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Abstract

Pick’s disease (PiD) is arare cause of sporadic frontotemporal dementia, neuropathologically defined
by the presence of Pick bodies consisting of aggregates of 3-repeat tau. Given the genetic aetiology of
PiD remains unresolved, we assembled the Pick’s disease International Consortium (PIC) to identify
susceptibility loci through a genome-wide association study (GWAS). A GWAS was conducted in 294
autopsy confirmed PiD cases and 1,055 controls. Lead variants were annotated using the Functional
Mapping and Annotation of GWAS (FUMA) platform, followed by co-localisation analyses using the
METABRAIN dataset and statistical finemapping using FINEMAP and SuSIiE. After exclusion of 3
cases of MAPT mutations, no variants were associated with risk of PiD at genome-wide significance
(p < 5 x 10°®). The strongest association was on chromosome 4 (4p13, lead SNP rs112161979, OR =
7.53, 95% Confidence Interval (Cl) = 3.62-15.65, p = 6.37 x 10®) followed by chromosome 11
(11p15.4, lead SNP rs66481907, OR = 2.10, 95% Cl = 1.54-2.84, p = 1.83 x 10). rs112161979 isan
intronic SNP in the KCDT8 gene, encoding a potassium channel tetramerization domain that acts as an
auxiliary subunit for GABAg receptors, whilst rs66481907 is an intronic SNP in TRIM22, encoding an
E3 ubiquitin-protein ligase. Our GWAS provides the first evidence of possible genetic risk for PiD
that implicate the modulation of GABAg receptor signalling and inflammation, in disease
pathogenesis. Replication of these findings will be important, but our results suggest that, if present,
the genetic risk of PiD beyond MAPT mutationsis low.
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I ntroduction

Pick’'s disease (PiD) is arare cause of frontotemporal dementia. It is characterised by severe “knife-
edge’ frontal and temporal lobe atrophy and classified neuropathogically by the presence of ballooned
neurons and argyrophilic inclusions called Pick bodies. These eponymous Pick bodies contain
hyperphosphorylated 3-repeat tau aggregates, leading to its designation as a 3-repeat (3R) tauopathy,
in contrast to the 4-repeat (4R) tauopathies such as progressive supranuclear palsy (PSP) and
corticobasal degeneration (CBD). A recently proposed structure-based classification of the
tauopathies, derived using cryo-electron microscopy, demonstrates that these 3R tau aggregates

consist of adistinct disease-specific molecular conformation of tau fibrilsin PiD(1,2).

Tau is encoded by the MAPT gene on chromosome 17, with six mgjor isoforms in the adult human
brain(3) generated through alternative splicing of exons 2, 3, and 10. Alternative splicing of exons 2 or
3 produces isoforms with either none, one or 2 amino terminal inserts, whereas alternative splicing of
exon 10 produces isoforms with either 3R or 4R microtubule binding regions. Rare mutations in the
MAPT gene can cause Pick’s-like 3R pathology(4,5), though there has been no systematic study of
large cohorts to ascertain their true prevalence in PiD. The genomic architecture of the MAPT locus is
characterised by two haplotypes resulting from a 900kb inversion of the H2 haplotype (6). Inheritance
of the H1 haplotype has long been known to be a risk factor for both PSP (Odds Ratio [OR] =
5.46)(7,8) and CBD(9,10) (OR = 3.45), while more recently the H2 haplotype has been shown to be
associated with an increased risk of Pick’sdisease (OR 1.35)(11).

The rarity of PiD, combined with the difficulty of diagnosing the underlying pathology in life (due to
lack of in vivo biomarkers and limited clinico-pathological correlations), has impeded large scale
genetic sudies in this disease(12,13). Thisis in contrast to the 4R tauopathies where there have been
numerous genome wide association studies (GWAS), including three case-control studies (one in CBD
and two in PSP)(8,10,14), an investigation of genetic determinants of PSP phenotype(15), and an
evaluation of associations between genetic variation and survival in PSP(16). There have been no
equivalent studies yet performed in PiD. The Pick’s International Consortium (PIC)(11) has collated
the largest number of pathology-confirmed PiD cases to date, providing the opportunity to perform
genome-wide association studies. Here we perform the firss GWAS in PiD, using autopsy-confirmed
cases from the PIC, and subsequently perform functional annotation and fine-mapping to better
understand how the nominated genetic variants are associated with the regulation of gene expression

and the underlying pathophysiology of disease.
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M aterialsand M ethods

