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Summary
Frontotemporal dementia (FTD) is the second most common cause of early-onset dementia after Alzheimer disease (AD). Efforts in the

field mainly focus on familial forms of disease (fFTDs), while studies of the genetic etiology of sporadic FTD (sFTD) have been less com-

mon. In the current work, we analyzed 4,685 sFTD cases and 15,308 controls looking for common genetic determinants for sFTD. We

found a cluster of variants at theMAPT (rs199443; p¼ 2.53 10�12, OR¼ 1.27) and APOE (rs6857; p¼ 1.313 10�12, OR¼ 1.27) loci and a

candidate locus on chromosome 3 (rs1009966; p ¼ 2.41 3 10�8, OR ¼ 1.16) in the intergenic region between RPSA and MOBP, contrib-

uting to increased risk for sFTD through effects on expression and/or splicing in brain cortex of functionally relevant in-cis genes at the

MAPT and RPSA-MOBP loci. The association with the MAPT (H1c clade) and RPSA-MOBP loci may suggest common genetic pleiotropy

across FTD and progressive supranuclear palsy (PSP) (MAPT and RPSA-MOBP loci) and across FTD, AD, Parkinson disease (PD), and cor-

tico-basal degeneration (CBD) (MAPT locus). Our data also suggest population specificity of the risk signals, with MAPT and APOE loci

associations mainly driven by Central/Nordic and Mediterranean Europeans, respectively. This study lays the foundations for future

work aimed at further characterizing population-specific features of potential FTD-discriminant APOE haplotype(s) and the functional

involvement and contribution of theMAPTH1c haplotype and RPSA-MOBP loci to pathogenesis of sporadic forms of FTD in brain cortex.
Introduction

The set of neuropathologies known as frontotemporal

lobar degeneration (FTLD; MIM: 607485) make up the sec-

ondmost common cause of early-onset dementia after Alz-

heimer disease (AD; MIM: 104310).1,2 The most common
1UCL School of Pharmacy, London, UK; 2Department of Clinical and Moveme
3Division of Psychological Medicine and Clinical Neurosciences, UK Demen
4Medical and Genomic Statistics Unit, Department of Brain and Behavioral Scie

versity Hospital, Oslo, Norway; 6Istituto di Ricerche Farmacologiche Mario Neg

Spain; 8Instituto de Investigación Sanitaria del Principado de Asturias, Oviedo

versitari Mutua de Terrassa, Terrassa, Barcelona, Spain; 10Fundació Docència i R
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presentation is frontotemporal dementia (FTD; MIM:

600274), which itself comprises heterogeneous clinical,

pathological, and genetic features.

Clinically, the two major syndromes are the behavioral

(bvFTD) and the language variants (primary progressive

aphasias [PPAs]).3,4 The latter are further subdivided into
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ica International LLC,Washington, DC, USA; 63DZNE Tübingen, Tübingen, Germany; 64Department of Pathology, University of British Columbia, Vancou-

ver, Canada; 65Department of Pathology, Vancouver Coastal Health, Vancouver, Canada; 66Clinical institute of Genomic Medicine, University Medical

Center Ljubljana, Ljubljana, Slovenija; 67Universidad de Oviedo, Medicine Department, Oviedo, Spain; 68Geriatric Center "Frullone" ASL NA1, Naples,

Italy; 69Memory and Aging Center, Department of Neurology, Weill Institute for Neurosciences, University of California, San Francisco, San Francisco,

CA, USA; 70Global Brain Health Institute, University of California, San Francisco, San Francisco, CA, USA; 71Trinity College Dublin, Dublin, Ireland; 72New-

castle Brain Tissue Resource, Newcastle University, Edwardson Building, Nuns Moor Road, Newcastle upon Tyne, UK; 73IRCCS Fondazione Don Carlo

Gnocchi, Florence, Italy; 74Department of Clinical Sciences, Neurology, Lund University, Lund/Malmö, Sweden; 75Centro Cardiologico Monzino
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semantic dementia (SD or semantic variant PPA [svPPA])

and progressive non-fluent aphasia (PNFA or nonfluent/

agrammatic variant PPA [nfvPPA]).3,5 FTD can also overlap

with motor-neuron disease (FTD-MND)6 and share clinical

features with progressive supranuclear palsy (PSP; MIM:

601104) and the corticobasal syndrome (CBS; no MIM).7

Pathologically, Tau and TDP-43 are the most frequent pro-

tein aggregates that define the pathological subtypes of

FTLD-tau and FTLD-TDP (%45% and %50% of all affected

individuals, respectively).8 Genetically, familial FTD

(fFTD; �30% of all FTD-affected individuals) is predomi-

nantly linked to mutations in MAPT (MIM: 157140), GRN

(MIM: 138945), and C9orf72 (MIM: 614260)9,10; of note,

GFRA2 (MIM: 601956) and TMEM106B (MIM: 613413)

