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Among the more than 90 identified genetic risk loci for late-onset
Alzheimer’s disease (AD) and related dementias, the apolipoprotein E
(APOE) gene £2/¢3/¢4 polymorphisms remain the longstanding benchmark
for genetic disease risk with a consistently large effect across studies' ™.

Despite this massive signal, the exact mechanisms by which ¢4 increases and
¢2 decreases dementia risk remain poorly understood. Notably, recent trials
of anti-amyloid therapies suggest less efficacy and higher risks of severe side

effectsin €4 carriers ™, hampering the treatment of those with the highest
unmet need. Toimprove our understanding of the genetic architecture of
ADinthe context of its main genetic driver, we performed genome-wide
association studies (GWASs) stratified by €4 and €2 carrier status. HP1BP3,
SLC50A1, PTPRC, NPAS3, DDHDI, CHST9, SMYD2, PRAMEFI1 and GFRA1
emerged as new genomic signals for AD risk, appearing only when
stratified by APOE carrier status. DDHDI appeared especially promising,
showing protective effects in €4 carriers, being identified as an expression
quantitative trait locus and being involved in rare neuronal diseases. Such
APOE-stratified insights may help understand and overcome side effects,
inform clinical trial enrollment strategies, and create the scientific basis for
targeted, mechanism-driven therapies in neurodegenerative diseases.

We performed a large genome-wide association study (GWAS) meta-
analysis stratified by apolipoprotein E (APOE) £2/¢3/¢4 status, bringing
together European, Asian, Asian American (AAC), African American
(AFR) and admixed American (AMR) ancestry cohorts based on the
clinically diagnosed Alzheimer’s disease (AD). An overview of the
included consortia and cohorts, as well as the analysis strategy, is
showninExtended DataFig.1.Individuals were grouped into 22 + €32,
€33 and €44 + €43 strata to maximize statistical power, and individu-
als with the €42 genotype were excluded (Supplementary Tables 1
and2).Inthe 22 + €32 stratum, the meta-analysis was based on 2,606
AD cases, 70,388 controls and 10,336,311 variants (Supplementary
Table3 and Supplementary Fig.1). Inthe €33 stratum, the meta-analysis
was based on 24,033 AD cases, 363,161 controls and 17,127,662

variants (Supplementary Table 4 and Supplementary Fig.1). In the
€44 + €43 stratum, the meta-analysis was based on 29,122 AD cases,
164,206 controls and 14,672,059 variants (Supplementary Table 5and
Supplementary Fig. 1, and for strata €44, see Supplementary Table 6
and Supplementary Fig.1).

For the €22 + €32 stratum, no signal reached a genome-wide sig-
nificance level of <2.5 x 1078 (Supplementary Fig. 2). In total, 25 loci
reached a genome-wide significance level in stratum €33 or €44 + €33
onlyorinboth (Fig.1, Table1and Supplementary Figs. 4-24). The nine
locifoundin both strata are known genetic risk loci for AD (CRI, BINI,
HLA, TREM2, CLU, MS4A64, PICALM, APHIB, ABCA?). Nine loci were
exclusively observedin the €44 + €43 stratum, including sixknown AD
loci (PILRA, SORL1, ADAM10, ACE, LILRAS, CASS4) and three new loci
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Fig.1|Miami plot of the APOE €33 and €44 + £43 strata. Top: the Manhattan
plot for the APOE €44 + €43 stratais shown in blue. Bottom: the Manhattan

plot for the APOE €33 stratais shown in orange in the lower part. Genome-wide
significant loci are annotated with the nearest genes (known lociinblack and new
inred). Two-sided raw Pvalues were derived from a fixed-effect meta-analysis.
Thered dashed lines show the genome-wide significant level for two GWASs
(P=2.5%10%).

(HP1BP3, PTPRC,DDHDI). Notably, DDHDI s close to the FERMT2locus,
which is recognized as a genetic risk factor for AD. However, using
conditional testing, we found that the DDHDI signal is independent of
FERMT2 (Fig.1and Supplementary Table 7). Finally, among seven loci
onlyreaching genome-wide significance level inthe €33 stratum, four
are known AD risk loci (TMEM106B, SHARPIN, GRN, MAPT) and three
are new (SCL50A1, NPAS3, CHST9).

Of note, we also performed a meta-analysis restricted to the €44
carriers. Only one well-established locus (B/NI) was observedin the €44
stratum, including 5,814 AD cases, 14,415 controls and 9,723,486 vari-
ants (Supplementary Table 6 and Supplementary Fig. 3). Forest plots
across cohorts and strata are shown in Supplementary Figs. 25-53. In
addition, we applied clumping procedures and conditional testing
to define potential independent signals within each locus detected
in the €33 and €44 + €43 strata. This approach detected four loci
presenting two independent signals (HLA-DRA, TREM2, CLU, APH1B;
Supplementary Table 7); details are specified in the legend of Table 1.