Study population

321 neuropathogically confirmed PiD cases were available from the PIC, recruited from 31
international clinical or pathological research centres in the UK, France, Italy, Netherlands, Germany,
Italy, Spain, Sweden, Audtralia, United States and Canada (Supplementary Table 1) Of the 321
cases, 151 were collected by the University College London (UCL) cohort and 170 by the Mayo
Clinic Jacksonville (MCJ). For inclusion, all cases had to meet the strict PIC diagnostic criteria for
PiD which have been described previously(11); as a minimum there needed to be the presence of Pick
bodies with 3R tau positive and 4R tau negative inclusions. The additional presence of ballooned
neurons and positive Gallyas staining was preferred to confirm diagnosis. All samples were screened
for the known MAPT mutations so that these could be excluded in downstream analysis. The rationale
for exclusion was that we wanted to look at genetic risk factors for apparently sporadic 3R tau
pathology. Clinical and demographic data was collected for all cases, and included age at symptom
onset, age at death and gender. This information was used to calculate the total disease duration,
defined as age at death — age at symptom onset. Age at symptom onset was defined as the age at which
first symptoms appeared, including initial cognitive dysfunction in judgment, language, or memory, or
changes in behaviour or personality. Healthy controls with no clinical signs of neurological disease, a
subset of whom had no pathology at post-mortem, were collected with the aim of having a ~1:3 ratio
(cases.controls), a similar age (defined by age at blood draw), and similar sex balance. Clinically
defined controls were obtained from two sources; the Global Parkinson’s Genetics Program (GP2)(17)
genotyped on the NBA, and the Invasive Funga Infection and GENetics (IFIGEN) cohort(18)
genotyped on the GSA array. A subset of 46 pathologically confirmed controls genotyped on the NBA
were obtained from the Brains for Dementia Research (BDR) cohort.(19). The appropriate
ingitutional review boards for each site approved the study, and written informed consent was

obtained for each participant.
Genotyping, Quality Control and Imputation

DNA was extracted using standard methods at the respective collection site (MCJ or UCL) as detailed
in Supplementary Methods A. All samples from MCJ (North American samples), Sydney
(Audralian samples) and IFIGEN controls were genotyped by the local teams on the Illumina
(IlNlumina, San Diego, CA, USA) Global Screening Array version 3 (GSA)
(https.//www.illumina.com/products/by-type/microarray-kits/infinium-global -screening.html). All
UCL samples (European samples) and BDR control samples were genotyped on the Illumina
NeuroBooster Array (NBA). Genotypes were called separately for each of the genotyping arrays using
GenomeStudio version 2.0 (Illumina), based on the protocol published by Guo et a (20). All UCL
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cases and GP2 controls were screened for known MAPT mutations covered by the NBA and were
excluded from downstream analysis if a known pathogenic MAPT mutation was identified. MCJ
samples had already been screened for MAPT mutations before being included in the study.

Standard quality control procedures were performed in PLINK (v1.9)(21) and R (4.0.5, 2021-03-31) at
the individual sample level and then the single nucleotide polymorphism (SNP) level. All the quality
control (QC) steps detailed below were carried out separately for the NBA and GSA samples. Post-QC
each dataset was imputed separately, then merged post-imputation based on overlapping SNPs for
downstream analysis (further detailsin Supplementary M ethods A).

Candidate variant analysis

Specific variants that have previously been identified in related diseases were extracted pre-GWAS to
check whether they showed any association with risk of PiD. This included variants identified in the
primary tauopathies (PSP(8,22,23), CBD(24) and primary aged-related tauopathy (PART)(25) and
clinically diagnosed FTD(26). We also checked for an association between MAPT haplotypes and risk
of PiD, by extracting the six MAPT variants that define the H1-subhaplotype structure. In particular,
we wanted to confirm the association of the H2 haplotype with risk of PiD that has been shown
previously by directly genotyping the six MAPT sub-haplotype defining SNPs(11).

