
UCSF
UC San Francisco Previously Published Works

Title
Pathogenic variants in the Longitudinal Early‐onset Alzheimer's Disease Study cohort

Permalink
https://escholarship.org/uc/item/7kd5r07k

Journal
Alzheimer's & Dementia, 19(S9)

ISSN
1552-5260

Authors
Nudelman, Kelly NH
Jackson, Trever
Rumbaugh, Malia
et al.

Publication Date
2023-11-01

DOI
10.1002/alz.13482
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7kd5r07k
https://escholarship.org/uc/item/7kd5r07k#author
https://escholarship.org
http://www.cdlib.org/


Pathogenic Variants in the Longitudinal Early-Onset Alzheimer’s 
Disease Study Cohort

Kelly N. H. Nudelmana,b, Trever Jacksona, Malia Rumbaugha, Ani Eloyanc, Marco Abreua, 
Jeffrey L. Dagea,b,d, Casey Snoddya, Kelley M. Fabera, Tatiana Forouda,b, Dustin B. 
Hammersd, DIAN/DIAN-TU Clinical/Genetics Committeee,f,g, Alexander Tauronec, Maryanne 
Thangarajahc, Paul Aisenh, Laurel Becketti, Joel Kramerj, Robert Koeppek, Walter A. 
Kukulll, Melissa E. Murraym, Arthur W. Togan, Prashanthi Vemurio, Alireza Atrip, Gregory 
S. Dayq, Ranjan Duarar, Neill R. Graff-Radfordq, Lawrence S. Honigs, David T. Joneso,t, 
Joseph C. Masdeuu, Mario Mendezv, Erik Musiekw, Chiadi U. Onyikex, Meghan Riddley, 
Emily Rogalskiz, Stephen Sallowayy, Sharon J. ShaA, R. Scott TurnerB, Thomas S. WingoC, 
David A. WolkD, Maria C. CarrilloE, Bradford C. DickersonF, Gil D. Rabinovicij, Liana G. 
Apostolovab,d,h,G,
LEADS Consortium
aDepartment of Medical and Molecular Genetics, Indiana University School of Medicine, 
Indianapolis, IN, USA, 46202

bIndiana Alzheimer’s Disease Research Center, Indianapolis, IN, USA, 46202

cDepartment of Biostatistics, Center for Statistical Sciences, Brown University, Providence, RI, 
USA, 02912

dDepartment of Neurology, Indiana University School of Medicine, Indianapolis, IN, USA, 46202

eWashington University School of Medicine in St. Louis, MO, USA, 63110

fIcahn School of Medicine at Mount Sinai, New York, NY, USA, 10029

gMayo Clinic College of Medicine, Jacksonville, FL, USA, 32224

hAlzheimer’s Therapeutic Research Institute, University of Southern California, San Diego, CA, 
USA, 92121

iDepartment of Public Health Sciences, University of California – Davis, Davis, California, USA, 
95616

jDepartment of Neurology, University of California – San Francisco, San Francisco, CA, USA, 
94143

kDepartment of Radiology, University of Michigan, Ann Arbor, MI, USA, 48109

lDepartment of Epidemiology, University of Washington, Seattle, WA, USA, 98195

mDepartment of Neuroscience, Mayo Clinic, Jacksonville, FL, USA, 32224

Address correspondence to Kelly N. H. Nudelman, PhD, Department of Medical and Molecular Genetics, Indiana University 
School of Medicine, Health Information and Translational Sciences Building, 410 W. 10th St, 4th floor, Indianapolis, IN 46202. 
Kholohan@iu.edu. 

HHS Public Access
Author manuscript
Alzheimers Dement. Author manuscript; available in PMC 2024 November 01.

Published in final edited form as:
Alzheimers Dement. 2023 November ; 19(Suppl 9): S64–S73. doi:10.1002/alz.13482.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nLaboratory of Neuro Imaging, USC Stevens Neuroimaging and Informatics Institute, Keck School 
of Medicine of USC, Los Angeles, CA, USA, 90033

oDepartment of Radiology, Mayo Clinic, Rochester, MN, USA, 55905

pBanner Sun Health Research Institute, Sun City, AZ, USA, 85315

qDepartment of Neurology, Mayo Clinic, Jacksonville, FL, USA, 32224

rWien Center for Alzheimer’s Disease and Memory Disorders, Mount Sinai Medical Center, 
Miami, FL, USA, 33140

sTaub Institute and Department of Neurology, Columbia University Irving Medical Center, New 
York, NY, USA, 10032

tDepartment of Neurology, Mayo Clinic, Rochester, MN, USA, 55905

uNantz National Alzheimer Center, Houston Methodist and Weill Cornell Medicine, Houston, TX, 
USA, 77030

vDepartment of Neurology, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA, 
90095

wDepartment of Neurology, Washington University in St. Louis, St. Louis, Missouri, USA, 63110

xDepartment of Psychiatry and Behavioral Sciences, Johns Hopkins University School of 
Medicine, Baltimore, MD, USA, 21295

yDepartment of Neurology, Alpert Medical School, Brown University, Providence, RI Island, USA, 
02912

zDepartment of Psychiatry and Behavioral Sciences, Mesulam Center for Cognitive Neurology 
and Alzheimer’s Disease, Feinberg School of Medicine, Northwestern University, Chicago, IL, 
USA , 60611

