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Abstract

INTRODUCTION: This study aimed to investigate the influence of the overall

Alzheimer’s disease (AD) genetic architecture on Down syndrome (DS) status, cogni-

tivemeasures, and cerebrospinal fluid (CSF) biomarkers.

METHODS:ADpolygenic risk scores (PRS)were tested for associationwithDS-related

traits.

RESULTS: The AD risk PRS was associated with disease status in several cohorts of

sporadic late- and early-onset and familial late-onset AD, but not in familial early-

onset AD or DS. On the other hand, lower DS Mental Status Examination memory

scores were associated with higher PRS, independent of intellectual disability and

APOE (PRS including APOE, PRSAPOE, p = 2.84 × 10−4; PRS excluding APOE, PRSnonAPOE,

p = 1.60 × 10−2). PRSAPOE exhibited significant associations with Aβ42, tTau, pTau, and
Aβ42/40 ratio in DS.
DISCUSSION: These data indicate that the AD genetic architecture influences cogni-

tive and CSF phenotypes in DS adults, supporting common pathways that influence

memory decline in both traits.

KEYWORDS

apoliprotein E APOE, amyloid precursor protein, area under the curve, cerebrospinal fluid
biomarkers, cognitive batteries, Dominantly Inherited Alzheimer Network, Down syndrome,
early-onset Alzheimer’s disease, early-onset autosomal dominant, genetic architecture, genetic
risk factor, late-onsetAlzheimer’s disease, polygenic risk score,PSEN1,PSEN2, sporadic late-onset
Alzheimer’s disease

Highlights

∙ Examination of the polygenic risk of AD in DS presented here is the first of its kind.

∙ AD PRS influences memory aspects in DS individuals, independently of APOE

genotype.

∙ These results point to an overlap between the genes and pathways that leads to AD

and those that influence dementia andmemory decline in the DS population.

∙ APOE ε4 is linked to DS cognitive decline, expanding cognitive insights in adults.

1 BACKGROUND

Down syndrome (DS), caused by the triplication of chromosome

21, is almost invariably complicated by Alzheimer’s disease (AD)-like

dementia.1 Overexpression of the amyloid precursor protein (APP)

gene, which resides on chromosome 21, leads to amyloid beta (Aβ)
plaque formation,2–4 triggering a pathophysiological cascade that

includes tau hyperphosphorylation, neurofibrillary tangle formation,

neuroinflammation, oxidative stress, and synaptic and neuronal loss;

if sufficiently severe, this process causes dementia.5,6 The density of

hyper-phosphorylated tau in neurofibrillary tangles triples between

40 and 50 years of age in DS, in synchrony with dementia onset.7

Indeed, about 30% of people with DS who are in their fifth decade

of life have Alzheimer’s dementia, and about 50% of people in their

sixth decade develop dementia, indicating that age is a strong inde-

pendent risk factor in the prevalence of dementia in DS. However,

people with DS exhibit a wide range of age at onset (AAO) of demen-

tia (< 40 to > 70 years),8–10 and dementia prevalence does not reach

100% by 70 years of age, even among those with verified full trisomy

of chromosome 21, suggesting that other genetic factors may influ-

ence AD penetrance and progression. Multiple studies suggest that

the apolipoprotein E (APOE)ε4 allele11 also contributes to AD risk in

DS, at least in part by increasing Aβ deposition.11–13 However, the

genetic contributions to AD dementia in DS remains unclear. Under-

standing the as yet unknown genetic contributions will be critical for

the development of models that can predict the risk of dementia and

for designing effective treatment strategies for people with DS.9,10

Several cognitive and functional measures to evaluate orienta-

tion, memory, language/communication, executive function, praxis,

and instrumental activities of daily living have been developed
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specifically for DS. These include the National Task Group—Early

Detection Screen for Dementia (NTG-EDSD; http://www.the-ntg.org/

ntg-edsd),14,15 the Dementia questionnaire for people with learning

disabilities (DLD),16 and the Down Syndrome Mental Status Examina-

tion (DSMSE).17

No study has used genome-wide approaches to understand the rel-

ative burden of AD risk variants in adultswithDS. Polygenic risk scores

(PRSs) can be used to understand the overlap of genetic architecture

between complex traits by studying the pleiotropic effects of mark-

ers associated with one trait on another trait. In recent years, this

approach has been used to study the genetic contributions of congen-

ital heart disease risk in infants with DS.18 In our previous study, we

used PRS to determine the genetic overlap between different forms of

AD such as early and late onset in sporadic and familial presentations.

We observed an association of AD PRSwith late-onset AD (LOAD) risk

in sporadic early-onset AD (sEOAD), sporadic late-onset AD (sLOAD),

and familial late-onset AD (fLOAD), but not with familial early-onset

AD (fEOAD) cases. However, in fEOAD, AD risk PRS is associated with

the cerebrospinal fluid (CSF) ptau181-Aβ42 ratio, indicating genetic

risk factors might modulate biological aspects of AD.19

This provides the basis for our current study, which explores the

contribution of AD risk variants in AD/dementia in adults with DS.

To achieve this, we calculated AD risk PRS based on the latest meta-

analysis of AD risk summary statistics20 in several cohorts of AD and

DS and tested its association with status, cognitive measures, and CSF

phenotypes in a large DS cohort (Figure 1).

