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Abstract

INTRODUCTION: An extra copy of the amyloid precursor protein (APP) gene causes

autosomal dominant Alzheimer’s disease (AD) andAD inDown syndrome (DS), but the

factors underlying variability in age at onset (AAO) remain unclear. We investigated

whether sporadic AD risk variants modify AAO.

METHODS:We analyzed clinical and genetic data from 100 APP duplication (APPdup)

carriers and 957 individuals with DS. Cox models assessed associations of apolipopro-
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tein E (APOE) ε2 and ε4 and the AD genetic risk score (AD-GRS; excluding APOE and

chromosome 21 variants) with AAO.

RESULTS: Mean AAO was earlier in APPdup than DS (51 ± 7 vs. 53 ± 6 years;

P = 0.0005). APOE ε2 delayed onset (hazard ratio [HR] = 0.47, P < 0.0001), whereas

APOE ε4 (HR = 1.5, P = 0.0003) and higher AD-GRS (HR = 1.3 per standard deviation,

P < 0.0001) accelerated onset. Predicted median AAO differed by 10 years between

lowest and highest genetic risk.

DISCUSSION: Sporadic AD genetic risk factors are important modifiers of AAO in

APPdup andDS, explaining part of themarked variability in onset.

KEYWORDS

Alzheimer’s disease, amyloid precursor protein duplication, apolipoprotein E, autosomal

dominant Alzheimer’s disease, disease onset, Down syndrome, Down syndrome-associated

Alzheimer’s disease, polygenic risk score

Highlights

∙ Sporadic Alzheimer’s disease (AD) genetic variants modify AD onset in amyloid

precursor protein duplications andDown syndrome.

∙ Apolipoprotein E (APOE) ε2 delays AD onset, while APOE ε4 and higher AD genetic

risk score accelerate onset.

∙ Lowest versus highest genetic risk predicts an≈ 10-year difference in AD onset.

∙ Amyloid beta, angiogenesis, and endocytosis pathways influence timing of ADonset.

∙ Trials in presymptomatic individuals should consider sporadic AD genetic risk.

1 INTRODUCTION

An extra copy of the amyloid precursor protein (APP) gene on chro-

mosome 21 leads to overproduction of abnormal amyloid beta (Aβ),

causing early-onset Alzheimer’s disease (AD) and/or cerebral amyloid

angiopathy (CAA).1 The most common cause is de novo trisomy 21,

responsible for Down syndrome (DS), a condition that includes intel-

lectual disability and cardiac malformations.2–4 In rare cases, a small

segment of chromosome21 is duplicatedwithout theDS critical region

(small distal region on 21q22.13), leading to autosomal dominant

AD (ADAD). Carriers typically present with cognitive decline, hemor-

rhages, or seizures.5,6 In DS, early recognition of AD and/or CAA is

complicatedby intellectual disability andother co-morbidities.7 Inboth

ADAD APP duplications (APPdup) and DS-AD, the age at onset (AAO)

varies widely (40–65 years), making it difficult to predict AAO.8–14

This heterogeneity inAAO likely reflects a combinationof environmen-

tal and genetic factors. Identifying modifiers of AAO in APPdup and

DS is crucial for care planning and optimizing the timing of treatment

initiation for emerging disease-modifying therapies.

Among established genetic risk factors for AD, the apolipoprotein

E (APOE) genotype is most prominent.15 Studies investigating APOE

across different causesofADADreported that theAPOE ε4allele accel-

erated onset and the APOE ε2 allele delayed onset, with inconsistent

significance.12,16–19 In APPdup carriers, no significant effect of APOE

was found, nor an association of duplication length or nearby dupli-

cated genes with AAO or specific symptoms, possibly due to small

sample size.14 In DS, APOE ε4 has been linked to earlier AD onset

andcorresponding cerebrospinal fluid (CSF) changes, althoughassocia-

tionswith clinical onsetmeasureshavenotbeen consistent.20–22 These

findings suggest that the APOE genotype may influence the disease

trajectory in individuals carrying an additional copy of APP.

