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To better characterize the genetic architecture underlying Alzheimer’s

disease (AD) and related dementias (ADRD), we performed a meta-analysis
of European-ancestry genome-wide association studies in 128,681 cases or
proxy cases of ADRD and 849,833 (proxy) controls. We identified 91 genetic
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lociassociated with ADRD risk, of which 16 are new and 56 are specifically
detectedin clinically diagnosed AD cases. We also provide alist of 18 loci
(15 new) requiring further external validation. A polygenic score combining
the effects of ADRD loci other than APOE was primarily associated with AD
rather than non-AD pathology. Individuals in the tenth decile of the score
exhibited atwofold increased risk of presenting with Braak neurofibrillary
tangles stage of >4 and moderate-to-severe neuritic amyloid plaque
pathology at death compared to individuals in the median score group. In
conclusion, our study validated a large number of loci associated with the
risk of clinically diagnosed AD, while further investigations are required
to confirm the impact of the other loci on AD clinical diagnosis and of each
locus on AD pathology.

More than 90 genetic loci are associated with Alzheimer’s disease
and related dementia (ADRD). Most of them were identified through
large-scale genome-wide association studies (GWASs) performed
in European-ancestry samples by, among others, the International
Genomics of Alzheimer’s Project (IGAP), the European Alzheimer and
Dementia Biobank (EADB) and the Psychiatric Genomics Consortium
(PGC)—AD Working Group (PGC-ALZ)"”. Although the latest GWASs
on ADRD partly overlapped, they used differentimputation panels or
analytical approaches and some results were discordant across stud-
ies. Theyallincluded, to varying extents, large biobank samples using
International Classification of Diseases codes to identify AD cases,
proxy ADRD cases (that is, individuals reporting at least one parent
or sibling with dementia) or both. This strategy increases the power
to identify AD loci but also can blur the distinction between AD and
non-AD dementiasignals, asthe AD phenotype definition s less specific
inthose samples. To better characterize the genetic architecture and
pathophysiology underlying AD and ADRD, we joined efforts across the

three consortiato perform a consensus meta-analysis of ADRD GWAS
across all our samples of European ancestry, the UK Biobank (UKBB)
and FinnGen. To further delineate the impact of known genomic locion
AD compared to ADRD, we performed sensitivity analyses by excluding
proxy or large biobank samples.

The meta-analysis included 72,721 AD cases, 55,960 proxy ADRD
cases, 614,267 controls and 235,566 proxy controls from 52 studies, cor-
respondingto arough effective sample size 0f 230,631 (Supplementary
Note and Supplementary Table 1). After quality control, we considered
associations for 20,045,120 variants (Supplementary Figs.1and 2). We
identified 91 genome-wide significant (GWS) loci (P < 5 x 1078, defined
as ‘tier 1), of which 16 loci (EIF4G3, PTPRC, MGATS, PPP2R3A, ADGRL3,
FAM193B, TMEM184A, DOCK4, IPMK, UBFD1, VMAC, VAV1, LRRC2S,
CEP89, LILRB1/LILRB4 and SRC) were new in European-ancestry sam-
ples at the time of analysis, although ADGRL3 was recently identified
in a multi-ancestry GWAS?® (Fig. 1, Supplementary Tables 2 and 3 and
Supplementary Figs. 3-55). After the stepwise conditional analysis,

*Lists of authors and their affiliations appear at the end of the paper.

e-mail: celine.bellenguez@pasteur-lille.fr; jean-charles.lambert@pasteur-lille.fr

Nature Genetics | Volume 58 | June 2026 | 1214-1225

1214


http://www.nature.com/naturegenetics
https://doi.org/10.1038/s41588-026-02583-1
http://crossmark.crossref.org/dialog/?doi=10.1038/s41588-026-02583-1&domain=pdf
mailto:celine.bellenguez@pasteur-lille.fr
mailto:jean-charles.lambert@pasteur-lille.fr

Letter

https://doi.org/10.1038/s41588-026-02583-1

~@C® AGRN (1@0® ADAM17
[ (@00 EIFac3 - IN—
/@C® SORT1 = @®®® NCK2(3)
U |/ ®®® BIN1(3) -
-H@®0O MGAT5
| | @@ ADAMTS4 ®0® PPP2R3A
- 900 MME
=@®0 PTPRC | @0® WDR12/ICA1L/CYP20A1
1 ®®® CRr1
~@®® INPP5D 3
1 2
TMEM184A -
lcm“JMAm @80 CcTSB
TMEM1068 [
) NME: —@®® CLU/PTK2B (3)
= OO® SEC61G/EGFR ™ -
| @®® ZCWPW1/NYAP1 /OO. ABCA1
£ @®® DOCK4 a
(1080 AKRID1 FOee TRIB1
—/@®® EPHA1
_@@®® SHARPIN (2)
8 9
7
=
x
x
®®® FERMT2 ©@0® ATPSB4
' HO@® SPPL2A/USP8/USP50
ADAMI10 (2)
/@®@® APHIB
| [ @®@® SNx1/c1A02A
| @@O CTsH
@0® SLC24A4/RIN3 (2)
|mg
- @®0 IGH gene cluster (2) %
13 14
~@@® RBCK1
o ABCA7 (4) C
i KLF16/REXO1
! VMAC
VAV1
-/ @®® LRRC25 x
0@ skc APP
i x,:’ Jm ADAMTS1
-e®® cersg
‘/Q.. SNAN
2
gﬁ;‘ﬁcn jD. o o0 Femor
o cD33 2gz) ~ @@ CAss4
LILRB W
T LILRB1/LILRB4 2
19
20

