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BACKGROUND/OBJECTIVES: Genetic factors play an
important role in Alzheimer’s disease (AD) and cognitive
aging. However, it is unclear whether risk loci identiﬁed in
European ancestry (EA) populations have similar effects in
other groups, such as South Asians.
DESIGN: We investigated the allelic distribution and cognitive associations of 56 known AD risk single-nucleotide
polymorphisms (SNPs) identiﬁed from three EA genomewide association studies (EA-GWASs) in a South Asian
population. Single SNP and genetic risk score (GRS) associations with measures of episodic memory were assessed.
SETTING: The Diagnostic Assessment of Dementia for the
Longitudinal Aging Study in India (LASI-DAD).
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PARTICIPANTS: A total of 906 LASI-DAD participants
from diverse states in India.
MEASUREMENTS: Participants were genotyped using the
Illumina Global Screening Array and imputed with 1000G
Phase 3v5. Cognitive measures included total learning and
delayed word recall.
RESULTS: Although only a few SNPs were signiﬁcantly
associated with memory scores (P < .05), effect estimates
from the EA-GWAS and the LASI-DAD showed moderate
correlation (0.35–0.88) in the expected direction. GRSs
were also associated with memory scores, although percentage variation explained was small (0.1%–0.6%).
CONCLUSIONS: Discrepancies in allele frequencies and
cognitive association results suggest that genetic factors
found predominantly through EA-GWASs may play a limited role in South Asians. However, the extent of differences
in the genetic architecture of AD and cognition in EA and
South Asians remains uncertain. There is also a critical need
to perform a more comprehensive assessment of the mutational spectrum of South Asia to identify novel genetic variants associated with AD and cognition in this population. J
Am Geriatr Soc 68:S45-S53, 2020.
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INTRODUCTION

A

lzheimer’s disease (AD) is a progressive form of
dementia with pronounced impairment in memory.
Recently, genetic factors have been linked to AD, and the
estimated heritability of AD is as high as 80%.1-3 The
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strongest genetic risk factor is the ε4 allele of the apolipoprotein E (APOE) gene, with an odds ratio (OR) of 14.9 in
individuals who carry two ε4 alleles versus noncarriers.4,5
However, the ε2 allele of APOE is protective from AD.6,7
Genome-wide association studies (GWASs) have identiﬁed other genetic risk factors for AD. The ﬁrst large-scale
GWAS of AD, conducted by Lambert and colleagues using
74,046 AD cases and controls, identiﬁed 19 AD risk loci in
addition to APOE.8 Recently, Kunkle et al expanded the
discovery cohort (N = 94,437) and identiﬁed 25 AD risk
loci in total, 7 of which were new.9 A third GWAS, conducted by Jansen et al,10 added UK Biobank data and
included both clinically diagnosed AD and AD-by-proxy
(through parental diagnosis) cases (N = 455,258). They
identiﬁed 29 risk loci, including 12 that were novel.10
Taken together, these AD GWASs identiﬁed 66 unique ADassociated single-nucleotide polymorphisms (SNPs) from
38 loci in addition to APOE (Supplementary Table S1).
Importantly, all three AD GWASs were conducted
among European ancestry (EA) partcipants.8-10 Currently,
there are no large-scale AD GWASs in Indian or South
Asian populations. This is problematic because populations
may have different linkage disequilibrium (LD) patterns due
to their unique evolutionary history, potentially resulting in
genetic heterogeneity across ancestries.11 Most South Asian
groups descended from a mixture of two genetically divergent populations: ancestral North Indians related to Central
Asians, Middle Easterners, Caucasians, and Europeans; and
ancestral South Indians not related to any groups outside of
the subcontinent.12,13 Following the mixture, a major
demographic shift toward endogamy led to strong founder
events more extreme than in Ashkenazi Jews or Finns.13,14
As a result, LD structure and allele frequencies differ substantially not only between South Asian and European
populations, but also across neighboring groups in India.15
Further, genetic predictors of dementia may differ between
EA and South Asian populations due to differences in environmental factors (including diet, toxicants, or socioeconomic status), which may interact with or overshadow
genetic risk factors. Therefore, is not clear whether genetic
loci previously identiﬁed in EA-GWASs will perform similarly in South Asians.
To assess the transferability of genetic risk variants discovered through EA-based AD GWASs to South Asians, we
evaluated the effect of these variants with cognitive function
in participants of the Longitudinal Aging Study in India–
Diagnostic Assessment of Dementia (LASI-DAD). We tested
66 unique AD-associated SNPs from three GWASs to present an inclusive set of SNPs, representing both highly replicated, larger-effect AD risk variants8 and newly discovered,
smaller-effect AD risk variants from studies with larger
sample sizes and/or broader case deﬁnitions.9,10 We also
evaluated the effect of APOE ε4 and ε2 alleles. Both single
SNP association and genetic risk score (GRS) associations
were evaluated.
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LASI-DAD, an add-on study, includes the Harmonized
Cognitive Assessment Protocol (HCAP), informational
interviews, and blood draws for approximately 3,000 LASI
respondents aged 60 years or older. To guarantee a sufﬁcient number of respondents with dementia and mild cognitive impairment, a stratiﬁed random sample design was
implemented.16