Genome-wide association studies (GWASs) have identified > 80

otherADrisk variants beyondAPOE.23 Aggregating theeffects of these

variants into an AD genetic risk score (AD-GRS) provides a measure of

cumulative genetic susceptibility to AD, which has been consistently

associated with AAO. In ADAD and DS studies, the AD-GRS has been

associated with CSF biomarkers and cognitive decline,22,24,25 implying

potential influence on AAO. These genetic variants are implicated in

different biological pathways.26 Constructing pathway-specific GRSs

(pGRSs) allows us to determine which biological mechanisms most

stronglymodify AAO, thereby highlighting the pathwaysmost relevant

in individuals with an extra APP copy.

Although APOE and AD-GRS have been examined in DS-AD and

ADAD, including APPdup, their contribution to variability in AAO

remains unclear. Here, we hypothesized that genetic risk modifiers

of AD, including APOE and AD-GRS, contribute to the observed
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RESEARCH INCONTEXT

1. Systematic review: Literature on Alzheimer’s disease

(AD) in amyloid precursor protein (APP) duplications

(APPdup) and Down syndrome (DS) shows that the age

at onset (AAO) varies between 40 and 65 years. Sev-

eral studies suggest an earlier onset in apolipoprotein E

(APOE) ε4 carriers, with no other major contributors to

this variability.Genome-wide studies in sporadicAD iden-

tified > 80 risk loci, and AD genetic risk scores (AD-GRS)

influence both disease risk and AAO. However, the role

of the AD-GRS as an AAO modifier in individuals with an

extra APP copy has not been examined.

2. Interpretation: AAO was earlier in APPdup than DS with

similar distributions. APOE ε2 delayed onset, while APOE

ε4 and a higher AD-GRS accelerated onset. Lowest ver-

sus highest genetic risk predicted an ≈10-year AAO

difference. Amyloid beta, angiogenesis, and endocytosis

pathways showed the strongest AAO effects.

3. Future directions: APOE and polygenic risk may improve

AAO prediction and trial design in individuals with an

extra APP copy.

variation in AAO among individuals with an extra APP copy. Our aim

was to investigate how these factors influence AAO in APPdup and DS

individuals, to determine whether these effects are comparable across

the two groups, and to identify specific biological pathways underlying

this variability.

2 METHODS

2.1 Study design

In this multicenter retrospective cohort study, individuals with an

additional copy of APP were selected from the European Alzheimer

& Dementia Biobank (EADB),23 the Amsterdam Dementia Cohort

(ADC),27 the Netherlands Brain Bank, the French National Reference

Centre for Patients with Early-Onset Alzheimer’s Disease (CNRMAJ;

Rouen University Hospital), the Dominantly Inherited Alzheimer Net-

work Observational Study (DIAN Obs),28 the Ace Alzheimer Center

Barcelona (ACE), Down Alzheimer’s Barcelona Neuroimaging Initia-

tive (DABNI),29 and the Hospital Universitario de la Princesa (HUP) in

Madrid through diverse methods. All studies were approved by their

local medical ethical committee.

2.2 Population

All individuals carrying an APPdup were included if clinical and genetic

data were available and when the duplication did not extend across

the entire DS critical region (distal 21q22.13).30 Previously reported

APPdup carriers with available AAO and APOE genotype were addi-

tionally included after a PubMed literature search (search strategy

described in the Supplementary Methods in supporting information).

Individuals with DS were included if they had partial or full trisomy

21 including the triplication of APP, known AD status, and available

genetic data.

2.3 Procedures

Clinical characteristics were obtained from medical records or

research databases and included self-reported sex, AD status, clinical

symptoms, symptomatic AAO, age at AD diagnosis, or age at last visit.

For APPdup carriers, AAO was defined as age at first symptom onset

as indicated by the patient or patient’s family. These symptoms include

cognitive decline, hemorrhages, or seizures. For DS individuals, AAO

corresponded to the age at (prodromal) ADdiagnosis based on consen-

sus between neurologists and neuropsychologists after independent

visits. Progression to prodromal AD was defined as relevant cognitive

or behavioral changeswithout interference in daily functioning (details

in DABNI protocol).29 For DS individuals with established AD at first

study visit, age at that visit was used as AAO.

