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In brief

This article from Kaivola, Chia, and Ding

et al. describes the identification,

characterization, and analysis of

structural variants in genome data from

patients with the non-Alzheimer’s

dementias Lewy body dementia (LBD)

and frontotemporal dementia (FTD)/

amyotrophic lateral sclerosis (ALS).
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SUMMARY
We characterized the role of structural variants, a largely unexplored type of genetic variation, in two non-Alz-
heimer’s dementias, namely Lewy body dementia (LBD) and frontotemporal dementia (FTD)/amyotrophic
lateral sclerosis (ALS). To do this, we applied an advanced structural variant calling pipeline (GATK-SV) to
short-read whole-genome sequence data from 5,213 European-ancestry cases and 4,132 controls. We
discovered, replicated, and validated a deletion in TPCN1 as a novel risk locus for LBD and detected the
known structural variants at the C9orf72 and MAPT loci as associated with FTD/ALS. We also identified
rare pathogenic structural variants in both LBD and FTD/ALS. Finally, we assembled a catalog of structural
variants that can be mined for new insights into the pathogenesis of these understudied forms of dementia.
INTRODUCTION

Structural variants are duplicated, deleted, inserted, inverted, or

translocated DNA segments measuring at least 50 base pairs in

length by current definition. This class of genomic variation is a
This is an open access article under the CC BY-N
major source of genetic diversity in the human genome that

contributes to phenotypic heterogeneity.1,2 Not surprisingly,

structural variants have been implicated in the pathogenesis of

complex neurological disorders. For example, APP duplica-

tions,3,4 SNCA multiplications,5,6 and recombination events at
Cell Genomics 3, 100316, June 14, 2023 1
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the GBA locus7 are rare causes of Lewy body dementia (LBD),

the second most common form of neurodegenerative dementia

after Alzheimer’s disease. The discovery of repeat expansions in

C9orf72 unified frontotemporal dementia (FTD) and amyotrophic

lateral sclerosis (ALS) into the same clinical spectrum.8–10 These

findings highlight the pathogenic role of structural variants in dis-

ease and suggest that it may account for at least some of the un-

explained heritability in age-related neurological conditions.

To date, identifying the structural variants underlying disease

has relied on candidate-gene studies rather than unbiased

genome-wide assessments. More recently, however, the study

of structural variants has gainedmomentum due to the improved

availability of whole-genome sequence datasets and modern-
2 Cell Genomics 3, 100316, June 14, 2023
ized detection algorithms.11–13 These efforts are enhanced by

the publication of structural variant catalogs, providing crucial in-

sights into the frequency and heterogeneity of this understudied

variant type in the human population.11,14–16

Here, we applied these advancements to systematically map

genomic structural variants in large cohorts of patients diag-

nosed with non-Alzheimer’s dementias (LBD and FTD/ALS)

and in unaffected controls.12,13 We exploited this resource to

perform genome-wide association studies (GWASs) to identify

common structural variants acting as risk modulators and iden-

tify rare, pathogenic structural variants in neurodegenerative dis-

ease genes. Our work discovered structural variants associated

with risk of developing these fatal neurological conditions,

mailto:sonja.scholz@nih.gov
https://doi.org/10.1016/j.xgen.2023.100316


Figure 1. Study flowchart

Schematic illustration of the analytical workflow. The same controls were used in the analysis of LBD and FTD/ALS.
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confirming the critical role of this variant class in neurodegener-

ation. Building on our work, we compiled an interactive resource

that can be investigated by other researchers for new insights

into non-Alzheimer’s dementias.

RESULTS

Structural variant identification in non-Alzheimer’s
dementias
Wemapped structural variants in whole-genome sequence data

obtained from patients diagnosedwith LBD (n = 2,612), FTD/ALS

(n = 2,601), and unaffected individuals (n = 4,132) using the

Genome Analysis Toolkit’s Structural Variant (GATK-SV) pipe-

line.11–13 This method improves the identification of structural

variants in Illumina short-read whole-genome sequencing data

by applying machine learning to combine information from five

detection algorithms. Figure 1 summarizes the study workflow.

After applying stringent quality control and filtering steps,

there were 150,752 structural variants in the 2,355 LBD cases

and 3,700 controls available for the association analysis. Simi-

larly, there were 158,991 structural variants in the 2,307 FTD/

ALS cases and 3,677 controls. In the LBD case-control cohort,

there were on average 895 autosomal structural variants per

participant. In the FTD/ALS case-control cohort, there were

865 structural variants on average per participant (Figure 2 and

Figures S1–S3 for descriptive statistics of filtered variants and

Figures S4–S6 for summaries of unfiltered variants). The median
structural variant length was 467 base pairs in the LBD case-

control cohort and 479 base pairs in the FTD/ALS case-control

cohort. As expected, the most common structural variants

were deletions (53.1% of all structural variants in the LBD

case-control cohort and 53.2% in the FTD/ALS case-control

cohort) or duplications (19.5% and 19.6%). Further, most of

the structural variants were rare (minor allele frequency [MAF]

<1%; 96.3% of the observed structural variants in the LBD

case-control cohort and 96.6% in the FTD/ALS cohort). The

structural variant type, size, and allele frequency did not mark-

edly differ between the cases and controls for LBD or FTD/ALS

(Table S1).