(previously reported in a cohort with TDP-43 pathology11)

were found tobe associatedwith increased risk inaGRNmu-

tation FTD cohort.12 Sporadic FTD (sFTD; �70% of all

affected individuals) has been associated with genetic

risk markers at the TMEM106B, DPP6 (MIM: 126141),

UNC13A (MIM: 609894) and HLA-DQA2 (MIM: 613503)

loci in cohorts with TDP-43 pathology11,13 and HLA-DRs

(MIM: 142860) reported in an sFTD cohort encompassing

all clinical subtypes.14

Efforts in the field have mainly focused on fFTDs, while

fewer studies sought to determine the genetic etiology of

apparently sFTDs (discussed in Eichler et al., 2010 and Fer-

rari et al., 201915,16). In the current work, we analyzed

4,685 sFTD cases and 15,308 controls to identify common

genetic determinants contributing to increased risk of

sFTD and assess their potential biological impact.
Subjects and methods

Study population
Individuals included in the study were clinically diagnosed with a

variant of FTD, including the subtypes bvFTD, SD/svPPA, PNFA/
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nfvPPA, FTD-MND, and FTD-unspecified (i.e., if individuals were

diagnosed with FTD but could not be assigned to a specific sub-

type; see introduction section for acronym definitions). Diagnoses

were made according to international consensus criteria: Neary

et al. (for FTD, until 2011), Rascovsky et al. (for bvFTD), Gorno-

Tempini et al. (for PPA, svPPA and nfvPPA), and Strong et al. (for

FTD-MND).3–5,17 Individuals with logopenic variant PPA were

excluded because of its major association with AD.

A previous FTD cohort, divided into discovery (cohort I) and

replication (cohort II) sets,14 was further elaborated by (1) accruing

updated metadata leading to the exclusion of individuals that did

not meet the diagnostic criteria detailed above, or for which up-

dates were not provided, and (2) inclusion of additional sets of

controls. A new cohort of samples (cohort III) was progressively

collected between 2016 and 2019 by clinicians and research

groups based in Europe (Belgium, France, Germany, Italy, the

Netherlands, Norway, Slovenia, Spain, Sweden, and UK) and

North America (USA and Canada). Each contributing site obtained

written informed consent for the samples to be part of this genetic

study (IRB approval #9811/001). All samples (cohorts I, II, and III)

were progressively sent as extracted DNA from tissues (blood and/

or brain) and stored at �80�C upon receipt (see also Ferrari et al.,

201414). The bulk of the control samples used in this study

(from France, Germany, Italy, the Netherlands, Spain, Sweden,

UK, and USA) was available through a previous study,14 and addi-

tional control data were obtained from collaborators (at National

Institutes of Health, USA and University College London, UK)

and genotyped during the cohort III genotyping iterations (also

including additional controls from Italy, Norway, and Slovenia).

Overall, the control population at hand consisted of 16,821 sam-

ples (from France, Germany, Italy, the Netherlands, Spain, Swe-

den, UK, USA, Norway, and Slovenia), free of neurological illness

at the time of sampling, andmatched to cases based on population

ancestry (see also QC—Samples below).
Cohorts
Before quality control checks (QCs), cohort I included 2,026

cases and 8,387 controls, cohort II 1,121 cases and 5,091 con-

trols, and cohort III 2,504 cases and 3,343 controls. The three
of Medicine, Lund University, Lund/Malmö, Sweden; 105Department of
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Figure 1. QC pipeline for the three
cohorts contributing to discovery and
replication
The discovery and replication sets were
further subdivided into Central/Nordic
and Mediterranean Europeans (PCA-based
genetically estimated ancestry) to assess po-
tential population-specific disease risk loci.
cohorts were independently QCed (see below), leaving 2,006

cases and 8,350 controls for cohort I, 1,090 cases and 5,067

controls for cohort II, and 2,315 cases and 3,230 controls for

cohort III.

Cohorts I and III (run on genotyping chips) were combined into

a new discovery cohort. Cohort II (run on NeuroX array14,18) was

used as replication set. Duplicated samples and samples known to

carry Mendelian mutations in neurodegenerative genes (APP

[MIM: 104760], CHCHD10 [MIM: 615903], CHMP2B [MIM:

609512], FUS [MIM: 137070], GRN, HNRNPA1 [MIM: 164017],

LRRK2 [MIM: 609007], MAPT, NOTCH3 [MIM: 600276], PSEN1

[MIM: 104311], PSEN2 [MIM: 600759], SERPINI1 [MIM: 602445],

SORL1 [MIM: 602005], SQSTM1 [MIM: 601530], TMEM106B,

TBK1 [MIM: 604834], VCP [MIM: 601023]), or a C9orf72 patho-

genic expansion, were removed from the analyses, leading to the

following final study cohorts (before sample QC): 3,756 cases

and 11,233 controls for the discovery phase (cohorts I þ III) and

929 cases and 4,075 controls for the replication phase (cohort

II). A breakdown of samples (and FTD subtypes) is shown in

Table S1. The three cohorts, the QC procedures, and the discovery

and replication sets are shown in Figure 1. Of note, given the small

number of samples for some of the FTD subtypes (SD, PNFA, and

FTD-MND), subtype analysis was not informative, and therefore

it is not reported.

Sample genotyping
Cohort I cases had been genotyped on either 660K or Omni-

Express Illumina array chips.14 Cohort II cases had been geno-

typed on the NeuroX array.14,18 Cohort III cases were genotyped

on NeuroChip.19 Samples were genotyped at the Laboratory of

Neurogenetics of the National Institute on Aging, NIH or at the

core facility at the Institute of Child Health, UCL (UCLGenomics).