The present meta-analyses do not allow us to fully determine
whether thereisasignificant difference between the signals observed
inthee33and €44 + e43 stratadue to sample and statistical power varia-
tions. Toformally test for nucleotide polymorphism (SNP) x APOE inter-
actions, we used two complementary approaches. First, we performed
interactiontests based onstratified effect comparisons using additive
and dominant models with summary statistics fromthe different APOE
strata, testing only variants that were significantin one or both strata.
Second, we conducted a genome-wide SNP x APOE €4 carrier interac-
tion GWAS using a formal interaction term in a unified model.

In the stratified effect comparison testing dominant APOE &4
effects (meta-analysis of differences between €33 and €44 + €43 in
each cohort), we found the following seven significant stratified effect
differences: three signals where the effect sizes were attenuated with
the presence of an €4 allele (SLC50A1, TMEM106B, NPAS3; Table 2 and
Fig. 2), and four signals where the effect sizes were augmented with
the presence of an 4 allele (BIN1, HLA-DRA-1, CLU, DDHD1; Table 2 and
Fig.3). Forest plots of the effect differences across cohorts are shown
in Supplementary Figs. 54 and 55. In the additive mixed-effect model,
we additionally identified SHARPIN as interacting with APOE €4, where
the effect size was attenuated with an increasing number of €4 alleles
(Table 2andFig. 2). Stratified effect-difference sensitivity analyses are
showninSupplementary Table 8.

In the genome-wide SNP x APOE €4 carrier interaction GWAS,
two new loci (SMYD2 and ANK3) reached genome-wide significancein

the SNP term (comparable to APOE €33 strata; Supplementary Fig. 56
and Supplementary Table 9). The APOE €4 carrier term was highly
significant (P <1x107%°°) and SNP independent. In the interaction
term (SNP x APOE €4 carrier), only the APOE locus was significant.
However, the DDHDI locus reached an interaction Pvalue of1.62 x 10°°.
The loci with an interaction P value below 1x107° are shown in
Supplementary Table 10, and the results from the interaction GWAS
for the 29 regions of interest are shown in Supplementary Table 11.

Weevaluated the 29 regions of interest in additional cohorts of East
Asian (EAS) ancestry, representingJapanese (JADNI, CL, NP; EAS-JPN),
Chinese (HKS; EAS-CHN) and Korean (GARD; EAS-KOR) populations,
aswellasin AAC (ADSP-AAC), AFR (ADSP-AFR) and AMR (ADSP-AMR)
multi-ancestry populations (Supplementary Table12). Despite several
limitations (thatis, difference inlinkage structure across cohorts of dif-
ferentancestries, limitationin statistical power and lead variants being
different from the causal variants), similar signals could be observed
for several variants (Supplementary Figs. 57-83). The meta-analyzed
results for HLA-DRA-1and DDHD1 were similar inthe East Asianancestry
cohorts compared with the European ancestry cohorts (Fig. 4).

For lead variant rs10131116 in DDHD1, a significant expression
quantitative trait locus (eQTL) associated with decreased DDHD1
expression was observed in the ROSMAP dorsolateral prefrontal
cortex (8=-0.098; eQTL, P=1.67 x107, n=560)° and in the GTEx
(v10) brain putamen (basal ganglia; https://www.gtexportal.org/
home/snp/rs10131116; =-0.23; eQTL, P=3.6 x10~°, n = 253)". We
tested whether rs10131116 was associated with lower DDHD1 expres-
sion according to APOE strata and observed nominal P values of
9 x10™*fore33and 7 x 10~ for €44 + €43 (Supplementary Table 13 and
Supplementary Fig. 84). Furthermore, a gene-based analysis con-
firmed several of the significant loci from the main stratified GWAS
analysis (Extended Data Fig. 2). Also, in the €44 + €43 stratum, the
known AD genes EPHA1, TCPNI and BLNK reached significance,
and, in the €33 stratum, the known AD genes SLC24A4, INPP5D and
SH2B2 (new but close to the known locus SPDYE3/PILRA/ TMEM225B)
reached significance. ACE and SNXI were significant in both the
€44 + €43 and €33 strata, whereas PRAMEFI was significant in the
€44 stratum and GFRAI in the €22 stratum (Extended Data Fig. 2 and
Supplementary Tables 14-17). Next, we performed a pathway enrich-
ment analysis on the APOE-stratified GWAS results from the eight
European ancestry studies (Supplementary Tables 18 and 19). After
correction for multiple testing in each stratum (g < 0.05), 12 and 33
pathwaysreached statistical significance for the APOE €33 and €44 + €43
strata, respectively. Overall, pathways related to the complement and
immune systems were over-represented in the APOE €44 + €44 stratum
compared to the €33 stratum, whereas amyloid and neurofibrillary
tangle biology was highlighted in both strata. No pathway analysis
reached statistical significance for the €22 + €32 nor for the €43 stratum.
Finally, we performed summary-data-based Mendelian randomiza-
tion (SMR) to test for potential effects of expression on AD that are
shared by a causal variant for both APOE €4 carriers (€44 +€43) and
noncarriers (€33). Four genes passed our significance threshold and
HEIDIfiltering—STAG3 (PILRA locus) in the €44 + €43 stratum (cortex)
and LRRC37A, ARL17B and LRRC37A2 (MAPT locus) in the €33 stratum
(multiple brain regions; Supplementary Table 20).