Genotyping and Imputation
The Illumina Inﬁnium Global Screening Array-24 (GSA)
BeadChip, version 2.0 (Illumina) was used to genotype
960 LASI-DAD participants. Genotypes were imputed to
the 1000G Project worldwide reference panel (phase 3, version 5). Principal component (PC) analysis17 was used to
exclude outliers and select a set of 932 unrelated individuals
for analysis. The top 10 PCs were included in all analyses
to adjust for population stratiﬁcation. Supplemental
Methods provides additional details.

Cognitive Measures and Covariates
A battery of cognitive tests was administered, including a
common set of cognitive tests from the HCAP16 to enable
international comparisons and additional cognitive tests
suitable for illiterate and innumerate populations. Cognitive
measures analyzed were total learning score (0–30 words)
and delayed word recall score (0–10 words). Cognitive tests
and surveys were translated into 10 local languages. Education level was categorized as less than lower secondary education, upper secondary education/vocational training, or
tertiary education. A total of 906 individuals had genotype
data, covariate data (sex, age, and education), and at least
one cognitive measurement.

Association Between SNPs and Cognitive Function
We compared the allelic distribution of the AD risk SNPs
between LASI-DAD and the EA-GWAS samples by calculating the correlation coefﬁcient of the risk allele frequency
across all SNPs. We assessed whether allele frequency of
each SNP differed between LASI-DAD and EA-GWAS samples using a one-sample proportion test.
Linear regression was used to assess whether each SNP
was associated with total learning and/or delayed recall
scores in LASI-DAD, using two models. Model 1 adjusted
for age, sex, and the top 10 genetic PCs, and model 2 additionally adjusted for education. We hypothesized that AD
risk alleles would be associated with lower cognitive function. We assessed results at a nominal signiﬁcance level
(P ≤ .05) as well as a Bonferroni-corrected signiﬁcance level,
accounting for the number of SNPs analyzed. We assessed
the correlation of the risk allele effect sizes on cognitive
function in LASI-DAD with the effect sizes on AD reported
from the three AD GWASs. We further tested SNP-by-age
interactions to evaluate whether effect sizes vary by age.

METHODS
Association Between GRSs and Cognitive Function
Study Population
The LASI is a nationally representative sample of greater
than 70,000 adults from India aged 45 years or older.

Three GRSs were constructed using all the identiﬁed AD
risk SNPs from each AD GWAS separately. Note that there
is overlap in some of the SNPs that comprise these three
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scores. We excluded variants in the APOE region from the
three GRSs and treated APOE as anPindependent signal.
βixij, with βi being
Each GRS was calculated as GRSj =
the effect size associated with the risk allele for SNP i, and xij
being the dosage of the risk allele for SNP i in individual j.
The effect size of each SNP was calculated as the
ln(OR) reported in the corresponding GWAS article. We
assessed whether each GRS was associated with total learning or delayed recall using the regression models above. We
then combined the three GRSs into a single multivariable
model to assess the total variance in cognitive function
explained before and after adding APOE ε2 and ε4.