VALIDATION OF STRUCTURAL VARIANTS USING LONG-
READ SEQUENCING

We compared structural variants mapped from short-read

genome sequence data using the GATK-SV pipeline to long-

read Nanopore sequencing data generated for 20 samples.

This analysis was performed by applying Truvari bench,17 an al-

gorithm that correlates structural variants based on type, size,

and location. The validation rates of the raw data were consistent

with prior observations and varied according to structural variant

type, allele frequency, and quality.18–20 After the application of

stringent quality filters, the highest concordance estimate was

observed for deletions (mean validation rate = 84.3% and geno-

type concordance = 94.3%), whereas duplications had the
Cell Genomics 3, 100316, June 14, 2023 3
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lowest concordance rate (50.2% and 89.2%; Table S2). Com-

mon structural variants (MAF R 1%) were more likely to be

confirmed by long-read sequencing (n = 5,101 structural variants

identified in the 20 participants; the validation rates were 84.7%,

52.5%, 61.6%, and 53.2% for deletions, duplications, insertions,

and inversions, respectively). The validation rates for rare struc-

tural variants (MAF < 1%) were not as robust (n = 1,917 rare

structural variants identified by Nanopore long-read sequencing

in the 20 samples; the validation rates were 79.5%, 43.3%,

61.4%, and 0.0% for deletions, duplications, insertions, and

inversions).

Genome-wide association studies of common structural
variants in LBD and FTD/ALS
After quality control filtering, we performed GWASs on common

(i.e., MAFR 1%) high-quality variants separately for the LBD and

FTD-ALS case-control cohorts. In total, 4,899 structural variants

were tested for association with LBD, and 4,699 variants were

tested for FTD/ALS.

In the FTD/ALS structural variant GWAS, we identified two sta-

tistically significant signals (Table 1; Figure 3). The first structural

variant was located on chromosome 9p21, corresponding to the

C9orf72 hexanucleotide repeat expansion (p = 4.99 3 10�18,

odds ratio [OR] = 14.47, 95% confidence interval [CI] = 7.90–

26.49). The second association signal was due to the 673-kb

complex, common structural variant in the MAPT locus on the

long arm of chromosome 17 that is part of the H2 haplotype

(p = 3.48 3 10�6, OR = 0.77, 95% CI = 0.68–0.86). Both loci

are known risk loci for FTD/ALS,10,21 representing an internal

validation of the GATK-SV pipeline.

In the LBD structural variant GWAS, we identified a novel locus

on chromosome 12q24.13 that reached Bonferroni-corrected

statistical significance (p = 9.2 3 10�6, OR = 1.43, 95% CI =

1.22–1.67; Figure 4A). This association signal was driven by a

309-base-pair deletion that we validated using long-read

sequencing (95.0% allele concordance rate; Table 1; Figure 4B).

The deletion was located within intron 2 of TPCN1 (NM_

017901.6; Figure 4C), a gene encoding the two-pore segment

channel 1 that is highly expressed in neurons and glia. The

same locus had previously been reported in an Alzheimer’s dis-

ease GWAS.22 To further explore this relationship, we generated

a beta-beta plot of the TPCN1 locus to compare the association

signals in LBD (obtained from our previously reported single-

nucleotide variant GWAS12) with a published Alzheimer’s disease

GWAS.22 This showed that the association signals at the TPCN1

locus were identical (Figure 5A). However, no such relationship

was detected between the TPCN1 locus association in LBD

versus a recent Parkinson’s disease GWAS23 (Figure 5B).

Replication of TPCN1 deletion in LBD
We identified the TPCN1 deletion in a replication cohort consist-

ing of an additional 555 LBD cases and 274 control subjects. The
Figure 2. Descriptive statistics of the structural variants in the study c

Descriptive statistics of high-quality subset of structural variants mapped by the

control cohort. AF, allele frequency; DEL, deletions; DUP, duplications; INS, inser

variant.
MAF was 6.9% in these cases and 4.9% in the control samples,

similar to what was observed in the discovery cohort. Further-

more, the TPCN1 deletion was significantly associated with

LBD in this cohort (p = 0.024, OR = 2.46, 95% CI = 1.12–5.36),

representing an independent replication of the novel risk locus.

Meta-analysis of the discovery and replication cohorts showed

the same direction of effect (p = 1.64 3 10�6, OR = 1.46, 95%

CI = 1.25–1.70). The TPCN1 deletion associated with an

increased risk of LBD was tagged by the single-nucleotide poly-

morphism rs6489896 (chr12:113,281,983:T>C; r2 = 0.95, D0 =
0.98), and a statistically significant association was also

observed with this variant in the replication dataset (p = 0.024,

OR = 2.46, 95% CI = 1.13–5.37).

Functional effect of the chromosome 12q24.13 deletion
In the Genotype-Tissue Expression (GTEx Analysis Research v8)

database,24,25 rs6489896 was an expression quantitative trait lo-

cus (eQTL) for the RITA1 gene in the brain, with decreased

expression levels in all of the evaluated brain regions (e.g., cortex

p = 7.3 3 10�11, normalized effect size = �0.41). A single-nu-

cleus, cell-type-level RNA sequencing dataset based on 424

brains of the Religious Orders Study/Memory and Aging Project

(ROS/MAP) collection confirmed these findings26; only RITA1

gene expression in excitatory neurons had a statistically signifi-

cant association with rs6489896 (p = 9.80 3 10�8, beta =

�0.35; Figure 5C; Table S4). While these observations suggest

that the deletion exerts a functional effect on the neighboring

RITA1 gene, the location of the structural variant within intron 2

of TPCN1 means that we cannot exclude the possibility that

the deletion is also influencing that gene. In that regard, it is inter-

esting to note that rs6489896 was a splicing quantitative trait lo-

cus for TPCN1 in GTEx with the strongest association observed

in subcutaneous adipose tissue (p = 9.803 10�40, normalized ef-

fect value �1.20). A similar effect was not observed in various

brain regions, although this may reflect the small sample size

limiting the power to detect such effects.