By conducting a comprehensive series of APOE-stratified GWAS
analyses, we identified a number of biologically plausible genomic
signals that modify the effect of the APOE ¢4 allele. As these findings
suggest differential biological pathways dependent on the APOE strata,
they may inform how we use geneticsin designing randomized clinical
trials of future AD medicines.

HP1BP3,SLC50A1, PTPRC,NPAS3, DDHDI1 and CHST9 from the strati-
fied variant-based GWAS analysis, SMYD2 from the interaction GWAS
and PRAMEF1 and GFRAI from the gene-based analysis are new genomic
signals for ADrisk, only appearing when stratified by APOE carrier sta-
tus, and supported by significant stratified effect comparison tests for
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Fig. 2| Locus and forest plots for the loci SLC5041, TMEM106B, SHARPIN and
NPAS3 where the effect attenuates with the APOE €4 allele. a-d, Locus plots
for SLC50A1 (a), TMEM106B (b), SHARPIN (c) and NPAS3 (d) in APOE €33 and APOE
€44 + 43 strata. Forest plots of ORs for the lead SNPs in the four APOE strata €33,
€44 + €43, €43 and €44. In the forest plot, each APOE stratum is shown to visualize

T T
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potential dominant or additive interaction. Pvalues are raw two sided and were
derived from afixed-effect meta-analysis. The number of cases and controls in
the respective stratified meta-analyses are shown in Supplementary Tables 3-6.
MAF, minor allele frequency.
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Fig. 3 | Locus and forest plots for the loci BIN1, HLA-DRA-1, CLU and DDHD1
where the effect is augmented with the APOE €4 allele. a-d, Locus plots for
BINI (a), HLA-DRA-1(b), CLU (c) and DDHDI (d) in APOE €33 and APOE €44 + €43
strata. Forest plots of ORs for the lead SNPs in the four APOE strata €33, e44 + €43,

e43 and £44. In the forest plot, each APOE stratum is shown to visualize potential
dominant or additive interaction. Pvalues are raw two sided and were derived
from a fixed-effect meta-analysis. The number of cases and controls in the
respective stratified meta-analyses are shown in Supplementary Tables 3-6.
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meta-analyses are shown in Supplementary Table 12. CHN, Hong-Kong
Chinese; JPN, Japanese; KOR, Korean; EAS, East Asian ancestry meta-analysis;
EUR, European ancestry meta-analysis.

SLC50A1, NPAS3 and DDHDI, discussed in detail in the paragraphs
below. HP1BP3 encodes heterochromatin protein 1 binding protein 3
and is a regulator of cell cycle progression®. PTPRC encodes protein
tyrosine phosphatase receptor type C, also known as CD45, which is
increasingly understood to have arole in the innateimmune system'®".
CHST9encodes carbohydrate sulfotransferase 9,an enzyme that trans-
ferssulfate to the position 4 of GaINAc. GaINAc4ST-1and GaINAc4ST-2
transcripts are highly expressed in the pituitary gland and trachea'®".
SMYD2 encodes a protein-lysine N-methyltransferase that methyl-
ates both histones and nonhistone proteins®’. PRAMEFI encodes a
protein PRAME family member 1 and has been associated with can-
cer (NCBI gene ID: 65121, www.ncbi.nlm.nih.gov/gene/65121). GFRA1
encodes GDNF family receptor a-1, which is a receptor for both glial
cell line-derived neurotrophic factor (GDNF) and neurturin (NTN),
both potent neurotrophic factors and key regulators of neuron sur-
vival and differentiation (the Human Protein Atlas, www.proteinatlas.
org)”". GDNF family receptor a-1 has been linked to the restoration of
AD neuron survival®,