Sensitivity Analysis of the APOE Region
Because APOE is known to be the most important risk locus
for AD, we also tested the association between all SNPs in
APOE (plus 2 kb upstream to capture the promoter region)
and memory scores. For SNPs associated with any memory
score, we tested for interaction with ε4 and ε2.

RESULTS

S47

Genotype and Imputation Quality in LASI-DAD
Among those genotyped, the median call rate was excellent
(99.95%), and the estimated error rate was low
(1.5 × 10−6). The mean EmpRsq (correlation between the
true genotypes and imputed dosages calculated by masking
the given SNP) was 0.86 for common variants (minor allele
frequency [MAF] > 0.05), indicating relatively high quality,
but was lower (0.66) for rare variants (MAF ≤0.05, comprising 84.7% of the measured variants).

Allelic Distribution of the AD Risk Loci
Among the 68 unique SNPs, 27 were directly genotyped on
the GSA, and another 29 were successfully imputed with
high quality (r2 > 0.8). One SNP was not available because
it was not included in the 1000G reference panel, and
another 12 SNPs were excluded due to poor imputation
quality in LASI-DAD. As a result, 56 unique SNPs were
investigated (Supplementary Tables S1 and S2).
Figure 1 compares the risk allele frequencies of all
56 unique SNPs in LASI-DAD versus the corresponding AD
GWAS. Although the risk allele frequencies are correlated
as expected (r = 0.91; P < .0001), 47 SNPs had a signiﬁcantly different allele frequency between LASI-DAD and the
AD GWAS samples (P ≤ .05; Supplementary Table S3). We

Descriptive Statistics
The LASI-DAD sample was 44% male, and study participants
were 69 years old (standard deviation (SD) = 7.2 years) on
average (Table 1). Most participants attained lower than secondary level education (70.0%), and over half were from a
rural area. Participants had a mean of 12.0 and 3.4 words
(SD = 5.2 and 2.4 words) for total learning and delayed recall
scores, respectively. The correlation between memory scores
was r = 0.73 (P < .0001).

Table 1. Characteristics of the LASI-DAD Sample
(N = 906)
Characteristic

Age, y
Male sex
Total learning score (words)a
Delayed recall score (words)b
Education
Less than lower secondary
Upper secondary/vocational training
Tertiary
Caste
1. Scheduled caste
2. Scheduled tribe
3. Other backward class
4. None of them
Urban/rural
Urban community
Rural village

Mean or No.

SD or %

69.16
400
12.01
3.35

7.22
44.2
5.15
2.43

634
233
39

70.0
25.7
4.3

170
17
450
269

18.8
1.9
49.7
29.7

400
506

44.2
55.8

Abbreviation: LASI-DAD, Longitudinal Aging Study in India–Diagnostic
Assessment of Dementia.
a
Total learning score, N = 899.
b
Delayed recall score, N = 893.

Figure 1. Scatterplot of the risk allele frequencies from
Alzheimer’s disease (AD) genome-wide association study
(GWAS) and Longitudinal Aging Study in India–Diagnostic
Assessment of Dementia (LASI-DAD) sample. The risk allele
frequencies of the 60 AD-associated single-nucleotide polymorphisms (SNPs) (56 unique SNPs and 3 SNPs that appeared in
multiple articles) in LASI-DAD (y axis) are compared with the
corresponding risk allele frequencies reported in the 3 AD
GWASs (x axis). As shown, the risk allele frequencies of SNPs
in LASI-DAD correlated well with those from the European
ancestry AD GWAS samples (correlation = 0.91). The risk
allele frequencies of APOE ε2 and ε4 variants are taken from
Jansen et al.10