DNA was isolated from whole blood samples or brain tissue. High-

density single nucleotide polymorphism (SNP) arrays were used for all

cohorts, except for the DIAN samples, which underwent short-read

whole genome sequencing (WGS). Genotyping, imputation, sequenc-

ing, and detection of APPdup or trisomy 21 are described in the

Supplementary Methods. When available, APPdup size and additional

duplicated genes were recorded.

TheAPOEalleles (ε2, ε3, and ε4) and commongenotypes (ε2/ε2, ε2/ε3,

ε3/ε3, ε3/ε4, ε2/ε4, and ε4/ε4) were defined using two SNPs (rs429358,

rs7412). The ε1 allele was not observed. For analyses, APOE ε2 carriers

(ε2/ε2, ε2/ε3) and APOE ε4 carriers (ε3/ε4, ε2/ε4, ε4/ε4) were com-

pared to the reference genotype ε3/ε3. Individuals with APOE ε2/ε4

were assigned to the ε4 group, consistent with previous evidence of

increased AD risk compared to ε3/ε3.31

The AD-GRSwas calculated using genome-wide significant variants

from the most recent AD-GWAS.23 Of 83 SNPs (excluding the APOE

locus), 6 were removed from all samples, as 2 were located on chromo-

some 21 and 4 had low imputation quality (R2 < 0.3; Supplementary

Methods). The AD-GRS was calculated with the remaining 77 SNPs as

the sum of the variant dosages weighted by the effect estimates from

the AD-GWAS. This was performed for APPdup carriers with available

genetic data and for all DS individuals. The AD-GRS was standard-

ized (mean = 0, standard deviation [SD] = 1) within each population

subgroup. In seven DIAN samples, one missing SNP (rs62374257)

was imputed to the minor-allele frequency from GnomAD to allow

complete AD-GRS calculation.32

pGRSs were constructed for the five major AD-related

pathways: Aβ metabolism, immune response, endocytosis, choles-

terol/lipid metabolism, and angiogenesis.26 Each pGRS incorporated
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pathway-specific variant weights to the original AD-GRS calculation

(Table S1 in supporting information).26

2.4 Outcomes

The primary outcome was symptomatic AAO of AD. Because AAO

is more difficult to determine in individuals with DS than in those

without intellectual disability,7 we attempted to match the defini-

tion of AAO between cohorts as follows: (1) for APPdup carriers,

AAO corresponded to the age at first symptom onset; (2) for DABNI,

AAO reflected the age at prodromal AD diagnosis or, for individuals

with dementia at first visit, age at that visit; and (3) for ACE/HUP,

AAO corresponded to the age at clinical AD dementia diagnosis. In

the following sections, these measures are collectively referred to as

AAO.

2.5 Statistical analysis

All analyses were performed in R version 4.4.1. Individuals unaffected

at last follow-up were censored at that age. Descriptive statistics were

used to compare APPdup carriers and DS individuals. We used t tests

for age and Pearson chi-squared tests for dichotomous data. Differ-

ences in AAO were assessed using Kaplan–Meier curves and log-rank

tests, and AAO variance differences were evaluated with the Levene

test.

Cox proportional hazard models assessed associations of APOE ε2,

APOE ε4, and AD-GRS with AAO. Because AD-GRS was not available

for all individuals, Model 1 included APOE ε2 and ε4 only, whereas

Model 2 additionally included AD-GRS. To account for different AAO

definitions, cohortwas included as a categorical covariate (0=APPdup,

1=DABNI, 2=ACE/HUP). Sex and genetic principal componentswere

not included. Hazard ratios (HRs) with 95% confidence intervals (CIs)

and p values were reported. Potential interactions between APOE and

AD-GRSwere tested in separatemodels.

Analyses were conducted in the total cohort and stratified by

APPdup and DS groups. The DS cohorts were further stratified by

DABNI and ACE/HUP to assess differences in APOE and AD-GRS

effects on AAO. Single-variant analyses were performed for all AD-

GRS variants within the APPdup, DABNI, and ACE/HUP cohorts sep-

arately, with effects aligned to the GWAS effect allele. Cohort-specific

estimates were pooled using an inverse variance weighted fixed-effect

meta-analysis. Genomic inflationwas assessed using the genomic infla-

tion factor calculated from the meta-analysis p values, and calibration

was visualized with a QQ plot. Effect-size concordance was assessed

using beta–beta plots.

