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IMPORTANCE Genetic causes of late-onset Alzheimer disease (LOAD) are not completely
explained by known genetic loci. Whole-exome and whole-genome sequencing can improve
the understanding of the causes of LOAD and provide initial steps required to identify
potential therapeutic targets.

OBJECTIVE To identify the genetic loci for LOAD across different ethnic groups.

DESIGN, SETTING, AND PARTICIPANTS This multicenter cohort study was designed to analyze
whole-exome sequencing data from a multiethnic cohort using a transethnic gene-kernel
association test meta-analysis, adjusted for sex, age, and principal components, to identify
genetic variants associated with LOAD. A meta-analysis was conducted on the results of
2 independent studies of whole-exome and whole-genome sequence data from individuals
of European ancestry. This group of European American, African American, and Caribbean
Hispanic individuals participating in an urban population-based study were the discovery
cohort; the additional cohorts included affected individuals and control participants from
2 publicly available data sets. Replication was achieved using independent data sets from
Caribbean Hispanic families with multiple family members affected by LOAD and the
International Genetics of Alzheimer Project.

MAIN OUTCOMES AND MEASURES Late-onset Alzheimer disease.

RESULTS The discovery cohort included 3595 affected individuals, while the additional
cohorts included 5931 individuals with LOAD and 5504 control participants. Of 3916
individuals in the discovery cohort, we included 3595 individuals (1397 with LOAD and
2198 cognitively healthy controls; 2451 [68.2%] women; mean [SD] age, 80.3 [6.83] years).
Another 321 individuals (8.2%) were excluded because of non-LOAD diagnosis, age younger
than 60 years, missing covariates, duplicate data, or genetic outlier status. Gene-based tests
that compared affected individuals (n = 7328) and control participants (n = 7702) and
included only rare and uncommon variants annotated as having moderate-high functional
effect supported PINX1 (8p23.1) as a locus with gene-wide significance (P = 2.81 × 10−6) after
meta-analysis across the 3 studies. The PINX1 finding was replicated using data from the
family-based study and the International Genetics of Alzheimer Project. Full meta-analysis of
discovery and replication cohorts reached a P value of 6.16 × 10−7 for PINX1 (in 7620 affected
individuals vs 7768 control participants). We also identified TREM2 in an annotation model
that prioritized highly deleterious variants with a combined annotation dependent depletion
greater than 20 (P= 1.0 × 10−7).

CONCLUSIONS AND RELEVANCE This gene-based, transethnic approach identified PINX1, a
gene involved in telomere integrity, and TREM2, a gene with a product of an immune receptor
found in microglia, as associated with LOAD. Both genes have well-established roles in aging
and neurodegeneration.
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L ate-onset Alzheimer disease (LOAD) is the most com-
mon form of dementia. Accumulating evidence sup-
ports a strong genetic causative mechanism. Genome-

wide association studies have identified numerous loci
attributed to common variants (≥5% allele frequency) associ-
ated with LOAD, while next-generation sequencing has iden-
tified rare variants (<5%) that may have larger effects on
LOAD risk.1 However, the ability to detect and confirm rare
variants is limited because of low frequency. Computational
approaches for assessing function and collapsing analyses
have improved the ability to identify genes containing these
variants.

Rare variants tend to be ethnicity specific.2,3 Conse-
quently, lack of diversity in genetic studies can be considered
a potential source of bias, since LOAD frequency varies across
populations,4 as do underlying genetic variants. To over-
come this limitation, we used whole-exome sequence (WES)
data from 3595 individuals in a multiethnic, community-
based study of aging and dementia, the Washington Heights,
Hamilton Heights, Inwood Community Aging Project
(WHICAP), as a discovery cohort. To augment the sample size
for this transethnic analysis, we added sequence data from
the Alzheimer Disease Sequencing Project (ADSP)5 and the
Religious Orders Study and Memory and Aging Project
(ROSMAP).