Kunkle et al9
Lambert et al8
Kunkle et al9
Lambert et al8
Kunkle et al9
Jansen et al10
Lambert et al8 and
Kunkle et al9
Jansen et al10
Kunkle et al9
Lambert et al,8 Kunkle et al,9 and Jansen et al10
ε4
ε2

ADAMTS1
CD2AP
CD2AP
ABCA7
ABCA7
ZCWPW1
BIN1

BIN1
IQCK
SORL1
APOE
APOE

rs2830500
rs10948363
rs9473117
rs4147929
rs3752246
rs1859788
rs6733839

rs4663105
rs7185636
rs11218343
rs429358
rs7412
C
T
T
C
C

C
G
C
A
G
G
T

Risk allele

0.49
0.69
0.92
0.10
0.95

0.77
0.20
0.18
0.20
0.20
0.72
0.41

Risk AF

2
16
11
19
19

21
6
6
19
19
7
2

Chr

127,891,427
19,808,163
121,435,587
45,411,941
45,412,079

28,156,856
47,487,762
47,431,284
1,063,443
1,056,492
99,971,834
127,892,810

Position

−.39
−.59
−.83
−.30
−.49

−.66
.62
.57
.55
.51
−.59
−.43

β

.078
.017
.046
.438
.36

.019
.025
.064
.062
.098
.018
.059

P value

−.43
−.53
−.89
−.20
−.19

−.5
.52
.48
.67
.59
−.41
−.44

β

.036
.021
.02
.572
.702

.059
.041
.091
.015
.037
.072
.034

P value

Model 2

−.18
−.10
−.56
−.15
−.17

−.44
.4
.4
.24
.2
−.1
−.18

β

.092
.379
.005
.383
.516

.001
.002
.006
.095
.169
.418
.096

P value

Model 1

−.20
−.08
−.58
−.12
−.04

−.38
.35
.36
.29
.24
−.03
−.19

β

.050
.445
.002
.487
.877

.003
.004
.009
.03
.078
.817
.065

P value

Model 2

Delayed Recall Score
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Note: P ≤ .05 is indicated by bold text. Effects sizes (β values) are calculated with respect to the Alzheimer’s disease risk allele.
Abbreviations: AF, allele frequency; Chr, chromosome; GWAS, genome-wide association study; LASI-DAD, Longitudinal Aging Study in India–Diagnostic Assessment of Dementia; SNP, single-nucleotide
polymorphism.

GWAS study

Gene

SNP

Model 1

Total Learning Score

Table 2. SNPs with at Least One Nominally Signiﬁcant Association in LASI-DAD (P ≤ .05), and APOE ε2 and ε4 Alleles
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Table 3. Correlations of GRSs Calculated
Alzheimer’s Disease GWASs
Correlation

GRS (Lambert et al8)
GRS (Kunkle et al9)
GRS (Jansen et al10)

from

GRS
GRS
GRS
(Lambert et al8) (Kunkle et al9) (Jansen et al10)

1.000
0.798
0.567

1.000
0.592

1.000

Note: All GRSs are standardized to a N(0,1) distribution.
Abbreviations: GRS, genetic risk score; GWAS, genome-wide association
study.

note that this frequency comparison will be slightly biased
toward the null because GWAS studies are best powered to
detect more common variants. Thus, the SNPs identiﬁed in
GWAS would have less variability in allele frequencies
compared with an unselected set of SNPs. The variance
ratio of the risk allele frequencies in the GWAS samples
and LASI-DAD is 0.81, slightly lower than 1. Thus, the
inﬂuence of the bias, if it exists, is relatively small.