All arrays were run on the Illumina Infinium platform as per the

manufacturer’s instructions. Control samples had been genotyped

using a variety of array chips, including 330K, 550K, 660K, Omni-

Express, NeuroX, and NeuroChip, and cohorts I and II were previ-

ously genotyped as per Ferrari et al., 2014;14 cohort III samples

were genotyped within the current study (IRB approval #9811/

001). Data were QCed following standard procedure using

samples with genotyping call rate R95% and markers with

GenTrain score R0.7.
The American Journal of Human Ge
QC—Samples
Sample-level QC was performed before car-

rying out separate imputation for each of

the three cohorts. Genotypes were used to

inform on population substructure via prin-

cipal-component analysis (PCA). Linkage

disequilibrium (LD)-pruned markers with a

95% genotyping rate (less than 5%missing),

Hardy-Weinberg equilibrium exact test

(HWE) p valueR1 3 10�10 midp,20 and mi-

nor allele frequency (MAF) R0.01 were
used to assess ancestry via PCA againstHapMapPhase3 (hapmap3_

r3_b36_fwd.consensus.qc.poly).This analysis allowedus toaddress

population substructure and led to the exclusionofpopulationout-

liers; briefly, PCAon the three different cohortswas performed, and

overlap with European samples fromHapMapwas used to identify

outliers (see details in Figure S1).

We also assessed samples’ potential contamination by evalu-

ating individuals’ heterozygosity (removing samples with

inbreeding coefficient estimates outside 4 standard deviations

from the mean distribution) and cryptic relatedness (removing

sample pairs with estimated identity by descent ¼ PI_HAT greater

than 0.125) using a set of LD-pruned high-quality SNPs (markers

with a 95% genotyping rate, HWE R1 3 10�10 midp, and MAF

R0.01). Finally, we excluded samples with a possible mismatch

for sex by assessing the X chromosome heterozygosity (for cohorts

II and III only, as for cohort I genotyping for the X chromosome

was not available).

QC—Markers
Variant-level QC cleaning was performed before imputation for

each of the three cohorts. Palindromic markers and markers

with missing call rates exceeding 5% were removed. Finally, we as-

sessed differences between case and control genotype data via

non-random missingness, excluding markers with Bonferroni’s

corrected p values<0.1 (indicating significant differential missing-

ness between cases and controls).

Imputation
The three cohorts were imputed separately. Cohort I was con-

verted from GRCh36/hg18 to GRCh37/hg19 using the LIFTOVER

tool prior to imputation. We imputed markers through the Mich-

igan server (https://imputationserver.sph.umich.edu/) using the

following specifications and thresholds: Minimac4; HRC reference

panel (GRCh37/hg19); imputation filter rsq 0.3; Eagle v.2.4

phasing; European (EUR) population. Multiallelic and palin-

dromic variants were removed following imputation. Post-imputa-

tion dataset sizes were as follows: cohort I, �22 Mmarkers; cohort

II, �5 M markers; cohort III, �21 M markers. Imputation for

cohort II resulted in a smaller number of imputed markers due

to this cohort being genotyped on the NeuroX array, an exome

chip not originally designed for imputation.14,18
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Discovery cohort merge
Relatedness across the three cohorts was evaluated using geno-

typed-only communal markers (cohorts I ꓵ II ¼ 7,480 genotyped

communal markers, II ꓵ III¼ 10,328, I ꓵ III¼ 94,773). A set of LD-

pruned high-quality SNPs (markers with a 95% genotyping rate,

HWE R1 3 10�10 midp, and MAF R0.01) was used to evaluate

cryptic relatedness (removing sample pairs with estimated identity

by descent ¼ PI_HAT greater than 0.125). Cohort I and III post-

imputation were then combined using the overlapping markers

as discovery cohort (3,756 cases and 11,233 controls; �18 M

markers genotyped and imputed), while cohort II was used as

replication cohort (929 cases and 4,075 controls; �5 M markers

genotyped and imputed) (Figure S2).
Association analyses
We performed association analysis using markers with MAF >1%

and HWE >10�4 midp through the PLINK case-control logistic

regression association analysis with 20 principal components

(PCs), sex, and study cohort (I or III) as covariates. The topmarkers

were confirmed by running a similar association analysis in MAOS

(https://dlin.web.unc.edu/software/maos/) using 20 PCs, sex,

study cohort (I or III), and FTD subtypes as covariates.21 The

same analytical pipeline was applied to the replication cohort.

Markers of interest were meta-analyzed (discovery þ replication)

using METAL (run with STDERR scheme).22

Genome-wide significant markers were annotated using the En-

sembl Variant Effect Predictor (VEP). Frequencies for 1000 Ge-

nomes (European samples) were used to further control for marker

frequencies in the general population: a variation of >15% be-

tween our controls and the European general population as per

1000 Genomes was used as threshold to exclude variants from

the current study. When single populations from 1000 Genomes

were used, they were selected as follows: GBR ¼ British in England

and Scotland; CEU ¼ Northern Europeans from Utah; IBR ¼ Ibe-

rian populations in Spain; TSI ¼ Tuscans from Italy.

The Bonferroni threshold for genome-wide significance was p%

53 10�8.23 Variants with p values between 13 10�5 and 53 10�8

were reported as suggestive (only loci containing R20 markers in

those p value ranges).
Heritability and genetic correlation analyses
We used LD score regression (LDSC)24 to derive an SNP-based her-

itability estimate (h2) for the discovery FTD summary statistics

(3,756 cases and 11,233 controls). The analysis was performed us-

ing the pre-computed European SNP LD scores (https://data.

broadinstitute.org/alkesgroup/LDSCORE/eur_w_ld_chr.tar.bz2).