2 METHODS

2.1 Samples

Participants included individuals from the Alzheimer Biomarkers Con-

sortium – Down Syndrome (ABC–DS),21 the Charles F. and Joanne

KnightAlzheimer’sDiseaseResearchCenter atWashingtonUniversity

(Knight-ADRC),22 the National Institute on Aging Genetics Initiative

for Late-Onset Alzheimer’s Disease (NIA-LOAD),23 the Alzheimer’s

Disease Neuroimaging Initiative (ADNI),24 and the Dominantly Inher-

ited Alzheimer Network Observational Study (DIAN-Obs).25 Only

unrelated participants that clusteredwith the non-Hispanicwhite pop-

ulation based on genetic principal component factors were included.

2.1.1 Description of cohorts

Alzheimer’s disease in Down syndrome (DS-AD): All participants with DS

were part of the ABC-DS study, a multidisciplinary and multisite lon-

gitudinal study with the goal of identifying biomarkers associated with

AD in adults with DS.26 The inclusion criteria for the participants were

age ≥ 35 years with mental age ≥ 30 months and with karyotyping

information to confirm either full trisomy, partial trisomy, mosaic, or

translocations. We included all the participants enrolled in the study

as of April 30, 2022, as a part of the ABC-DS study. We examined 307

RESEARCH INCONTEXT

1. Systematic review: Down syndrome (DS) is caused

by chromosome 21 triplication. DS often presents

Alzheimer’s disease (AD)-like dementia later in life. More

than 74 loci are associated with AD risk. However, no

previous studies analyzedwhether genetic AD risks were

associated withmemory and cognitive phenotypes in DS.

2. Interpretation: AD risk polygenic risk scores (PRSs) were

associated with memory and cognitive phenotypes, as

well as cerebrospinal fluid (CSF) biomarkers, beyond

APOE ε4, indicating a shared biology in memory decline

and dementia between AD andDS.

3. Futuredirections:Our study suggests researchprospects

in identifying genetic contributors to cognitive decline

and dementia risk in DS. We recommend conducting

more extensive studies to validate our findings and

exploring approaches to incorporating chromosome 21

genes into PRS analysis.

individuals where karyotyping confirmed full trisomy of chromosome

21. On average, participants were 45 years old at their baseline visit.

The cohortwas composed of 47.8% females and 23.13%APOE ε4 carri-
ers (Table 1, Figure S1). Dementia diagnosis at baseline was confirmed

for 37 participants (12%; Table S1).

Familial early-onset AD (fEOAD): Clinical and genetic data were

obtained from theDominantly Inherited Alzheimer NetworkObserva-

tional Study (DIAN-Obs). DIAN-Obs utilizes a family-based long-term

cohort study design to investigate autosomal-dominant Alzheimer’s

Disease (ADAD). Tissues collected (blood, CSF) were analyzed to

detect changes in carriers of mutations causal to ADAD. The samples

and data utilized in this study are from the 15th data freeze (DF15). For

more information about DIAN-Obs, visit dian.wustl.edu. We included

196 unrelated mutation carriers from the DIAN-Obs study. They were

defined as participants with mutations in the Presenilin1, Presenilin2,

or APP genes.27–30 The cohort had a mean AAO of 43 years, which is

comparable toDS, and included52%females and26%APOE ε4 carriers.
Familial late-onset AD (fLOAD): 1,413 fLOAD subjects were selected

from the NIA-LOAD study. Individuals with definitive or probable

LOAD with an AAO > 65 years in addition to a familial history of

AD were included under the fLOAD cohort. One unrelated individual,

based on genetic identity by descent (IBD), per family, was selected for

inclusion in the study sample. ThemeanAAOof thegroupwas75years,

with 63% females and with highest percentage of APOE ε4 carriers

compared to other cohorts (70%).

Sporadic early-onset AD (sEOAD): We selected 395 unrelated partic-

ipants from Knight ADRC and ADNI, including 49% females and 58%

APOE ε4 carriers. Those selected had received an AD diagnosis, exhib-

ited an AAO < 65 years, and had no familial history of AD. The mean

AAO of the groupwas 59 years old.
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TABLE 1 Demographics of cohorts.

Cohort N Female (%) Mean Age (SD)a APOE ε4+ (%)b APOE ε2 (%)b

Sporadic late onset AD (sLOAD) 2259 50.02 76.11 (6.81) 53.83 8.01

Familial late onset AD (fLOAD) 1413 63.13 75.33 (6.37) 69.99 5.94

Sporadic early onset AD (sEOAD) 395 49.87 59.59 (4.43) 58.48 7.08

Familial early-onset AD (fEOAD) 196 52.55 43.53 (7.95) 26.02 14.79

Down syndrome 307 47.88 45.25 (9.88) 23.13 14.98

Controls 2890 57.87 73.60 (11.78) 26.36 14.56

Abbreviations: APOE, apolipoprotein E;N, sample size; SD, standard deviation.
aAge at onset for cases and age at last assessment for controls.
bPercentage of participants, carriers of APOE ε4 and ε2 alleles.

Sporadic late-onset AD (sLOAD): We selected 2259 Knight ADRC and

ADNI participants with an AD diagnosis, an AAO > 65 years, and no

familial history ofAD. ThemeanAAOof the groupwas 76 years, similar

to that of the fLOAD group. Includedwere 50% females and 53%APOE

ε4 carriers.
Controls: Controlswere all determined to be unaffected after neuro-

logical assessments. The age of all the controls (n= 2890) ranged from

20 to 90, with amean of 74 years (Table 1 and Figure S1).