Association Between Single SNPs and Cognitive
Measures
Associations between each AD risk SNP and each cognitive
measure were assessed using two models. Model 1 adjusted
for age, sex, and the top 10 genetic PCs, and model 2 additionally adjusted for education. Q-Q plots indicate that in
both models, P values from the 56 SNPs were generally
smaller than expected by chance alone (Supplementary
Figure S1). This suggests some evidence of association
between the AD risk SNPs and cognitive measures.
All nominally signiﬁcant association results (P ≤ .05)
are presented in Table 2. Of the 56 SNPs assessed, 10 were
nominally associated with total learning and/or delayed
recall score (Table 2). Among the 10 SNPs, 3 (rs2830500
(ADAMTS1), rs10948363 (CD2AP6), and rs11218343
(SORL1)) were associated with both memory scores in
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model 1. Two SNPs (rs1859788 (ZCWPW1) and
rs7185636 (IQCK)) were associated with total learning
score only, and one SNP (rs9473117 (CD2AP)) was associated with delayed recall score only in model 1. Signiﬁcance
was attenuated for rs2830500 (ADAMTS1) and rs1859788
(ZCWPW1) for total learning score after controlling for
education (model 2). In contrast, four SNPs (rs4147929
and rs2752246 in ABCA7 and rs6733839 and rs4663105
in BIN1) show a stronger association with total learning
and/or delayed recall in model 2 than model 1. However,
no associations remained signiﬁcant after Bonferroni correction (P ≤ 8.9 × 10−4). Among the 10 SNPs, most demonstrated an association in the expected direction, where AD
risk alleles were associated with lower memory score. Neither the APOE ε2 nor ε4 allele was associated (P ≤ .05)
with memory scores, although the effect directions were as
expected.
Although only a small number of the 56 SNPs were signiﬁcant, most had the expected effect directions (62.5% for
total learning and 57.1% for delayed recall in model 1;
Supplementary Table S4). AD risk alleles were generally
associated with decreased cognition in LASI-DAD
(r between effect estimates ranges from −0.35 to −0.88;
Supplementary Table S5, Supplementary Figure S2). SNPs
with larger GWAS effect sizes tended to have the expected
direction of effect in our study; however, those with smaller
effect sizes did not always have the expected effect direction. Thus, the relatively strong correlation may not necessarily reﬂect consistent effects of AD risk variants on
cognition.
Among 56 tested SNPs, 6 interacted with age at
P ≤ .05 in one or multiple models (Supplementary
Table S6), but none was signiﬁcant after Bonferroni correction, suggesting that the SNP effects do not vary substantially by age.

Association Between GRSs and Cognitive Measures
The distribution of the three GRSs (constructed from three
AD GWASs) are presented in Supplementary Figure S3. As

Table 4. GRS Associations with Cognitive Function
Total learning score
Model 1
Article

β

GRS (Lambert et al8)
−.313
GRS (Kunkle et al9)
−.420
GRS (Jansen et al10)
−.215
GRS (Lambert et al8) +
GRS (Kunkle et al9) +
GRS (Jansen et al10)
GRS (Lambert et al8) + GRS (Kunkle et al9) +
GRS (Jansen et al10) + rs7412 (ε2) +
rs429358 (ε4)

Model 2

P value R2, %

.050
.008
.178

Delayed recall score

0.4
0.6
0.2
0.7

0.8

β

−.252
−.317
−.145

Model 1

P value R2, %

.089
.032
.330

0.2
0.4
0.1
0.4

0.4

β

−.094
−.179
−.068

Model 2

P value R2, %

.219
.018
.376

0.1
0.5
0.1
0.7

0.8

β

−.066
−.136
−.039

P value R2, %

.361
.059
.588

0.1
0.3
0.02
0.4

0.4

Note: P ≤ .05 is indicated by bold text. GRS effects sizes (β values) are calculated with respect to an increasing number of Alzheimer’s disease risk alleles.
Model 1: cognitive measure  GRS + sex + age + principal component (PC) 1 – PC10. Model 2: cognitive measure  GRS + sex + age + education + PC1 –
PC10. R2 represents the variance in the cognitive measure explained by the individual GRS, three GRSs combined, or GRSs combined with APOE variants.
Abbreviation: GRS, genetic risk score.
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expected, the GRSs were positively correlated with each
other (Table 3). However, none of the correlations was
strong, suggesting that they capture similar but distinct
genetic risk proﬁles in LASI-DAD.
In regression model 1, the Lambert et al8 GRS and the
Kunkle et al9 GRS were negatively associated with total
learning score (Table 4), and the Kunkle et al9 GRS was
negatively associated with delayed recall score. In model
2, the Kunkle et al9 GRS was associated with total learning
score, but all other GRSs were attenuated. The proportion
of variance in total learning score explained by each GRS
ranged from 0.2% to 0.6% in model 1 and from 0.1% to
0.4% in model 2. When combined together, the three GRSs
explained 0.7% and 0.4% of variance in model 1 and
model 2, respectively. When further combined with APOE
ε4 and ε2, they explained 0.8% in model 1 and 0.4% in
model 2. Compared with total learning score, the proportion of variance in delayed recall score explained by each
GRS showed a similar pattern but was smaller.