Predicted median AAO with 95% CIs were calculated, and cumu-

lative incidence curves were constructed using the riskRegression

package.33 These curvesweregenerated forAPPdupandDSseparately

and were based on: (1) APOE genotypes (ε2, ε3/ε3, and ε4), (2) AD-GRS

values at five levels (lowest: –2 SD from themean, low: –1 SD, average:

0 SD, high: +1 SD, and highest: +2 SD), and (3) two extreme risk sce-

narios combining APOE and AD-GRS (lowest risk: APOE ε2 and lowest

AD-GRS; highest risk: APOE ε4 and highest AD-GRS). Additionally, AD-

GRS effects within each APOE genotype were illustrated by computing

similar cumulative incidence curves.

To assess pathway-specific effects, Cox models were fitted for the

five pGRSs in the total cohort, and in the stratified APPdup and DS

groups. We added the three different cohorts as covariates. In a sub-

set of APPdup carriers, duplication length and individual genes located

on chromosome 21 (duplicated in ≥ 5 carriers) were associated with

AAO in separateCoxmodels. HRs and 95%CIswere reported.We con-

trolled for the false discovery rate (FDR) to correct formultiple testing;

q values< 0.05were considered statistically significant.

3 RESULTS

3.1 Population and clinical characteristics

In total, 100 APPdup carriers were included from the Netherlands

(n = 14), France (n = 46), Spain (n = 2), EADB (n = 6), DIAN (n = 8),

and from literature (n= 24, Supplementary Results in supporting infor-

mation). We included 957 individuals with DS from the DABNI cohort

(n = 374), ACE (n = 12), and HUP (n = 571). Clinical characteristics are

summarized in Table 1. Themean age at last visit among asymptomatic

individuals was 42.4 years (SD ± 9.7), which did not differ between

APPdup and DS (P = 0.43). A higher proportion of APPdup carriers was

symptomatic for AD compared to individuals with DS (91% vs. 34%;

P < 0.0001). The total cohort had a mean AAO of 52.8 ± 5.8 years,

with AAO distribution shown in Figure 1. Mean AAO was earlier in

APPdup carriers (mean AAO 50.7± 6.6 years) than individuals with DS

(53.3 ± 5.5 years; P = 0.0005). However, AAO variability was similar

between groups (Levene test: F = 1.12, P = 0.29), and AAO did not dif-

fer between APPdup carriers and DS individuals with an available age

at prodromal AD diagnosis (P = 0.10; Figure 2). APOE genotype dis-

tributions were similar across groups (PAPOE2 = 0.80; PAPOE4 = 0.50),

with most individuals homozygous for APOE ε3 (70%). There were

no homozygous ε2 carriers and only ten homozygous ε4 carriers in

DS (four asymptomatic and six symptomatic). Among APPdup carri-

ers, duplication size ranged from 0.14 Mb to 18.50 Mb, encompassing

between 1 and 65 genes.

3.2 Associations of APOE and AD-GRS with AAO

Figure 3 summarizes the Cox proportional hazard models. In the

total cohort, APOE genotype was significantly associated with AAO.

In Model 1, APOE ε2 delayed onset of AD (HR = 0.47 [0.32–0.67],

P < 0.0001), whereas APOE ε4 accelerated onset (HR = 1.5 [1.2–1.9],

P = 0.0003). In Model 2, the AD-GRS was significantly associated with

AAO (HR = 1.3 [1.1–1.4], P < 0.0001), indicating earlier onset with a

higher AD-GRS. No interaction between APOE ε2 or ε4 and the AD-

GRSwas observed (PAPOE2 = 0.62;PAPOE4 = 0.36; Table S2 in supporting

information).
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TABLE 1 Demographic and clinical characteristics.