Association analysis

The association between each variant and risk of PiD was examined using PLINK v1.9 to perform a
logigtic regression model that was adjusted for age, sex, genotype array, and three principle
components (PC). Each variant was assessed under an additive model (i.e., number of minor alleles).
Odds ratios (ORs) and 95% confidence intervals (Cl) were estimated and correspond to each
additional minor allele of the given variant. Due to the small sample size in comparison with standard
GWAS cohorts, and limited clinical association studies on covariates of PiD, the model was chosen
based on a stepwise logigtic regression (step function in R stats package [version 3.6.2]). The full
model included covariates: gender, genotype array, age and PC1-10 and the model selected based on
minimising Akaike Information Criteria (AIC) and maximising the R?. Using this method, the final
covariates used in the logistic GWAS were gender, genotype array, age (at death for cases and age at
blood draw for controls), and three principal components (PC1, 8 and 10), which achieved the
minimum AIC and maximum R% A genome-wide significant threshold was defined at p < 5 x 10%,
with a threshold of p < 5 x 10° for a suggestive (nominal) association. Variant positions are reported

on human genome version 37 (GRCh37/hg19).
Genomicrisk loci definition and gene mapping

Functional Mapping and Annotation of Genome-Wide Association Studies (FUMA) was used to
annotate and functionally map the variants identified in the GWAS(27), defining genomic risk loci
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around variants with p<5 x 10°, and including all variants correlated (R?> > 0.6) with the most
significant variant. A conditional analysis was performed for the lead 5 loci identified with FUMA,
conditioning on the lead SNP a each loci using CGTA-COJO (v.1.93.0 beta
https://yanglab.westlake.edu.cr/software/gcta)®, to confirm that there were no additional
independent signals at each loci (Supplementary Methods A).

Batch Effect Characterization and Sensitivity Analyses

We investigated potential confounding due to the genotyping array and age covariates, and the use of a
stepwise method for covariate selection. To ensure the robustness of our findings, we conducted a
series of additional diagnostic and sensitivity analyses. First, we conducted a control-control GWAS
treating genotyping array as the phenotype to quantify systematic differences between NBA and GSA
platforms. Second, we implemented three complementary analytical strategies. (1) a combined logistic
regression including PC1, 2, and 3, 2) a combined logistic regression with ARRAY x AGE interaction
term, (3) array-specific GWAS followed by fixed-effects meta-analysis. These are detailed in
Supplementary M ethods B.

Fine-mapping and functional annotation

To nominate causal variants, fineemapping was applied using SuSIE (v.0.12.27;
https://github.com/stephensl ab/susieR)(28) and FINEMAP
(v.1.3.1;http://www.christianbenner.com/)(29) on all variants within 1Mb of the lead variant of
each genomic risk loci. The echolocatoR R package (V. 1.4
https://github.com/Raj LabM SSM/echolocatoR) was used to report the Union Credible Set SNPs
(UCS), which isthe union of all tool-specific CSgsy, as well as the Consensus SNPs, which are those
nominated from the two fine-mapping tools (further details in Supplementary Methods A). To
further investigate cis and trans regulatory mechanisms in these nominated genomic regions, each
locus was mapped to brain cell type specific enhancer-promoter interactome data, to regulatory
elements data from the FANTOMS (RRID:SCR_002678) project(30,31) M, and to functional DNA
elements from the ENCODE dataset (RRID:SCR_006793, https://www.encodeproject.org/)(32)
using the echolocatoR R package as detailed above.

Colocalisation analysis

To investigate whether there was an overlap between the GWAS loci that reached nominal
significance and expression quantitative trait loci (eQTLS), a colocalization analysis was performed
using the coloc R package for all genes within + 1Mb of the lead genomic loci SNP (version 5.1.0;
https://cran.r-project.org/web/packages/colocr/index.html)(33). Given coloc calculates Bayes
factors under the assumption that there is a single casual variant at a locus, we first performed

conditional analysis, as detailed above, to confirm that there were no additional independent signals
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and so ensure that this assumption of a single casual variant was met. Further details are provided in
Supplementary Methods A. In addition, to investigate whether the nominated loci regulate
alternative splicing, a similar approach was followed using cortex splicing QTLs (sQTLs) from the
GTEXVv8(34) containing all variant-gene association from 255 individuals, based on LeafCutter
(version 0.2.9 RRID:SCR_017639; https.//davidaknowles.github.io/leafcutter/)(35)

Assessment of genetranscript and protein expression of lead genes

Brain expression profiles of gene transcripts and encoded proteins highlighted by the GWAS were
assessed, using a range of different publicly available online data sources (Supplementary M ethods
A).
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Results