Fig.1|Ideogram of the tier 1and 2 loci. Tier 1loci are considered genuine

GWS signals, with P< 5 x10®in the unconditional analysisand P<1x107in
conditional analyses within or across loci. Tier 2 loci are GWS signals requiring
further external validation because (1) the Pvalue was > 1x 107 after conditional
analyses or (2) they were GWS only in the sensitivity no-proxy and no-biobank
meta-analyses. For eachlocus, the figure shows the P-value categories for the
association with ADRD or AD risk in the main, no-proxy and no-biobank meta-
analyses—P<5x1078,P<1x107% P>1x107 (two-sided raw Pvalues derived from
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afixed-effect meta-analysis with aninverse-variance-weighted approach). We
considered the Pvalue of the lead variant when the locus was detected in the
meta-analysis and otherwise the minimum Pvalue across all index variants of
thelocus. Newtier 1lociarein bold red, known tier 11ociin bold black, known
tier 2lociin gray and new tier 2 lociin bold gray. Numbers in parentheses refer to
the number of GWS independent signals within the locus according to the main
meta-analysis.

we identified 25 independent secondary signals across 16 loci (Fig. 1,
Supplementary Table 3 and Supplementary Figs. 3-55). Compared to
refs.4-6,9, theindependent association signals detected in the CD33,
HLA, PICALM and RHOH loci are new and we detected additional inde-
pendent signals in ABCA7, BIN1, PTK2B/CLU, NCK2 and PLCG2 (Fig.1).
While some main and secondary signals are likely linked to the same
gene—for example, the low-frequency variants in SORL1 and ABCA7—
some may be linked to two different genesin the samelocus. Of note, in
additiontothe91tier1loci, we detected five lociin which significance

decreased after conditional analyses (P>1x107) performed either
withinoracrossloci, suggesting a slight inflation of the unconditional
analysis (Fig. 1 and Supplementary Tables 2-4). Those loci require
external validationand were thus classified as ‘tier 2. Three were known
(SEC61G/EGFR, SPPL2A/USP8/USP50, KAT8/BCKDK) and two were new
in European-ancestry samples (TR/IBI1 and AXINI), although TRIBI was
identified in a recent multi-ancestry GWAS®. Additionally, four loci
identified in the two previous largest ADRD GWAS meta-analyses
on European-ancestry samples®® (HAVCR2, SLC2A4RG/LIME1, FOXFI1
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and NTNS) were not GWS in the EADB-IGAP-PGC meta-analysis
(Supplementary Table 5and Supplementary Fig. 56).

We assessed the robustness of the signals according to the
AD diagnosis quality by excluding proxy ADRD samples or large
biobank samples from the meta-analysis. Overall, the genetic corre-
lation among the three AD phenotypes thus defined was above 0.97
(Supplementary Table 6). Among the 91 tier 1loci, 75 (82.4%) were
GWS in the no-proxy meta-analysis, and 56 (61.5%) in the no-biobank
meta-analysis focusing on clinically diagnosed AD cases (Fig. 1 and
Supplementary Tables 2 and 7). Ten of the 75 loci detected in both the
main and no-proxy meta-analyses were new—PTPRC, MGATS, FAMI93B,
TMEM184A, DOCK4, IPMK, UBFD1, LRRC25, CEP89 and LILRBI/LILRB4.
The UBFDI1 and LRRC25 new loci were also GWS in the no-biobank
meta-analysis, while 12 known ADRD loci are now GWS after focusing
on clinically diagnosed AD cases compared with refs. 3,4,6 (NCK2,
MME, ANKH/OTULIN, ABCA1, BLNK, IGH, ATP8B4, SNX1/CIAO2A,
IL34/MTSS2, SIGLEC11, RBCKI and APP). We further examined puta-
tive signals detected exclusively in the sensitivity meta-analyses—
nine loci were identified only in the no-proxy meta-analysis, while
four loci were identified only in the no-biobank meta-analysis (Fig. 1,
Supplementary Tables 2 and 7 and Supplementary Figs. 57-61). All
13 of these loci were new and classified as ‘tier 2”. The Supplementary
Note further describes the GWAS results and provides putative sec-
ondary signals at a more lenient significance threshold of P<1x107°
(Supplementary Table 3).