2.2 Genetic data

The DS cohort was genotyped using the Illumina Infinium General

Screening Array (GSA) versions 2 and 3 at the Center for Applied

Genomics at the Childrens Hospital of Pennsylvania. Imputation was

performed on all autosomes, excluding chromosome 21, using the

TOPMed ImputationServer31 employing theTOPMedreferencepanel.

Variant imputation quality scores of Rsq > 0.30 were included in the

analysis. As traditional tools cannot be applied for the imputation of

trisomic variants, we excluded that region from the analysis. All the

imputed variants weremapped to the GRCh38 assembly.

For the fLOAD cohort, which is a part of the NIA-LOAD study, geno-

typing was performed as described by Lee, 2008.32 fEOAD, sEOAD,

and sLOAD participants, derived from the DIAN-Obs, ADNI, and

Knight ADRC studies, were genotyped using several Illumina arrays.

Imputation was performed using the same pipeline as for the DS

samples, for each array independently andmerged after imputation.

We applied stringent quality control measures to each array sepa-

rately beforemerging. To summarize, single nucleotide polymorphisms

(SNPs) and individuals were filtered for a call rate of ≥98%, and auto-

somal SNPs not in the Hardy–Weinberg equilibrium (PHWE < 10−6)

were filtered out. We split chromosome X to represent the X chro-

mosome’s pseudo-autosomal region as a separate “XY” chromosome

and pruned SNPs to perform the sex check. Samples with discor-

dance between phenotypic and genotypic sex were removed from the

analysis after this check. We also identified duplicates and familial

relatedness by having IBD estimates and selected only unrelated sam-

ples (IBD < 0.25) for further analysis. In the case of related subjects,

weprioritized casesover controls and selected sampleswithhighgeno-

typing call rates when there were duplicates in cases. It is important to

note that, for this study, only participants of European ancestry were

included. The decision to focus on participants of European ances-

try was made to minimize potential population stratification effects

and to ensure homogeneity within the study cohort (Figure S2). We

performed all quality control procedures using Plink1.9/Plink2 (http://

www.cog-genomics.org/plink2).

2.3 Polygenic risk score calculation

We utilized PRSiceV2.333 to calculate the AD risk PRS. The lat-

est publicly available summary statistics from the AD case-control

Genome-Wide Associaiton studies (GWAS; N = 111,326 cases and

677,663 controls) were used as a base dataset.20 All the AD and

DS cohorts along with controls will be used as a target dataset. The

polygenic risk was calculated as an additive effect of the risk alleles

weighted by their effect sizes of the corresponding AD GWAS. We

applied the standard clumping and thresholding approach to remove

the variants in linkage disequilibrium (LD)with each other and retained

the ones that were strongly associated with AD risk. We calculated

PRS for the genome-wide threshold (5 × 10−8) on the LD clumped

SNPs after excluding the variants on chromosome 21. The threshold-

ing approach allows only those variantswith genome-wide significance

(p < 5 × 10−8) to be included in the PRS calculation, and all variants

250 kb upstream and downstream of the top signal with r2< 0.1 were

removed. Finally, we standardized the risk scores to the mean of the

population. The first set of PRS included theAPOE region (PRSAPOE). As

APOE has a strong effect on AD, we calculated the PRS by excluding

the APOE region (PRSnonAPOE; chromosome 19, coordinates GRCh38:

43907927 to 45908810) to identify associations not driven by APOE.

The PRS calculation is as follows:

PRSj =
∑

i
(
Si × Gij

)
−Mean (PRS) ∕SD (PRS)

where S is the summary statistic (effect size) of the ith effect allele, and

G is the number of effect alleles observed for jth individual
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2.4 Analyte measurement

CSF Aβ40, Aβ42, tTau, pTau, and neurofilament light (NFL) biomarkers

of amyloid, neuronal injury, neurofibrillary tangles, and axonal injury

respectively were measured in the DS cohort following a standard

protocol: CSF was collected by lumbar puncture between 11:00 am

and 4:00 pm after overnight fasting. Upon collection, samples were

frozen on dry ice and sent to the Fluid Biomarker Core lab at Wash-

ingtonUniversity in St. Louis (WUSTL).26 Frozen sampleswere thawed,

distributed in polypropylene tubes, and stored at −80◦C. We fur-

ther obtained CSF biomarker data for Aβ42, tTau, and pTau from the

cohorts of the ADNI, DIAN, and Knight ADRC studies that included

participants for the sLOAD, sEOAD, fEOAD, and control groups

(Table S2).

Different platforms were employed for biomarker measurements

within each study. Aβ40 levels were measured using the Lumipulse

platform in Knight ADRC. In the DIAN and Knight ADRC studies,

Aβ42, tTau, and pTau were measured with Lumipulse, while ADNI

used the xMAP platform for these biomarkers. NFL levels were mea-

sured using the SomaLogic platform in all the studies (Table S2). To

ensure comparability among the different cohorts and avoid intro-

ducing batch effects, we harmonized the CSF values across cohorts

as reported previously.27–30,34,35 Briefly, duplicate samples and those

with missing biomarker levels were removed. Raw protein values were

log-transformed, and outliers were identified using the interquartile

range (IQR) approach and subsequently removed. Then Z-scores were

calculated for each cohort and biomarker, ensuring the robustness and

precision of the combined data (Figure S3).