Thefollowing genes were associated with attenuated effect sizes in
€4 carriers.SLC50A1is anew AD signal that only emergesinthe APOE €33
stratum and encodes solute carrier family 50 member 1, whichisasugar
transporter for intercellular exchange and nutrition of pathogens®. The
previously identified signal, TMEM106B°, encodes the lysosomal type I
transmembrane protein106B, and residues of the protein have recently
been shown to be amyloidogenicin an age-dependent manner andin
several neurodegenerative diseases, including AD*. The presently
identified lead hitis in the regulatory 3’ UTR part of the gene and isin
fulllinkage disequilibrium (LD; r? = 0.99) with the previously reported
rs1990622 variant, which is associated with reduced TMEM106B
expression®?° and with earlier age at onset of frontotemporal lobar

degenerationin GRN mutation carriers. Both the TMEM106B and GRN
signals are sufficiently strong to reach genome-wide significance level
in our previous overall GWAS®; however, the present APOE-stratified
analyses illustrate that these signals only manifest in the APOE €33
context, although only TMEM106B reached statistical significance in
the stratified effect comparison test. Interestingly, TMEM106B and
GRN were recently associated only with non-AD pathology in a com-
prehensive GWAS of multiple neuropathology endophenotypes of
dementia”. Further aspects of pathophysiology are discussed in the
Supplementary Note. NPAS3 encodes a neuronal transcription factor
implicated in several neuropsychiatric conditions® and is reported
to have a regulatory function on the expression of reelin®. In adults,
reelinbinds to the ApoE-Receptor2 (apoER2) and the very low-density
lipoprotein receptor, modulating AMPA and NMDA activities in the
postsynaptic region, affecting amyloid precursor protein processing
and tau hyperphosphorylation, and competing withapoE in receptor
binding’’. Furthermore, SHARPIN variants have been shown to affect
NF-kB signaling in the nervous system, a central mediator of inflam-
matory and immune responses, and apoE is suggested to interact with
NF-kB signaling®*?. In addition, we observed consistent directionality
in all European ancestry cohorts, although the interaction test did
not reach statistical significance, suggesting that the effect of MAPT
is attenuated in an £4 context, in agreement with a previous report®.
Finally, forest plots of the effect differences for the significant stratified
effect comparison tests show similar directionality across cohorts.
Thefollowing genes were associated with augmented effect sizes
ine4 carriers. The HLA region on chromosome 6 is highly complex. The
presentdataadd an extralayer to this complexity as we observed that
one HLA locus associates with increased risk of AD in €4 carriers, but
notine3carriers, whileanotherindependent HLA locus associates with

Nature Genetics


http://www.nature.com/naturegenetics
http://www.ncbi.nlm.nih.gov/gene/65121
http://www.proteinatlas.org
http://www.proteinatlas.org

Letter

https://doi.org/10.1038/s41588-026-02713-9

increased risk of AD in both strata. Furthermore, we confirmed CLU
as one of the strongest genomic signals for AD and documented that
this signal was substantially stronger in APOE €4 carriers compared to
€33 carriers. We also identified a new independent signal within the
FERMT2locus, where the nearest gene is DDHDI (distance 241,028 bp),
which encodes a member of the phospholipase Al family important
in lipid and phospholipid metabolism? and is associated with a rare
neuronal disease, spastic paraplegia 28 (refs. 34,35). The fact that the
rs10131116 DDHDI variant in the present GWAS was associated with
adecreased risk of AD specifically in APOE €4 carriers, together with
the recent identification of the rs10131116 as an eQTL associated with
decreased DDHDI expression®, highlights DDHDI as an interesting
focus for drugdiscovery. DDHDI is also in the same biological pathway
asagenome-wide significant known signal (PLCG2)®. Recently, DDHD?2,
a gene known to be involved in hereditary spastic paraplegia, was
reported to provide flux of saturated fatty acids for neuronal energy
and function®®, supporting a potentialimportance of this class of genes
in neuronal functioning. Notably, the HLA and DDHDI signals were
similar in European and Asian ancestry cohorts, despite differences
in statistical power. Finally, forest plots of the effect differences also
show similar directionality across cohorts.