Among the index variants of the main or secondary tier 1signals,
three were missense variants with a REVEL score of >0.25 (in the MME,
TREM2and ABCA” loci); only sevenindex variants were rare, with minor
allele frequency (MAF) of <1%, in the SORT1, NCK2, ADGRL3, TREM2,
PLCG2 and ABCA7 loci (Supplementary Tables 2 and 3). We further
assessed the impact of rare variants within the new tier 1loci on AD
risk using a previous gene-based analysis of our samples’ sequencing
data. In the SRC gene, loss-of-function variants and missense vari-
ants with a REVEL score of >50 were jointly associated with AD risk
(odds ratio (OR) = 4.23, 95% confidence interval (CI) =2.04-8.79,
P=1.06 x107*; Supplementary Table 8) in the Alzheimer Disease Euro-
pean Sequencing (ADES) - Alzheimer’s Disease Sequencing Project
(ADSP) summary statistics™.

As in previous GWAS findings, genes enriched for ADRD or AD
associationsignals in the main, no-proxy and no-biobank meta-analyses
were overexpressed in microglia across four datasets spanning dif*-
ferent brain regions (Supplementary Note, Supplementary Tables 9
and 10 and Supplementary Figs. 62-64). Similar to previous GWAS
results, association signals were significantly enriched in biologi-
cal pathways related to tau, amyloid, lipids, immunity or endosome/
lysosome, in the main, no-proxy and no-biobank meta-analyses
(Supplementary Table 11). By performing a phenome-wide associa-
tionstudy, we also linked some of the new loci (both tiers) to pathways
related to tau, lipids or immunity (Supplementary Tables 12-14). For
example, the CI60rf951ocus has been associated with phosphorylated
taulevelsin cerebrospinal fluid as well as with ventricular volume (Sup-
plementary Note)"'2. This latter observation supports the validity of
some of the tier 2 loci. After exclusion of APOE, the no-proxy ADRD
phenotypewas ssignificantly (P< 3.13 x 10~®) genetically correlated with
Lewybody dementia (r= 0.64,95% Cl = 0.37-0.92), amyotrophic lateral
sclerosis (r=0.29,95% Cl = 0.18-0.40), Parkinson’s disease (r= 0.16,95%
Cl=0.06-0.27) and educational attainment (r=-0.12,95% Cl = —0.17 to
-0.07; Supplementary Table 6). These results, consistent with previous
studies™", were similar when considering the main and no-biobank
summary statistics except for educational attainment when using the
mainmeta-analysis results (r=-0.02,95% Cl =-0.07 t0 0.02). Thisisin
accordancewith previous reports of biases observed withgenome-wide
summary statistics of studies including proxy cases" .

Genetic correlation with ADRD could not be reliably assessed for
most of the 11 neuropathology endophenotypes (NPEs) examined,