Sensitivity Analysis of the APOE Region
There were 10 SNPs within APOE (plus the 2-kb promoter)
region in LASI-DAD. Among the 10 SNPs, all 3 SNPs in
the promoter region (rs7256173, rs7259620, and
rs405509) and 2 SNPs within the gene (rs440446 and
rs769450) were nominally associated with total learning
score in models 1 and/or 2 at P ≤ .05 (Supplementary
Table S7). Two SNPs (rs7259620 and rs440446) remained
signiﬁcant after Bonferroni correction (P ≤ .005).
We further tested the interaction of these SNPs with
both rs429358 (ε4) and rs7412 (ε2). We observed a nominally signiﬁcant interaction (P ≤ .05) between rs7256173
and rs429358 (ε4) for both total learning and delayed recall
scores in models 1 and 2, and a signiﬁcant interaction
between rs440446 and rs7412 (ε2) on delayed recall score
in model 2 (Supplementary Table S8). The interaction
between rs7256173 and rs429358 (ε4) on total learning
score remained signiﬁcant after Bonferroni correction
(P ≤ .01). Suggestive evidence of interactions (P < .1) were
observed for rs405509 by rs429358 (ε4) on total learning
score in model 2, rs440446 by rs7412 (ε2) on both memory
scores in models 1 and 2, and rs405509 by rs7412 (ε2) for
both memory scores in model 2.