Cohort characterisation

321 autopsy confirmed PiD cases were considered for inclusion (Supp. Table 1). Of these, 143 cases
were genotyped on the NBA (all from the University College London [UCL] cohort), and 178 cases
were genotyped on the GSA (171 from the Mayo Clinic Jacksonville [MCJ] cohort and 7 from
Sydney collected as part of the UCL cohort). 1446 controls were considered for inclusion; 989 from
Global Parkinson's Genetics Program (GP2)(36) that were genotyped on the NBA, and 457 from
Invasive Fungal Infection and GENetics (IFIGEN) cohort(18) genotyped on the GSA. Samples
excluded at each stage of the QC process are summarised in Supp. Figure 1. After quality control and
filtering, 294 cases (135 NBA and 159 GSA), and 1055 controls (980 NBA and 75 GSA), covering
6,316,457 variants were available for association analysis. Due to the young average age of the GSA
genotyped IFIGEN controls compared to the GSA genotyped PiD cases (Mean 37.7 vs 70.1 years),
only GSA controls who were older than 50 years were selected for inclusion. This resulted in 75 GSA
controls being selected (Mean 55.7 years) that were more closely matched in age, while till leaving
enough GSA genotyped controls to alow inclusion of array type as a covariate to regress out array
batch effects in the association analysis.

Demographics and basic clinical characteristics of the samples included for analysis after quality
control are summarised in (Table 1). Overall, age (age at death for PiD cases and age at blood draw
for controls) was slightly older for PiD cases compared to controls (Mean=69.4 years vs 66.4 years),
and male sex was more common in PiD cases (63.2% vs. 36.7%). The mean age of onset for PiD cases
was 589 years (SD = 8.0 years), mean age at death was 69.4 years (SD = 7.6 years), and
correspondingly mean survival was 10.6 years (SD = 4.1 years). Supp. Table 2 gives a breakdown of
the clinical diagnoses for the 294 PiD cases; atota of 227 PiD cases (80.2%) had a clinical diagnosis
of FTD (137 [46.5%)] bvFTD , 60 [20.4%] PPA, and 39 [13.3%)] not classified), 34 (11.6%) had a
clinical diagnosis of AD, 14 (4.8%) had a clinical diagnosis of CBS, with the remainder being
clinically diagnosed with vascular dementia, dementia not otherwise specified, or receiving no clinical

diagnosisat all.

All samples included from MCJ and Sydney had negative MAPT mutation screening. Details of 4
UCL cases, with predominant 3R tau pathology and concomitant MAPT mutations, are given in the
Supp. Results A. 3 of these cases were excluded from the main analysis, while the Q230R was

included given thisislikely a benign polymorphism in MAPT.

Targeted assessment of candidate variants
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Before examination of the unbiased GWAS, we first assessed associations with risk of PiD for
candidate variants that have previously been associated with tauopathies or related diseases (Table 2).
After applying a Bonferroni correction for multiple testing (18 variants, P<0.0028 considered
significant), our results confirmed the association between the MAPT H2 haplotype and PiD risk (OR:
1.52, 95% Cl: 1.18-1.97, p=0.001) that has been previously demonstrated through direct genotyping
of rs8070723 in previous work from our group(1l). Analysis of MAPT H1 and H2 haplotype
frequency showed an increase (Chi square: ¥ = 6.04, df =2, p = 0.003) in both H1/H2 heterozygotes
(45.6% PIiD cases vs. 36.1% controls) and H2/H2 homozygotes (6.8% PiD cases vs. 5% controls)
(Supp. Table 3). There was 100% concordance between the direct genotyping and chip-based
imputation of rs8070723 (H2 tagging variant) (data not shown). Of the other 17 variants tested, none
passed the analysis-wide significance threshold, though MOBP was associated with risk of PiD at the
p <0.05 level (OR: 0.76, 95% Cl: 0.59 —0.98, p = 0.03).
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Association Results

Using a case-control logistic regression model, adjusting for gender, genotype array, age and three
genetic principal components (PCs 1, 8,10) to account for population substructure, we assessed the
role of 6,316,457 variants on the risk of developing PiD. The genomic inflation factor (1) was 0.99
(4.1000 = 0.97) (Supp Figure 2a) demonstrating no confounding by population stratification. No
disease-associated variants reached genome-wide significance (p< 5 x 10%), but there were
suggestive associations (defined as p < 5 x 10°) at five genomic loci (Figure 1), with the lead SNP at
each locus shown in Table 3. The lead locus was on Chromosome 4 (rs11216197, OR = 7.53, 95%
Confidence Interval (Cl) = 3.62-15.65, p = 6.37 x 10®), with the second locus on chromosome 11
(rs66481907, OR = 2.10, 95% Cl = 1.54-2.84, p = 1.83 x 10®). Figure 2 shows more detailed
regional association plots for each of the five genomic loci with suggestive associations. Conditional
analyses performed on the lead variant at each of these five loci confirmed that there were no

additional independent signals (Supp. Figure 3).