2.5 Cognitive and behavioral measures

Along with CSF biomarkers, we also analyzed the available cognitive

and behavioral scores used for the assessment of AD-related cognitive

impairments only in DS participants,36 including NTG-EDSD mem-

ory score, DLD cognitive score, DSMSE memory score, and DSMSE

total score. Descriptive statistics for each phenotype stratified by

their diagnosis and intellectual disability (ID) status were presented in

Table S3.

The NTG-EDSD is a caregiver screening of AD; the assessment

includes 51 items distributed into six cognitive/functional domains,

such as changes in daily living activities (seven items), language and

communication (six items), sleep and wake cycles (eight items), ambu-

lation (four items), cognition-related aspects (nine items), and behavior

aspects (17 items).36 Items are rated on a 4-point scale rating: (1)

does not apply, (2) new symptom, (3) always but worse, and (4) always

been the case. For the analysis, we binarized the scores of each item

following the Dementia Screening Questionnaire for Individuals with

Intellectual Disabilities (DSQIID) scoring.16 Responses 1 and 4 were

treated as “0” as they indicate the absence of dementia, and responses

2 and 3 as “1” as they indicate the presence of dementia or related

concerns. Summing up all the items in each domain gives a single NTG-

EDSD score, and we focused on the memory/cognition domain for this

analysis. Thehigher theNTG-EDSDscore, thegreater the cognitive and

behavioral changes from baseline (Table S3).

The DLD is a caregiver-reported screening assessment of dementia

symptoms that consists of 50 items divided into two broad domains:

cognition and social behavior. Memory-related abilities such as long-

term and short-term memory and spatial orientation are summarized

by the DLD-cognitive score (DLD-CS); behavior-related items such as

mood, activity, behavioral disturbance, speech, and practical skills are

summarized by theDLD-social score (DLS-SS).37 We focused on cogni-

tive scores for this study. Higher DLD scores indicate a higher degree

of behavioral impairment, and the scores range from0 to 42 depending

on the ID severity (Table S3).

TheDSMSE is a directly administeredmeasure of orientation, mem-

ory, language, apraxia, and visuospatial skills developed for adults

with DS. The test yields several scores, including memory (DSMSE-

M) and non-memory (DSMSE-NM), with a maximum score of 24 and

79, respectively. The sum of both scores yields a DSMSE-Total score

(DSMSE-T).17 We used the DSMSE memory and the total scores for

this analysis to test their association with AD risk PRS. In contrast to

the NTG-EDSD and DLD, the lesser the DSMSE score, the greater the

cognitive impairment (Table S3).

2.6 Statistical analysis

We tested the association of AD risk PRS with case-control status

as well as DS-related phenotypes. As APOE is the most significant

locus on AD risk GWAS, two different models were run: PRS cal-

culated by including (PRSAPOE) and excluding (PRSnonAPOE) the APOE

locus.

To test the association of AD risk PRS with disease status (AD or

DS vs controls) we performed logistic regression correcting for sex.

Age was not included as a covariate as the DS and fEOAD were sig-

nificantly younger than the controls, which would lead to collinearity

(Tables 1 and S1). We also performed logistic regression analysis by

comparing the first versus the last tertile of the PRS to calculate the

odds ratio (OR) for the effect of PRS on case-control status for each

cohort.

Association of AD risk PRS with CSF biomarkers and cognitive

scores was performed using regression models corrected for age

on the test and sex. For the association with the cognitive scores,

additional sensitivity analyses were performed where we included

ID severity to the model as covariate, to confirm the analyses

were not confounded by the baseline intellectual severity of the

participants.

Receiver operating characteristic (ROC) analysis was performed to

determine whether AD risk PRS could predict status in the different

cohorts. ROC and area under the curve (AUC) analyses were run for

each cohort using the R package pROC version 1.8. AUCs obtained for

each cohortwere comparedusing the “roc.test” function employing the

Venkatramanmethod.38
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F IGURE 1 Schematic overview of study design.

3 RESULTS

3.1 Association of AD risk PRS with Down
syndrome

Weanalyzed the overlap of the genetic architecture of sEOAD, sLOAD,

fEOAD, fLOAD, and DS (Figure 1 and Figure S4) by determining

whether the AD risk PRS was associated with status in each of those

groups.

In the sLOAD cohort, the PRSnonAPOE was significantly associated

with the clinical status (PRSnonAPOE: OR = 1.67, p = 1.28 × 10−13,

Table 2). The strength of the association was significantly higher

when APOE was included in the PRS (sLOAD, PRSAPOE: OR = 3.06,

p= 3.28 × 10−55; Table 2). This model led to an AUC of PRSAPOE: 0.643

(95% CI = 0.62–0.65, Figure 2), which increased to 0.655 when age

and sex were included in the model (Figure S5 and S6), consistent with

previous reports.39

Similar to sLOAD, PRS was also significantly associated with clinical

status in the fLOAD cohort (PRSnonAPOE: OR = 2.31, p = 1.50 × 10−24,

PRSAPOE: OR = 4.74, p = 5.20 × 10−73; Table 2). The OR of fLOAD

PRSAPOE was higher than that observed for sLOAD (ORsLOAD = 3.06 vs

ORfLOAD =4.74, P=3.75×10−51) and theAUC for fLOAD=0.70 (95%

CI= 0.68–0.71, Figure 2) was significantly higher than that for sLOAD

(p= 2.2× 10−16; Venkatraman’s test).