Then, LDSC was employed for estimation of genetic correlation

(rg) between FTD and publicly available genome-wide association

study (GWAS) summary statistics of five neurodegenerative disor-

ders: (1) clinical AD GWAS of 63,926 samples (AD)25; (2) AD clin-

ical/proxy GWAS and related dementias (ADRD) of 487,511 sam-

ples26; (3) Parkinson Disease GWAS (PD; MIM: 168600) of

1,474,097 samples27; (4) amyotrophic lateral sclerosis GWAS

(ALS; MIM: 612069) of 138,086 samples28; and (5) Lewy body de-

mentia GWAS (LBD; MIM: 127750) of 6,618 samples.29

BUHMBOX (https://software.broadinstitute.org/mpg/buhmbox/)

was run according to Han et al., 2016.30 SNPs associated with AD25

were extracted in the APOE (MIM: 107741) region and filtered to re-

move FTD SNPs with p < 0.05. The remaining SNPs were clumped

(with r2 ¼ 0.1 in 10,000-kb window), resulting in 64 SNPs for the

analysis.
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Locus analysis
Risk loci at chromosome 17 (MAPT region) and chromosome 19

(APOE region) were further characterized by extracting the geno-

types of the following markers: rs17650901 (A:G) and rs242557

(G:A) on chromosome 17, where the A alleles tag the H1 and

H1c clade, respectively,31,32 and rs429358 (C:T) and rs7412 (T:C)

on chromosome 19 to assess the APOE alleles (C/C, C/C ¼ Ɛ4/
Ɛ4; T/T, T/T ¼ Ɛ2/Ɛ2; and T/T, C/C ¼ Ɛ3/Ɛ3). Additional controls
for the APOE markers were downloaded from the 1000 Genomes

Project using the Ensembl Genome Browser and obtained from

an independent cohort of controls (731 Italian controls and

347 Central/Nordic European controls). Differences in Ɛ allele

counts were assessed using Pearson’s c2 test with Yates’ continuity

correction.
Functional analysis
We used the full distribution of SNP p values and the top markers

(post joint analysis) to further characterize biological and func-

tional effects, including potential effects on expression and

splicing, using the GTEx (https://gtexportal.org/) and Functional

Mapping and Annotation (FUMA) (https://fuma.ctglab.nl/)33

platforms.
Software
All analyses were performed using R (R v.3.5.2), R studio (R v.3.6.2,

studio v.1.2.1335), PLINK v.1.9, MAOS (http://dlin.web.unc.edu/

files/2011/08/maos-1.2-linux.tar_.gz), and METAL (version for

Windows, released March 25, 2011). LD score regression was run

using LDSC v.1.0.1 (https://github.com/bulik/ldsc).
Results

Discovery association analyses

We performed GWAS analysis for the discovery cohort

(3,756 cases and 11,233 controls). The genomic infla-

tion factor (l) was 1.035 (l1000 ¼ 1.006) (Figure S3).

1,886 markers, mapping to the MAPT (1,880 markers;

chr17:43,572,419–44,862,347 [GRCh37/hg19]) and

APOE (6 markers; chr19:45,387,596–45,396,144 [GRCh37/

hg19]) loci, were genome-wide significant.

The SNPs with the lowest p values were rs199443 (MAPT

locus; p ¼ 1.03 3 10�9; b ¼ 0.229 [C ¼ risk allele, major

allele]; SE ¼ 0.037) and rs6857 (APOE locus; p ¼ 6.2 3

10�10; b ¼ 0.239 [T ¼ risk allele, minor allele]; SE ¼
0.039) (Figure 2; Table 1; Table S2). After conditioning

the regional analyses on the index SNPs, each association

disappeared, suggesting there is a unique signal per locus

(Figures S4A and S4B). To further support our discovery

findings, we used another statistical method (MAOS; see

subjects and methods), which allowed us to run five

different association analyses, assessing each subtype, ac-

counting for the same control sets, and meta-analyzing

the outcomes. The genome-wide-significant hits shown

above were confirmed and displayed improved statistics

(Table S3).

We identified six suggestive signals comprising at least

four markers with p < 1 3 10�5 and sought to take two of

them (comprising at least 20 markers with p < 1 3 10�5)
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Figure 2. Discovery phase: Manhattan plot
Red arrows identify genome-wide-significant signals (chromosomes 17 and 19); yellow arrows identify suggestive towers
(10�8 < p > 10�5) including at least 20 markers (chromosomes 3 and 9). The plot is cut at �log10(p) ¼ 1. The gene symbols represent
the locus and do not necessarily imply functional/biological relevance.
forward for replication and joint analysis to screen for their

potential relevance (Table S4): chromosome 3 (top SNP

rs13081054; myelin-associated oligodendrocyte basic pro-

tein [MOBP; MIM: 600948] locus) and chromosome 9 (top

SNP rs76573513; PCSK5 [MIM: 600488] locus).

Replication and joint analyses

The following top markers in discovery analysis (n ¼ 6 for

the APOE locus; n ¼ 1,880 for the MAPT locus; n ¼ 29 for

the MOBP locus) were present in the replication set (see

also Tables S2 and S4).

In the replication set, the chromosome 17 and chromo-

some 19 top SNPs (rs199443 and rs6857, respectively)

reached p value ¼ 5.3 3 10�4 (b ¼ 0.267; SE ¼ 0.077) and

p value ¼ 5 3 10�4 (b ¼ 0.249; SE ¼ 0.072), respectively.

Following joint analysis, each marker was genome-wide

significant (p ¼ 2.5 3 10�12; b ¼ 0.236; SE ¼ 0.034 for

rs199443 [MAPT locus] and p ¼ 1.31 3 10�12; b ¼ 0.241;

SE ¼ 0.034 for rs6857 [APOE locus]), with the effect being

in the same direction (Table 1; Table S2).