Methods
Participants
The WHICAP cohort is based on a prospective, population-
based study of aging and dementia including Medicare
recipients residing in northern Manhattan, New York, New
York. The institutional review board of the Columbia Univer-
sity Medical Center approved recruitment for WHICAP, and
written informed consent was obtained from all participants.
A total of 3595 individuals who had completed DNA and cog-
nitive assessments were selected for WES at Columbia
University.6

We also used data from 2 other independent case-control
cohorts (eMethods 2 in the Supplement): the ADSP case-
control cohort and ROSMAP. From the ADSP, we obtained WES
data from 10 339 participants (5476 individuals with LOAD
and 4863 healthy control participants) of European Ameri-
can ancestry from the case-control data set.7 We included
455 affected individuals and 641 control participants from
the ROSMAP, which is a longitudinal, epidemiologic, clinico-
pathologic cohort studies with whole-genome sequencing
data (WGS).

Alignment and Variant Calling
The reads obtained from the pooled WHICAP sequencing data
were aligned to the human reference genome (Genome Ref-
erence Consortium GRCh37/hg19) using the Burrows Wheeler
Aligner. Quality control of the data used established meth-
ods, including variant quality score recalibration and refine-
ment of local alignment around putative indels using the Ge-
nome Analysis Toolkit. Variants were called and recalibrated

using multisample calling with the Genome Analysis Tool-
kit’s UnifiedGenotyper and VariantRecalibrator modules.

Variant Quality Control
Extensive description of the procedures can be found in
eMethods 1 in the Supplement. Briefly, we excluded mono-
morphic variants, variant quality score recalibration non-
pass (filtered) variants with call rates less than 80%, and vari-
ants with low mean depth of data (less than 8 or greater than
500 reads) and genotype quality (less than 20). These thresh-
olds were chosen to be consistent with concordance between
sequencing experiments and genotyping arrays, achieving
a 99% genotype likelihood.8 Because these simulations
were focused on single-nucleotide variants only, for indels
we additionally applied the Genome Analysis Toolkit–
recommended hard filters and assessed variant quality nor-
malized by depth (QualByDepth >2.0) as well as strand bias
(FisherStrand <200.0) and alternate allele position in a read
test (ReadPosRankSumTest >20.0). We handled multiallelic
sites by splitting the alternative alleles into multiple biallelic
sites and normalized variants by applying parsimonial repre-
sentation and left alignment. Variants showing strong depar-
ture from Hardy Weinberg equilibrium (P < 1.00 × 10−7) in con-
trol participants were also filtered out.

Annotation
Quality-controlled variants were annotated by Variant Effect
Predictor (VEP).9 This included in-silico functional predic-
tion with combined annotation dependent depletion (CADD).10

Replication Cohorts
To replicate findings we used (1) the ADSP family study, with
WGS data from 67 families of Caribbean Hispanic ancestry from
the Estudio Familiar de Influencia Genetica en la Enferme-
dad de Alzheimer (EFIGA; N = 358 participants) and (2) data
from the International Genomics of Alzheimer Project (IGAP)11

(eMethods 2 in the Supplement).
For expression data, we used 3 sources of data to study

differential expression between individuals with LOAD and
control participants for prioritized genes. First, we used neo-
cortical transcriptome data of 364 autopsy-confirmed LOAD
and normal brains (GSE15222) obtained from Myers et al.12 Ad-
ditionally, in the ROSMAP RNA sequencing data, 508 partici-
pants were available for analyses, as well as data from expres-

Key Points
Question Can rare or uncommon coding variants confer risk of
late-onset Alzheimer disease across different ethnic groups?

Findings Via this transethnic meta-analysis combining
whole-exome and whole-genome sequencing data from 15 030
participants in 3 case-control studies, novel variants in a new locus
PINX1 and in a late-onset Alzheimer disease–associated gene
TREM2 were identified.

Meaning Genetic investigations across different ethnic groups
in large study cohorts can improve understanding of late-onset
Alzheimer disease genetic mechanisms and provide new,
biologically testable hypotheses.
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sion profiles in the human prefrontal cortex that included
individuals with LOAD and control participants (GSE33000)13

(eMethods 3 in the Supplement).