Total cohort Stratified groups

N

Total

N= 1057a
APP duplications

N= 100a
Down syndrome

N= 957a p value

Age at last visit (asymptomatic)b 638 42.4 (9.7) 46.0 (13.1) 42.4 (9.6) 0.43c

Age at onset (symptomatic) 419 52.8 (5.8) 50.7 (6.6) 53.3 (5.5) 0.0005c

Sex 1051 0.17d

Male 549 (52%) 56 (60%) 493 (52%)

Female 502 (48%) 38 (40%) 464 (48%)

Alzheimer’s disease 1057 <0.0001d

Symptomatic 419 (40%) 91 (91%) 328 (34%)

Asymptomatic 638 (60%) 9 (9.0%) 629 (66%)

APOE 1057

APOE ε2 carrier 108 (10%) 9 (9.0%) 99 (10%) 0.80d

APOE ε4 carrier 212 (20%) 17 (17%) 195 (20%) 0.50d

aMean (SD), no. (%)
bThe age at last visit refers to the age at last visit of asymptomatic individuals only.
cWelch two-sample t test.
dPearson chi-squared test. In the APP duplication group the asymptomatic individuals are from the Dutch (n = 2), French (n = 2), DIAN (n = 4) sites and from

literature (n = 1). In the Down syndrome group, the asymptomatic individuals are from both the DABNI cohort (n = 205) and ACE/HUP (n = 424). Of the

symptomatic individuals with DS in the DABNI cohort, 77 had established dementia before their first study visit.

Abbreviations: ACE/HUP, Ace Alzheimer Center Barcelona/Hospital Universitario de la Princesa; APOE, apolipoprotein E; APP, amyloid precursor protein;

DABNI,DownAlzheimer’s BarcelonaNeuroimaging Initiative;DIAN,Dominantly InheritedAlzheimerNetwork;DS,Down syndrome; SD, standard deviation.

(A) (B)

F IGURE 1 Distribution of AAO and cumulative incidence of AD stratified by APP duplications and Down syndrome. A, AAO distribution

stratified by APP duplications and Down syndrome. The definition of AAO differs per cohort and includes the age at symptom onset, age at

(prodromal) AD diagnosis, or age at first visit in case of established AD. B, Cumulative incidence of symptoms stratified by APP duplications

(median AAO [95% confidence interval]= 52 years [50–53]) and Down syndrome (median AAO= 56 years [55–57]). AAO, age at onset; AD,

Alzheimer’s disease; APP, amyloid precursor protein.
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F IGURE 2 Distribution of age at symptom onset, prodromal AD, and dementia diagnosis. Boxes represent IQR, with themedian shown as the

horizontal line. The left boxplot shows the age at symptom onset distribution of APP duplication carriers (median 51 years [IQR 47–54]), the

middle boxplot shows the age at prodromal AD diagnosis in Down syndrome (52 years [50–55]), and the right boxplot shows the age at dementia

diagnosis in Down syndrome (54 years [50–58]). In this last group, we included both individuals with age at first study visit with dementia and

individuals with clinical age at dementia diagnosis. AD, Alzheimer’s disease; APP, amyloid precursor protein; IQR, interquartile range.

F IGURE 3 Cox proportional hazardmodel of APOE and AD genetic risk score associated with age at onset. The HRs for the APOE ε2 and ε4

correspond to the results fromModel 1 (APOE ε2+ APOE ε4). The HRs for the AD-GRS correspond to the results fromModel 2 (APOE ε2+ APOE ε4

+AD-GRS). The AD-GRS included 77 single nucleotide polymorphisms associated with AD in which the APOE genotype was not included. AD,

Alzheimer’s disease; AD-GRS, Alzheimer’s disease genetic risk score; APOE, apolipoprotein E; APP, amyloid precursor protein; CI, confidence

interval; HR, hazard ratio; IQR, interquartile range.
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Stratified analyses by APPdup and DS yielded consistent results.

APOE ε2 delayed onset (HRAPPdup = 0.34 [0.14–0.81], P = 0.016;

HRDS = 0.60 [0.41–0.89], P = 0.010), while APOE ε4 accelerated

onset (HRAPPdup = 1.5 [0.86–2.5], P = 0.16; HRDS = 1.6 [1.2–2.1],

P = 0.0005). The effect of AD-GRS was similar in APPdup (HR = 1.3

[0.93–1.8], P = 0.13) and DS (HR = 1.3 [1.1–1.4], P < 0.0001). In

stratified analyses of the DS cohorts, the effect of the APOE ε2

was weaker in the DABNI cohort (Figure S1 in supporting informa-

tion). The meta-analysis of the single variant analyses underlying the

AD-GRS showed that the association was not driven by a single vari-

ant (Table S3 in supporting information), but by small effects of all

variants (genomic inflation factor = 1.45; Figure S2 in supporting

information).