DISCUSSION
We investigated the association between AD-associated
SNPs identiﬁed from EA-GWASs and cognitive function in
a South Asian cohort. Many of the AD risk variants had
different allele frequencies in LASI-DAD compared with
EA-GWAS samples. This could be due to differences in
study design. Neither LASI-DAD nor the EA-GWASs are
fully population-representative. EA-GWAS samples are
mostly case-control studies, and LASI-DAD is a substudy of
the
population-representative
LASI
study,
with
oversampling those at high risk for cognitive impairment.
On the other hand, there could be true differences in allele
frequency between the two populations. This would not be
surprising due to strong founder events in Indian/South
Asian populations.18 Differences in LD patterns between
European and Indian/South Asian ancestries may also cause
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different SNPs at the same genes/loci to be more strongly
associated with AD in each population. Further, because
Indians/South Asians derive more than half of their ancestry
from a founding population that no longer exists in an
unmixed form and is signiﬁcantly divergent from other
extant populations, it is unlikely that all of the variants
identiﬁed in the EA populations are directly transferrable to
Indian/South Asian populations.11,14
Genetic predictors of dementia may also differ between
populations when there are major differences in environmental risk factors. Dementia and cognitive decline may
result from AD-related neurodegeneration, but also from
other common disease processes, such as cardiovascular disease. The prevalence of hypertension has increased rapidly
in India due to longer life expectancy and westernization in
lifestyle.19 Previous studies indicate a larger burden of vascular dementia over AD in Asian populations, whereas ADrelated dementia is more prevalent in EA.20 Also, LASIDAD participants differ in other ways from EA-GWAS participants, including diet (e.g., enriched with curcumin spice),
natural environment (e.g., greater exposure to various pollutants), and social environment (e.g., lower socioeconomic
status and education levels). These environmental factors
may be associated with dementia/cognition alone and/or
through interaction with genetic risk factors.21-25 Thus, the
underlying genetic risk factors may differ in these
populations. It is therefore critical to validate the effects of
AD risk variants in Indians/South Asians.
Although India is the second largest country in the
world, it is rarely represented in genomic studies.12 The
1000 Genomes Project only contains a small proportion
(13.6%) of Indians/South Asians, and they are not well represented in any other commonly used large reference panel,
including the Trans-Omics for Precision Medicine and the
Haplotype Reference Consortium.26 As a result, some of
the SNPs had low imputation quality in LASI-DAD, and
thus could not be evaluated in this study. Imputation quality was especially low for rare variants, as has been previously demonstrated.27 Therefore, large-scale, populationbased Indian/South Asian sequencing projects are needed to
attain a representative reference panel that would allow for
higher-quality imputation for future Indian/South Asianbased studies and facilitate efforts to identify new variants
linked to AD and other diseases.
This study suggests that EA-GWAS AD risk variants
confer a small amount of genetic risk for decreased cognitive function in Indians/South Asians. Therefore, previously
identiﬁed AD risk variants may not be the most prominent
or the only risk variants in Indians/South Asians. At a nominal P value, risk variants in ADAMTS1, ZCWPW1,
IQCK, BIN1, and SORL1 were associated with decreased
cognitive function in LASI-DAD. Among them, BIN1,
SORL1, and ZCWPW1 were the early identiﬁed risk loci in
Lambert et al.8 BIN1 is one of the most strongly associated
loci for AD after APOE. The gene is expressed primarily in
the central nervous system and is believed to activate a
caspase-independent apoptotic process.28 ZCWPW1 is a
histone modiﬁcation reader and potentially involved in phosphoinositide 3-kinase signaling pathways in neurons.29
The association between both loci and AD has been
reported in East Asians, although the implicated SNPs were
not the same.29,30 Interestingly, the variant we examined at
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the ZCWPW1 locus (rs1859788) is a missense mutation
and has been recently suggested to likely be a causal allele
for AD.31 SORL1 encodes a type I transmembrane protein
that helps facilitate lipid reception through endocytosis and
sorting of fats. The T allele of rs1121834 in SORL1 was
associated with increased risk of late-onset AD in East
Asians.32,33 The suggestive evidence of associations
observed in LASI-DAD suggest that these loci are likely to
have similar function in Indians/South Asians and EA.
ADAMTS1 and IQCK were novel loci that were identiﬁed by the recent AD GWASs (ADAMTS1 in both Kunkle
et al9 and Jansen et al10; IQCK in Kunkle et al9).
ADAMTS1 encodes a zinc-binding enzyme excreted in several adult tissues that is required for normal ovulation and
renal function,34 and has been linked to breast cancer.35
IQCK encodes a protein with an IQ motif that allows for
binding of EF-hand proteins and has been linked to obsessive compulsive disorder.36 Additional studies are needed to
understand the roles of these genes in AD and cognition.
Interestingly, two SNPs from CD2AP and two SNPs
from ABCA7 were nominally associated with increases in
total learning and delayed recall scores. CD2AP encodes a
scaffolding protein that supports the integrity of intercellular junctions. ABCA7 encodes a multispan transmembrane protein that is highly expressed in the brain,