Identification of rare, disease-causing structural
variants in LBD and FTD/ALS
Our cohort was not sufficiently powered to perform gene-burden

analysis, as most of the genes did not have more than a single

exonic structural variant. Nevertheless, to explore the role of

rare structural variants in the pathogenesis of non-Alzheimer’s

dementias, we examined their occurrence in 50 genes previously

implicated in familial neurodegenerative diseases (see Table S5

for a list of the genes). Our analysis identified 83 and 81 exonic

structural variants that mapped to these established neurode-

generative disease genes in the LBD and FTD/ALS cohorts,

respectively (Table S6). Among these, we found a number of

structural variants that are known disease-causing mutations.

These included an SNCA duplication and an OPTN deletion,

each detected in a single LBD case.
ohorts

GATK-SV pipeline in the (A) LBD case-control cohort and (B) FTD/ALS case-

tions; INV, inversions; CPX, complex variant; OTH, other variant; SV, structural

Cell Genomics 3, 100316, June 14, 2023 5



Table 1. Significantly associated structural variants in the LBD and FTD/ALS GWAS analyses

Chr Position Gene Type Length (bp)

MAF

cases

MAF

controls p value OR (95% CI)

LBD 12 113,245,316 TPCN1 deletion 309 0.075 0.052 9.10 3 10�6 1.43 (1.22–1.67)

FTD/ALS 9 27,573,524 C9orf72 unresolveda NA 0.032 0.0018 4.99 3 10�18 14.47 (7.90–26.49)

FTD/ALS 17 45,603,799 MAPT complex inversion 673,211 0.17 0.19 3.48 3 10�6 0.77 (0.68–0.86)

The Bonferroni threshold of significance was 1.02 3 10�5 (= 0.05/4,889 structural variants with an MAF R 1%) for the LBD GWAS and 1.06 3 10�5

(=0.05/4,699) for the FTD/ALSGWAS. Chromosome positions are displayed according to reference genome build hg38. Chr, chromosome; LBD, Lewy

body dementia; FTD, frontotemporal dementia; ALS, amyotrophic lateral sclerosis; bp, base pairs; MAF, minor allele frequency; OR, odds ratio; CI,

confidence interval; NA, not applicable.
aConfirmed to refer to the hexanucleotide repeat expansion in the C9orf72 gene.
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In the FTD/ALS case-control cohort, we identified a LRRK2

duplication in one case with a clinical diagnosis of non-fluent

variant primary progressive aphasia. This form of dementia is

most commonly a manifestation of a four-repeat tauopathy

upon pathological evaluation.27 Mutations in LRRK2 have been

identified as rare causes of four-repeat tauopathies,3,28 suggest-

ing that this LRRK2 duplication could be disease causing. Addi-

tionally, we identified a heterozygous deletion of the promoter

and the first two exons of CHCHD10 in one patient with FTD

and motor neuron disease. Heterozygous missense mutations

in CHCHD10, especially in exon 2, are a known cause of FTD/

ALS,29–31 and a loss-of-function mechanism has been pro-

posed.32 We also found a deletion of the last exon and 30-un-
translated region of FIG4 in one patient diagnosed with FTD.

Heterozygous missense mutations in FIG4, including in exon
Figure 3. Genome-wide representation of the common structural varia

Manhattan plot depicting the GWAS results (n = 2,307 FTD and 3,677 controls, an

end variant on chromosome 9, corresponding to the C9orf72 hexanucleotide re

haplotype.

6 Cell Genomics 3, 100316, June 14, 2023
23, have been linked to FTD/ALS,33 and our case provides sup-

portive evidence of their pathogenicity. Table 2 summarizes the

clinical and pathological features of these cases.

Resource for exploring structural variants in non-
Alzheimer’s dementias
The structural variant dataset generated in this study is among

the largest published to date in neurological disorders. As

such, it represents a valuable resource that can be exploited

for further research. We prioritized making our structural variant

data easily accessible and user friendly. The raw sequence data

are available in dbGaP (study accession phs001963.v1.p1), and

details of the individual structural variants are provided in

Tables S7 and S8. Moreover, we developed an online resource

that enables researchers to explore the structural variant data.
nts in the FTD/ALS case-control cohort

d 4,699 structural variants with MAFR 1%). The annotations show the break-

peat expansion, and a 673-kb complex inversion that is part of the MAPT H2



(legend on next page)
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For example, the data can be filtered by several parameters,

including location, gene name, structural variant type, overlap-

ping genetic region, structural variant quality, case-control allele

frequency, and combined annotation-dependent depletion

(CADD) structural variant score (https://ndru-ndrs-lng-nih.shi-

nyapps.io/non_ad_dementias_sv_app/; Figure 6A). The online

resource also allows visualization of structural variants in a

genomic context. Moreover, we created BigBed files of struc-

tural variants that can be viewed, e.g., in Ensembl and UCSC

genome browsers as custom tracks (Figure 6B). This allows

the structural variants to be explored with other available tracks,

such as regulatory regions, known pathological variants, and

gnomAD structural variants. We have made our programming

code publicly available so that other researchers can apply it

and modify it to match their needs (https://github.com/ruth-

chia/Structural_variant_analysis-LBD-FTD; https://doi.org/10.