ADepartment of Neurology & Neurological Sciences, Stanford University, Palo Alto, CA, USA, 
94304

BDepartment of Neurology, Georgetown University, DC, USA, 20057

CDepartment of Neurology and Human Genetics, Emory University School of Medicine, Atlanta, 
GA, USA, 30307

DDepartment of Neurology, Perelman School of Medicine, University of Pennsylvania, 
Philadelphia, PA, USA, 19104

EMedical & Scientific Relations Division, Alzheimer’s Association, Chicago, IL, USA, 60603

FDepartment of Neurology, Massachusetts General Hospital and Harvard Medical School, 
Boston, MA, USA, 02114

GDepartment of Radiology and Imaging Sciences, Center for Neuroimaging, Indiana University 
School of Medicine Indianapolis, Indianapolis, IN, USA, 46202

Abstract

Nudelman et al. Page 2

Alzheimers Dement. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION: One goal of the Longitudinal Early Onset Alzheimer’s Disease Study 

(LEADS) is to investigate the genetic etiology of early onset (40-64 years) cognitive impairment. 

Towards this goal, LEADS participants are screened for known pathogenic variants.

METHODS: LEADS amyloid positive (EOAD) or negative (EOnonAD) cases were whole exome 

sequenced (N=299). Pathogenic variant frequency in APP, PSEN1, PSEN2, GRN, MAPT, and 

C9ORF72 was assessed for EOAD and EOnonAD. Gene burden testing was performed in cases 

compared to similar-age cognitively normal controls in the Parkinson’s Progression Markers 

Initiative Study.

RESULTS: Previously reported pathogenic variants in the six genes were identified in 1.35% of 

EOAD (3/223) and 6.58% of EOnonAD (5/76). No genes showed enrichment for carriers of rare 

functional variants in LEADS cases.

DISCUSSION: Results suggest that LEADS is enriched for novel genetic causative variants, as 

previously reported variants are not observed in most cases.

Keywords

Alzheimer’s disease; dementia; genetics; early onset; sequencing; APP ; PSEN1 ; PSEN2 ; GRN ; 
MAPT ; C9ORF7 

1 Introduction

Although early onset Alzheimer’s disease (EOAD) has been estimated to be highly heritable 

(>90%), only ~5-10% of individuals with EOAD carry a known autosomal dominant 

pathogenic variant in the APP, PSEN1, or PSEN2 genes [1]. Similarly, while about 30% 

of frontotemporal dementia (FTD) incidence is attributed to pathogenic variants in the GRN 
and MAPT genes, and expansion of a hexanucleotide repeat in the C9ORF72 gene, with a 

small amount accounted for by rare pathogenic variants in several additional genes, a large 

portion of genetic etiology for this disease has not yet been identified [2].

The Longitudinal Early Onset Alzheimer’s Disease Study (LEADS) targets enrollment of 

individuals with early onset (age 40-64 years) cognitive impairment who lack a strong 

family history of EOAD (study excludes individuals with >1 immediate relative with 

EOAD) and who do not have a known genetic etiology such as a pathogenic PSEN1 variant 

[3]. LEADS is designed to fill a gap in the research of EOAD, by recruiting individuals who 

do not qualify for studies of Mendelian EOAD such as the Dominantly Inherited Alzheimer 

Network (DIAN); LEADS data is being utilized to investigate longitudinal cognitive 

impairments, fluid and neuroimaging biomarkers, and genetic causes of EOAD. Enrolled 

patients are screened for brain amyloid positivity (EOAD) or negativity (EOnonAD) using 

positron emission tomography (PET) neuroimaging. Cognitive impairment at any age can 

be caused by a host of etiologies, the most common being AD. Thus, while the majority 

of individuals screened for LEADS are amyloid positive, it is not surprising that some of 

the cognitively impaired LEADS participants are amyloid negative. These participants are 

also followed in LEADS, and their clinical profile is identical to SNAP (suspected non-AD 

pathophysiology) in older individuals [4]. An exploratory aim of LEADS is to investigate 

the genetic etiology of EOAD and EOnonAD, with the goal to identify novel genetic 
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variants causal or contributing to risk for EOAD and EOnonAD. LEADS includes a genetic 

testing pipeline, wherein all participants are screened for previously reported pathogenic 

variants in APP, PSEN1, PSEN2, GRN, or MAPT, and pathogenic repeat expansions in 

C9ORF72. The objective of this report, including patients enrolled during the first half of 

LEADS, is to investigate the frequency of these identified pathogenic variants, as well as the 

potential contribution of other rare functional variants in APP, PSEN1, PSEN2, GRN, and 

MAPT to disease.