duetolimited study sample sizes and/or low heritability of these traits
(Supplementary Table 6). These NPEs comprised the following: (1)
three AD-related NPEs—Braak neurofibrillary tangles stage, amyloid-3
plaques and the CERAD score for neuritic amyloid plaques; (2) five
cerebrovascular NPEs—arteriolosclerosis, circle of Willis atheroscle-
rosis, cerebral amyloid angiopathy, gross infarcts and microinfarcts,
and (3) three non-AD NPEs—limbic-predominant age-related TDP-43
encephalopathy neuropathological change (LATE-NC), Lewy bodies
and hippocampal sclerosis. To better study the genetic link between
ADRD and NPEs, we constructed three polygenic scores (PGSs) based
on the tier 1 main and secondary signals (excluding APOE) detected
in the main, no-proxy and no-biobank meta-analyses, respectively
(Supplementary Table 15). We then assessed the association of
these PGSs with the 11 NPEs in the Adult Changes in Thought (ACT)
cohort (n =677, including 12.9% with dementia) and in the Alzhei-
mer’s Disease Centers/National Alzheimer’s Coordinating Center
(ADC/NACC) dataset (n=5,808, including 82.7% with dementia;
Supplementary Table 16)". The main score was significantly associ-
ated (P<2.27 x107®) with the three AD-related NPEs and with LATE-NC
in the ADC/NACC dataset, and the signals were in the same direction
inthe smaller ACT study (Fig. 2a, Supplementary Table 17 and Supple-
mentary Supplementary Note). None of the scores was significantly
associated with cerebrovascular NPEs, hippocampal sclerosis or Lewy
bodies (Fig. 2a and Supplementary Table 17), while the genetic corre-
lation between ADRD and Lewy body dementia was significant after
the exclusion of APOE. This may indicate common pathological path-
ways underlying conversion from the pathology to AD or Lewy body
dementia. However, we cannot exclude other explanations, such as a
lack of statistical power of the PGS analysis or misdiagnoses among
AD and Lewy body dementia cases, impacting genetic correlation.
Results were similar across the main, no-proxy and no-biobank PGS
(Supplementary Table 17). After adjustment for the AD-related NPEs,
only the associations with Braak stage and CERAD score remained
significantin ADC/NACC (Fig. 2b and Supplementary Table 17). The
association with LATE-NC remained significant at the nominal level
only (P=3.78 x107%; Supplementary Table 17); a larger sample size is
required to assess whether the association with LATE-NC is due to or
not to the frequent co-occurrence of LATE-NC and AD NPEs (Supple-
mentary Note). There was no significant interaction (P<2.27 x107)
between the PGS and the number of APOE €4 and €2 alleles for Braak
stage and CERAD score (Supplementary Table 17). In the ADC/NACC
dataset, compared to the individuals with a main PGS in the median
quintile (40-60%), individuals in the tenth decile had arisk increased
by 2.05-fold (95% CI =1.47-2.85) and 1.96-fold (95% Cl =1.39-2.78) for
Braak stage of >4 and moderate-to-severe neuritic amyloid plaque
pathology at death, respectively, while individuals in the first decile
had arisk decreased by 0.47-fold (95% Cl = 0.37-0.61) and 0.43-fold (95%
CI=0.33-0.56), respectively (Fig. 3, Supplementary Tables 18 and 19
and Supplementary Note). Compared with a model considering only
age at death, sex and the number of APOE €4 and €2 alleles, the main
PGS allowed a significantimprovement (P < 2.27 x107®) in discrimina-
tion measured by the areaunder the receiver operating characteristic
curve (AUC) for both Braak stage and CERAD score in the ADC/NACC
dataset (Supplementary Table 20). However, the variance explained
by the score remained low—Nagelkerke’s pseudo-R-squared (R?) was
3.98% and 4.37% for Braak stage and CERAD score, respectively, while
the variance explained on the liability scale varied between 2.43% and
3.6% for Braak stage, and between 3.32% and 4.93% for CERAD score,
depending onthe population prevalence considered. The discrimina-
tive power, as measured by AUC, was similar for the main, no-proxy and
no-biobank PGS (P> 0.05; Supplementary Table 21).

Insummary, this consensus meta-analysis identified 91 geneticloci
associated with ADRD risk, including 16 new lociin European-ancestry
samples, and 56 of the loci were associated with the risk of clinically
diagnosed AD. We also further characterized the impact of known
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Fig. 2| Association of the main ADRD PGS with 11 neuropathology
endophenotypesin the ACT and ADC/NACC datasets. a,b, Analyses were
performed with minimal adjustment on age at death, sex, number of APOE €4 and

€2 alleles, PCs and centers (a) and additional adjustment on AD neuropathology
endophenotypes (b). Dots represent OR and bars indicate 95% CI. NFT,
neurofibrillary tangles; CAA, cerebral amyloid angiopathy.
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Fig. 3| Association of the main, no-proxy and no-biobank ADRD PGS deciles
with Braak stage and CERAD score inthe ADC/NACC dataset. Braak stage was
dichotomized into stages 0-3 (n=1,113) versus stages 4-6 (n = 4,680) groups.
CERAD stage was dichotomized into none/mild (n =1,062) versus moderate/severe
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(n=4,738) groups. Analyses were adjusted for age at death, sex, number of APOE €4
and g2 alleles, PCs and centers. The reference is the median (40-60%) quintile.
Dotsrepresent OR and bars indicate 95% CI.

loci by validating—or not—their association with ADRD and AD risk in
larger samples and by identifying new secondary signals in some of
them. Except for genetic correlation with education, our results were

consistent across the main, no-proxy and no-biobank meta-analyses,
and the three PGSs, excluding APOE, were primarily associated with
AD rather than non-AD pathology. However, assessing the sensitivity
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of GWAS or GWAS secondary analyses (especially those based on
genome-wide statistics™) in clinically diagnosed cases will become
increasingly important as the proportion of proxy and biobank cases
includedinthe GWAS increases. This willbe made easier by the release
ofthe no-proxy and no-biobank summary statistics. Additionally, sev-
eral ADRD lociwere significantly associated with non-AD NPEs, but not
with AD NPEs (Supplementary Table 14)". Such results are difficult to
interpret, considering the limited statistical power of NPE GWASs to
detect variants with small effects on ADRD risk. Further studies using
larger numbers of well-characterized AD patients and neuropathologi-
cal data will thus be required to more precisely delineate the impact
of each of the loci on AD pathology versus other neuropathologies.
Follow-up analyses of rare damaging and structural variants, using
sequencing data and functional studies, will provide further insights
into the biological impact of these loci on ADRD and AD.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41588-026-02583-1.
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Methods