3.3 Median AAO prediction

Givendifferences inAAObetweenAPPdupandDS,we report stratified

results that showed similar overall patterns in both groups (Figure 4

and Table S4 in supporting information). In APPdup, predicted median

AAO was 51.1 years [49.8–52.3] in APOE ε4, 52.5 years [51.3–53.9]

in APOE ε3/ε3, and 56.2 years [53.9–58.2] in APOE ε2. Correspond-

ing AAOs in DS were 51.8 years [51.1–52.8], 53.5 years [52.6–54.3],

and 57.3 years [55.1–59.4], respectively. For the AD-GRS, predicted

median AAO in APPdup ranged from 50.6 years [49.3–52.0] at the

highest AD-GRS (+2 SD) to 54.7 years [53.2–56.9] at the lowest AD-

GRS (–2 SD). In DS, these AAOs ranged from 51.4 years [50.4–52.5]

at the highest to 56.1 years [54.5–57.5] at the lowest AD-GRS. Com-

bining APOE and AD-GRS, predictedmedian AAO differed by 9.4 years

between the genetic extremes in APPdup (highest risk: 49.4 years

[47.7–50.7]; lowest risk: 58.8 years [56.5–61.1]). In DS, the corre-

sponding difference was 10 years (highest risk: 50.1 years [49.2–51.1];

lowest risk: 60.1 years [57.6–62.4]). Cumulative incidence curves strat-

ified by APOE are presented in Figure S3 in supporting information and

corresponding predicted AAOs in Table S5 in supporting information.

Within each APOE genotype, higher AD-GRS values were consistently

associated with earlier predictedmedian AAO.

3.4 Pathway-specific GRS analyses

Pathway-specific GRS analyses are shown in Figure 5, and correlations

between each pGRS are presented in Figure S4 in supporting informa-

tion. In the total cohort, the Aβ pGRS (HR = 1.2 [1.1–1.3], q = 0.013)

and angiogenesis pGRS (HR = 1.1 [1.0–1.3], q = 0.034) were associ-

atedwithAAO. ThepGRS for endocytosis (HR=1.1 [1.0–1.2], q=0.11),

immune response (HR=1.1 [0.97–1.2], q=0.21), and cholesterol/lipids

(HR = 1.1 [0.96–1.2], q = 0.31) did not reach statistical significance.

In DS, the endocytosis pGRS was associated with AAO (HR = 1.2

[1.0–1.3], q = 0.034). The effects in APPdup and DS were compara-

ble, albeit less significant in APPdup, consistent with smaller sample

size.

3.5 Duplication length and chromosome 21 gene

content

Finally, in a selection of APPdup carriers (n = 92), we did not find an

association of duplication length with AAO (HR = 1.00 [0.96–1.05],

P = 0.95). We then assessed the association of 23 individual genes

from chromosome 21 with AAO (located between chr21:13,609,777–

29,536,93; GRCh38/hg38). Duplication of none of these genes were

significantly associatedwith AAO (Table S6 in supporting information).

4 DISCUSSION

We investigated whether established genetic risk factors for sporadic

AD modify AAO in individuals with an extra copy of APP, either in

ADAD or as part of trisomy 21. To our knowledge, this is the first study

to demonstrate robust effects of both APOE and AD-GRS on AAO in

APPdup carriers and the largest study of genetic modifiers in individu-

als with an extra copy of APP. In both APPdup and DS, onset of ADwas

accelerated by APOE ε4 and a high AD-GRS, and delayed by APOE ε2

and a lowAD-GRS. The effects ofAPOE andAD-GRSwere independent

and, at the extremes of genetic risk, amounted to a 9- to 10-year differ-

ence in AAO. These modifying effects were consistent across APPdup

carriers and those with DS, and were not driven by any single vari-

ant. Pathway analyses instead pointed to variants related to theAβ and

angiogenesis pathways as having the strongest influence on AAO, sug-

gesting that these pathways may be particularly important in shaping

the effects of APP overexpression.