The goal of this analysis is to confirm that variants in screened genes APP, PSEN1, PSEN2, 
GRN, MAPT, and C9ORF72 are not contributing to the genetic etiology of most LEADS 

EOAD/EOnonAD patients, who are selected based on lack of extensive family history of 

disease.

2 Methods

2.1 Participants

This study includes 299 individuals with early onset cognitive impairment enrolled in 

LEADS; cognitively normal controls were not submitted for sequencing and are not 

included in the analysis. Affected individuals had biospecimens including DNA collected 

at baseline and were assessed with a neurocognitive battery as well as neuroimaging 

including PET amyloid and tau imaging. Collected data included demographics such as 

age at enrollment and age of symptom onset for cognitive impairment, sex, race, ethnicity, 

and family history of AD in parents and siblings, as well as results of neurocognitive 

examinations including the Mini-Mental State Exam (MMSE) [5]. Study protocols have 

been extensively described in Apostolova et al. (2021) [3]. More information on LEADS 

leadership, resources, and data sharing policies are available on the LEADS website (https://

leads-study.medicine.iu.edu/).

2.2 Data Availability Statement

LEADS data are available by request; proposals will be reviewed by the LEADS Data 

Sharing Committee (see Apostolova et al., 2021 [3] for more information).

2.3 Ethics Statement

Written informed consent was obtained from all participants or their authorized 

representatives prior to study inclusion. A central Institutional Review Board (IRB) at 

Indiana University approved this study, which was conducted according to the ethical 

standards of the Helsinki Declaration of 1975.

2.4 Genetic Assays

Biospecimens are sent to the National Centralized Repository for Alzheimer’s Disease and 

Related Dementias (NCRAD) for processing and storage. As part of the standard DNA 

quality control pipeline, extracted DNA is run in-house on a custom 96-SNP microarray 

using Standard Biotools (formerly Fluidigm) microfluidic technology (Standard Biotools, 

San Francisco, CA). This assay generates a genetic fingerprint that NCRAD employs to 

check DNA quality and identity prior to distributions. This array includes SNPs rs7412 and 
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rs429358, encoding Apolipoprotein E (APOE) e2/e3/e4 alleles. This APOE allele data was 

returned to LEADS investigators and used in this analysis.

DNA is transferred to the Indiana University Genetics Testing Laboratories for C9ORF74 
hexanucleotide repeat expansion testing. This test was performed using the Asuragen 

AmplideX PCR/CE C9ORF72 Kit to assess repeat number of the GGGGCC sequence 

located between noncoding exons 1a and 1b of the C9ORF72 gene. PCR was performed 

on extracted DNA targeting this sequence using an Applied Biosystems thermal cycler, 

followed by capillary electrophoresis with an Applied Biosystems genetic analyzer. This kit 

generates numeric values for repeats up to 200, and categorical values for >200 repeats. 

Individuals with >30 repeats were reported as pathogenic repeat expansion carriers [6].

Genomic DNA was transferred to the Indiana University Center for Medical Genomics 

for library preparation and whole exome sequencing (WES). DNA was evaluated for 

quantity/quality using an Agilent TapeStation 4200. Next, 200 ng DNA was fragmented 

with a Covaris ME220 AFA sonicator, generating fragments averaging 300 bp in length. 

Subsequently, fragment end-repair, dA tailing, ligation of index adaptors, and amplification 

was performed. Libraries were then hybridized, captured, and amplified with the Agilent 

Human All-Exon V7 probe set (48Mb, hg38) using the Agilent SureSelect XTHS Target 

Enrichment System for Illumina Paired-End Multiplexed Sequencing protocol. Captured 

libraries were assessed for quantity/quality with a Qubit and an Agilent Bioanalyzer. 

Libraries were then pooled in equal molarity and sequenced using Illumina NovaSeq 6000 

sequencers to generate 150 bp paired-end reads with 30X coverage.

2.5 Genetic Data Processing

LEADS WES data were processed following GATK Best Practices using Sentieon 

Genomics software (Sentieon, Inc., San Jose, CA) [7]. Briefly, paired-end FastQ files were 

aligned to Genome Reference Consortium Human Build 38 (hg38) using the recommend 

pipeline for Sentieon’s proprietary BWA-MEM function fused with a process to account for 

the many alternate contigs included in hg38. BWA-MEM typically assigns reads that map 

to more than one location a mapping quality score of zero, leading to highly divergent 

genome regions being excluded from down-steam analyses. The alternate-contig-aware 

process adjusted read tags and de-coupled paired-end mates to prevent MAPQ dead zones, 

allowing the variant caller to include reads with mates mapping to different contigs [7].