5281/zenodo.7796321).

DISCUSSION

In this study, we investigated the role of structural variants in LBD

and FTD/ALS, two forms of non-Alzheimer’s dementia. We

applied a multi-algorithm pipeline to identify, characterize, and

analyze structural variants and to create a resource.11 We con-

ducted GWASs and neurodegenerative disease gene-set evalu-

ations to elucidate the role of these variants in complex diseases.

In this process, we identified a common structural variant in

TPCN1 that modulates disease risk, a previously known patho-

genic variant in C9orf72, a common complex variant at the

MAPT locus, and likely pathogenic, rare variants in several other

neurodegenerative disease genes.

In the FTD/ALS structural variant GWAS, we identified a break-

end mutation at chromosome 9p21.2, corresponding to the

C9orf72 hexanucleotide repeat expansion, and a 673-kb com-

plex inversion related to the MAPT H2 haplotype. Both are

structural variants known to be associated with FTD/ALS,

demonstrating the ability of the analysis pipeline to capture this

type of disease-associated genomic variation.

In the LBD structural variant GWAS, we identified, validated,

and replicated a significant association with a 309-base-pair

deletion that overlaps intron 2 of the canonical transcript of

TPCN1. TPCN1 encodes a voltage-dependent calcium channel

that is expressed throughout the body34 and located at the endo-

lysosomal membranes.35–37 Interestingly, TPCN1 has been re-

ported to be essential for long-term potentiation in hippocampal

neurons,38 and Tpcn1 knockout mice have been shown to have

impaired memory and spatial learning.39 Furthermore, loss of

presenilins decreases lysosomal calcium stores, which, in turn,

alters TPCN1 levels by decreasing the functional dimer form.40

The potential role of the TPCN1 locus in dementia is supported

by a recent GWAS in Alzheimer’s disease that reported a sug-
Figure 4. Genome-wide representation of the common structural varia

For a Figure360 author presentation of this figure, see https://doi.org/10.1016/j.x

(A) Manhattan plot depicting the GWAS results (n = 2,355 LBD cases and 3,700

(B) An illustration of the TPCN1 deletion in a heterozygous carrier. Paired-end re

(C) The TPCN1 deletion (purple diamond) is the top association signal in the LBD a

variants.
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gestive association between the intronic TPCN1 variant

rs6489896 and Alzheimer’s disease.22 This rs6489896 variant

tagged the 309-base-pair TPCN1 deletion in our data, and there

was a near-perfect correlation between the haplotypes in the

Alzheimer’s disease GWAS and our study (Figure 5A). These

data indicate that the TPCN1 deletion is not specific to LBD.

The suggestive association between TPCN1 and Alzheimer’s

disease could be due to the well-established shared etiology

between Alzheimer’s disease and LBD, or a subpopulation of

LBD-variant Alzheimer’s disease patients. Interestingly, the

TPCN1 locus did not correlate with Parkinson’s disease (Fig-

ure 5B). Furthermore, functional genomic evaluations based on

bulk RNA sequencing and single-nuclear RNA sequencing data

showed that the TPCN1 deletion-tagging rs6489896 variant

strongly influences the expression of RITA1, a gene located

centromeric to TPCN1 on the long arm of chromosome 12.

RITA1modulates Notch-signaling,41 although its exact functions

remain elusive. Based on these preliminary data, we cannot rule

out that other genes or a combination of genes within the TPCN1

locus may also influence disease risk.

We identified several rare structural variants of interest in our

analysis of the neurodegenerative disease genes. SNCA dupli-

cations are an established rare cause of Parkinson’s disease

and LBD,42 while OPTN deletions are a known cause of FTD43

and ALS,44 indicating that the observed structural variants are

disease causing. Furthermore, optineurin, the protein encoded

by OPTN, is deposited in Lewy bodies,45 the pathological hall-

mark of LBD, suggesting a molecular link between this patho-

genic mutation and the LBD pathogenesis.

In conclusion, we used a multi-algorithm pipeline to create a

resource of structural variants in LBD and FTD/ALS. We identi-

fied and validated common and rare structural variants driving

disease risk in these neurological disorders and presented a

resource that can be mined for further insights into this type of

genomic variation. Our study highlighted the utility of using

short-read whole-genome sequencing for structural variant dis-

covery and demonstrated the value of studying this type of

genomic variation to understand the underlying pathogenesis

of non-Alzheimer’s dementias.