To ensure that our GWAS results were robust and not confounded by technical or cohort™ specific
effects, we performed comprehensive batch effect characterization and sensitivity analyses as detailed
in Supp Materials B. Performing the GWAS with PC1-3 instead of the stepwise regression selection
of covariates (PC1,8,10) confirmed the signal at our lead loci; rs11216197 (OR 6.83, 95% Cl 3.32-
14.06, p = 1.82 x 107) and rs66481907 (OR 2.13, 95% Cl 1.57-2.89, p = 1.09 x 10°). The GWAS
with addition of an Age:Array interaction term also confirmed the signal at these loci with similar
effect sizes albeit with a slightly reduced p value (rs11216197; OR 5.31, 95% CI 2.55(111.06, p =
4.57x107171, rs66481907; OR 2.13, 95% Cl 1.57-2.89, p = 5.36 x 10° ). Meta-analysis of the
summary statistics for the GWAS performed on the GSA and NBA array separately confirmed the
signal at our lead loci rs11216197 (OR 5.31, 95% CI 2.55 - 11.06, p = 4.57 x 10°) and rs66481907
(OR 1.90, 95% CI 1.37-2.64, p = 1.38 x 10™), but with an attenuated level of significance due to the
reduced statistical power inherent to meta-analysis (Supp. Figure 4). As these complimentary
approaches did not fundamentally ater the finding of a large effect size (Supp. Table 4) and the
combined analysis is better powered to detect associations, as shown by the comparative QQ plots

(Supp. Figure 2), we proceeded with the results from our primary combined model.

The most significant SNP, rs11216197 on Chromosome 4, is an intronic variant located in KCTD8
(Figure 2A). The KCTD8 gene encodes a potassium tetramerisation domain that facilitates GABAg
receptor expression in axona terminals and contributes to presynaptic excitation by GABAg
receptors(37,38). Approximately 500kb downstream of the lead variant there are three genes. YIPF7,
GUF1 and GNPDA2. rs112161979 is an expression quantitative trait locus (eQTL) for GNPDA2 in
blood (GTEXVS; p = 6.4 x 10®) and tibial nerve tissue (GTEXVS; p = 6.3 x 10®), and for GUF1 in
blood (GTEXVS; p = 1.9 x 10, though not for either gene in the brain.
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The next suggestive association was on Chromosome 11; the lead variant in this region was
rs66481907 (OR = 2.10, 95% CI = 1.54-2.84, p = 1.83 x 10°), an intronic SNP located in the
TRIM22 gene (Figure 2B). TRIM22 is a member of the tripartite motif-containing (TRIM)
superfamily, all of which have an E3 ubiquitin ligase function, and are involved in a wide range of
cellular processes including degradation of misfolded proteins(39), regulation of the NLRP3
inflammasome signalling pathway(40), and antiretroviral activity againg a wide range of viruses
including HIV, Influenza A, Hepatitis B and C(41) playing an important role in the innate immune
response to infection(42). Interestingly the rs66481907 SNP is a sQTL for TRIM22 in nerve-tibial
tissue (GTEXVS; intron id 5708603:5709053:clu_7256, p = 1.2 x 10°®), is associated with both non-
coding transcripts with a retained intron, as well transcripts targeted for nonsense mediated decay in
ENSEMBL (RRID:SCR_002344; ENSEMBL) and has a Combined Annotation Dependent Depletion
(CADD) score of 10.02 placing it in the top 10% most deleterious variants in the genome.

The final three suggestive genomic loci with variants showing nomina significance were
Chromosome 15 (lead SNP rs112721576, an intronic variant in GABRG3 (OR = 3.73, 95% Cl =
2.14-6.48, 3.10 x 10®)), Chromosome 19 (lead SNP rs11881082, a splice site variant in RYR1 (OR =
2.96, 95% ClI = 1.87-4.69, 4.00 x 10°), and Chromosome 5 (lead SNP rs7720520, an intergenic
variant close to RANBP3L (OR = 1.