Statistical Analyses
Statistical Models
We used 2 statistical models. Model 1 adjusted for sex, age (age
at onset for incident cases, baseline for prevalent cases, and
last observation for control participants), and principal com-
ponents reflecting the population substructure within each eth-
nic group that remained significant after regression on the out-
come (LOAD; eFigure 6 in the Supplement). Model 2 adjusted
for sex, age, APOE ε4 allele, and principal components. For a
gene-based test, we used an optimal single-nucleotide poly-
morphism–set (Sequence) Kernel Association Test (SKAT-O),
which combined SKAT and burden tests, filtering out com-
mon variants (minor allele frequency [MAF] >0.05) and in-
cluding genes with at least 2 annotated variants.

Annotation Models
We filtered out nonfunctional variants based on annotated algo-
rithmsusingVEP.9 Weselected3annotationmodelsandassessed
the agreement between them by computing Spearman coeffi-
cients between models, using P values. The first annotation
modelfocusedonannotationsconsideredtohavemoderate-high
effect: splice acceptor, splice donor, stop gain, frameshift, stop
lost, start lost, or transcript amplification, inframe insertion, in-
frame deletion, missense variant, or protein altering. The second
annotation model focused on loss-of-function classifications and
made use of Loss-Of-Function Transcript Effect Estimator,14,15

a VEP plugin. We filtered out those variants affecting the first and
last 5% of a gene’s coding sequence, because the selective con-
straints in terminal regions are more relaxed.16 We also filtered
out low-confidence loss-of-function variants: (1) splice-site vari-
ants in small introns or an intron with noncanonical splice sites;
(2) stop-gained variants in the last 5% of the transcript or in an
exon with noncanonical splice sites around it. In the third anno-
tation model, combined annotation dependent depletion was
used to quantitatively prioritize functional, deleterious, and
disease-causing variants across a wide range of functional cat-
egories,effectsizes,andgeneticarchitectures.10 UsingtheirPhred
score implemented in a VEP plugin, we selected CADD of 20 or
greater (ie, the 1% most deleterious variants).

Bioinformatic Tools
We used the R software (R Foundation for Statistical Comput-
ing) with the package SKAT for single-marker analysis within

each the 3 WHICAP ethnic subgroups, ADSP sample, and
ROSMAP sample. The SKAT Binary function was used with the
SKAT-O option; we also applied the small sample adjustment
available in SKAT when the size of a given group was less than
2000. Transethnic meta-analysis across the 3 WHICAP sub-
groups was performed using R package MetaSKAT.17 We as-
sumed that genetic effects were heterogeneous across study
cohorts, and therefore we used study-specific MAFs to calcu-
late weights. The MetaSKAT coding was used by setting a
logical value for determining genetic effects of a single-
nucleotide polymorphism equal to true for heterogeneous ge-
netic effects and combined weight set equal to false to deter-
mine study-specific MAFs. Meta-analysis between the WHICAP,
ADSP, and ROSMAP cohorts was an inverse variance–
weighted meta-analysis based on P values and sample size.

Individuals from the Caribbean Hispanic families with WGS
data were analyzed through the package Efficient and Paral-
lelizable Association Container Toolbox (Center for Statisti-
cal Genetics, University of Michigan18); we conducted a gene-
wise variable-threshold burden test using Efficient Mixed-
Model Association Expedited (EMMAX) (Center for Statistical
Genetics, University of Michigan).19 We accounted for famil-
ial relationships by estimating a kinship matrix through a func-
tion implemented in the Efficient and Parallelizable Associa-
tion Container Toolbox using sequencing data, filtering in only
single-nucleotide variants with a high callrate (95% or higher)
and an MAF of 5% or greater.

As an additional replication, we used the single-marker
summary statistics from IGAP and conducted gene-based as-
sociation tests using the fastBAT module in Genome-Wide
Complex Trait Analysis (CNS Genomics).20 Because we did
not have access to imputed genetic data, we used a 1000-
genome linkage disequilibrium matrix (with samples of white
individuals) to estimate linkage disequilibrium between each
pair of variants. We used data from Myers et al,12 microarray
expression data, ROSMAP RNA sequencing data, and data from
Narayanan et al13; analysis methods are described in the
Supplement (eMethods 3 in the Supplement).