Samples

We analyzed genotyping data from European-ancestry samples
across 52 studies—46 case-control or cohort studies, 2 family studies
(NIA-LOAD and Framingham Heart Study (FHS)) and 4 large biobanks
(UKBB, FinnGen, deCODE and HUNT). The samples are described in
Supplementary Table 1 and in the Supplementary Note. In the UKBB,
proxy ADRD cases included participants who reported at least one
biologicalrelative (parent or siblings) affected with dementia, either at
baseline or follow-up (Supplementary Note). Eleven NPEs were meas-
ured in autopsied individuals from the ACT and ADC/NACC studies
(Supplementary Table 16 and Supplementary Note). The NPE definitions
and harmonization approach are discussed inref.17. Written informed
consent was obtained fromall study participants or, for those with sub-
stantial cognitiveimpairment, froma caregiver, legal guardian or other
proxy. The appropriate review boards fromthe ADGC, Bonn, CHARGE,
EADB, EADI, GERAD, GR@ACE/DEGESCO and PGC-ALZ reviewed and
approved the study protocol. Researchers from each participating
consortium were actively involved throughout the research process.

Quality control and imputation

Classical quality control protocols were applied to samples and auto-
somal variantsin each study (Supplementary Note). Most of the sam-
ples were imputed with the TOPMed reference panel'®”; one study
was imputed with the Haplotype Reference Consortium panel®,
while the UKBB, FinnGen and deCODE biobanks were imputed using
study-specific reference panels (Supplementary Table 22).

GWAS and meta-analyses

Associations between each autosomal variantand ADRD risk were tested
within each study under an additive genetic model. Logistic regression
was used in most studies. When necessary, relatedness was accounted
for using generalized estimating equations or logistic mixed models
(Supplementary Note). Analyses were adjusted for principal compo-
nents (PCs) and center/batches. In a few studies, adjustment was also
performed for sex, age or both (Supplementary Table 22). In deCODE,
correction forinflation of test statistics due torelatedness and popula-
tion stratification was performed using the intercept estimate (1.30)
fromlinkage disequilibrium (LD) score regression”. In the UKBB-proxy
analysis, effect sizes and standard errors were corrected by a factor of
two??, Acrossall studies, we filtered out duplicated variants and those
with (1) missing datafor effect size, s.e. or Pvalue; (2) an absolute effect
size>5and (3) imputation quality <0.3 (0.8 for the GenADA study). For
deCODE and UKBB, data were analyzed in the GRCh37 assembly, and
we excluded variants for which conversion of position or alleles from
GRCh37 to GRCh38 was not possible or was ambiguous®. For the UKBB
and the EADB-core HRC study, variants with very large differences in
frequency between the TOPMed reference panel and the reference
panels used to perform imputation were also excluded®.

Meta-analyses

Results were combined across studies using a fixed-effects
meta-analysis with an inverse-variance weighted approach, as
implemented in the METAL (v2020-05-05) software?*. In the main
meta-analysis, all studies were included, and within each study we
filtered out variants with an effective allele count (defined as the prod-
uct of the imputation quality and the expected minimumminor allele
countbetween cases and controls) of <5 (ref. 25). After meta-analysis,
wefiltered out (1) variants with frequency amplitude of >0.4 (defined as
the difference between the maximumand minimum frequencies across
all the studies) and (2) variants analyzed in <40% effective number of
cases. In each study, the effective number of cases was defined as the
raw number of cases, exceptin the UKBB proxy, where it was computed
by dividing the raw number of proxy cases by four?>?®, Several sensitiv-
ity meta-analyses were conducted as follows by

(1) excluding the UKBB-proxy study (no-proxy meta-analysis).
The UKBB study was included in the meta-analysis, but only
diagnosed cases were considered (Supplementary Note and
Supplementary Table 1). Variants with positions of >80 Mb
on chromosome 11 were inadvertently missing from the
UKBB-diagnosed summary statistics, resulting in a minor loss
of power (-6% effective sample size) in a small genomic region
(~2%) for the no-proxy sensitivity analyses; this had minimal im-
pact on the results (Supplementary Note). Corrected summary
statistics are provided in the GWAS Catalog and on NIAGADS
(Data availability);

(2) excludingthe UKBB, FinnGen, deCODE and HUNT studies,
corresponding to large biobanks using International Clas-
sification of Diseases codes to identify AD cases (no-biobank
meta-analysis; Supplementary Table 1); and

(3) removing the per-study variant filtering on effective allele
count, except in the FHS study (Supplementary Note and
Supplementary Table 23).

Additionally, we assessed the sensitivity of results for GWS lead
variants from the main meta-analysis after adjustment for age and
seX, and after adjustment for age, sex and the number of APOE €4 and
e2alleles (Supplementary Table 24).

Loci definition

We selected variants with GWS signals and also suggestive variants
(P<1x107) located within £500 kb of a GWS variant and analyzed
in >70% effective number of cases. LD across the variants was com-
putedinthe EADB-core dataset using genotype dosages with LDstore 2
(ref. 27). For variants not available in EADB-core, LD was computed
in 1000 Genomes European samples (v3) using emeralLD*®, which
took phase into account. Variants not available in EADB-core or 1000
Genomes were considered as having no LD with other variants. Lociand
their boundaries were then defined based on LD and distance between
GWS and suggestive variants using a clumping approach similar to that
described inref. 29 (Supplementary Note).