Initially three Picard functions were implemented; RevertSam to produce unmapped BAM 

files, AddOrReplaceGroups to assign all reads in individual files to a single new read-group, 

and MergeBamAlignment to merge all aligned and unaligned reads per sample. Files were 

then sorted with Sentieon Util sort function. Duplicates were removed with Sentieon 

functions LocusCollector and Dedup. Resulting BAM files were realigned, and scores 

recalibrated using Sentieon Realigner and QualCal. Picard SortSam sorted recalibrated 

files. Then, NM, MD, and UQ tags were calculated by Picard SetNmMdAndUqTags, 

and the 0x1 paired flag was removed from reads with a piped gawk/samtools command. 

Files were finally indexed using Sentieon Util index. Processed BAM files were used to 

generate gVCFs with Sentieon Haplotyper. Next, gVCFs were joint-called using Sentieon 

GVCFtyper. Resulting data was annotated with Annovar [8].
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Copy Number Variants (CNVs) were detected from LEADS sequencing data using two 

programs, CANOES, implemented in R v4.1.1, and Copy Number Inference from Exome 

Reads (CoNIFER), implemented using Python v3.9 [9-11]. CANOES uses a negative 

binomial distribution to model whole exome sequencing read counts, with variance 

estimated using a regression-based approach (https://github.com/ShenLab/CANOES). 

CoNIFER employs a complimentary approach, using singular value decomposition 

normalization to calculate CNVs (https://conifer.sourceforge.net/index.html).

2.6 Variant Review

Data were reviewed for all affected participants. For genes APP, PSEN1, or PSEN2, 

genetic variants were considered pathogenic if they were included in the list of variants 

qualifying individuals for the Dominantly Inherited Alzheimer Network Trials Unit (DIAN-

TU) [12, 13]. For genes GRN and MAPT, variants were manually reviewed and identified 

as pathogenic based on previous reports in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), 

the Human Gene Mutation Database (HGMD, https://www.hgmd.cf.ac.uk/), and the Leiden 

Open Variation Database (LOVD, https://www.lovd.nl/); annotations and were also checked 

using the Varsome software (https://varsome.com/) [14-19]. Patients were not informed 

about variants not meeting criteria for pathogenicity.

Calls for each CNV for each subject from both CANOES and CoNIFER results were 

aligned and compared for overlap to identify high-confidence calls. Identified overlapping 

CNVs were reviewed to investigate if any occurred within genes APP, PSEN1, PSEN2, 
GRN, or MAPT.

2.7 Pathogenic Variant Confirmation

For participants with an identified, previously-reported pathogenic variant in one of the 

six screened genes who signed an informed consent to have genetic test results returned, 

a separate 6 ml tube of blood was transferred to the Indiana University Genetics Testing 

Laboratories, or to GeneDx (GeneDx, LLC, Gaithersburg, MD), for DNA extraction and 

PCR-based genotype confirmation in a CLIA-certified laboratory.

2.8 Controls for Statistical Analyses

Since only LEADS cases have been sequenced, whole genome sequencing data from healthy 

controls (HC) in the Parkinson’s Progression Markers Initiative (PPMI) (N=195) were 

obtained from the Laboratory for Neuroimaging (LONI), for use in statistical analyses (see 

Section 2.9). The PPMI data were selected for comparison because these controls, while 

older than LEADS, were more closely matched in age to LEADS cases than those available 

in other late onset Alzheimer’s disease data sets with sequencing available, such as the 

Alzheimer’s Disease Neuroimaging Initiative. Data for PPMI participants are available from 

LONI (https://www.loni.usc.edu/) to approved investigators. Participants enrolled in this 

study and collected measures have been extensively described in previous publications [20].

LEADS sequencing data were merged with PPMI HC VCFs using bcftools. The analysis 

data set included 193 HC with sequencing data and demographic and clinical information. 
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Merged genetic data were filtered to include rare (<1% minor allele frequency) coding and 

splicing variants for APP, PSEN1, PSEN2, GRN, and MAPT.

2.9 Statistical Analyses

Statistical analyses of participant demographics - including age at enrollment and symptom 

onset, sex, race/ethnicity, and clinical and genetic variables including family history of AD, 

APOE e4 allele carrier status, and MMSE score - were performed using SPSS Statistics 

software (IBM Corp., Armonk, NY). Demographic variables were tested for significant 

differences between diagnostic groups using ANOVA or Fisher’s Exact tests.

Gene burden testing was performed using the SNP-set (Sequence) Kernel Association Test 

(SKAT) in R [21]. Merged VCF data including LEADS cases and PPMI HC were subset 

to including APP, PSEN1, PSEN2, GRN, and MAPT (39 variants total); data were then 

converted to binary PLINK format. Prior to analysis, eight LEADS cases with previously 

reported pathogenic variants were removed, leaving a total sample size of 291 LEADS 

cases for analysis. Data were analyzed for gene variant burden in all LEADS cases 

compared to PPMI controls, with post-hoc testing of EOAD/HC (220 cases/193 controls) 

and EOnonAD/HC (71 cases/193 controls). The SKAT-O method was used to test each gene 

as a set for enrichment of minor alleles for rare (minor allele frequency < 1% in GnomAD) 

coding and splicing variants in cases compared to controls. All tests covaried for age at 

enrollment, sex, and APOE e4 carrier status. For SNPs included in gene burden analyses, 

minor allele frequency and Hardy-Weinberg equilibrium statistics were calculated in PLINK 

[22, 23]. Population frequencies for analyzed SNPs were obtained from GnomAD [24].