Multiple Testing Correction and Statistical Output
For the WHICAP analyses, we estimated the effective num-
ber of tests for Bonferroni correction using the minimum
achievable P values in the SKAT package. Table 1 illustrates the
number of effective tests per ethnic group in WHICAP and the
corresponding P value threshold to declare gene-wide signifi-
cance. Estimation of the effective number of tests using mini-
mum achievable P values provides a simple and fast alterna-

Table 1. Effective Number of Tests per Washington Heights, Hamilton Heights, Inwood Community Aging Project by Ethnic Groupa

Model

Non-Hispanic White Participants African American Participants Caribbean Hispanic Participants Mean Values

Tests, No. P Value Tests, No. P Value Tests, No. P Value Tests, No. P Value
Moderate-high effect 14 075 3.55 × 10−6 15 745 3.17 × 10−6 15 713 3.18 × 10−6 15 178 3.29 × 10−6

Loss of function 1400 3.57 × 10−5 1578 3.17 × 10−5 1574 3.18 × 10−5 1517 3.29 × 10−5

Combined annotation
dependent depletion
score >20

9111 5.49 × 10−6 10 496 4.76 × 10−6 10 505 4.76 × 10−6 10 037 4.98 × 10−6

a The tests column reports the number of effective test to adjust for multiple
testing comparison. The P value column reports the necessary minimum

P value to reach gene-wide significance (ie, a P value of .05 divided by the total
number of tests).
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tive to performing experimentwise permutation of the total
sample to control the familywise error rate.

SKAT, a test that aggregates individual score test statis-
tics in a single-nucleotide polymorphism–set (eg, gene or re-
gion) for association between a set of variants and dichoto-
mous or quantitative phenotypes, computes P values while
adjusting for covariates, such as principal components, to ac-
count for population stratification. It does not compute an
effect size in the traditional sense.

Detection of Systematic Biases
Quality control measures for the gene-based test in WHICAP
meta-analysis included testing for genomic inflation factor (λ)
and using quantile-quantile plots. Genomic inflation factors
were derived by converting P values to χ2 statistics using the
qchisq function in R, and then computing the median of this
value divided by 0.456. Both tests were performed in R.

Results
Table 2 shows the demographics stratified by ethnic group.
There were 2451 women (68.2%) and 1144 men (31.8%) in-
cluded. The overall mean (SD) age was 80.3 [6.83] years.

Single Marker Analysis
No single variant reached genome-wide significance in model
1 or model 2 in WHICAP. The most significant variant was de-
tected throughout the combined WHICAP cohort on chromo-
some 18, rs116219171, lying in the C18orf63 gene with a
P9.48 × 10−6 (MAF, 0.004). The variant was not replicated in
the other data sets.

Gene-Based Analysis
In the moderate-high model, we annotated 568 348 quality
controlled variants according to the VEP algorithm assigned
to 18 956 genes. No significant inflation was observed after in-
vestigating the quantile-quantile plot and computing lambda
value (λ = 1.05). The quantile–quantile plot is shown in eFig-
ure 2 in the Supplement. The mean number of genes to be ad-

justed for multiple testing was 15 178, with a corresponding
P value threshold of 3.29 × 10−6 (defined by a Bonferroni cor-
rection of P value .05 by dividing by 15 178 genes; Table 1). No
genes had gene-wide significance in the WHICAP meta-
analysis alone; the gene with results closest to significance was
ZBTB38 on chromosome 3.

A total of 992 genes showed a SKAT-O P values of .05 or
less in the WHICAP transethnic meta-analysis and were meta-
analyzed along with ROSMAP and ADSP data (Table 3;
eFigure 1 in the Supplement). On meta-analysis, we identi-
fied 1 gene that was significant after multiple-testing correc-
tion in model 1, PINX1 (P = 2.81 × 10−6) at 8p23.1. We also found
2 significant genes via model 2 via meta-analysis: PINX1
(P = 2.10 × 10−6) and ZNF773 (P = 2.66 × 10−6). Quantile–
quantile plots for ROSMAP and ADSP are shown in eFigures 3
and 4 in the Supplement.

When each WHICAP ethnic group was tested separately,
PINX1 was found to be nominally significant in Caribbean His-
panic individuals in the WHICAP cohort (P = .05). In the ADSP
data, PINX1 was nominally significant, with a P value of
4.1 × 10−4 in model 1 and a P value of 3.5 × 10−4 in model 2. In
the ROSMAP data, SKAT-O tests resulted in a P value of
9.1 × 10−3 in model 1 and P value of 6.1 × 10−3 in model 2.