Our findings show that APOE ε4 accelerates and APOE ε2 delays

AAO, consistent with sporadic AD and with several studies in ADAD

and DS.15–18,20,21,34,35 Across studies, effect directions are largely

consistent, although effect sizes and significance vary and one

report described an association in the opposite direction.18 Stud-

ies focusing on specific pathogenic variants often report clearer

effects, whereas analyses pooling multiple ADAD variants tend to

show smaller or non-significant effects, suggesting variant-dependent

modification.17,19,21,25 In DS, APOE associations with clinical outcomes

have not been consistently observed, including no association with

age at memory change in a previous smaller study.22 In our study,

the APOE ε4 effect did not reach statistical significance in the small-

est group (APPdup), although effect sizes were comparable to those in

DS. Notably, APOE ε2 showed a larger delaying effect than APOE ε4’s

accelerating effect. We speculate that in individuals with an extra APP

copy, APOE ε2 may confer relatively stronger protection by enhancing

amyloid clearance, whereas the already elevated amyloid burden may

constrain the additional acceleration attributable to APOE ε4. Overall,

these findings support APOE as a modifier of AAO in the context of an

extra APP copy.

The AD-GRS was also associated with AAO in individuals with an

extra APP copy: higher scores accelerated AAO, and lower scores

delayed AAO. Again, these findings are in line with literature on spo-

radic AD.35 The AD-GRS has not previously been evaluated in APPdup,
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(B)
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(D)

(E)

(F)

F IGURE 4 Predicted cumulative incidence for APOE genotypes, genetic risk scores, and extremes stratified by APP duplications andDown

syndrome. These figures show the predicted cumulative incidence curves stratified by APP duplications andDown syndrome. In (A) and (B), the

predicted curves for the different APOE genotypes are shown. (C) and (D) show the predicted curves for the different scores for the AD-GRS, in

which the lowest risk corresponds with –2 SDs below themean AD-GRS, the low risk with –1 SD, averagewith themean AD-GRS, high risk with+1

SD, and highest risk with+2 SD. The AD-GRS includes 77 single nucleotide polymorphisms (APOE is excluded). In (E) and (F), the predicted

cumulative incidence curves of the twomost extreme risk groups are shown. The lowest risk includes APOE ε2 and the lowest AD-GRS (–2 SD), the

highest risk includes APOE ε4 and the highest AD-GRS (+2 SD). AD-GRS, Alzheimer’s disease genetic risk score, APOE, apolipoprotein E;

APP, amyloid precursor protein; SD, standard deviation.

but priorwork linked theAD-GRS toADbiomarkers in ADAD,24 and to

memory performance and CSF profiles in DS.22 In our APPdup sample,

the direction and magnitude of the effect were consistent, but did not

reach statistical significance due to the smaller sample size. Together,

these studies and our results support the notion that polygenic AD sus-

ceptibility contributes to variation in AAO in individuals with an extra

copy of APP.

When considered jointly, APOE and the AD-GRS corresponded to

an estimated 9- to 10-year difference in AAO between individuals at

the lowest and highest genetic risk. In sporadic AD, the AAO differ-

ence between these extreme risks was larger (≈ 20 years).35 However,

AD onset in individuals with an extra APP copy occurs within a nar-

rower andearlier range (≈40–60years) than in sporadicAD (≈60–100

years), making a 9- to 10-year shift substantial and relatively com-

parable to sporadic AD. Several non-genetic risk factors have been

proposed in DS, including sensory impairment, sleep disturbances,

and mental health problems, but evidence is mixed and inconsistent

across studies.20,36 By contrast, no non-genetic modifiers of AAO are

known for APPdup.14 Thus, APOE and the AD-GRS remain the only

reproducible predictors of AAO in individuals with an extra copy of

APP.

