across participating studies, potentially reducing
the generalizability of the identified SNPs. Nonetheless, the amount
of variance in the LASI-DAD cognitive domain scores accounted for
by genetic risk factors is much smaller than that of nongenetic risk
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factors, especially education. This advocates an urgency to increase
education equity across the country (47,48).

This study has some limitations. First, the sample size is small.
Given the genetic heterogeneity of the population, a much larger
sample size with greater participant diversity is critical to further
investigate the genetic influences on cognition and dementia. Also,
given that this genetic heterogeneity is likely confounded with
educational, cultural, historical, socioreligious, language, caste-
based, and urban/rural influences in India, stratified analysis by
genetic and/or sociocultural subgroup would be an important next
step in examining genetic associations. Second, we used the gen-
etic data that were imputed to the 1000 Genomes Project refer-
ence panel, which lacks representativeness for Indian/South Asian
populations (16,49). This may have introduced bias to the ana-
lysis, although we did not find evidence that it influenced the allele
frequencies of the AD and general cognitive function risk SNPs per
se. Large-scale whole-genome sequencing in Indian/South Asians
would help to advance our understanding of the genetic factors
that influence cognition in this population. Third, cognitive func-
tion in an older population may be influenced by many factors.
Obtaining cognitive domain scores in specific population sub-
groups (e.g., in participants with and without clinically diagnosed
AD) could help strengthen the findings. Fourth, the cognitive
tests were carried out in the mother tongues of the participants,
including 12 local languages, which could potentially introduce
bias. However, we performed vigorous validation and did not de-
tect systematic bias associated with language (50). Given the rich
diversity of geographical and social structures and the importance
of social determinants of health for dementia (51-53), it will be
critical to examine the interaction between genetics and age, sex,
education, and/or other social determinants. Lastly, longitudinal
studies with cognitive domain scores across multiple time points
could further shed light on the potential roles of genetic factors in
cognitive aging.

Although the extraordinary genetic complexity in Indian/South
Asian presents analytical challenges, it also provides a unique op-
portunity to study disease-associated genetic variants that are
more likely to be enriched in the presence of strong founder effects
(26,54). The complex ancestral structure also allows us to study the
effects of genetic variants in different local and/or global ancestral
backgrounds. This can lead to the identification of new and unique
variants not previously described. Moreover, studying genetic vari-
ation in this population can inform future efforts directed toward
applying and testing new statistical methods that take into account
complex ancestral structure.

In summary, our current study comprehensively describes the
complex genetic structure of a sample of Indians/South Asians from
multiple sampling locations across India. We also present the associ-
ation between several cognitive domain scores and GWAS-identified
SNPs for AD and general cognition function in this sample. Our
study represents an important stepping stone toward better charac-
terization of the genetic architecture of cognitive aging in the Indian/
South Asian population and highlights the need for further research
that may lead to the identification of new variants unique to this
population.
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