Further, PINX1 was successfully replicated in the EFIGA
families with who had WGS data (in model 1, per a EMMAX vari-
able-threshold burden test, P = .04; in model 2, P = .05). The
finding of significance in ZNF773 was not replicated in either
model. In addition, PINX1 was found to be associated with
LOAD in IGAP (gene-based P = 5.7 × 10−3).

Finally, we performed an additional trans-ethnic meta-
analysis including all cohorts with WES or WGS data (ie, WHI-
CAP, ADSP, ROSMAP, and EFIGA). Through this approach, we
found that PINX1 reached a P value of 8.33 × 10−7 in model 1
and a P value of 6.16 × 10−7 in model 2, which included adjust-
ment by APOE allele. Both models would be considered to have
gene-wide significance after multiple-testing adjustment, ac-
cording to the number of genes analyzed in the moderate-
high annotation model (Table 1) but also considering the 3 an-
notation models presented (ie, the gene-wide P value threshold
of 3.29 × 10−6 divided by 3 models results in a P = 1.10 × 10−6).

Table 2. Demographics for Cohort Studies Included in the Analyses

Characteristic

WHICAP, No. (%)
ADSP,
No. (%)

ROSMAP,
No. (%)

EFIGA,
No. (%)

White
Participants

African American
Participants

Hispanic
Participants

Total samples,
No.

845 1051 1699 10 339 1096 358

Individuals
with late-onset
Alzheimer
disease

170 (20.1) 372 (35.4) 855 (50.3) 5476 (52.9) 455 (41.5) 292 (81.5)

Women 496 (58.7) 740 (70.4) 1215 (71.5) 5972 (57.7) 721 (65.8) 192 (57.6)

Age, mean (SD), y

Total 80.7 (7) 80.1 (7) 80.1 (7) 81.0 (9) 88.1 (6) 76.9 (9)

Control
participants

79.5 (7) 79.1 (7) 79.5 (7) 86.5 (4) 87.0 (6) 74.8 (8)

Affected
individuals

85.4 (7) 82.1 (7) 80.8 (6) 76.1 (9) 89.7 (6) 77.2 (9)

Individuals with
APOE ε4 allele

189 (22.4) 365 (34.7) 412 (24.2) 3055 (29.5) 279 (25.5) 96 (26.8)

Abbreviations: ADSP, The Alzheimer
Disease Sequencing Project;
EFIGA, Estudio Familiar de Influencia
Genetica en la Enfermedad de
Alzheimer; ROSMAP, The Religious
Orders Study and Memory and Aging
Project; WHICAP, Washington
Heights, Hamilton Heights, Inwood
Community Aging Project.
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Loss-of-Function Model
We annotated 26 766 variants as loss-of-function assigned to
6406 genes. A minimum P value of 3.29 × 10−5 was necessary
to define gene-wide significance. No genes reached this level
of significance in the WHICAP data, which contained only 2
loss-of-function variants. While 200 genes in the WHICAP data
showed SKAT-O P values of .05 or less and were meta-
analyzed with the ADSP and ROSMAP data, none of these were
found to have gene-wide significance in either model. The
P value closest to significance found in model 1 was 5.8 × 10−4,
and this was with respect to RRP12. In model 2, the P value clos-
est to significance was found on meta-analysis was 4.3 × 10−4

for ERICH6 on chromosome 3.
The CADD scores produced a wider set of variants (276 944

variants in 17 207 genes), but none had gene-wide signifi-
cance. After meta-analysis across WHICAP, ADSP, and
ROSMAP, TREM2 showed gene-wide significance with a P value
of 1.3 × 10−6 in model 1 and a P value of 7.8 × 10−7 in model 2.

All variants included in the analyses for PINX1 and TREM2
can be found in the eTable 1 and eTable 2 in the Supplement,
respectively. The MAF derived from the 1000 genomes and
Exome Aggregation Consortium are reported in eTable 3 in the
Supplement. Another 8 LOAD-known loci reached nominal sig-
nificance in the combined meta-analysis, including the MSA4
cluster, NME8, and SORL1 (eTable 4 in the Supplement). The
correlation between VEP moderate-high and CADD20 mod-
els was also found to be high (eFigure 5 in the Supplement).