For the suggestive signals, only markers on chromosome

3 were available in the replication set (due to lower impu-

tation coverage for the NeuroX exome-chip; see subjects

and methods): rs1009966 was replicated and reached

lowest p value (genome-wide significant) after joint anal-

ysis (p value ¼ 2.36 3 10�8; b ¼ 0.147; SE ¼ 0.026), with

the effect being in the same direction (Table S4).

MAPT and APOE loci

We further characterized the MAPT locus in the discovery

cohort using rs17650901 (A:G) and rs242557 (G:A), where

the A alleles tag the H1 and H1c clade, respectively. The fre-

quencies of the A allele and the homozygous A/A genotype
The America
were significantly increased in cases compared to controls

for rs17650901 (p ¼ 1.93 10�9 and p ¼ 7.73 10�9, respec-

tively) and rs242557 (p ¼ 5 3 10�3 and p ¼ 8.8 3 10�3,

respectively), suggesting association of the H1/H1 haplo-

type and H1c clade with sFTD (Table 2).

The significant markers at chromosome 19 revealed a

(genetically estimated) ancestry-related difference in allele

frequencies (Table 3):whereas individualswith FTDshowed

similar frequencies for the chromosome 19markers regard-

less of ancestry, Mediterranean European controls showed

remarkably decreased frequencies compared to Central/

Nordic European controls (Table 3). This trend was further

confirmed in an independent cohort of 731 Italian and

347 Continental European controls (Table 3; additional

characterization of the APOE locus [APOE Ɛ4 alleles] is

included in the supplemental information [Note S1]).

Central/Nordic and Mediterranean European

independent analyses

To better understand the population-specific contribution

to the discovery analysis results, we split the discovery

cohort into Central/Nordic (2,359 cases and 8,371 con-

trols) and Mediterranean Europeans (1,397 cases and

2,862 controls), based on genetically estimated ancestry

(PCA based), and performed association analysis for these

two sub-cohorts separately (Figures S5 and S6). The

genomic inflation factors were l ¼ 1.0135 and l ¼
1.0356, respectively.

Association analysis for the Central/Nordic European

cohort revealed one genome-wide-significant signal on

chromosome 17 at the MAPT locus (rs199443; p ¼
1.08 3 10�8; b ¼ 0.256 [C ¼ risk allele, major allele];

SE ¼ 0.045). In the replication set (also subdivided in
n Journal of Human Genetics 111, 1316–1329, July 11, 2024 1321
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Central/Nordic [405 cases and 3,400 controls] and Medi-

terranean Europeans [524 cases and 675 controls]), the

chromosome 17 top SNP reached p value ¼ 2.19 3 10�2

(b ¼ 0.249; SE ¼ 0.109), and joint analysis confirmed

genome-wide-significant statistics (p ¼ 8.02 3 10�10; b ¼
0.256; SE ¼ 0.042), with the effect being in the same direc-

tion (Figure 3; Table 4). The APOE locus signal on chromo-

some 19 (rs6857) was not genome-wide significant

(p value ¼ 7.9 3 10�5) in the discovery Central/Nordic Eu-

ropean cohort; it reached p value ¼ 2.55 3 10�2 in the

replication set and remained not significant (p ¼ 6.8 3

10�6; b ¼ 0.183; SE ¼ 0.041) after joint analysis (Table 4).

Association analysis for the Mediterranean cohort did

not yield significant results (probably because of power is-

sues due to the small Mediterranean cohort size). However,

it is worth noting that, although the signal on chromo-

some 17 showed pjoint ¼ 6.80 3 10�3, the signal on chro-

mosome 19 was suggestive (pjoint ¼ 7.67 3 10�7; b ¼
0.338; SE ¼ 0.068) (Figure S7; Table 4).

To further shed light on the APOE locus signal on chro-

mosome 19 (rs6857) in the two cohorts, we performed c2

test (cases vs. controls) for rs6857 in the Central/Nordic Eu-

ropean and Mediterranean European cohorts (Figure 4):

the unadjusted p value for the former group was 1 3

10�3, while for the latter it was 1.2 3 10�14 (and driven

by the control frequencies).

In summary, taken together, these data suggest that, in

our extended cohort, the signal at the MAPT locus ap-

peared to be mainly driven by the Central/Nordic Euro-

pean cohort and that at the APOE locus by the Mediterra-

nean European cohort.