Post-hoc testing was also performed to investigate the contribution of individual variants to 

enrichment analysis results via logistic association testing in PLINK, covarying for age, sex, 

and APOE e4 carrier status; testing was limited to SNPs with at least one minor allele in 

cases and controls.

3 Results

3.1 Pathogenic Variants Identified

Of the 299 LEADS EOAD and EOnonAD with sequencing data, a total of eight pathogenic 

variant or repeat carriers were identified (carrier frequency of 2.68%), including three 

EOAD heterozygous for PSEN1 variants, 2 EOnonAD heterozygous for GRN variants, 

two EOnonAD with heterozygous C9ORF72 pathogenic expansion repeats, and one 

EOnonAD heterozygous for a MAPT variant (Table 1). The two heterozygous C9ORF72 
repeat expansion carriers both had full (beyond assay quantifiable detection limit) repeat 

expansions. The rate of previously-reported pathogenic variants is 1.35% in EOAD (3/223), 

and 6.58% in EOnonAD(5/76) (Figure 1).

Table 2 presents summary information for EOAD and EOnonAD carriers of previously 

reported pathogenic variants, as well as summary statistics for non-carriers. Examining 

family history of AD, 33% of EOAD pathogenic variant carriers and 60% of EOnonAD 

carriers had a reported first degree relative with AD, though for EOAD and EOnonAD 

non-carriers, <40% of each group had a first degree relative with AD. The majority of 
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variant carriers were male, and there was a greater percentage of APOE e4 allele carriers in 

the EOAD variant carriers than in EOnonAD carriers (Figure 2).

All cases had similar mean age of symptom onset; EOAD pathogenic variant carriers (mean 

age 55.67) and non-carriers (mean age 55.31) as well as EOnonAD carriers (mean age 

56.20) and non-carriers (mean age 54.24) had average onset in their mid-fifties.

There were no identified CNVs overlapping genes APP, PSEN1, PSEN2, GRN, or MAPT.

3.2 Gene Burden Results

Assessment of participant demographics for the LEADS cases (excluding previously 

reported pathogenic variant carriers) and PPMI controls identified significant diagnostic 

group differences for sex, enrollment age, and APOE e4 carrier status (Table 3).

Comparing both diagnostic groups and controls, enrichment of APOE e4 heterozygotes 

was observed in both EOAD (39.1%) and EOnonAD (39.4%) compared to PPMI controls 

(23.3%). Interestingly, while rates of heterozygotes were similar for EOAD/EOnonAD, 

enrichment of APOE e4 homozygotes was observed in 15.5% of EOAD compared to similar 

rates of homozygous carriers in EOnonAD (2.8%) and controls (2.1%).

SKAT-O testing results for rare functional variant enrichment in APP, PSEN2, GRN, and 

C9ORF72, covarying for age, sex, and APOE e4 carrier status within all cases, EOAD, or 

EOnonAD cases compared to controls are reported in Table 4. PSEN1 gene burden testing 

was not performed since there was only one variant meeting inclusion criteria, with <3 

minor alleles in the data set. Rare functional variants in PSEN2 showed significant variant 

enrichment (p=0.0121, Table 4); however, post-hoc association analysis of SNPs in plink 

showed that this result was driven by rs140501902, which was more common in controls 

than in cases (p=0.04; Table 5), rather than enrichment of rare variants in cases compared 

to controls. There were no genes showing significant enrichment in only EOAD or only 

EOnonAD compared to controls, though in EOAD, there was a trend for enrichment of 

variants in PSEN2 (p=0.059), again driven by rs140501902 minor allele enrichment in 

controls. This SNP has also been reported as Benign/likely-benign in ClinVar.

4 Discussion

Screening indicates that the frequency of previously reported pathogenic variants in APP, 
PSEN1, PSEN2, GRN, MAPT, or C9ORF72 is low for both EOAD and EOnonAD LEADS 

participants, though variants are more frequent in EOnonAD than EOAD. Results from 

the gene burden analysis of rare functional variants in these genes also supports this 

conclusion, showing that unidentified rare variants in these genes are also not responsible 

for a significant portion of EOAD or EOnonAD cases. This highlights the importance of 

future studies to investigate other genetic factors and genes that may play roles in genetic 

risk or etiology of early onset cognitive impairment in the LEADS study. Preliminary 

results from genetic screening of LEADS participants also indicates that study exclusion 

criteria for individuals with extensive AD family history have been successful in avoiding 
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enrichment of autosomal dominantly inherited pathogenic variants for Alzheimer’s disease 

and frontotemporal dementia.