LIMITATIONS OF THE STUDY

The main limitations of our study stem from the inherent diffi-

culty of calling structural variants from short-read whole-

genome sequencing data. As such, the validation rate of struc-

tural variants detected in short-read sequencing data is not

ideal. To mitigate this problem, we used a multi-algorithm pipe-

line, GATK-SV,11 to create consensus structural variant calls

and focused on a subset of high-quality structural variants in

our analyses. Overall, the mean number of structural variant

sites, the distribution of structural variant types, and the
nts in LBD

gen.2023.100316.

controls; 4,889 structural variants with MAF > 1%).

ads that did not span the deletion have been omitted for clarity.

nalysis and shows strong linkage disequilibrium with nearby single-nucleotide

https://doi.org/10.5281/zenodo.7796321
https://doi.org/10.5281/zenodo.7796321
https://doi.org/10.1016/j.xgen.2023.100316


Figure 5. Genomic fine-mapping of the TPCN1 locus

(A) Scatterplot showing the beta regression coefficients of common variants (MAF R 1%) at the TPCN1 locus in the Chia et al. LBD GWAS (y axis)12 and Bel-

lenguez et al. Alzheimer’s disease GWAS (x axis).22

(B) Beta-beta plot comparing the TPCN1 locus variants in the Chia et al. LBD GWAS (y axis)12 with the Nalls et al. Parkinson’s disease GWAS results (excluding

23&Me data; x axis).23

(C) Single-nucleus RNA sequence analysis of the TPCN1 deletion-tagging SNP rs6489896 identified a significant cis-eQTL for RITA1 in excitatory neurons.
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proportion of structural variant calls in Hardy-Weinberg equilib-

rium are within the expected limits. Moreover, we found good

structural variant mapping precision and genotype concor-

dance between short-read sequencing and long-read

sequencing data (Table S2). These findings indicate that our

structural variant calls are robust. However, there are no

accepted filtering standards following the GATK-SV pipeline,
and direct comparison with other studies employing different

filters can be complex (Table S3). It is worth noting that break-

point locations in structural variant calls are rarely exact. This

issue also holds true when using a multi-algorithm pipeline

that collapses sufficiently overlapping variants into a single

structural variant. Therefore, structural variants where the func-

tional impact is due to breakpoint location should be
Cell Genomics 3, 100316, June 14, 2023 9



Table 2. Pathogenic, rare structural variants in the LBD and FTD/ALS case-control cohorts

Chr Position Type Length (bp) MAF cases

MAF

controls Overlapping regions Patient characteristic

SNCA 4 89,123,177 duplication 1,347,138 0.00021 0 whole gene pathologically diagnosed LBD

OPTN 10 12,982,796 deletion 314,105 0.00021 0 whole gene pathologically diagnosed LBD

FIG4 6 109,822,689 deletion 8,753 0.00021 0 exon 23, 30 UTR non-fluent variant PPA

LRRK2 12 40,073,033 duplication 327,105 0.00021 0 whole gene non-fluent variant PPA

CHCHD10 22 23,767,017 deletion 2,653 0.00021 0 promoter, exons 1–2 FTD (with motor neuron disease)

Chromosome positions are displayed according to reference genome build hg38. PPA, primary progressive aphasia.
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interpreted cautiously. Moreover, structural variants mapped to

low-complexity repeat regions require validation since these re-

gions are technically problematic to sequence, and the current

human reference genome (GRCh38) can be incomplete at

these loci. Another challenge when studying structural variants

is the assessment of pathogenicity and unraveling the mecha-

nisms by which they disrupt neuronal function. As previous

data are scarce and the consequences of structural variants

are not well understood, cell biology studies, especially those

integrating other multi-omic data, are needed to fully under-

stand the consequences of this mutation class.
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Gene region annotation data UCSC TableBrowser https://genome.ucsc.edu/

cgi-bin/hgTables

GeneHancer v.5.1.0 data GeneCards https://www.genecards.org/

DEMENTIA-SEQ whole-genome

sequencing data

dbGaP https://www.ncbi.nlm.nih.

gov/gap/Study Accession:

phs001963.v2.p1

Gene expression data GTeX V8 https://gtexportal.org/home/

Structural variant data and

programming code

This study https://github.com/ruthchia/Structural_

variant_analysis-LBD-FTD

https://doi.org/10.5281/zenodo.7796321

Structural variants as BigBed files

for custom tracks in Ensembl/UCSC

genome browser

This study https://github.com/ruthchia/

Structural_variant_analysis-LBD-FTD

Online resource for structural

variant exploration

This study https://ndru-ndrs-lng-nih.shinyapps.

io/non_ad_dementias_sv_app/

Software and algorithms

GATK-SV structural variant calling

pipeline (versions gatk-sv-v1_2020.6.7

to gatk-sv-0.13-beta.2021.3.15)

Collins R.L. et al.46 https://github.com/broadinstitute/gatk-sv

Manta v.1.6.0 Chen X. et al.47 https://github.com/Illumina/manta

Guppy v.5.0.12 Oxford Nanopore technologies https://github.com/nanoporetech/

megalodon

MinKNOW v.22.08.6 Oxford Nanopore technologies https://nanoporetech.com/

MiniMap2 Li H.48,49 https://github.com/lh3/minimap2

Sniffles2 Sedlazeck F.J. et al.50 https://github.com/fritzsedlazeck/Sniffles

PLINK v.1.9 and PLINK v.2.3 Chang C.C. et al.51 https://www.cog-genomics.org/plink/2.0/

flashPCA v.2 Abraham G. et al.52 https://github.com/gabraham/flashpca

Samtools v.1.16.1 Danecek P. et al.53 https://samtools.github.io/bcftools/

bcftools.html

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Python 3.7. with packages pandas

v. 1.3.5 and numpy v.1.21.6

NA www.python.org

Integrative Genomics Viewer Robinson J.T. et al.54 https://software.broadinstitute.