In each locus, the variant with the lowest P value (or the highest
absolute effect size in case of equal P values) was defined as the lead
variant. None of the variants with missing LD in both EADB-core and
1000 Genomes was selected as alead variant.

A locus was considered known if a variant previously associated
with AD at the GWS level, according to the GWAS Catalog (version
el12 r2024-07-08), was located in this locus®. For that, we restricted
the GWAS Catalog to‘MAPPED_TRAIT’ equal to ‘late-onset Alzheimers
disease’,‘Alzheimer disease’, ‘Alzheimer disease, family history of Alz-
heimer’s disease’, family history of Alzheimer’s disease’ or ‘Alzheimer
disease, dementia, family history of Alzheimer’s disease’.

A gene was assigned to each lead variant—the protein-coding
gene in which the lead variantis located, and, otherwise, the near-
est protein-coding gene according to Variant Effect Predictor (VEP)
(release 109)*' and considering only transcripts with the GENCODE
basic tag. The locus was named according to the gene assigned to its
lead variantand to the locus namein the literature for known loci.

Theideogramwas generated using PhenoGram (https://ritchielab.
org/software/phenogram-downloads).

Conditional and joint analyses

Toidentify secondary signalsindependent of the lead variant signal in
theloci, a stepwise conditional analysis was performed in each locus,
except APOE, with GCTA COJO*** based on the summary statistics of
the main meta-analysis, and on the LD computed in the EADB-core
samples. For this purpose, EADB-core genetic data were converted
to best-guess genotype data using a genotype probability threshold
of 0.8. Only variants analyzed in >70% effective number of cases were
considered, leading to the exclusion of the ADGRL3 locus from these

Nature Genetics


http://www.nature.com/naturegenetics
https://ritchielab.org/software/phenogram-downloads
https://ritchielab.org/software/phenogram-downloads

Letter

https://doi.org/10.1038/s41588-026-02583-1

analyses. The P-value threshold for defining secondary signals was set
at1x107. Then, to check the independence of the signals across loci,
ajoint analysis was performed using GCTA COJO of (1) the 157 index
variants of the lead and secondary signals detected by the stepwise
conditional analysis (Supplementary Note) and (2) the ADGRL3 lead
variant. These conditional and joint analyses were also performed
for the no-proxy and no-biobank sensitivity meta-analyses. To assess
the sensitivity of the results of the approximate stepwise conditional
analysis to LD and imputation quality, we performed (1) a strict step-
wise conditional analysis and (2) an exact conditional analysis. The
strict stepwise conditional analysis was performed on variants with
imputation quality >0.8 inthe EADB-core dataset and analyzed in>90%
effective number of cases. Exact conditional analyses were performed
using SNPTEST*** on raw data from asubset of studies—(1) between the
index variants of thelead and secondary signals within the samelocus;
and (2) between the index variants of the main and secondary signals
at the KAT8/BCKDK and DOC2A loci on the one hand and the APHIB
and SNX1/CIAO2A loci on the other hand (Supplementary Note). The
following studies were considered: EADB-core, Bonn, DemGene, EADI,
GERAD, Gothenburg, STSA, TwinGene and all the case-control ADGC
studies. Exact conditional results were combined across studies using
aninverse-variance-weighted approach, asimplemented in METAL.

To compare signals across the main, no-proxy and no-biobank
meta-analyses, we performed two joint analyses using GCTA COJO.
Wejointly analyzed allindex variants of the lead and secondary signals
fromthe following: (1) the main and no-biobank meta-analyses and (2)
the main and no-proxy meta-analyses. Analyses wererestricted to loci
with a secondary signal in at least one of the two meta-analyses being
compared, while all variants were jointly tested across those loci. Both
joint analyses were performed on the summary statistics of the main
meta-analysis. From each joint analysis, we excluded oneindex variant
from each pairin LD (*> 0.75 in the EADB-core dataset, as computed
by PLINK 2.0) to avoid collinearity. In each such pair, theindex variant
from the main meta-analysis was retained.

Rare-variant analysis

We extracted 65 protein-coding genes with the GENCODE basic tag
(v43) located within the 16 new tier 1 loci, based on the start and
end positions of each locus. Of these, 51 genes were available in the
ADES-ADSP summary statistics for the comparison of gene-based
rare-variant burdens between 12,652 AD cases and 8,693 controls™
(Supplementary Table 8). These samples largely overlap with the ones
includedinthe meta-analysis. We considered asignificance threshold
of P<9.8 x10™*, corresponding to a Bonferronicorrection for 51 tests.