Fine-mapping, colocalisation and transcript expression

Under the single causal variant assumption (supported by the conditional analysis) statistical fine-
mapping was performed at the two leading genomic loci (Chromosome 4 and 11) with FINEMAP(29)
and SuSIE(28). No consensus causal SNPs (supported by both fine-mapping techniques) were
identified at the lead locus (Chromosome 4). However, SUSIE nominated rs990356 as the likely
causal SNP (pogerior probability 1), a 3 UTR variant in YIPF7 (Yipl Domain Family Member 7)
(Supp. Table 5 and Supp. Figure 5A). Mapping the Chromosome 4 locus againg genomic
regul atory elements did not show any significant signals. Fine-mapping of the Chromosome 11 locus
also failed to demonstrate a consensus causal SNP across the two fine-mapping agorithms. SUSIE
nominated three SNPs as potentially causal, while FINEMAP nominated one (Supp. Table 5 and
Figure 5B). Of particular interest was the rs7397032 SNP identified by SUSIE; thisis in high linkage
disequilibrium (LD) (D’ 0.95, R?0.86) with the lead SNP from the GWAS (rs66481907), isa 3 UTR
variant in TRIM22. Mapping this region against available genomic regulatory elements demonstrated
that the lead SNP, and surrounding SNPs in high LD, sit within a conserved transcription factor
binding site, supporting that this locus is involved in transcriptional regulation of surrounding genes

(Bottom panel in Figure 5B )

To further delineate the effects of the chromosome 4 and 11 loci on regulation of gene expression,
colocalisation analysis was performed using cortical cis-eQTLs from the MetaBrain dataset(29).
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There was no evidence of colocalisation (defined as a PP.H4 of > 0.85) between the two lead PiD
GWAS loci and eQTLs for genes within + 1Mb of the locus. At the chromosome 4 locus KCTD8 had
aPP.H4 of colocalisation of 0.02, while the three genes downstream YIPF7, GUF1 and GNPDA2 had
PP.H4s of 0.74, 0.81 and 0.72 respectively. At the chromosome 11 locus, TRIM22 and TRIM5 both
had PP.H4s of 0.04. Given the suggestion that the causal SNP for the chromosome 4 signal may be
mediated by rs990356 in the 3’ region of YIPF7, regional association plots for the eQTL signal from
KCTDS8 and YIPF7 and the PiD GWAS signal were plotted (Figure 3). Visual inspection of these
plots demonstrates that the GWAS signal is more closely aligned with the YIPF7 than the KCTD8
eQTL signal suggesting that the GWAS signal at the chromosome 4 locus could be mediated by
dysregulation of YIPF7 gene expression. However, this association did not meet the predefined
threshold of certainty for colocalisation and so with the current sample size this cannot be confirmed.
Given the chromosome 11 lead SNP (rs66481907) is a SQTL for TRIM22 in nerve-tibial tissue, we
explored whether this region could have arole in alternative splicing of the gene in cortical tissue, 0
performed colocalisation analysis using cortex sQTLs from the GTExv8(28). Again, there was no
evidence for colocalisation of the GWAS signal in this region and sQTLs for TRIM22 in cortical
tissue (PP.H4: min 0.036, max 0.055).

Given the suggestion from the fine-mapping and colocalisation analysis that the causal SNP at the
chromosome 4 locus was located in YIPF7, we investigated the gene and protein expression profile of
this gene in addition to KCTD8, alongside TRIM22 located at the chromosome 11 locus (Supp.
Figures 6-8). Full details of these analyses are provided in Supplementary M ethods and Results A.
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Discussion

Using 294 autopsy-confirmed PiD cases collected through the PIC, we conducted a GWAS to identify
genetic risk factors for the disease. No variant reached genome-wide significance, after exclusion of
three cases with MAPT mutations. A previous GWAS of 219 autopsy-confirmed corticobasal
degeneration (a 4R tauopathy) did identify significant common variants (24), which suggests that PiD
risk either lacks significant genetic risks beyond MAPT, or has genetic modifiers of smaller effect
size than this study was powered to detect. Five loci showed suggedive associations, with the
strongest signals in KCTD8 on chromosome 4 (rs112161979, p = 6.37 x 10000) and TRIM22 on
chromosome 11 (rs66481907, p = 1.83 x 10111). Sensitivity analyses indicated that 4 of the 5
associations at KCTD8, TRIM22, RANBP3L, and GABRG3 are robust and reproducible with stable

effect sizes.