facilitating transport of phospholipids and cholesterol
across cell membranes.37 Associations between SNPs in
these two genes and AD in East Asian cohorts have shown
mixed results.38,39 Similar to our study, a study in approximately 850 Koreans found that several AD risk variants in
Europeans were actually protective for AD at a nominal signiﬁcance level, including the A allele of rs4147932, which
also shows the unexpected direction of effect in our study
as well.40 Thus, CD2AP and ABCA7 likely play a role in
AD and/or cognition in Indians/South Asians, although the
involved risk variants may differ from EA. We also noted
that none of the results from these genes remained signiﬁcant after multiple testing correction in our study, and thus
should be interpreted cautiously.
The two APOE major isoforms were not associated
with memory scores in LASI-DAD, although the effect estimates were in the expected direction. APOE is the strongest
genetic risk locus for AD in multiple populations, including
Asians.41 Two recent meta-analyses show that APOE ε4 is
associated with AD in Indians, with similar effect sizes as in
EA (OR ranging from 4.14 to 5.90).42,43 Interestingly, one
study found that APOE ε3 instead of ε2 showed suggestive
evidence of protection against AD in Indians.43 The lack of
association between APOE major isoforms and cognition in
this study may be due to our examination of memory scores
rather than diagnosed AD, which are not necessarily good
predictors of AD risk.44,45 Prior studies found that the association between APOE and memory performance/cognition
was much weaker than with AD.46,47 In addition, the association may be age dependent, with stronger associations at
older ages.48-50 Further, ε4 is more strongly associated with
story-based than word-based memory tasks.48 Consistent
with our study, multiple studies in Asians failed to ﬁnd an
association between APOE variants and cognition.51,52
Although poor episodic memory/cognition is a key symptom
of AD, it may also be a consequence of other health conditions, such as Huntington’s disease, Parkinson’s disease,
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hypertension, and others.53-56 Thus, lack of association for
APOE major isoforms, and possibly for other AD risk variants, may be due to the outcomes investigated in this study.
In addition to APOE major isoforms, many studies suggest that the variants in the promotor region and intron 1, in
particular rs405509 and rs440446, were associated with
cognitive function/AD independently or through interaction
with the major APOE isoforms.57-60 Consistent with this literature, the same SNPs along with three other variants (two
in the promoter region) were associated with total learning
score in this study. Furthermore, we observed a signiﬁcant
interaction between a promoter SNP and ε4 on both total
learning score and delayed recall score as well as suggestive
evidence of interaction that includes both rs405509 and
rs440446. This evidence suggests that APOE is probably an
important risk locus for dementia in Indians/South Asians as
well, but that multiple variants and mechanisms might be
involved. Nonetheless, given that we investigated memory
rather than AD, there is still tremendous uncertainty regarding the effect of these genetic risk factors on AD in South
Asians. Future studies that focus on clinically diagnosed AD
in this population will be the essential next step to compare
the SNP effect sizes across populations and better understand
the genetic architecture of AD in South Asians.
Although most AD risk variants were not strongly
associated with cognitive function, GRSs composed of these
variants did show association with cognitive function in
LASI-DAD. The GRS constructed from Kunkle et al9 performed best among all three GRSs, possibly because this
study is the best-powered GWAS with clinically diagnosed
AD cases. Although Jansen et al10 have a much larger sample size, the case deﬁnition for this GWAS included both
clinically diagnosed AD as well as AD by proxy (parental
diagnosis). The additional cases identiﬁed through proxy
may have introduced bias or noise to the analysis, reducing
predictive ability of the GRS from this GWAS. Another
contributing factor may be that approximately one-third of
the risk variants from Jansen et al10 were from novel loci
with potentially small and hard-to-replicate effects. Thus,
the GRS from Jansen et al10 may have lower signal/noise
ratio compared with other GRSs. The combined GRSs plus
APOE ε4 and ε2 accounted for less than 1% of the variance in LASI-DAD memory scores. This explains drastically
less than the 16% AD variance explained by AD risk variants in EA (APOE ε4 and ε2 explained 13%, whereas other
genes explained 3%).53 Given the low variance explained in
LASI-DAD, we caution against applying EA-based genetic
knowledge to Indians/South Asians in a clinical setting.
In summary, this was the ﬁrst study to comprehensively
survey all AD risk variants identiﬁed in three large-scale
AD GWASs and examine their association with cognitive
function in an Indian/South Asian population. This study
demonstrated some evidence of association between AD
risk variants and lower cognition, although the effect sizes
were small. A GRS of the known AD risk variants
explained less than a percentage of the total variance in
cognitive function, suggesting that many AD risk loci in
Indians/South Asians may remain to be identiﬁed. Therefore, future large-scale AD GWASs and whole genome
sequence analysis in Indian/South Asian samples are
warranted to better characterize and understand the genetic
cause of AD in this population.
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