Single-cell enrichment analysis

We assessed the association between gene overexpression in specific
cell types relative to average gene expression and gene associations
with ADRD risk using the three-step process implemented in FUMA
(v1.6.1)*. Asinput, we used the MAGMA gene-level results provided for
the pathway analysis. We tested six models—one primary model and
five sensitivity models—correspondingto the primary, common-only,
no-APOE, larger-window, no-proxy and no-biobank gene-level sum-
mary statistics. We used gene expression data from six datasets of
adult human brain tissue—GSE168408 Human_Prefrontal_Cortex_
level2_Adult”, GSE168408 Human_Prefrontal_Cortex_levell Adult”,
PsychENCODE_Adult*®, DroNc_Human_Hippocampus®, Allen_Human_
MTG_levell (middle temporal gyrus) and Allen_Human_MTG_level2
(ref. 40). The FUMA three-step process is further described in the
Supplementary Note.

Pathway analyses

Pathway analyses were performed using MAGMA (v1.08)**?, with
correction for the number of variants in each gene, LD between vari-
ants and LD between genes. LD was computed from the EADB-core

dataset using high-quality imputed genotypes (imputation quality
of >0.8) and setting as missing genotypes with genotype probability
of <0.9. The measure of pathway enrichment was the MAGMA ‘com-
petitive’ test (in which the association statistic for genes in the path-
way is compared with those for all other protein-coding genes), as
recommended in ref. 43. We applied the ‘mean’ test statistic, which
sumsthe -log(variant P) across all genes. The total sample size (n) was
used. A total of 8,034 gene sets were considered for analysis (Supple-
mentary Note). Eight pathway analyses were performed using results
from the following: (1) the main meta-analysis (‘primary’ model); (2)
the main meta-analysis restricted to common variants (MAF > 0.01;
‘common-only’ model); (3) the main meta-analysis after excluding
the APOEregion (44-46 Mb on chromosome 19 in GRCh38; ‘no-APOE’
model); (4) the main meta-analysis, but mapping variants to genes
using a 35-kb upstreamand10-kb downstream window (‘larger-window’
model); (5) the no-proxy meta-analysis (‘no-proxy’ model); (6) the
no-proxy meta-analysis restricted to common variants (‘common-only
no-proxy’ model); (7) the no-biobank meta-analysis (‘no-biobank’
model) and (8) the no-biobank meta-analysis restricted to common
variants (‘common-only no-biobank’ model).

Phenome-wide association study

Using FUMA (v1.5.2)*, we extracted all variants in LD (> 0.75) with
the index variants of the new tier 1 and tier 2 loci in the EUR popula-
tionfrom 1000 Genomes Phase 3. Theindex variant rs7481951 was not
availablein FUMA and was replaced by rs10833712, its best tag variant
(r*=0.827) according to TopLD*. We then extracted from the GWAS
Catalog (e112_r2024-07-08) all traits associated with these variants
atthe GWSlevel.

We also extracted the results for the frequent (MAF >1%) index
variants of the tier 1and tier 2 loci from the GWAS of 11 NPEs". The sam-
plesincludedinthe NPE GWAS largely overlap with the ones included
inthe ADRD meta-analysis.

Genetic correlation analyses

Using the no-proxy ADRD GWAS summary statistics, we computed with
LDSC (v1.0.1)**¢ the genetic correlation between ADRD and Parkinson’s
disease”, frontotemporal dementia*®, frontotemporal lobar degenera-
tionwith neuronalinclusions of TAR DNA-binding protein 43 (ref. 49),
Lewy body dementia®®, amyotrophic lateral sclerosis™, educational
attainment®, stroke and its subtypes®> and 11 NPEs". For amyotrophic
lateral sclerosis, frontotemporal lobar degeneration with neuronal
inclusions of TAR DNA-binding protein 43, Lewy body dementia, Par-
kinson’s disease and the stroke phenotypes, we used the harmonized
version of the summary statistics available in the GWAS Catalog™. We
used the precomputed ‘eur_w_Id_chr’ LD scores derived from 1000
Genomes European data. The analysis was restricted to HapMap 3 vari-
ants and excluded variants in the APOE locus, A/T or C/G alleles, vari-
ants with MAF of <1%, with duplicated rsID and indels. Correlation was
considered significantat P<3.13 x 10, corresponding to a Bonferroni
correction for the 16 phenotypes for which genetic correlation could
be computed. The no-proxy summary statistics were selected for this
analysis to maximize power while avoiding biases that can arise when
using genome-wide summary statistics from studies including proxy
cases'* ', However, we assessed the sensitivity of the results using the
main and no-biobank ADRD summary statistics.