The association of the MAPT H2 haplotype with PiD, previoudy established through direct
genotyping, was confirmed (11). Here, with genome-wide data, population stratification could be
accounted for, and the association strengthened (OR 1.52, 95% CI 1.18-1.97 vs. OR: 1.35, 95% CI:
1.12-1.64, p = 0.0021 respectively). Variants associated with PSP and CBD were not associated with
PiD, except for a nominal signal at MOBP (OR 0.76, 95% CI 0.59 - 0.98, p = 0.03), that did not
survive multiple testing and showed the opposite direction of effect, supporting distinct genetic
architectures and pathophysiological mechanisms between 3R and 4R tauopathies.

The lead signal a the chromosome 4 locus comes from an intronic SNP located within the KCTD8
gene. There are no deleterious coding variants in LD with the lead SNP, no colocalisation of the
GWAS signal in this region with brain eQTLs of KCTDS8 or the three genes ¢.500kb downstream
(YIPF7, GNPDA2 or GUF1), and fine-mapping was inconclusive with regards to a consensus causal
SNP. However, given the colocalisation analysis was likely to be underpowered due to the absence of
genome-wide significance in the GWAS data, we cannot exclude that this variant does not actually
affect expression of these downstream genes. YIPF7 is an interesting potential candidate gene at this
locus given its predicted interactions with proteins that when mutated are known to cause both
neurodevelopmental disorders as well as ALS. The predicted interaction with the DM1 gene DMPK is

also intriguing given the known presence of 3R tau at post-mortem in these patients(43).

The KCTD8 gene is highly expressed within the brain, predominantly in neurons and
oligodendrocytes, and the protein it encodes has been shown, using immunohistochemistry, to be
present in the cortex. SCRNA analysis suggests its expression is specifically enriched in habenula
neurons, which is supported by in situ hybridisation analysis of KCTD receptor transcripts in the
mouse brain showing its particular abundance in the medial habenula followed by the subiculum of
the hippocampus(44). The habenula and the subiculum are of interest with regards to PiD. The
habenula is affected by neurodegeneration in behavioural variant FTD (bvFTD) (the most common
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presentation of PiD) showing a 29% lower volume compared to controls(45), and its degeneration can
lead to perseveration or disinhibition and impulsivity(46), symptoms commonly seen in bvFTD. The
subiculum is commonly affected by Pick’s pathology with high densities of Pick bodies found in this
part of the hippocampus at post-mortem(47). The KCTD family of proteins are currently poorly
characterised, though are increasingly recognised to be involved in a range of neurocognitive,
neurodevelopmental and neuropsychiatric disorders. These include mutations in KCTD3 (global
developmental delay, seizures and cerebellar hypoplasia)(48,49), KCTD13 (autism and
schizophrenia)(50-52), KCTD17 (myoclonus-dystonia)(53-55), KCTD12 (bipolar 1 disorder)(56),
and KCTD7 which can cause either a severe progressive myoclonic epilepsy syndrome (EPM3)(57) or
neuronal ceroid lipofuscinosis(58) depending on the specific mutation. KCTD8, specifically, acts as
an auxiliary subunit of GABAGg receptors and has been shown to facilitate their axonal expression in
habenula cholinergic neurons(37). GABA deficits in FTD have long been recognised, with evidence
that GABAergic neurons are markedly reduced in FTD at post-mortem(59), with PET(60) and MRS
imaging studies demonstrating GABAergic deficits in vivo(61). Overall, the localisation of the lead
SNP, and the gene expression profiles described above make KCTD8 the most plausible candidate
gene at the chromosome 4 locus, though further work will be needed both to validate this signal, and
also delineate the mechanisms by which it contributesto PiD pathology.

The GWAS signal at chromosome 11 implicates TRIM22. The lead SNP rs66481907 is a SQTL in
nerve tibial tissue for TRIM22, is located in alternatively spliced transcripts with retained introns
(non-functional) and others targeted for nonsense mediated decay, and has a CADD score of 10.02
placing it in the top 10% most deleterious variants in the genome. TRIM22 is expressed both at the
transcript and protein level in the brain and is enriched within microglia in contrast to KCTD8 which
is predominantly expressed in neurons. The TRIM family of proteins, the mgority of which have E3
ubiquitin ligase activity, have a wide range of functions within cellular processes including
eiminating misfolded proteins (via autophagy)(62,63), the ubiquitin proteosome system
(UPS)(39,64), and endoplasmic-reticulum associated degradation (ERAD)(65), antiviral activity(66)
and regulation of the NF-kB/NLRP3 inflammasome pathway(67). Mutations in TRIMs are
increasingly recognised as a cause of a wide range of diseases including a more aggressive phenotype
in PSP (TRIM11/17)(23), cerebral small vessel disease (TRIM47) (68), and limb girdle muscular
dystrophies (TRIM 32)(69). Although TRIM22 was first identified through its anti-viral properties in
HIV infection(70), more recent work has demonstrated its role in autophagy through interaction with
autophagy regulators ULK1 and Beclinl(62,63), as well as effectively promoting elimination of
misfolded proteins via the UPS during cell transformation(71). Consistent with this role is the finding
that TRIM19/PML, which promotes clearance of misfolded proteins (including ataxin-7 in SCA7) via
the proteosome(72), colocalises with TRIM22 in nuclear bodies under |FN-y stimulation(73). Overall,
TRIM22 is a biologically plausible candidate gene for risk of PiD, based on the hypothesis that
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variation at this locus modifies the protein function (potentially through nonsense mediate decay or
aternative splicing of gene transcripts), leading to decreased degradation of toxic 3R tau protein via
the UPS and / or the autophagy pathway(s).