Pathway-specific analyses implicated the Aβ and angiogenesis path-

ways as modifiers of AAO. Although not significant in APPdup (both

q = 0.16), effect sizes were similar in DS, suggesting a consistent

pattern across groups. This supports a prominent role for amyloid pro-

cessing and vascular biology in APP-driven AD, whereas the immune

response pathway showed only a small effect despite its major con-

tribution in sporadic AD.26 In the context of APP overexpression,

common variants affecting APP processing, amyloid clearance, and

amyloid-related vascular pathologymayhave amplified effects onAAO
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F IGURE 5 Cox proportional hazardmodels of pathway-specific genetic risk scores with age at onset. The amyloid beta pGRS included 60

SNPs, the angiogenesis pGRS 41 SNPs, the endocytosis pGRS 34 SNPs, the immune response pGRS 42 SNPs, and the cholesterol/lipid pGRS 39

SNPs. The APOE genotype was not included in these pGRSs. APOE, apolipoprotein E; APP, amyloid precursor protein; CI, confidence interval; HR,

hazard ratio; pGRS, pathway genetic risk score; SNP, single nucleotide polymorphisms.

even when baseline amyloid production is high.1 We also observed

an association of the endocytosis pathway with AAO in DS but not in

APPdup, possibly because endosomal function is already disrupted in

DS and therefore more sensitive to modification by common genetic

variation.37We urge consideration of these observations when devel-

oping interventions aimed at postponing AAOof AD in individuals with

an extra copy of APP.

To explore whether additional genes on chromosome 21 contribute

to delayed onset in DS, we examined duplication length and gene

content in APPdup carriers. Consistent with previous findings,14 no

duplicated genes were associated with AAO, suggesting that variation

within the smaller duplicated regions observed inAPPdup carriers does

not substantially modify disease onset. In contrast, the broader tri-

somy in DS may include additional chromosome 21 genes that could

influence AAO. Experimental studies have shown that triplication of

chromosome 21 regions beyond APP can modulate amyloid pathology

and survival in APP-overexpressing mouse models, implicating genes

such as DYRK1A, BACE2, and SYNJ1 as potential modifiers.38 These

findings raise the possibility that genes outside the APPdup regions

contribute to disease heterogeneity in DS, although their effects on

AAO remain to be established and are difficult to disentangle from the

effect of intellectual deficits on diagnosing AD in DS.39

Amajor strength of this study is the large, combined cohort of indi-

viduals with an extra copy of APP. The inclusion of asymptomatic DS

individuals is important as excluding unaffected individualsmay reduce

the power to detect genetic modifiers that delay AAO. A limitation is

the different AAO definition across cohorts, constraining direct com-

parisons of mean onset ages between APPdup andDS. In APPdup, AAO

reflected retrospective age at first symptoms, whereas in DS, AAO

was defined as age at (prodromal) AD diagnosis or age at first visit

with already established dementia. By definition, symptom onset pre-

cedes clinical AD diagnosis, and in DS, clinical recognition is delayed

due to pre-existing intellectual disability, frequent comorbidities, and

atypical clinical presentations.7 These factors likely contributed to an

underestimation of true symptom onset in DS. Importantly, the abso-

lute difference in mean AAO between APPdup and DS was small (≈

2.5 years). We therefore interpret the younger mean AAO observed in

APPdup primarily as a definitional rather than a true biological differ-

ence. This interpretation is supported by the observation that AAO in

individuals with DS who had a recorded age at prodromal AD diagno-

siswas comparable to theAAOobserved inAPPdup carriers.Moreover,

the variability in onset was similar betweenAPPdup andDS, consistent

with a previous meta-analysis showing comparable AAO variability in

DS-AD and ADAD.11 Future studies could also investigate whether

APOE and AD-GRS influence the timing of amyloid positron emission

tomography positivity and other AD-related biomarker changes. How-

ever, such analyses may be more feasible in DS than in APPdup, as

individuals with DS are often followed longitudinally before symptom

onset, whereas APPdup carriers are typically identified after symptom

onset or through a known family history.

In conclusion, our findings suggest that incorporating the APOE

genotype and AD-GRS could improve prediction of AAO in these

individuals. Because these genetic factors likely act through spe-

cific biological pathways, they may also influence response to
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pathway-targeted interventions. Our pathway analyses highlight the

roles of Aβ, angiogenesis, and endocytosis mechanisms in APP-driven

AD, implying that the pathways implicated in sporadic and genet-

ically determined AD overlap. Future (pharmacological) studies in

pre-symptomatic individuals with an extra APP copy should consider

underlying genetic risk for sporadic AD, as these variants may enhance

or diminish treatment efficacy.
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