TheORof the sEOADcohortwithPRSnonAPOEwashigher than those

of all other cohorts (PRSnonAPOE: OR = 2.56, p = 2.59 × 10−7, Table 2),

and the OR increased further when APOE was included in the PRS

(PRSAPOE: OR = 4.52 p = 5.89 × 10−23; Table 2). However, though the

OR from the model with PRSAPOE for sEOAD was significantly higher

than that of sLOAD, it was not higher than that of the fLOAD cohort

(ORsLOAD = 3.06, ORsEOAD = 4.52, P = 5.65 × 10−18; ORfLOAD = 4.74,

ORsEOAD = 4.52, p = 0.21). Consistent with these results, ROC anal-

yses showed better performance in the case of sEOAD (PRSAPOE:

AUC = 0.694 (95% CI = 0.66–0.72; Figure 2) compared to sLOAD

(AUC= 0.64, Venkatraman’s test p= 2.00× 10−3; Figure 2).

In the fEOAD cohort that included carriers of the APP, PSEN1,

or PSEN2 gene mutations, our findings did not show any associa-

tion of either PRSnonAPOE or PRSAPOE with clinical status. (PRSnonAPOE:

OR = 0.61 p = 9.47 × 10−1; PRSAPOE: OR = 1.05, p = 7.89 × 10−1;

Table 2). These findings are in line with our previous studies.19

For DS, we observed that the PRSnonAPOE was not associated with

clinical status in DS (PRSnonAPOE: OR = 0.77, p = 8.94 × 10−2, Table 2).

However, the effect becomes significant with the PRSAPOE with an OR

of 0.64 (PRSAPOE: p= 3.27× 10−3, Table 2). This association was driven

by APOE ε4, as individuals with DS have a lower percentage of APOE

ε4 carries (23.13%; Tables 1 and S4) than controls (26.36%; Table 1)

or even fEOAD (26.02%). These analyses included all controls, inde-

pendent of age. However, older controls (age > 65) are less likely to

include presymptomatic individuals, the APOE ε4 frequency in older

controls (23.63%) is similar and not significantly different to those of

DS, suggesting that the association of PRSAPOE in DS driven by includ-

ing presymptomatic individuals and not because the DS is depleted of
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1044 GORIJALA ET AL.

TABLE 2 Alzheimer’s disease PRS association with AD andDS.

Model 1 (PRSnonAPOE) Model 2 (PRSAPOE)

Cohort OR 95%CI P OR 95%CI P

DS 0.77 [0.57, 1.03] 8.94× 10−2 0.64 [0.48, 0.86] 3.27× 10−3

Familial early-onset AD (fEOAD) 0.61 [0.42, 0.88] 9.47× 10−1 1.05 [0.73, 1.51] 7.89× 10−1

Sporadic early-onset AD (sEOAD) 2.56 [1.95, 3.39] 2.59× 10−7 4.52 [3.37, 6.15] 5.89× 10−23

Familial late-onset AD (fLOAD) 2.31 [1.97, 2.72] 1.50× 10−24 4.74 [4.01, 5.63] 5.20× 10−73

Sporadic late-onset AD (sLOAD) 1.67 [1.46, 1.91] 1.28× 10−13 3.06 [2.66, 3.52] 3.28× 10−55

Notes: Logistic regression results for extreme tertiles of the PRS derived for each cohort and compared to non-demented (control) participants. Both models

correct for sex. Model 1 includes PRS calculated by excluding APOE loci. Model 2 consists of PRS calculated by including APOE loci. These results are the

product of analyzing the tertiles with the lowest and highest PRS.

Numbers in bold denote significant associations.

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; CI, confidence interval; DS, Down syndrome; OR, odds ratio; P, p value; PRS, polygenic risk
score.

F IGURE 2 Receiver operating characteristic curves for the different cohorts predicting the disease status. The lines correspond to the
accuracy obtained for themodels. (A)Model including PRSnonAPOE corrected for sex. (B)Model including PRSAPOE corrected for sex. fLOAD, familial
late-onset Alzheimer’s disease; sEOAD, sporadic early-onset Alzheimer’s disease; sLOAD, sporadic late-onset Alzheimer’s disease; DS, Down
syndrome; fEOAD, familial early-onset Alzheimer’s disease; AUC, area under the curve.

APOE ε4 alleles. Consistent with these results, ROC analyses showed

an AUC of 0.565, which is not statistically significant (p= 6.18 × 10−2)

for PRSnonAPOE and a slightly higher AUC of 0.574 with a significant p

value of 2.00× 10−2 for the PRSAPOE.

The OR of the PRSAPOE for the DS was significantly lower

than the OR calculated for the sEOAD, sLOAD, and fLOAD

(ORDS = 0.62 vs ORsEOAD = 4.52, p = 8.46 × 10−73; ORDS = 0.62 vs

ORsLOAD = 3.06, p = 2.01 × 10−47; ORDS = 0.62 vs ORfLOAD = 4.74;

p = 3.24 × 10−122). ROC analysis for the PRSAPOE revealed

weaker performance for the DS cohort with an AUC of 0.57 (95%

CI = 0.53–0.60; Figure 2) compared with the sEOAD, sLOAD, and

fLOAD (sEOADAUC = 0.694, p < 2.2 × 10−16; sLOADAUC = 0.643,

p = 1.00 × 10−3; fLOADAUC = 0.699, p < 2.2 × 10−16; Figure 2).