org/software/igv/

R v.4.1.3 with packages tidyverse v.1.3.2,

stats v.4.1.3, data.table v.1.14.6, gmodels

v.2.18.1.1, readxl v.1.4.1, Gviz v.1.38.4,

AnnotationHub v.3.2.2, ggplot2 v.3.4.0,

Seurat v.4, Matrix-eQTL v.2.3, shiny v.1.7.3,

shinywidgets v.0.7.5, datamods v.1.4.0,

shinythemes v.1.2.0, shinysky v.0.1.3

R core team https://www.r-project.org/

Truvari v.3.5.0 English A.C. et al.17 https://github.com/ACEnglish/truvari

METAL 2020-05-05 Willer C.J. et al.55 http://csg.sph.umich.edu/abecasis/metal/

CADD-SV v.1.1 Kleinert P. et al.56 https://cadd-sv.bihealth.org/

CellRanger v.6.0.0 10x Genomics https://support.10xgenomics.com/

single-cell-gene-expression/

software/overview/welcome

LocusZoom v.0.12 Boughton A.P. et al.57 http://locuszoom.org/

Samplot June 18, 2021 Belyeu J.R. et al.58 https://github.com/ryanlayer/samplot
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sonja W.

Scholz (sonja.scholz@nih.gov).

Materials availability
This study did not generate new unique reagents. Short-read whole-genome sequencing data have been deposited in dbGaP

(accession code phs001963.v2.p1).

Data and code availability
All original code and genome browser data tracks on structural variants have been deposited in GitHub: https://github.com/ruthchia/

Structural_variant_analysis-LBD-FTD and Zenodo: https://doi.org/10.5281/zenodo.7796321. The GATK-SV pipeline used to map

structural variants is available from GitHub: https://github.com/broadinstitute/gatk-sv. The structural variant resource app is avail-

able at https://ndru-ndrs-lng-nih.shinyapps.io/non_ad_dementias_sv_app/. Annotated structural variant calls in neurodegenerative

disease genes are summarized in Table S6.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient and control cohorts
A total of 2,612 LBD cases, 2,601 FTD/ALS cases, and 4,132 unaffected controls were included in the study. These cohorts have

been described elsewhere.12,13 Briefly, LBD patients were diagnosed with pathologically definite (69.05% of the cohort) or clinically

probable disease (30.95%) according to the McKeith and Emre consensus criteria.59,60 These consensus criteria guide optimal

methods to establish the clinical and pathological diagnosis of LBD, including diagnostic biomarkers. The FTD/ALS cohort included

1,377 patients diagnosedwith FTD spectrum disorders, including the known subtypes of behavioral variant FTD, primary progressive

aphasia, and progressive supranuclear palsy, and 1,065 patients diagnosed with ALS. Patients with FTD were diagnosed according

to the Neary criteria61 or the Movement Disorders Society criteria for progressive supranuclear palsy.62 These criteria define core

measures and several supportive and exclusion criteria for establishing a diagnosis of FTD. Patients with ALS were diagnosed ac-

cording to the revised El Escorial criteria.63 These criteria classify patients according to the level of diagnostic certainty and have been

shown to be specific to the diagnosis of ALS.

The control participants included convenience control genomes obtained from the Wellderly cohort (n = 1,202 healthy, aged Eu-

ropean-ancestry individuals recruited in the United States)64 and the Accelerating Medicine Partnership – Parkinson’s Disease Initia-

tive (n = 1,016; www.amp-pd.org). The control cohorts were selected based on a lack of evidence of cognitive decline in their clinical

history and the absence of neurological deficits on neurological examination. Pathologically confirmed control individuals (n = 605)
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had no evidence of notable neurodegenerative disease on histopathological examination. The appropriate institutional review boards

of the participating institutions approved the study (study identification numbers 03-AG-N329 andNCT02014246), and informed con-

sent was obtained from all subjects or their surrogate decision-makers according to the Declaration of Helsinki.

The LBD replication cohort consisted of 667 independent cases with a clinical or neuropathological diagnosis of LBD and 274 neu-

ropathologically unaffected control subjects. All samples were of European ancestry. The demographic characteristics of the study

cohorts are summarized in Table S9.

METHOD DETAILS

Short-read whole-genome sequencing
The genomes were generated using PCR-free library preparations followed by 150 base-pair, paired-end sequencing on an Illumina

HiSeq X Ten sequencing platform (version 2.5 chemistry, Illumina), as described elsewhere.12,13 The average sequencing read-depth

was 35x, and the mean coverage per genome was 36.3 (95% CI = 29.3–43.3).

Structural variant mapping
Weused the Broad Institute’s GATK-SV pipeline (in cohort mode) following default settings for structural variant discovery and down-

stream filtering.46,65 This pipeline leverages five algorithms to call structural variants: (1) Manta,47 (2) theMobile Element Locator Tool

(MELT),66 (3) WHole-genome Alignment Metrics (WHAM),67 (4) the Mixture Of PoissonS model for CNV detection (cn.MOPS),68 and

(5) GATK gCNV.69 The LBD cases (n = 2,612) and the control subjects (n = 4,132) were called together, and the FTD/ALS cases (n =

2,601) and the same control subjects (n = 4,132) were independently called together using the GATK-SV pipeline. This approach was

chosen to ensure accurate identification of rare structural variants in the case cohorts.