We observed that both EOAD and EOnonAD diagnostic groups include more APOE e4 

heterozygotes compared to controls, and participants with EOAD had more APOE e4 
homozygotes compared to controls. This supports the role of APOE in both early- and 

late-onset AD, as identified by previous studies [25-27].

While autosomal dominant pathogenic variants in APP, PSEN1, and PSEN2 are estimated 

to account for ~10-15% of EOAD, the observed frequency of these variants is lower 

in LEADS, showing that, as expected, variants in these genes do not account for most 

disease risk in this cohort [28]. Up to 70% of EOAD following a Mendelian inheritance 

pattern is attributed to pathogenic variants in the PSEN1 gene in the literature (https://

www.alzforum.org/alzgene). In LEADS, similarly, the three EOAD cases with pathogenic 

variants all occurred in PSEN1; we did not identify any pathogenic variants in APP 
or PSEN2 in SNP or CNV results. While there were not sufficient variant carriers to 

statistically compare demographic or clinical characteristics of carriers and non-carriers, 

observation of summary statistics for each group shows that age of symptom onset is similar. 

It was also observed that MMSE scores are much lower in non-carriers (mean 21.54) 

compared to carriers (mean 25), though participants in each group were of similar age. 

Surprisingly, only one of the three AD variant carriers reported a family history of disease, 

supporting the importance of genetic screening to ensure that these participants are excluded 

from further analysis.

Heritability of frontotemporal dementia is largely attributed to autosomal dominant 

pathogenic hexanucleotide repeat expansion in C9ORF72 and pathogenic variants in GRN 
and MAPT, with variants in these three genes accounting for up to 30% of frontotemporal 

dementia [2, 29]. While we observe a slightly higher frequency of EOnonAD pathogenic 

variant carriers compared to EOAD pathogenic variant carriers, it is still well below the 

frequency observed in patients with frontotemporal dementia and a strong family history of 

disease, showing that variants in these genes do not account for a significant portion of the 

genetic etiology of EOnonAD cases in LEADS. Interestingly, participant age of symptom 

onset is not lower for pathogenic variant carriers compared to non-carriers, and most other 

demographic and clinical characteristics reviewed appear similar as well. Though the sample 

size is currently too small to make any inferences based on this observation, it is interesting 

to note that EOnonAD pathogenic variant carriers had a higher frequency of AD family 

history (60%) than EOAD pathogenic variant carriers (30%), which were similar to EOAD 

(38%) and EOnonAD (33%) non-carriers in frequency of AD family history.

4.1 Limitations

Though given the rarity of EOAD in the general population, the sample size of the LEADS 

cohort is impressive, it is still small in terms of a genetics study. LEADS study size and 

diagnostic heterogeneity currently limits the ability to perform discovery-based genetic 

analyses; however, the use of gene burden testing allows us to leverage summary-level data 

to investigate the contribution of rare functional variants in screened genes to case status. 

Given the small sample size, we did not remove individuals with diverse race or ethnicity. 

Nudelman et al. Page 9

Alzheimers Dement. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.alzforum.org/alzgene
https://www.alzforum.org/alzgene


However, we did perform gene burden testing in only white non-Hispanic individuals 

to check sensitivity; results were not significantly different from results including all 

participants. An important limitation to note is that we did not have WES data for LEADS 

controls for this analysis. It is possible that merging data for LEADS cases and PPMI 

controls may introduce batch effects to the gene burden analysis; it will be important to 

future work to conduct gene burden testing including LEADS control sequencing data 

once available, to verify and expand these results. Additionally, this report focused on 

the genetic screening pipeline, which includes six genes accounting for the majority of 

known pathogenic variants in AD and FTD; however, it is possible that rare variants 

in other neurodegenerative disease-related genes could account for some portion of the 

genetic etiology of the LEADS cohort. Future work as enrollment continues will expand 

to encompass additional genes. Finally, current CNV results are based on whole exome 

sequencing data; it is possible that whole genome sequencing will identify additional CNVs 

not detectable with the data currently available.

4.2 Future Directions

It will be important to expand these analyses to the entire LEADS cohort once enrolled, 

to validate preliminary findings regarding pathogenic variant frequency in APP, PSEN1, 

PSEN2, GRN, MAPT, and C9ORF72 in LEADS cases, as well as to expand analyses 

to include additional neurodegenerative disease-related genes. Future plans also include 

performing whole genome sequencing on all participants, which will enable assessment of 

the contribution of non-coding variants in genes of interest, as well as a more complete 

assessment of CNVs. It will additionally be important for future studies to leverage planned 

enrollment of more heterogeneous individuals to investigate the contribution of genetic 

ancestry and genetic background in diverse geographic and racial/ethnic cohorts to disease 

risk and progression.