By performing a large APOE-stratified GWAS, we have identified
new as well as well-established AD loci, where the effect is manifested
specificallyinan APOE €4 carrier or in an €33 genotype context. These
findings are supported by pathway analysis, highlighting distinct APOE
carrier status-dependent biological mechanisms, and may have the
potential to change our current understanding of the pathogenesis
of AD. Based on our present findings and based on the observed less
efficacy and higher risks of severe side effects in €4 carriers in recent
trials of anti-amyloid therapies, it may now be timely to consider includ-
ing APOE stratification a priori in future randomized clinical trials of
emerging AD medicines.

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/s41588-026-02713-9.
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Methods

Populations

We used the following European ancestry consortia/biobanks: Euro-
pean Alzheimer’s Disease & Dementia BioBank (EADB), FinnGen,
European Alzheimer’s Disease Initiative, Bonn, Genome Research at
Fundacio ACE (Gr@CE), Genetic and Environmental Risk in Alzhei-
mer’s Disease, Alzheimer’s Disease Sequencing Project (ADSP) and
UK Biobank (UKB). In addition, we evaluated 33 regions of interest in
cohorts of East Asian (EAS) ancestry, representingJapanese (JADNI, CL,
NP; EAS-JPN), Chinese (HKS; EAS-CHN) and Korean (GARD; EAS-KOR)
populations, aswellasin AAC (ADSP-AAC), AFR (ADSP-AFR) and native
AMR (ADSP-AMR) multi-ancestry populations. APOE genotype was
determined by the imputed data using rs7412 and rs429358. Where
directly genotyped data were available, samples with a mismatch
between the imputed and genotyped APOE genotype were excluded.
FinnGen R11 was used, excluding samples from the ADGEN study as
they areembeddedinthe EADB. AD cases were defined by diagnosis or
by the use of AD medication (ATC code: NO6D). Individuals diagnosed
with other forms of dementia were excluded from the controls, and all
individuals withan AD diagnosis were included independent of other
dementia diagnoses. In UKB only, those defined as white British were
included, and AD was defined as being diagnosed with AD from elec-
tronic medical records. No information regarding proxies was used
in the AD definition or as exclusion criteria. In all datasets, controls
younger than 60 years were excluded to better balance the age distri-
butions in the cases and controls and to avoid the inclusion of young
controls. All cases were kept. Written informed consent was obtained
from study participants or, for those with substantial cognitive impair-
ment, acaregiver, legal guardian or other proxy. Study protocols for all
cohortswerereviewed and approved by the appropriate institutional
review boards.

Quality control (QC) and imputation

Astandard QC was performed on the samples and variantsin all data-
sets. The samples were imputed using TOPMed except for ADSP and
FinnGen (Supplementary Table 2). FinnGen was imputed with a Finn-
ish whole-genome sequencing reference panel (SiSu; v4). Ancestry
estimates and QC for UKB and ADSP were done using GenoTools™.

GWAS analysis

Test of the association between clinical AD status and autosomal
genetic variants was conducted separately in each cohort by means
oflogisticregression or mixed models using an additive genetic model.
Three softwareimplementations were used (SNPTEST (v2.5.6), PLINK2
and REGENIE)***° and adjusted for sex, age, genetic principal com-
ponents (gPCs) and genotyping centers/batches when necessary
(Supplementary Table 2). gPCs were calculated in the full cohort and
notintheindividual stratato avoid generating possible ascertainment
bias effects. Sensitivity analyses were carried out in some datasets to
check that adjusting for age did not introduce spurious findings. In
SNPTEST, we analyzed the genotype probabilities using the newml
method. InPLINK2 and REGENIE, dosages were used combined with the
glmregression (Firth’sregressionif failed convergence) in PLINK2 and
Firth’sregressionin REGENIE. For each dataset, we filtered out variants
with (1) missing data on the effect size, s.e. or Pvalue, (2) an absolute
effect above 5, (3) an imputation quality below 0.3 and (4) variants
not fulfilling 2 x Min(n ,ees,Meontrois) X Minor allele frequency x info > 5
(an unbalanced MAC-info score), where info is imputation quality.
A fixed-effect meta-analysis using an inverse-variance weighted
approach as implemented in METAL (v2020-05-05) was performed
combining the results from each dataset. Variants were excluded if a
heterogeneity Pvalue was below 5 x 108 orif variants did not pass QC in
atleast two of the three major datasets (EADB TOPMed, FinnGen, UKB).
The genomic inflation factor was computed with a median approach
after the exclusion of the APOE region (44-46 Mb on chromosome 19

in GRCh38) both for variants with minor allele frequency of >1%and in
the entire dataset. Manhattan plots were made using topr package"
(v2.0.2)inR (v4.3.3).