Sample quality control and sample batching
We excluded 239 samples from the LBD case-control cohort (representing 3.5% of the total cohort) and 259 samples (3.9%) from

the FTD/ALS case-control cohort for failing at least one of the following quality control metrics: median sequencing coverage in

100 base-pair bins, dosage bias score d, autosomal ploidy spread, Z score of outlier 1 megabase bins, chimera rate, pairwise

alignment rate, read length, library contamination, ambiguous sex genotypes, and discordance between inferred and reported

sex. We kept samples with non-canonical sex chromosome configurations in their batches and removed all non-autosomal struc-

tural variant calls.

Of note, the LBD and FTD cohorts used the same initial set of control samples. However, there was a difference of 23 control sam-

ples after the GATK-SV pipeline was applied due to the initial quality control steps in the pipeline. The thresholds for sample exclusion

are not fixed. Instead, they are based on values derived from the analyzed samples, includingmetrics for ancestry and coverage. This

filtering approach led to minor differences in which control samples were excluded when they were called separately with the LBD

cases and FTD cases.

Following quality control, we subdivided the filtered samples into 16 batches. We ranked and binned the samples based on sex,

median 100 base-pair binned coverage, and dosage bias scores so that samples of corresponding quality were batched together.

Structural variant evidence collection
The structural variant evidence of individual samples collected in this step included: raw structural variant/copy number variant calls

and raw evidence-binned read counts, split reads, discordant read-pairs, and single nucleotide polymorphism B-allele frequency

from five different structural variant algorithms: Manta (v1.4),47 MELT (v2.2.0),66 Wham (v1.7),67 cn.MOPS (v1.20.1),68 and GATK-

gCNV.69 One control sample in the LBD case-control cohort and two FTD/ALS cases had a high number of improper pairs in

MELT and were excluded. We then aggregated the structural variant calls from the five algorithms and standardized them to

meet the specifications required for the structural variant discovery pipeline.

Structural variant discovery
Structural variant discovery consisted of first clustering structural variants across all batches for each structural variant calling al-

gorithm. Then, low-quality variants and samples with outlying variant numbers were removed. The filtered variants were combined

for each variant calling algorithm across batches and genotypes. After assigning variant probability scores, all probable variants

were re-genotyped and all variants from all variant calling algorithms across all batches were combined and complex variants were

resolved.

Downstream filtering
Initial GATK-SV filtering steps included: (1) minGQ filtering with a 1% false discovery rate threshold, (2) FilterOutlierSamples, (3)

BatchEffect, and (4) FilterCleanupQualRecalibration. In total, we filtered out 160 outliers in the LBD cohort and 76 in the FTD/ALS

cohort. The final call set included 290,681 structural variants in the LBD cohort (n = 2,392 cases and n = 3,970 controls) and

294,232 variants in the FTD/ALS cohort (n = 2,450 cases and n = 3,948 controls).
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Data curation
To create a high-quality subset of structural variants and samples for subsequent genetic analyses, we further filtered structural var-

iants after the GATK-SV pipeline. We included structural variants with ‘‘PASS’’, ‘‘MULTIALLELIC’’ or ‘‘UNRESOLVED’’ filter. We set

genotypes with a genotype quality (GQ) < 300 to missing and included variants with a genotyping rate >95% and Hardy-Weinberg

equilibrium p value > 1x10�6 (mid-p adjustment). We excluded individuals with missing information and individuals who had failed

previous single-nucleotide variant/indel calling.12 This resulted in 2,355 LBD cases and 3,700 controls with 150,752 structural vari-

ants, and 2,307 FTD/ALS cases and 3,677 controls with 158,991 structural variants. These samples and variants underwent principal

component analysis based on single-nucleotide polymorphism data.12 For GWASes, we additionally filtered out structural variants

with MAF <1% in cases, QUAL <500, variants within 100 kb of telomeres, variants within 2.5 Mb of centromeres, and variants within

the variable, diversity, joining recombinant regions.

Validation of structural variants using nanopore long-read sequencing
We performed long-read Nanopore genome sequencing in 20 samples that had also been sequenced on the short-read Illumina

HiSeq X10 platform. High molecular weight DNA extraction and long-read sequencing were performed on an Oxford Nanopore

PromethION platform, as per the manufacturer’s instructions. The tissue and library preparation steps followed a protocol

described elsewhere: https://www.protocols.io/view/processing-human-frontal-cortex-brain-tissue-for-p-kxygxzmmov8j/v1. Brie-

fly, the Nanobind Tissue Big DNA Kit (Circulomics) was used to extract DNA from cerebellar tissue on a KingFisher Apex ins-

trument (Thermo Fisher Scientific, USA). The DNA was sheared to a target size of 30 kb on a Megaruptor 3 instrument (Diagenode,

BE) and quantified using a Tapestation 4200 (Agilent Technologies). Next, the NEBNext Companion Module (New England Bio-

labs, USA) was used for DNA and end-repair, followed by AMPure XP bead purification (Beckman Coulter) and adaptor ligation