4.3 Conclusions

These initial findings highlight the LEADS cohort as an excellent source of early onset 

cognitive impairment cases for future analyses of novel genetic etiology for EOAD and 

EOnonAD and support the important complimentary role of LEADS compared to studies 

such as the Dominantly Inherited Alzheimer Network (DIAN) in AD research and future 

clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Sequencing identified eight cognitively impaired pathogenic variant carriers.

• Pathogenic variants were identified in PSEN1, GRN, MAPT, and C9ORF72.

• Rare variants were not enriched in APP, PSEN1/2, GRN, and MAPT.

• LEADS is a key resource for early-onset Alzheimer’s genetic research.
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Research in Context

Systematic Review:

Literature relating to the genetics of early onset Alzheimer’s disease (EOAD) and 

frontotemporal dementia was reviewed, referencing traditional sources such as PubMed 

and the collective expertise of the LEADS Consortium. Studies have investigated the 

contribution of pathogenic variants in APP, PSEN1, and PSEN2 to EOAD and variants 

in GRN, MAPT, and C9ORF72 to frontotemporal dementia; these findings are cited. 

However, literature is limited on the efficacy and impact of selecting for non-carriers of 

pathogenic variants based on family history of disease.

Interpretation:

In the Longitudinal EOAD Study (LEADS, N=299), pathogenic variants in APP, PSEN1, 

PSEN2, GRN, MAPT, and C9ORF72 were detected in 8 (2.7%) of affected individuals, 

highlighting the utility of LEADS for discovery-based research of novel variants.

Future Directions:

Future work will include replication of these results in future LEADS participants and 

investigation of rare variants in other neurodegenerative disease-related genes.
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Figure 1. Pie Chart of EOAD and EOnonAD Pathogenic Variant Carriers.
Percentages of LEADS EOAD participants carrying a PSEN1 previously reported 

pathogenic variant and non-carriers (left) and LEADS EOnonAD participants carrying a 

GRN, C9ORF72, or MAPT previously reported pathogenic variant and non-carriers (right). 

Screening did not identify any APP or PSEN2 pathogenic variant carriers.
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Figure 2. Pie Chart of APOE e4 Allele Carriers and Non-Carriers.
Participant counts and percentages of LEADS EOAD and EOnonAD pathogenic variant 

carriers and non-carriers, as well as PPMI controls, carrying one or two APOE e4 alleles 

(blue) compared to individuals with no APOE e4 alleles (orange).
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Table 1.

EOAD and EOnonAD Pathogenic Variant Frequency

EOAD EOnonAD

Pathogenic variant frequency, AD genes 1.35% 0%

Pathogenic variant frequency, FTD genes 0% 6.58%

EOAD = early onset Alzheimer’s Disease; EOnonAD = early onset non-Alzheimer’s disease (cognitively impaired, amyloid negative); AD = 
Alzheimer’s disease; FTD = frontotemporal dementia
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Table 2.

LEADS Pathogenic Variant Carrier Demographics

Variable

EOAD
Pathogenic

Variant
Carriers (N=3)

EOAD Non-
carriers

(N=220)*

EOnonAD
Pathogenic

Variant
Carriers (N=5)

EOnonAD
Non-carriers

(N=71)*

Enrolled age mean (StDev) 59.33 (4.16) 58.83 (4.05) 61.00 (1.15) 57.68 (6.21)

Age of cognitive symptom Onset mean (StDev) 55.67 (4.04) 55.31 (4.24) 56.20 (2.17) 54.24 (6.76)

Count, % Male 3, 100% 103, 47% 4, 80% 46, 65%

Count, % APOE e4 carriers 2, 67% 120, 55% 2, 40% 30, 42%

Count, % White non-Hispanic 3, 100% 202, 92% 5, 100% 60, 87%

Count, % with AD family history** 1, 33% 80, 38% 3, 60% 22, 33%

MMSE mean (StDev) 25.00 (2.65) 21.54 (5.17) 27.00 (1.87) 25.89 (3.67)

EOAD = early onset Alzheimer’s Disease; EOnonAD = early onset non-Alzheimer’s disease (cognitively impaired, amyloid negative); StDev = 
standard deviation; MMSE = Mini-Mental State Exam score

*
Some participants missing data: for EOAD, 1 missing race, 9 missing symptom onset age, 3 missing MMSE, and 10 missing family history; for 

EOnonAD, 2 missing race, 4 missing symptom onset age, and 4 missing family history. Percentages for variables with missing data were calculated 
based on non-missing group size.

**
% of participants with a first degree relative with Alzheimer’s disease
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Table 3.