No significant difference was observed between DS and fEOAD

cohorts (fEOADAUC = 0.525, Venkatraman’s test p = 6.5 × 10−2).

The inclusion of APOE in the PRS does not significantly affect

the predictive accuracy of the disease risk for DS and fEOAD

cohorts.

3.2 AD risk PRS shows a significant association
with cognitive, and biochemical biomarkers in DS

Wefurther exploredwhether theAD risk PRSwas associatedwith cog-

nition and behavioral functioning in DS by evaluating its association

with DSMSE, NTG-EDSD, and DLD scores, which were available from

the ABC-DS study (Table S3). The AD risk PRSs were negatively asso-

ciated with DSMSE (PRSnonAPOE: β = −0.59, p = 1.35 × 10−2; PRSAPOE:

β = −0.91, p = 9.01 × 10−5; Table 3), independent of APOE ε4. NTG-
EDSD memory score (PRSnonAPOE: β = 0.39, p = 6.48 × 10−2; PRSAPOE:

β = 0.63, p = 8.28 × 10−3; Table 3), DLD cognitive score (PRSnonAPOE:

β = 2.28, p = 5.03 × 10−2; PRSAPOE: β = 3.22, p = 2.67 × 10−3), and
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GORIJALA ET AL. 1045

TABLE 3 Linear regressionmodels comparing AD PRSwith cognitive phenotypes in adults with DS.

Phenotype,

N= 307

Model 1 (PRSnonAPOE) Model 2 (PRSAPOE)

Model 3 (APOEε4 carrier
status)

Variables adjusted for Coefficient P Coefficient P Coefficient P

NTG-EDSD

memory

Age at testing, sex 0.39 6.48× 10−2 0.63 8.28× 10−3 0.46 5.12× 10−2

Age at testing, sex, ID severity status 0.38 7.48× 10−2 0.64 8.38× 10−3 0.47 5.10× 10−2

DLD cognitive

score

Age at testing, sex 2.28 5.03× 10−2 3.22 2.67× 10−3 1.57 1.51× 10−1

Age at testing, sex, ID severity status 1.68 9.33× 10−2 2.19 2.93× 10−2 1.05 2.85× 10−1

DSMSEmemory

score

Age at testing, sex −0.59 1.35× 10−2 −0.91 9.01× 10−5 −0.68 1.87× 10−3

Age at testing, sex, ID severity status −0.58 1.60× 10−2 −0.85 2.84× 10−4 −0.66 2.53× 10−3

DSMSE total

score

Age at testing, sex −1.87 2.05× 10−1 −4.68 1.06× 10−3 −1.76 2.07× 10−1

Age at testing, sex, ID severity status −1.4 2.43× 10−1 −2.74 2.48× 10−2 −1.11 3.52× 10−1

Notes: Model 1 consists of PRS calculated by excluding APOE loci. Model 2 includes PRS calculated by including APOE loci. Model 3 consists of APOEε4 carrier
status (0= non-carrier, 1= carrier). These results are the product of analyzing the tertiles with the lowest and highest PRS.

Numbers in bold denote significant associations.

Abbreviations: AD, Alzheimer’s disease; DLD, Dementia Questionnaire for People with Learning Disabilities; DSMSE, Down SyndromeMental Status Exam-

ination; ID, intellectual disability; N, sample size; NTG-EDSD, National Task Group-Early Detection Screen for Dementia; P, p value; PRS, polygenic risk

score.

DSMSE total scores (PRSnonAPOE: β=−1.87, p= 2.05 × 10−1; PRSAPOE:

β = −4.68, p = 1.06 × 10−3) were associated with PRSAPOE but not

with PRSnonAPOE . NTG-EDSD, DLD, and DSMSE total scores showed a

trend for association with both APOE ε4 carrier status and PRSnonAPOE,
suggesting that both APOE and the other AD risk variants contributed

to this association. Furthermore, we conducted an additional sensitiv-

ity analysis to rule out the possibility of PRS being associated with ID

severity status rather than dementia symptoms. Notably, the PRSAPOE

and PRSnonAPOE associations remained consistent even after adjusting

for the ID severity status (Table 3).

We further analyzed theassociationof thePRSwithCSFbiomarkers

Aβ40, Aβ42, Aβ42/40, tTau, pTau, andNFL. As reported previously,19,40

we found a very strong association of PRSAPOE, PRSnonAPOE, and

APOE ε4 with CSF biomarkers Aβ42, tTau, and pTau in both sLOAD

and sEOAD. For fEOAD, PRSAPOE and APOE ε4. On the other hand,

PRSnonAPOE were not associated with Aβ42, tTau, and pTau (Tables 4

and S5). In the case of DS, significant associations were found between

Aβ42 (PRSAPOE, β = −0.18, p = 9.99 × 10−11), tTau (PRSAPOE, β = 0.09,

p = 2.75 × 10−4), pTau (PRSAPOE, β = 0.12, p = 5.95 × 10−6), and

Aβ42/40 ratio (PRSAPOE, β = −0.28, p = 2.51 × 10−12) for the AD risk

PRS that included the APOE region, while PRSnonAPOE did not show sig-

nificant associations (Table 4). The effect sizes observed for Aβ42, tTau,
and pTau with both PRSnonAPOE and PRSAPOE were consistent across

thevarious cohorts, includingDS, sEOAD, and fEOAD(PRSAPOE—Aβ42:
βDS = −0.18, βfEOAD = −0.16, βSEOAD = −0.28; tTau: βDS = 0.09,

βfEOAD = 0.09, βSEOAD = 0.20; pTau βDS = 0.12, βfEOAD = 0.11,

βSEOAD = 0.21; Table 4). In additional analyses performed only in

cases, excluding controls, we found that PRSAPOE and APOE ε4 were

associated with tTau and NFL in DS (Table S5) reinforcing the notion

that APOE and AD risk variants influence neurodegeneration in adults

with DS.