(Ligation Sequencing Kit; Oxford Nanopore Technologies). PromethION R.9.4.1 flow cells were primed and loaded with 400 ng of

the DNA libraries. One sample was loaded on each flow cell and flushed using the wash kit (Oxford Nanopore Technologies). Li-

braries were reloaded every 24 h to maximize the data output, with a total run time of 72 h. We performed base calling using

Guppy (v.5.0.12; Oxford Nanopore Technologies) and MinKNOW (version 22.08.6; Oxford Nanopore Technologies) on a

PromethION compute device. The reads were assembled to the reference genome (GRCh38) using MiniMap248,49 and structural

variants were called with sniffles2.70

We used the T. bench algorithm to study the structural variant validation rate per sample and per structural variant type with

different MAF thresholds (all, <1%,R1%).17 A structural variant was validated if (1) the structural variant typematched, (2) breakpoint

distance was within 200 base pairs, and (3) the reciprocal size overlap was >70% between the short-read and long-read structural

variant calls.

We validated the top GWAS hits and the structural variants of interest in the neurodegenerative diseases genes using long-read

sequencing (Nanopore), and genotyping array-based CNV calling by visualization of B-allele frequencies and log-R-ratio (Illumina,

Neuro Consortium array v1.1). If DNA was exhausted in sequencing, we validated structural variant calls visually using Integrative

Genomics Viewer.54 Validation data are presented in the Supplementary Materials.

Structural variant evaluation in the LBD replication cohort
We used the Manta algorithm to detect the structural variants within the TPCN1 locus on chromosome 12q24.13 in the 667 LBD

cases and the 274 controls making up the replication cohort.47 This analysis used default settings and focused on the region defined

by the TPCN1 deletion plus 1,000 flanking base-pairs on either side. Result files weremerged with bcftools,53 andmissing genotypes

were set to reference homozygotes. We used flashPCA (v.2)52 based on single nucleotide polymorphism data to calculate the prin-

cipal components. We then used the ‘step()’ function, as implemented in the R (v.4.0.3) ‘stats’ package (https://www.R-project.org/),

to select the appropriate covariates from age, sex, and principal components 1–10 to include in the association model. Next, we

excluded related samples and samples with missing covariates. This left 555 LBD cases and 274 controls available for the associ-

ation analysis. Logistic regression on LBD status and deletion genotype, adjusted for age and principal components 1–5, was

performed using PLINK2.51 The age of 144 samples was expressed as a 10-year interval (e.g., 60–69 years), and the middle point

of age (e.g., 65) was used for these subjects. We performed a meta-analysis of the discovery and replication cohorts using the in-

verse-variant weighted method implemented in METAL.55

Neurodegenerative disease gene analysis
We extracted structural variants that were located within 50 neurodegenerative disease genes (+/� 1Mb, Table S5). To annotate

structural variants that overlapped these genes, we retrieved the Ensembl canonical transcript gene regions, exon ranges, and

gene strand information using the UCSC Table Browser (GRCh38, GENCODE V38).71 We defined promoter regions as the 1kb flank-

ing region upstream of the transcription start site on the transcribed strand. We used PLINK2 (v.2.3)51 to calculate structural variant

allele frequencies in the cases and controls. To annotate structural variants, we used CADD-SV (v.1.1) with default settings to calcu-

late scores for duplications, deletions, and insertions (including mobile element insertions).56

To help explore structural variants within neurodegenerative disease gene regions, we created an interactive app using the R pack-

ages shiny, shinywidgets, and datamods. Prerendered images for the interactive app were created using the Gviz package.72
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QUANTIFICATION AND STATISTICAL ANALYSIS

Genome-wide association studies
We used flashPCA (v.2)52 to calculate the principal components for the LBD case-control and the FTD/ALS case-control cohorts. We

then used the ‘step()’ function, as implemented in the R (v.4.0.3) ‘stats’ package (https://www.R-project.org/), to select the appro-

priate covariates for each association analysis. In the LBD GWAS, we adjusted for age, sex, and principal components 1, 3, 4, 7, and

8. In the FTD/ALS GWAS, we adjusted for age, sex, and principal components 1, 2, 3, and 7. We used logistic Firth hybrid regression

implemented in PLINK251 to perform the genome-wide association analyses. The Bonferroni threshold of significancewas 1.02x10�5

(=0.05/4,889 structural variants with a MAF R1%) for the LBD GWAS and 1.06x10�5 (= 0.05/4,699) for the FTD/ALS GWAS.

Brain expression analysis
Weexamined the expression of TPCN1 and neighboring genes in a single-nucleus RNA-seq dataset from theReligious Orders Study/

Memory and Aging Project (ROS/MAP) cohort.26 These data were prepared from 424 dorsolateral prefrontal cortexes of individuals of

advanced age using the 10x Genomics Single Cell 30 kit, as described elsewhere.26 Sequencing reads were processed, and the

unique molecule identifier (UMI) count matrix was generated using Cell Ranger software (v.6.0.0, 10x Genomics). The classification

of the cell types was performed by clustering cells by gene expression using the R package Seurat (v.4).73 The ‘‘pseudobulk’’ gene

expression matrix was constructed by aggregating UMI counts of the same cell type of the same donor and normalizing them to the

log2 counts per million reads mapped (CPM) values. Genotyping was performed by whole-genome sequencing followed by GATK

processing. Mapping of cis-eQTL was performed using Matrix-eQTL (v.2.3) for single nucleotide polymorphisms within 1Mb of the

transcription start sites.74
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