PGS analyses

We constructed three PGSs using the tier 1 main and secondary sig-
nals (except APOE) detected in the main, no-proxy and no-biobank
meta-analyses, respectively (Supplementary Table 15), and tested their
association with the 11NPEs in the ADC/NACC and ACT studies. Ordinal
NPEs (amyloid-B plaques, CERAD score, arteriolosclerosis, athero-
sclerosis, cerebralamyloid angiopathy, LATE-NC and Lewy body) were
dichotomized in two groups (none/mild versus moderate/severe),
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as well as Braak neurofibrillary tangle stage (stages 0-3 versus stages
4-6). We first considered the GWS lead and secondary tier 1 signals
detected inthe main analysis as candidate signals. For each PGS (main,
no-proxy and no-biobank), we then (1) selected only the candidate sig-
nalsthat were GWSintherespective meta-analysis and (2) selected the
index variant of each of those signals in the respective meta-analysis.
Atotal of 115, 91 and 65 variants were finally considered to compute
the main, no-proxy and no-biobank PGS, respectively (Supplementary
Note). These scores were computed for eachindividual with PLINK 2.0
using the function ‘score’ as the weighted average of the number of
risk-increasing alleles for each variant, using dosages, and were scaled
toobtain the PGS>:

n
GS=— "1« > log (ORy) x d;

Y log(OR) =

where n is the number of variants included in the score, and OR,
and d; are the OR and dosage, respectively, of the risk allele of vari-
ant i. Each OR represents the impact of the variant on ADRD risk
and was estimated by repeating the meta-analysis after excluding
the biobanks (UKBB, FinnGen, deCODE and HUNT) and the stud-
ies overlapping with the NPE datasets (ACT, ADC/NACC, ROSMAP1
and CSDC). ORs were then estimated with GCTA COJO by perform-
ing for each score separately a joint analysis of all variants included,
following the same pipeline as in the conditional and joint analyses
described above (Supplementary Table 15). The effect size estimated
for chr4:993555:G:T was considered for the tag variant chr4:973547.G:T.
Associations between each binary NPE and each PGS were measured
using logisticregressioninthe ADC/NACC and ACT studies separately.
Models were adjusted for age at death, sex, number of APOE €4 and
€2 alleles, ten PCs and centers. Effect sizes were then meta-analyzed
across studies in METAL using a fixed-effectsinverse-variance weighted
approach. Anassociation was considered significantifthe Pvalue was
<2.27 x1073, corresponding to a Bonferroni correction for 22 tests (11
NPEs analyzed in two studies). Sensitivity analyses were conducted
by additionally adjusting for the following: (1) AD diagnosis, coded
inthree categories (not impaired, AD/mild cognitive impairment and
unknown/other dementia); (2) the three AD NPEs; (3) both AD diagnosis
and the three AD NPEs or (4) AD NPEs and LATE-NC. For the Braak stage
and CERAD score, we additionally tested the interaction between PGS
and the number of APOE €4 and €2 alleles.

The OR for the association with the PGS measures the effect of car-
rying one additional average-risk allele. These ORs cannot be compared
across the three scores because the average risk differs for each. To
allow comparisons across scores, we divided each genetic score into
quintiles and deciles based onthe pooled distribution of PGS across all
individuals from the ADC/NACC and ACT studies. We then computed
in ADC/NACC the association of Braak stage and CERAD score with
PGS deciles using the same model as the raw genetic scores, with the
median quintile as the reference group. To allow comparison with the
smaller ACT study, association results were also computed per quintiles
inboth ACT and ADC/NACC.

Thediscriminative performance of the PGS was assessed through
three statistics as follows: (1) the AUC; (2) Nagelkerke’s pseudo-R?
(ref. 56) and (3) R? on the liability scale. AUC was computed for each
study separately with the ‘auc’ function from the pROC (v1.18.5) R
package”, for both the null logistic model, including only age, sex,
APOE €4 and €2, PCs and centers, and the full model, which addition-
ally included the PGS. The AUCs between the two models were then
compared with the DeLong’s test*® as implemented in the ‘roc.test’
function. The same pipeline was applied to compare AUCs across
models, including the main, no-proxy and no-biobank PGSs. Nagel-
kerke pseudo-R? was computed with the ‘nagelkerke’ function from
the R package rcompanion (v2.5.0)*°. We also computed the variance
explained by each PGS on the observed scale as the difference in the

fraction of variance explained by a linear model under the full and
null models. It was then transformed to the liability scale using the
approach as described in ref. 60, with population prevalence values
ranging from 0.1t0 0.9.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Summary statistics of the main, no-proxy and no-biobank
meta-analyses are available through the European Bioinformatics
Institute GWAS Catalog (https://www.ebi.ac.uk/gwas/) with accessions
GCST90704646, GCST90704647 and GCST90704648 and through
NIAGADS (https://dss.niagads.org/). Genetic scores are available
in Supplementary Table 15 and through the PGS Catalog (https://
www.pgscatalog.org/) with accessions PGS005389, PGS005390 and
PGS005391.

Code availability

The software we used is referenced in the Methods and Supplementary
Note, and the corresponding URLs are provided in the Supplemen-
tary Note. Additional scripts are available on Zenodo (https://doi.
org/10.5281/zenodo.18324799)°.
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