4 DISCUSSION

We analyzed the association of AD risk PRS with five well-defined

cohorts covering different presentations of AD (late vs early, and spo-

radic vs familial) and DS to determine whether the genetic variants

and genes associated with AD also influenced DS-related phenotypes.

PRSs were derived from the latest GWAS meta-analysis for AD risk.20

To the best of our knowledge, the analysis of the potential overlap

of the genetic architecture of AD with that of DS is the first of its

kind. As reported previously,19 we found that sEOAD, fLOAD, and

sLOAD individuals had significantly higher PRSAPOE and PRSnonAPOE

than controls (Table 2), but no association was found for fEOAD, as the

disease in these individuals is explained by mutations in APP, PSEN1,

and PSEN2 genes. Similar findings to those for fEOAD were found for

the DS cohort, where the PRSnonAPOE was not associated with status.

However, in our analyses, we found that DS individuals had signifi-

cantly lower PRSAPOE scores than controls. This was driven by APOE

ε4 alone, and initial analyses suggested that DS individuals had lower

APOE ε4+ frequency (23.13%) than the general population (APOE ε4+
frequency: 26.36%). However, our analyses indicated that this was due

to the inclusion of younger controls, which included presymptomatic

individuals, resulting in a higher proportion of APOE ε4 (APOE ε4+ fre-

quency: 38.10%) than older individuals (age>65;APOE ε4+ frequency:

23.63%). Another reason for findingnoassociationofADriskPRS inDS

could be due to a lack of power, as the sample size for DS is still limited.

We also identified a significant association of AD risk PRS with cog-

nition and behavior inDS.We found that AD risk PRSswere associated

with memory (NTG-EDSD Memory, DSMSE memory), cognition (DLD

cognition), andgeneralmental status (DSMSE-Total score; Table3). This

association was found in the PRS that included APOE (PRSnonAPOE),

but this association was not driven by APOE ε4 alone, as APOE ε4 was
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1046 GORIJALA ET AL.

TABLE 4 Comparison of Alzheimer’s disease PRSwith CSF biomarkers across DS, sLOAD, sEOAD, fEOAD, and control cohorts, adjusted for
study.

Biomarker Aβ40 Aβ42 tTau pTau NFL Aβ42 /40

DS PRSnonAPOE Coefficient 0.01 −0.01 0.03 0.05 −0.01 −0.03

P 7.43× 10−1 7.58× 10−1 2.69× 10−1 9.15× 10−2 8.22× 10−1 5.36× 10−1

PRSAPOE Coefficient −0.03 −0.18 0.09 0.12 −0.03 −0.28

P 4.35× 10−1 9.99× 10−11 2.75× 10−4 5.95× 10−6 1.58× 10−1 2.51× 10−12

APOEε4 carrier status Coefficient −0.08 −0.56 0.28 0.30 −0.14 −0.80

P 3.48× 10−1 1.68× 10−20 4.85× 10−7 2.34× 10−7 7.55× 10−3 5.55× 10−22

sLOAD PRSnonAPOE Coefficient −0.03 −0.11 0.13 0.13 0.04 −0.03

P 4.36× 10−1 1.58× 10−6 3.35× 10−9 3.69× 10−9 3.90× 10−2 4.61× 10−1

PRSAPOE Coefficient −0.08 −0.33 0.24 0.24 −0.001 −0.24

P 2.08× 10−2 4.98× 10−60 6.73× 10−32 3.66× 10−31 9.43× 10−1 1.75× 10−12

APOEε4 carrier status Coefficient −0.16 −0.87 0.55 0.54 −0.05 −0.66

P 2.36× 10−2 7.07× 10−85 2.74× 10−35 5.58× 10−33 2.35× 10−1 4.13× 10−20

sEOAD PRSnonAPOE Coefficient 0.01 −0.08 0.09 0.09 0.03 −0.04

P 8.56× 10−1 9.94× 10−3 3.30× 10−3 5.76× 10−3 3.01× 10−1 3.87× 10−1

PRSAPOE Coefficient −0.06 −0.28 0.20 0.21 0.02 −0.27

P 1.39× 10−1 9.50× 10−25 1.87× 10−12 1.06× 10−13 5.26× 10−1 1.54× 10−12

APOEε4 carrier status Coefficient −0.13 −0.75 0.48 0.50 −0.07 −0.80

P 1.30× 10−1 3.88× 10−34 1.28× 10−14 3.50× 10−15 1.83× 10−1 9.42× 10−23

fEOAD PRSnonAPOE Coefficient 0.02 0.04 0.05

P 4.84× 10−1 1.59× 10−1 6.44× 10−2

PRSAPOE Coefficient −0.16 0.09 0.12

P 1.43× 10−9 3.87× 10−4 9.54× 10−6

APOEε4 carrier status Coefficient −0.53 0.24 0.28

P 3.46× 10−19 1.40× 10−5 9.50× 10−7

Notes: All models were corrected for sex, age at testing, and study. Model: PRSnonAPOE consists of PRS calculated by excluding APOE loci. Model PRSAPOE
includes APOE in the PRS calculation. Model APOEε4 carrier status tests for APOEε4 (0= non-carrier, 1= carrier). These results are the product of analyzing

the continuous PRS. Numbers in bold denote significant associations.