LEADS and PPMI Participant Demographics for Gene Burden Analysis

Variable

PPMI
Healthy
Controls

(HC; N=193)

LEADS
EOAD

(N=220)

Test
Statistic* (p-

value) for
EOAD vs. HC

LEADS
EOnonAD

(N=71)

Test Statistic*
(p-value) for

EOnonAD vs.
HC

Age (mean, StDev) 60.58 (11.268) 58.74 (4.035) 5.113 (0.024) 57.61 (6.200) 4.430 (0.036)

Sex (count, % male) 123 (63.7%) 103 (46.8%) (0.001) 46 (64.8%) (1.000)

APOE e4 heterozygotes 
(count, %) 45 (23.3%) 86 (39.1%)

APOE e4 carrier status: 
(0.000)

28 (39.4%)
APOE e4 carrier status: 

(0.010)APOE e4 homozygotes 
(count, %) 4 (2.1%) 34 (15.5%) 2 (2.8%)

EOAD = early onset Alzheimer’s Disease; EOnonAD = early onset non-Alzheimer’s disease (cognitively impaired, amyloid negative); StDev = 
standard deviation.

*
F Test statistic for ANOVA test for age, Fisher’s Exact Test statistic for sex and APOE e4 carriers (homozygotes and heterozygotes compared to 

non-carriers).
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Table 4.

Gene Burden Analysis Results

Comparison Gene* SNPs
Tested** MAC p-value

EOAD + EOnonAD / HC

APP 11 11 0.454

PSEN2 10 15 0.0121

GRN 9 14 0.551

MAPT 8 12 0.879

EOAD / HC

APP 9 9 0.149

PSEN2 9 14 0.059

GRN 9 14 0.828

MAPT 8 12 0.744

EOnonAD / HC

APP 7 7 0.981

PSEN2 6 10 0.363

GRN 6 7 0.174

MAPT 4 4 0.416

EOAD = early onset Alzheimer’s disease; EOnonAD = early onset non-Alzheimer’s disease (cognitively impaired, amyloid negative); MAC = 
minor allele count

*
Genes tested did not include PSEN1, as this gene was under-powered for analysis, with only one variant meeting criteria and with <3 MAC in the 

data set.

**
Analyzed SNPs included coding or splicing variants with minor allele frequency<1% and at least one minor allele in the data set.
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Table 5.

SNP Summary from Gene Burden Analysis of All Cases

Gene CHR SNP BP A1 NMISS OR STAT P O(HET) E(HET) AFF UNAFF

PSEN2

1 rs200037771 226881996 T 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

1 rs143501870 226883712 G 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

1 chr1:226883763:G:A 226883763 A 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

1 rs140501902 226883774 T 484 0.087 −2.033 0.042 0.01240 0.01232 0/1/290 0/5/188

1 rs756899463 226883855 C 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

1 rs63750197 226885570 T 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

1 rs200931244 226885668 T 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

1 rs61757781 226888112 G 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

1 rs143549266 226894097 T 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

1 rs142690225 226894111 A 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

GRN

17 rs63750742 44349263 A 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

17 rs63750742 44349263 T 484 1.219 0.209 0.835 0.00207 0.00206 0/3/288 0/2/191

17 chr17:44349674C,G 44349674 G 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

17 rs63750043 44350237 A 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

17 rs63750479 44350524 T 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

17 chr17:44351106:T:C 44351106 C 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

17 rs63750541 44351586 A 484 0.823 −0.137 0.891 0.00413 0.00412 0/1/290 0/1/192

17 rs63750412 44352132 T 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

17 rs25647 44352471 C 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

MAPT

17 rs377597373 45983354 A 469 NA NA NA 0.00213 0.00213 0/1/275 0/0/193

17 rs141120474 45983475 G 469 0.436 −0.578 0.564 0.00426 0.00426 0/1/275 0/1/192

17 rs1157103342 45983590 C 469 NA NA NA 0.00213 0.00213 0/1/275 0/0/193

17 rs143956882 45989975 T 470 1.584 0.444 0.657 0.00213 0.00636 1/0/276 0/1/192

17 rs143624519 45991484 A 470 NA NA NA 0.00426 0.00425 0/2/275 0/0/193

17 rs187760483 45993950 T 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

17 rs267604921 45993953 G 469 NA NA NA 0.00213 0.00213 0/1/275 0/0/193

17 rs63750096 45996557 A 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

APP

21 rs752361848 25897617 G 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

21 rs761339914 25954626 T 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

21 rs779792929 25954665 G 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

21 rs143794560 25975093 A 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

21 rs890815306 25997377 A 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

21 rs762288013 26021865 T 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

21 chr21:26021913A,T 26021913 A 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

21 rs139819006 26022001 A 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

21 rs149995579 26051060 A 484 NA NA NA 0.00207 0.00206 0/1/290 0/0/193

21 rs145081708 26051070 G 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192
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Gene CHR SNP BP A1 NMISS OR STAT P O(HET) E(HET) AFF UNAFF

21 rs1451050785 26053291 C 484 NA NA NA 0.00207 0.00206 0/0/291 0/1/192

CHR = chromosome; BP = base pair (hg38); NMISS = number non-missing; OR = odds ratio; STAT = test statistic; p = p-value; O(HET) = 
observed; E(HET) = expected; AFF = affected; UNAFF = unaffected (controls); NA = not available
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