Definition of loci

Around eachvariant with a Pvalue below 2.5 x 1078, aregion of +500 kb
was defined per fixed-effect meta-analysis. Most of the variants will be
highly correlated across the strata except for those variants thatinter-
actwiththe APOE genotype, whichis expected to be a small minority of
the total tested variants. Hence, if one were to consider all GWAS tests
as belonging to the same family, it would lead to a large increase in
riskof typell errors without much gainin controlling for typel errors.
To determine the proper control of multiple testing, the effective
number of independent tests (M) was determined using the Li & Ji
eigenvalue decomposition* of the interstratum effect estimate cor-
relation matrix. Summary statistics from €44, €43, €44 + €43 and €33
strata were merged, and the SNPs were thinned to one per 500-kb (or
250-kb) window, retaining the SNP with the lowest combined Pvalue,
excludingthe APOE region (chr19:40-50 Mb). M, was estimated across
signal enrichment thresholds from |z| = 0 to 7. M decreased from 2.6
at |z] = 0 (noise dominated, = 0) and plateaued at 1.3-1.4 for |z| > 5
(Supplementary Fig. 85), consistent with one shared genetic dimension
and a partial second dimension corresponding to the e4-interacting
minority of loci. However, to be conservative in setting a P-value thresh-
old for the stratified GWAS analysis, we set a stricter multiple testing
correction of M= 2instead of Mg, ¢; = 1.4, resulting in the threshold
P<5x1078/2=2.5%107% We used the PLINK2 clumping procedure to
defineindependentsignalsin eachregion. This procedureisiterative,
starting with the variant with the lowest Pvaluein the respective region
(the lead SNP). All variants within loci and in LD with the lead variant
(r higher than 0.01) are assigned to the clump belonging to the lead
SNP. If any variant with a P value below 2.5 x 1078 is unassigned to a
clump in the respective region, the variant with the lowest Pvalue is
found among the remaining variants, and the clumping is repeated
until all variants have been assigned aclump. LD in the EADB TOPMed
imputed dataset was computed using high-quality imputed dosages
(imputation info > 0.8). The clumping procedure was run in both the
€44 + €43 and €33 GWAS results, and the results for the respective loci
were compared. Loci plots were generated using locuszoomr (v0.3.5)
in R (v4.3.3). Forest plots of variant effects across APOE strata were
generated using forestploter (v1.1.2) in R (v4.3.3). The independence
of several signals within a locus was tested by conditional analysis in
thefivelargest cohorts (EADB TOPMed, FINNGEN, UKB, GR@CE, ADSP)
and meta-analyzed.

Stratified effect comparison tests

Two different tests of stratified effect comparisons between autosomal
variants and the APOE strata were performed using summary statistics
results from the different APOE strata. P-value threshold for signifi-
cance was determined using a Bonferroni correction for 29 regions of
interest (including the 9 lociincommoninboth strata, the 9 and 7 loci
found in the €44 + €43 and €33 strata, respectively, and the four addi-
tional signals found in 4 of the 25 loci; P < 0.05/29 regions of inter-
est =0.0017). Thefirst test analyzed the effect difference between the
€44 + €43 and €33 APOE strata. The effect difference was calculated in
each cohort separately (AB; = B ca4+e43 — Bic33, [ is the cohort, Bis the
autosomal effect estimated in the stratified GWASs), with the s.e. of
the effect difference calculated as the square root of sum of squares of

s.e.fortheeffectss.e.ys = /5.2, 043 + 5.6 235 Theeffect differences

were combined across studies in a fixed-effect meta-analysis with an
inverse-variance weighted approach (METAL (v2020-05-05) software).
The test was referred to as the dominant test because it tests whether
the presence of an €4 allele changes the effect of the autosomal variant
(independent of the number of €4 alleles). Forest plots for the
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calculated effect difference in each cohort were provided to assess the
robustness of the stratified effect comparison test across the cohorts.
The second test was a fixed-effect model estimating the effect from
the number of e4 alleles— B; = yo + VeaXj + VeonoreCj + €5, Where iis the
cohort,jisthestrata (€33, €43, €44), B;is the autosomal effect, x;is the
number of €4 alleles (0,1,2), C;is the cohort, y, is the intercept, y., is the
effect of one g4 allele, Y onor is the cohort effectand gis the error term.
The second model was referred to as the additive model and was esti-
mated using R (v4.3.3) and metafor package (v4.6.0).