Functional analysis

We found nomeaningful impacted biological pathways us-

ing the full distribution of SNP p values (Table S5). The

assessment of potential effects on expression and splicing

(e/sQTL) exerted by the riskmarkers highlighted in the cur-

rent study revealed the following (Table S6): (1) there was

no significant effect on expression or splicing of in-cis

genes for the APOE locus marker (rs6857); (2) the MAPT

locus marker (rs199443) revealed effects on both expres-

sion and splicing, in cis, in brain cortex, affecting genes

involved in transcription regulation (e.g., KANSL1 anti-

sense RNA 1 [KANSL1-AS1; MIM: 612452]), protein traf-

ficking (e.g., ADP ribosylation factor-like GTPase 17A

[ARL17A]), and signal transduction (e.g., corticotropin-

releasing hormone receptor 1 [CRHR1; MIM: 122561]), as

well asMAPT itself; and (3) the topmarker on chromosome

3 (rs1009966) revealed effects on expression in the cere-

bellum and splicing in brain cortex of the ribosomal pro-

tein SA gene (RPSA; MIM: 150370); the RPSA protein is

involved in stabilizing ribosomal subunits and in the

signal transduction as a cell surface receptor for laminin.34

Heritability and genetic correlation analyses

Heritability estimation with LDSC regression for FTD sum-

mary statistics returned h2 ¼ 0.118 (se ¼ 0.02) (Table S7A).
11, 2024



Table 2. Haplotype analysis at the MAPT locus

Marker Genotype Haplotype

Cases Controls

c2 A c2 AACount Freq Count Freq

chr17:44039691A>G (rs17650901) G/G H2/H2 163 0.04 644 0.06 1.9 3 10�9 7.7 3 10�9

G/A H1/H2 1,221 0.33 4,098 0.36

A/A H1/H1 2,372 0.63 6,491 0.58

chr17:44019712G>A (rs242557) A/A H1c/H1c 509 0.14 1,338 0.12 5 3 10�3 8.8 3 10�3

A/G H1/H1c 1,733 0.46 5,148 0.46

G/G H1/H1 1,514 0.40 4,747 0.42

The H1 and H2 haplotype distribution is shown for cases and controls. Count, number of subjects; freq, frequency of the haplotype.
Genetic correlation of FTD with five other traits related to

neurodegenerative diseases revealed positive significant

correlation with all of them (p < 0.05), with the exception

of Alzheimer disease-related dementia (ADRD) GWAS26

(see Table S7B). The largest genetic correlations were with

LBD (rg ¼ 0.91), ALS (rg ¼ 0.71), and AD (rg ¼ 0.55), and

the overall results of this analysis indicated substantial

shared genetic liability or potential misdiagnoses of FTD

with all of the following conditions: LBD, ALS, AD, and

PD. BUHMBOX was run to compare the APOE region

(chr19:44.4–46.5 Mb) between AD and FTD, resulting in

p ¼ 0.006 and Mendelian randomization (MR) p ¼
5.8 3 10�6.

Cross-check of markers across different

neurodegenerative diseases

We sought to verify the statistics of key markers previously

identified in other neurodegenerative conditions (etiologi-

cally close to FTD) in our current dataset (Table S8). The

TMEM106B and GFRA2 markers11,12 showed negligible as-

sociation in our dataset (likely because of the current study

design, i.e., clinical cohort excluding individuals with GRN

mutations). Some of the significant ALS markers as shown

in van Rheenen et al., 2021 and Nicolas et al., 201828,35

reached p ¼ 1.07 3 10�3 and p ¼ 1.6 3 10�4 for the

UNC13A (MIM: 609894) and MOBP loci markers

(rs12973192 [proxy] and rs631312, respectively) with

similar effects sizes (OR ¼ 1.1), while the C9orf72 marker

(rs3849943, highly significant in ALS) showed negligible

association in our dataset (probably because of the current

study design, i.e., individuals with C9orf72 expansion were

excluded from the study). Most historically established AD

markers—including rs6656401 and rs679515 (CR1; MIM:

120620), rs6733839 (BIN1; MIM: 601248), rs9331896

and rs11787077 (CLU; MIM: 185430), and rs6605556

(HLA)26,36,37—showed negligible association. PICALM

(rs3851179; MIM: 603025) showed p ¼ 6.5 3 10�3 and,

interestingly, MAPT (rs199515) p ¼ 1.1 3 10�9.26,36

In addition, for the APOE locus, we assessed several

markers that were extensively reported as being genome-

wide significant in AD (rs4420638, rs439401, and

rs7412)37,38: one of these markers showed significant

p value levels, though displaying smaller effect size in the
The America
current cohort (rs4420638; p ¼ 9.6 3 10�8 with OR ¼
3.95 in AD and 1.2 in FTD), while the other two did not

(rs439401; p ¼ 8.1 3 10�1 and rs7412; p ¼ 1.9 3 10�4).

Conversely, we also sought to verify theMOBP hit reported

as a novel potential FTD locus in the current work

(rs1009966) in AD datasets: it showed negligible p values

in two recent AD GWASs, i.e., p ¼ 3.4 3 10�1 and 7.5 3

10�1.25,26 A previously reported hit at the HLA locus14

reached suggestive significance (rs9268877; p ¼ 9.57 3

10�7). Furthermore, whereas several previously reported

PSP and CBD risk variants39–41 showed negligible associa-

tion, some PSP risk markers reached p values in the

range of 10�3 (rs1411478 [STX6; MIM: 603944] and

rs11568563 [SLCO1A2; MIM: 602883]) and 10�4

(rs1768208 [MOBP]) in our dataset. Finally, theMAPT locus

risk variants previously reported in PD, AD, PSP, and

CBD26,39,40,42 all resulted genome-wide significant in our

dataset.
Discussion

In the current work, we analyzed 4,685 sFTD cases and

15,308 controls, looking for common genetic determi-

nants contributing to increased risk of sFTD. Compared

to the previous work,14 we here increased sample size

and improved the cohort (updated diagnoses) and pro-

vided insights highlighting a cluster of variants at the

MAPT (rs199443; chromosome 17) and APOE (rs6857;

chromosome 19) loci and a candidate locus on chromo-

some 3 (rs1009966 in the intergenic region between

RPSA and MOBP) contributing to increased risk for sFTD

by potentially mediating effects on expression and splicing

of functionally relevant in-cis genes at the MAPT43 and

RPSA-MOBP loci.