The PINX1 gene was found to be significantly overex-
pressed in individuals whose brains showed signs consistent
with LOAD vs control participants in the Myers et al12 data (ra-
tio, 1.23 [95% CI, 1.15-1.32]; P = 1.06 × 10−5; eFigure 7 in the
Supplement) and in the Narayanan et al13 data (ratio, 1.06 [95%
CI, 1.04-1.08]; P = 1.72 × 10−10). In ROSMAP, the ratio of PINX1
expression was similar to other data sets (ratio, 1.19; P = .58)
and was not statistically significant. As observed in an earlier
study,21 TREM2 was not significantly associated with amy-
loid burden or with tau burden.

Discussion

To our knowledge, this is the largest gene-based, transethnic
meta-analysis of sequencing data in LOAD to date. We iden-
tified 2 genes using different annotation models. In the mod-
erate-high effect model, we identified PINX1 (PIN2/telomeric
repeat-binding factor 1 [TERF1]–interacting telomerase inhibi-
tor 1). Telomerase is responsible for the maintenance of telo-
meres, guanine-rich noncoding tandem-repeated DNA se-
quences located at the ends of eukaryotic chromosomes. They
preserve the coding region and maintain chromosomal integ-
rity. Telomeres shorten after each cell cycle until reaching a
critical length when the terminal segments are more likely to
break. This process triggers DNA damage response machin-
ery, leading to cellular senescence or apoptosis. The role of telo-
meres in aging and neurodegeneration has been extensively
studied.22 We previously reported that telomere length is as-
sociated with both dementia and mortality and may be inter-
preted as a marker of biological aging.23 The PINX1 protein dif-
fers from other proteins that regulate telomere length because
it acts on telomerase, while other proteins adjust telomere
length without affecting telomerase activity. Although PINX1
interacts with telomeric repeat factor 1 and human telomer-
ase reverse transcriptase to maintain telomere integrity, the
importance and mechanisms of this physical association is
not well understood.

Importantly, PINX1 was replicated in the EFIGA family data
set and in the IGAP data set, allowing us to replicate the asso-
ciation results in 2 different ethnic groups (Caribbean His-
panic families and a case-control group of non-Hispanic white
individuals, respectively). The meta-analysis combining data
from all cohorts, including those in the replication, strength-
ened the association, in that PINX1 reached a P value of
6.16 × 10−7 in the APOE-adjusted model.

Significant overexpression of PINX1 in 2 publicly avail-
able data sets12,13 provides additional support for a putative role

Table 3. Top Genes From (Sequence) Kernel Association Test Meta-analysis in Each Annotation Model

Chromosome-Gene

Model 1a Model 2a

WHICAP ADSP ROSMAP Meta-analysis WHICAP ADSP ROSMAP Meta-analysis
Moderate-high effect per variant effect predictor

19-ZNF773

P value 6.6 × 10−3 1.5 × 10−4 0.55 3.57 × 10−6 4.5 × 10−3 2.2 × 10−4 0.37 2.66 × 10−6b

Variants, No. 31 49 11 31 49 11

8-PINX1

P value 0.031 4.1 × 10−4 9.1 × 10−3 2.81 × 10−6b 0.034 3.5 × 10−4 6.1 × 10−3 2.10 × 10−6b

Variants, No. 44 54 12 44 54 12

Combined annotation dependent depletion >20

6-TREM2

P value 0.01 4.00 × 10−5 0.44 1.27 × 10−6b 9.7 × 10−3 2 × 10−5 0.48 7.76 × 10−7b

Variants, No. 4 21 5 4 21 5

Abbreviations: ADSP, The Alzheimer Disease Sequencing Project; ROSMAP, the
Religious Orders Study and Memory and Aging Project; SKAT-O, (Sequence)
Kernel Association Test–Optimal; WHICAP, Washington Heights, Hamilton
Heights, Inwood Community Aging Project.
a Model 1 was adjusted for sex, age, and principal components. Model 2 was

adjusted for sex, age, APOE-ε4 allele, and principal components. The stated
number of variants indicates the number of single-nucleotide variants and
indels included in each cohort.

b P values that passed the gene-wide significance thresholds.
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for this gene in LOAD. Although this finding was not con-
firmed in the ROSMAP data,21 the ratio of expression was simi-
lar to that in the other data sets. Of note, RNA sequencing and
WES evaluate the protein-coding portion of the genome, but
they approach analyses from different starting points. Gene
expression varies over time, from individual to individual in
different brain regions and with respect to different experi-
ment-specific artifacts (eg, tissue quality, tissue processing).