We performed mixed-effect sensitivity interaction models to test
whether the stratified effect comparison results were prone to
between-stratarelatedness bias, which could be a potential biasinthe
FinnGen cohort. The models were specified as follows: dominant
mixed-effect model— By = yo + vixi + u; + €4, Whereiisthe cohort, kis
thestrata (€33, €44 + €43), x; is the strata (€33, €44 + €43, categorical),
Yiisthe strata effect (V4,044 iS the reference) and u;is the randomeffect;
additivemixed model—f; = yo + v 4X; + u; + &5, withthe same notation
as above. For calculating the effect difference, both the €33 and
€44 + e43 effects should be available for a cohort tobe included in the
analysis. Inthe other models, we included all available data, for exam-
ple, the 44 GWAS in the Bonn cohort was not performed due to power,
butthe datafromthe Bonn €33, €43 and €44 + €43 GWASs wereincluded
if the SNPs passed QC.

Genome-wide interaction testing

Interaction testing between APOE €4 carrier status and autosomal
genetic variants for association with clinical AD was conducted sepa-
rately in the five largest cohorts (EADB TOPMed, FinnGen, UKB, GR@
CE and ADSP) using logistic regression or mixed models with an addi-
tive genetic model. We implemented agene-environmentinteraction
framework, treating APOE €4 carrier status as the exposure modifier.
The aim of the analysis was to closely mimic the main analysis that
contrasts the €33 and €44 + €43 strata. A full multi-allelic gene-gene
interaction GWAS across all APOE genotypes was regarded as outside
the scope of this project.

APOE €4 carrier status was defined as O for individuals in the APOE
€33strataand1forindividualsinthe APOE €44 + e43 stratum. All other
strata were excluded from the analysis. The model used for analysis
was AD — SNP + APOE €4 carrier + SNP x APOE €4 carrier + age + sex +
cohort-specific covariates. The software and the specific adjustments
forthe different cohorts are detailed in Supplementary Table 2. Results
from the individual cohorts were QCed as described in the stratified
GWAS and the SNP and SNP x APOE €4 carrier estimates were
meta-analyzed separately using an inverse-variance weighted
fixed-effect meta-analysis as implemented in METAL (v2020-05-05).
The samesignificance threshold (P< 2.5 x10"%) was used in the interac-
tionmodel asin the stratified GWAS meta-analysis, as SNP and interac-
tion terms constitute independent tests. In this setup, the reference
levelinthe interaction model corresponds to the reference levelin the
APOE £33 strata GWAS and hence gifyeraction — ge3sstrau | jkewise, the
estimated effect for an SNP in the APOF €44 + €43 strata corresponds

c44+c43strata _ pinteraction interaction i
to ﬁSNP _ﬂSNP +ﬁSNPxAPOE_s4_carrier bUt WIth the rEference
whichis

value shifted by the APOE €4 carrier estimate
independent of the individual SNP.

interaction
APOE ¢4 _carrier’

Pathway analysis

Pathway analyses were performed on each meta-analysis stratum result
separately using FUMA (v1.6.1)*. As requested by FUMA, all variants
were annotated with anrsID using VEP release 112 and thenlifted to the
GRCh37 assembly using the Picard LiftOverVcftool (v3.1.1)**. Variants
having norsID or failing the lift to the GRCh37 assembly were removed
from the analysis. Remaining variants were then uploaded to FUMA and
the pathway analysis was performed by MAGMA (v1.08)* using two dif-
ferent windows to assign a variant to a gene—0 kb (main analysis) and

awindow of 35 kb upstream and 10 kb downstream (second analysis).
To account for multiple testing, we computed a false discovery rate
(Benjamini-Hochberg) based on the number of genesincluded inthe
analysis. Pathways havinga g value of <0.05 in either of the two windows
were considered significant.

eQTL analysis

We performed an APOE-stratified cis-eQTL mapping analysis (APOE
€33; n=342 and APOE €44 + £43; n=130) in the ROSMAP dorsolateral
prefrontal cortex (n =560) cohort to investigate association of the
lead variant in the DDHDI locus (rs10131116) with the RNA expression
of nearby genes in a 1-Mb window around the variant, following the
methodology described as before®. For the APOE-stratified cis-eQTL
mapping, the genetic principal components and the gene expres-
sion Probabilistic Estimation of Expression Residuals factors were
calculated within the respective strata separately, and sex, first three
gPCs andthe Probabilistic Estimation of Expression Residuals factors
(first 45 for APOE €33 and first 15 for APOE €44 + £43) were included
ascovariates.