Further analysis of theMAPT locus suggested an increase

of the H1/H1 haplotype and of the H1c clade in individ-

uals with sFTD. This signature was previously reported in

two small FTD cohorts from France and the UK,44,45 and

it also appears to be consistent across different neurode-

generative conditions, as the H1 haplotype was shown

to be associated with AD,46,47 CBD, PSP,48–50 and PD.51

This, and the fact that the MAPT locus risk variants
n Journal of Human Genetics 111, 1316–1329, July 11, 2024 1323
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previously reported in PD, AD, PSP, and CBD26,39,40,42 all

resulted genome-wide significant in our dataset (and in

complete and perfect LD with each other), supports the

notion that theMAPT locus may be a common denomina-

tor at the crossroad of multiple etiologically close condi-

tions such as FTD, AD,26 PSP, CBD,50 and PD.52

The association with the RPSA-MOBP locus appears of

particular interest considering its involvement in PSP39

and ALS.28 Our reported marker with the lowest p value af-

ter joint analysis (rs1009966; p ¼ 2.36 3 10�8, OR ¼ 1.16)

is in complete (D’ ¼ 1) although not perfect (R2 ¼ 0.3) LD

in the European population (LDlink [https://ldlink.nih.

gov/?tab¼home] CEU 1000 Genomes, GRCh37) with the

PSP (rs1768208) and ALS (rs631312) genome-wide-signifi-

cant markers, suggesting potential pleiotropy at this locus

across a subset of individuals with FTD, PSP, and ALS.

The signal at the APOE locus appeared to be population

specific and driven by the control frequencies. More specif-

ically, although the frequencies of the markers at the APOE

locus were relatively similar in the Central/Nordic Euro-

pean (18.5%) and Mediterranean European (16.9%) cases

making up the study cohort, they were significantly less

frequent in Mediterranean (10.9%) compared to Central/

Nordic European (16.5%) controls. The frequency patterns

observed in our Central/Nordic vs. Mediterranean Euro-

pean controls were further supported by the 1000 Ge-

nomes cohort (IBR þ TSI vs. CEU þ GBR general popula-

tions), an independent cohort of controls (Italian and

Central/Nordic Europeans), and a population-specific

study analyzing APOE frequencies in the Treviso longevity

(TRELONG) longitudinal study.53 All this taken together

may suggest there being a genuine variation in the genetic

architecture of these two (close yet different) European

population groups at this locus.54,55 The link to the APOE

locus could lead to different explanations/interpretations:

(1) it may reflect a presence of individuals in our cohort

with behavioral variant AD that mimics FTD56,57; (2) it

may underpin comorbidities at play, given that some indi-

viduals with FTD coming to autopsy can show concurrent

AD or vascular changes in addition to changes attributed

directly to FTD58–60; (3) it may represent a genuine associ-

ation pertaining to a population-specific subset of individ-

uals with FTD. In relation to this latter point, it is worth

noting that, per study design, we excluded all samples

diagnosed with the logopenic variant in the current work

(thus reducing potential diagnosis bias), and we verified

that many of the historical AD risk loci (e.g., CR1, BIN1,

CLU) reached negligible p values in our cohort, while the

MOBP locus hit reported for FTD in the current work shows

negligible p values in two recent AD GWASs. Moreover, a

literature survey supports the notion of the involvement

of the APOE locus in some forms of FTD.52,61–64

Previous work14 reported association with the HLA locus;

in the current analyses, although genome-wide-significant

levels are not reached, we show rs9268863 as the top SNP

at the HLA locus (p ¼ 7.863 10�7, OR ¼ 1.2; A ¼ risk allele)

in the discovery analysis, with rs9268877 and rs9268863
11, 2024
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Figure 3. Manhattan plot for discovery-phase Central/Nordic European cohort
Red arrow indicates the genome-wide significant signal (chromosome 17). The plot is cut at �log10(p) ¼ 1. The gene symbols represent
the locus and do not necessarily imply functional/biological relevance.
being in complete (D’ ¼ 1) and perfect (R2 ¼ 1) LD in the

European population (LDlink [https://ldlink.nih.gov/?tab¼
home] CEU 1000 Genomes, GRCh37). Clearly, despite

other work supporting the notion of an involvement of im-

mune system processes in the pathogenesis of sFTD,65 addi-

tional studies are needed to shed light on the level and type

of involvement of the HLA locus in sFTD.

In summary, we report that the MAPT (pointing to the

H1c clade), APOE, and RPSA-MOBP loci contribute to

increased genetic risk of sFTD pathogenesis. Notably, the

involvement of the MAPT locus in sFTD, and its associa-

tion also with AD, PSP, PD, and CBD, strongly suggests po-

tential common genetic pleiotropy for these neurological

conditions at this locus. Moreover, our results pointing at

the RPSA-MOBP locus shed light on an additional potential

genetic overlap between FTD and PSP and between FTD

and ALS. It is worth noting that the diagnosis of neurode-

generative diseases is challenging due to subtle overlap

of clinical presentations62; therefore, future studies will

need to be powered enough to allow for further assessment

of pleiotropy vs. potential misdiagnosis (e.g., through

structural equation modeling66). Moreover, an interesting

way forward will be to not only continue addressing the

genetic etiology of familial vs. sporadic FTD separately,

but also broaden approaches by carefully designing studies

to test formodifiers and the polygenic nature ofMendelian

cases, provided adequate power.

Our study, however, gives grounds to the inference that

FTD may be part of a wider spectrum of genetically medi-

ated neurodegenerative conditions67 spanning from ALS

to AD phenotypes and encompassing PSP, PD, and CBD.