Abbreviations:APOE, apolipoprotein E; Aβ, amyloid beta; CSF, cerebrospinal fluid;DS,Down syndrome; fEOAD, familial early-onsetAlzheimer’s disease;NFL,

neurofilament light chain; P, p value; PRS, polygenic risk scores; pTau, phosphorylated tau; sEOAD, sporadic early-onset Alzheimer’s disease; sLOAD, sporadic

late-onset Alzheimer’s disease; tTau, total tau.

not associated with these phenotypes, with the exception of DSMSE

memory, indicating that APOE and the AD risk variants contributed to

memory in DS. The same pattern held true for DSMSE memory. Addi-

tionally, in this case, the PRSs that did not include APOE (PRSnonAPOE)

were also associated with this phenotype (Table 3). However, these

findings may have been influenced by the baseline severity of intellec-

tual disability of each participant. We conducted sensitivity analyses,

which confirmed that the associations between the PRS and cognitive

phenotypes remained largely unchanged after adjusting for ID status.

The association of PRS with these cognitive phenotypes is indepen-

dent of the severity of intellectual disability, although larger studies are

required to replicate these findings.

In the context of previous research that emphasized a potential

link between APOE ε4 carriers and attentional deficits in adults with

DS,41 our study broadens the comprehension of cognitive impairments

associated with APOE ε4. Our study consisted of cognitive data from

a cohort of 307 adults with DS (Table S1), ranging in age from 25 to

70 years, which is a slightly larger dataset than was used in previous

studies.41 As mentioned previously, individuals carrying the APOE ε4
allele have lower DSMSE memory scores (Table 3). This observation

is in line with previous studies,41–43 as lower DSMSE scores indi-

cate greater cognitive impairment. Given the increased sample size in

our study, we believe that our findings contribute to the understand-

ing of the relationship between APOE ε4 and cognitive phenotypes in

adults with DS. This and previous studies collectively provide essential

insights into the role of APOE ε4 in cognitive function and its potential

impact onattentional andmemoryabilities in adultswithDS.While fur-

ther investigations are necessary, our findings offer a foundation for

future interventions and research aimed at addressing the risk of AD

in individuals with DS.

It is well known and recognized in the field that DS is caused by

a trisomy of chromosome 21, which includes APP, one of the three
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GORIJALA ET AL. 1047

genes that cause ADAD.27–30,44–46 In addition, there is considerable

heterogeneity among the DS population in ID and the onset of mem-

ory decline and cognition, suggesting that other genetic factors beyond

the APP may be involved. The latest GWAS for LOAD identified more

than 74 loci associated with AD, and the genomics and pathway analy-

ses indicate that those loci are enriched for immune and inflammatory

genes.47 The association of PRS with cognitive and behavioral func-

tioning suggests that other AD risk genetic loci outside of chromosome

21 contribute to cognition and potentially dementia. PRS is a very

powerful tool to analyze the overlap of complex traits, as in this case.

However, we cannot point to specific loci or genes, but we can hypoth-

esize that genes, cell types, and pathways similar to those altered in AD

(astrocytes, microglia, and vasculature48) are also involved in memory

decline in DS.

However, there are several limitations to the current study. The

sample size for the DS cohort remains modest, which may limit the

ability todetect smaller genetic effects.Aswithanygenetic study, repli-

cation in larger independent cohorts is crucial to validate our findings

and draw definitive conclusions. Another limitation is the exclusion

of genes located on chromosome 21 from the PRS calculation. While

chromosome 21 contains genes relevant to various traits and diseases,

including AD, we made this deliberate decision to mitigate the poten-

tial influence of trisomy 21. There are several reasons for excluding

chromosome 21. The first one is that the current imputation pipelines

cannot handle trisomic SNPs, so only genotype SNPs are available

for chromosome 21. This will lead to very sparse SNP data in this

chromosome, which will affect PRS calculations. Second, the current

PRS calculation is not designed to deal with trisomic variants. How-

ever, we recognize that this exclusion may limit the comprehensive

assessment of genetic risk factors associated with AD on chromosome

21. Future studies could explore tailored approaches to incorporat-

ing chromosome 21 genes into PRS analysis for DS populations, taking

into account the unique genetic landscape. Additionally, obtaining CSF

samples froma consenting subset of participantsmay introduce poten-

tial bias in the representativeness of the DS population. While these

samples provide valuable biomarker data, caution is neededwhen gen-

eralizing the findings to the broaderDS population. Future studieswith

larger and more diverse cohorts are needed to better assess the rep-

resentativeness of CSF samples and validate the observed biomarker

associations.

Furthermore, we acknowledge the challenge of comparing clinical

diagnoses between individuals with intellectual disabilities and the

general population. Clinical criteria for ADmay differ slightly between

these groups, warranting caution when making cross-comparisons. To

mitigate this limitation, we advocate employing standardized assess-

ments and taking into account the specific clinical characterization of

individuals with DS. Despite these limitations, our study contributes

valuable insights into the genetic factors influencing AD risk and their

implications for DS-related phenotypes.
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