We included rare (MAF<1%) and uncommon variants (ie,
MAF, 1%-5%) in these analyses. We justified the inclusion of
common variants up to 5% because of the known variability in
allele frequencies across ethnic groups (eg, a variant classified
as uncommon in 1 ethnic group might be rare or ultrarare in an-
other). The importance of uncommon variants is supported by
the significant signal in PINX1 observed in IGAP, where only vari-
ants with MAF greater than 1% were included.

We confirmed the role of TREM2, which was originally
identified by WGS studies in which a low-frequency coding
variant was found to increase the LOAD risk by approxi-
mately 2-fold to 3-fold.24-26 In this study, TREM2 was nomi-
nally significant in the WHICAP data and had gene-wide sig-
nificance in the final WHICAP, ADSP, and ROSMAP meta-
analysis. This confirms the established involvement of this gene
in individuals with LOAD across different ethnic groups.27 The
original variant reported in TREM2 was rs75932628, result-
ing in an arginine-to-histidine change at amino acid 47.24,25 We
did not identify this specific variant in WHICAP but did find 4
other variants with CADD scores of 20 or greater. One, p.H157Y
(rs2234255), has already been associated with LOAD in a large
meta-analysis of Han Chinese individuals,28 with a large ef-
fect size (odds ratio, 3.65; MAF, 0.00103), and a recent case-
control study of individuals of European descent.29 These 2
studies also identified another variant also found in WHICAP,
p.E151K (rs79011726) with similar conclusions. Finally, we re-
port a novel variant, not present in the Exome Aggregation
Consortium,30 6:41130779:A:G, a loss-of-function single-
nucleotide variant annotated as high confidence that was
significant in the WHICAP single-marker meta-analysis.

Limitations
This study has limitations. First, most of the data came from
individuals of non-Hispanic white European ancestry, whereas

the Caribbean Hispanic and African American groups were
smaller in comparison. We meta-analyzed sequencing data pro-
cessed from different pipelines and, most importantly, used
different exome capture-methods to increase sample size. The
ROSMAP study and the replication cohort of 67 Caribbean His-
panic families provided WGS. Therefore, the exome data were
less comprehensive and possibly affected our ability to iden-
tify a comparable set of coding variants passing quality con-
trol, when we compared these to the WHICAP and ADSP WES
studies. It is possible that missing variants in 1 or more co-
horts were assumed to be monomorphic because we are not
able to distinguish between missing information (eg, a vari-
ant with poor coverage, which might be excluded during the
quality-control step) and monomorphic variants when variant-
calling format files are meta-analyzed.

Results from this analysis that included the ADSP case-
control cohort are different from what has been published.6,31

First, ADSP results were derived from combining individuals
with European and Caribbean Hispanic ancestries. Caribbean
Hispanic individuals were not included in ADSP in this study
because they were already part of the WHICAP cohort. Sec-
ond, in the previous analyses of the ADSP case-control cohort,31

the main statistical model accounted for population stratifi-
cation but was not adjusted for sex, age, or APOE ε4 status.
The rationale given for that approach was to maximize differ-
ences in cases and controls based on that set of covariates.
These assumptions were not applied to WHICAP or ROSMAP
cohorts here, and we consistently applied all potential con-
founders in the statistical models.

Finally, a limitation of multiple correction testing is that
it applies a conservative correction in the presence of the strong
correlations of variants between genes. However, gene-
based tests will be less correlated than single-variant tests,
because they involve multiple variants and genes located
further away from each other than individual variants are.

Conclusions
Taken together, these results indicate that PINX1 is associ-
ated with LOAD across ethnic groups. However, the mecha-
nisms underlying its putative role need to be established.
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