The current study also lays the foundations for future

work aimed at further characterizing population-specific
The America
features of potential FTD-discriminant APOE haplotype(s)

and the functional involvement and contribution of the

MAPTH1c haplotype and RPSA-MOBP loci to pathogenesis

in brain cortex of sporadic forms of FTD.

Data and code availability

The accession number for the summary statistics (available

for download from UCL Research Data Repository)
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Figure 4. Risk allele frequencies of top marker (rs6857) at the
chromosome 19 locus in the Central/Nordic and Mediterranean
European discovery cohorts
Uncorrected p values calculated via c2 are reported; association
p values (ap) are reported for the case-control comparisons.
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26. Bellenguez, C., Küçükali, F., Jansen, I.E., Kleineidam, L., Mor-

eno-Grau, S., Amin, N., Naj, A.C., Campos-Martin, R., Grenier-

Boley, B., Andrade, V., et al. (2022). New insights into the ge-

netic etiology of Alzheimer’s disease and related dementias.

Nat. Genet. 54, 412–436.

27. Nalls, M.A., Blauwendraat, C., Vallerga, C.L., Heilbron, K.,

Bandres-Ciga, S., Chang, D., Tan, M., Kia, D.A., Noyce, A.J.,

Xue, A., et al. (2019). Identification of novel risk loci, causal

insights, and heritable risk for Parkinson’s disease: a meta-

analysis of genome-wide association studies. Lancet Neurol.

18, 1091–1102.

28. van Rheenen, W., van der Spek, R.A.A., Bakker, M.K., van

Vugt, J.J.F.A., Hop, P.J., Zwamborn, R.A.J., de Klein, N., Westra,

H.J., Bakker, O.B., Deelen, P., et al. (2021). Common and rare

variant association analyses in amyotrophic lateral sclerosis

identify 15 risk loci with distinct genetic architectures and

neuron-specific biology. Nat. Genet. 53, 1636–1648.

29. Chia, R., Sabir, M.S., Bandres-Ciga, S., Saez-Atienzar, S., Rey-

nolds, R.H., Gustavsson, E., Walton, R.L., Ahmed, S., Viollet,

C.,Ding, J., et al. (2021).Genomesequencinganalysis identifies

new loci associated with Lewy body dementia and provides in-

sights into its genetic architecture. Nat. Genet. 53, 294–303.

30. Han, B., Pouget, J.G., Slowikowski, K., Stahl, E., Lee, C.H., Di-

ogo, D., Hu, X., Park, Y.R., Kim, E., Gregersen, P.K., et al.

(2016). A method to decipher pleiotropy by detecting under-

lying heterogeneity driven by hidden subgroups applied to

autoimmune and neuropsychiatric diseases. Nat. Genet. 48,

803–810.

31. Caffrey, T.M., Joachim, C., Paracchini, S., Esiri, M.M., and

Wade-Martins, R. (2006). Haplotype-specific expression of

exon 10 at the human MAPT locus. Hum. Mol. Genet. 15,

3529–3537.

32. Valenca, G.T., Srivastava, G.P., Oliveira-Filho, J., White, C.C.,

Yu, L., Schneider, J.A., Buchman, A.S., Shulman, J.M., Bennett,

D.A., and De Jager, P.L. (2016). The Role of MAPT Haplotype

H2 and Isoform 1N/4R in Parkinsonism of Older Adults.

PLoS One 11, e0157452.

33. Watanabe, K., Taskesen, E., van Bochoven, A., and Posthuma,

D. (2017). Functional mapping and annotation of genetic as-

sociations with FUMA. Nat. Commun. 8, 1826.

34. DiGiacomo, V., and Meruelo, D. (2016). Looking into laminin

receptor: critical discussion regarding the non-integrin 37/67-

kDa laminin receptor/RPSA protein. Biol. Rev. Camb. Philos.

Soc. 91, 288–310.

35. Nicolas, A., Kenna, K.P., Renton, A.E., Ticozzi, N., Faghri, F.,

Chia, R., Dominov, J.A., Kenna, B.J., Nalls, M.A., Keagle, P.,

et al. (2018). Genome-wide Analyses Identify KIF5A as a Novel

ALS Gene. Neuron 97, 1267–1288.

36. Lambert, J.C., Ibrahim-Verbaas, C.A., Harold, D., Naj, A.C.,

Sims, R., Bellenguez, C., DeStafano, A.L., Bis, J.C., Beecham,
1328 The American Journal of Human Genetics 111, 1316–1329, July
G.W., Grenier-Boley, B., et al. (2013). Meta-analysis of

74,046 individuals identifies 11 new susceptibility loci for Alz-

heimer’s disease. Nat. Genet. 45, 1452–1458.

37. Naj, A.C., Jun, G., Beecham, G.W., Wang, L.S., Vardarajan,

B.N., Buros, J., Gallins, P.J., Buxbaum, J.D., Jarvik, G.P., Crane,

P.K., et al. (2011). Common variants at MS4A4/MS4A6E,

CD2AP, CD33 and EPHA1 are associated with late-onset Alz-

heimer’s disease. Nat. Genet. 43, 436–441.

38. de Rojas, I., Moreno-Grau, S., Tesi, N., Grenier-Boley, B., An-

drade, V., Jansen, I.E., Pedersen, N.L., Stringa, N., Zettergren,

A., Hernández, I., et al. (2021). Common variants in Alz-

heimer’s disease and risk stratification by polygenic risk scores.

Nat. Commun. 12, 3417.
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