SMR

SMR was performed using the SMR software developed and maintained
by the Yang Lab, with default parameters*®*’ using summary data from
the APOE €33 and APOE €44 + €43 strata GWAS. We used cis-eQTL data
from five of the seven regions in the MetaBrain Consortium dataset
(cerebellum, cortex, basal ganglia, hippocampus and spinal cord)*.
We applied asignificance threshold of pPSMR_multi <6.12 x 107, which
corresponds to the Bonferroni-corrected value at a = 0.05 for 8,166
unique genes tested across all regions. In addition, we filtered at a
HEIDI P-value threshold of pHEIDI > 0.01 to remove associations with
inferred pleiotropy and only kept results where the number of SNPs
included inthe HEIDI tests was >3 (nsnp_HEIDI > 3).

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

Data availability

Summary statistics have been made available through the Euro-
pean Bioinformatics Institute GWAS Catalog (https://ftp.ebi.
ac.uk/pub/databases/gwas/summary_statistics/GCST90861001-
GCST90862000)—GCST90861026 (APOE €44 strata GWAS),
GCST90861027 (APOE €43 strata GWAS), GCST90861028 (APOE
€44 + €43 strata GWAS), GCST90861029 (APOE €33 strata GWAS),
GCST90861030 (APOE €22 + €32 strata GWAS), GCST90861031 (APOE
carrier interaction GWAS).

Code availability

The software used is referenced in the online methods and the
applied codes have been made available at https://github.com/
JesperQT/APOEstratGWAS and via Zenodo at https://doi.org/10.5281/
zenodo.21358786.
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Extended Data Fig. 1| Flowchart of APOE-stratified GWAS analysis plan. Eight European, five East Asian and three American cohorts were included. Genetic
association analysis (GWAS) was performed in four APOE strata (€33, €44, €43 + €44, €22 + £32). Genome-wide significant signals were tested with functional analysis,
genetic characterization, and gene-gene interaction analysis.
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Extended Data Fig. 2| Summary of findings. a, Summary of interaction

findings. Left, illustrating attenuated protective and attenuated risk-increasing
interaction effects for the APOE-g4 allele. Right, illustrating the similar

augmented protective and augmented risk-increasing interaction effects for the
APOE-¢4 allele. Loci exhibiting the illustrated effect are noted below. The vertical
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lineillustrates an odds ratio of 1 (no effect) and error bars illustrate confidence
intervals. b, Venn diagram of the genome-wide significant loci associated with
AD, showing the overlap between APOE-strata and between variant-based testing
(stratified or interaction GWAS) and gene-based testing (MAGMA).
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Software and code

Policy information about availability of computer code

Data collection  Not relevant.

Data analysis Custom code has been made available on https://github.com/JesperQT/APOEstratGWAS .
Standard software has been used.
SNPTEST v2.5.6
Regenie v2.-2.4.1
PLINK vv2.00a2-v.200a3.7
METAL v2020-05-05
Rv4.3.3
topr (R package) v2.0.2
locuszoomr (R package) v0.3.5
forestplotter (R package) v1.1.2
Metafor (R package) v4.6.0
FUMAv.1.6.1
VEP 112
Liftovervcf tool v3.1.1
MAGMA v1.08

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Summary statistics has been made available through the European Bioinformatics Institute GWAS Catalog: GCST90861026, GCST90861027, GCST90861028,
GCST90861029, GCST90861030 and GCST90861031.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation)
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex was adjusted for in the study. Sex was assigned based on genetic information.

Reporting on race, ethnicity, or  The main study was made on individuals of European genetic ancestry. Main findings are further investigated in other genetic

other socially relevant ancestry groups. This is due to the availability of data.

groupings

Population characteristics Age, sex, genetic ancestry, APOE genotype, Alzheimer’s diagnosis, genetic principal components.

Recruitment Inclusion in the study was based on availability of data in already established cohorts.

Ethics oversight Written informed consent was obtained from study participants or for those with substantial cognitive impairment, from a

caregiver, legal guardian, or other proxy, and the study protocols for all the populations were reviewed and approved by the
appropriate local institutional review boeard (see description of the samples in the supplementary information.)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The study included most of the largest Alzheimer’s cohorts and biobanks available with participants of European ancestry and supplemented
with cohorts of other ancestries.

Data exclusions  Samples and data were excluded based on standard quality control procedures as described in manuscript.
Replication The meta-analysis strategy includes replication by default. Main findings were investigated in cohorts of other genetic ancestries.

Randomization  Samples were allocated into the experimental groups by Alzheimer’s diagnosis and APOE genotype and the relevant covariates were adjusted
for in the models applied..

Blinding Blinding is not relevant in a GWAS study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z| D ChlIP-seq
Eukaryotic cell lines |Z| D Flow cytometry
Palaeontology and archaeology |Z| D MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern
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Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Authentication Describe-any-authentication-procedures for-each seed stock-used-or-novel-genotypegenerated.-Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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