There are several limitations to this study. Ideally, a GWAS should include a discovery phase
identifying genome-wide significant signals, followed by an independent replication phase. Despite
assembling essentially all autopsy-confirmed PiD cases worldwide, the sample size remains small and
atwo-stage design was therefore not feasible. Estimated accrual through the PIC network is only 10—
15 new autopsy-confirmed cases per year, and without pathology-specific in-vivo biomarkers to
distinguish PiD from 4R tauopathies and TDP-43 disease, imminent targeted enrichment of clinical
cohorts remains unrealistic. Thus, replication of these findings may not be possible in the near term.
Nonetheless, we hope the PIC facilitates coordinated future case collection under standardised
pathological criteria and stimulates functional and biomarker-development work. A further limitation
isthat, aside from direct MAPT haplotype genotyping, lead SNPs at the suggestive loci were imputed.
Although stringent quality control thresholds were applied, small inaccuracies in allele frequency
estimation can disproportionately affect effect size and p-value, particularly for rare variants. Thisis
salient a the chromosome 4 locus where the lead alele is present at low frequency. Future work
should involve direct sequencing of these regions to confirm genotypes and determine whether the

GWAS signal reflects, or tags, adeleterious rare variant.

In conclusion we have performed the first GWAS with the aim of identifying the genetic drivers of
diseaserisk in PiD. The data confirms that the MAPT H2 haplotype is associated with PiD, as opposed
to the more common H1 haplotype in PSP and CBD. Known risk variants for the 4R tauopathies are
not associated with disease, which suggests that the underlying genetic architecture of disease risk for
PiD is digtinct. This has important implications for the future development of therapeutics to treat
PiD, and emphasises the need for PiD specific biomarkers to identify these individuals in life.
KCTD8, the most plausible gene at the lead locus, modulates GABAg receptor expression within
anatomically relevant regions of the brain and implicates dysregulation of the GABAergic neurons as
an important driver of disease pathology. This is supported by the other suggestive association within
the GABRG3 gene (a GABA receptor subunit) on chromosome 15. In addition, common variation in
TRIM22 may also play arole in disease pathogenesis, potentially through perturbation of the UPS and
its ability to eliminate toxic tau species, representing a potential target for disease modifying
therapies. Future work should focus on further GWA Ss with larger sample sizes to confirm or refute
the findings from this study, whole genome sequencing of the lead loci to identify if rare deleterious
variants are driving the signals here, and functional studies, ideally in induced pluripotent stem cells,
to reveal how these genes may be contributing to PiD risk and so better elucidate the pathogenic

pathway resulting in 3R tau accumulation.
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L egendsto Figures

Figure 1 - Association plot for PiD. Manhattan plot showing -logl0 (P) vaues from logigtic
regression of imputed variants corrected for age, gender, array and three principal components (PC1,
8 and 10). Red dots indicate the variant (rsID and nearest gene labelled) with the lowest p value at
each genomic locus that reached nomina significance (p < 5 x 10-6) indicated by the blue dashed
line. Genome-wide significance was set at p < 5 x 10-8 and indicated by the grey dashed line

Figure 2 - Regional association plots and recombination rates at suggestive genomic loci. (A-E)
(A) Regional association plots at 4: 44392571 (rs112161979)), (B) 11: 5724803 (rs66481907), (C) 15:
27729149 (rs112721576), (D) 19:39029201 (rs11881082), and (E) 5:36376351 (rs7720520). The
index variants are indicated by a purple diamond and corresponding rsID. Linkage disequilibrium
between the index variant and nearby variants, as measured by r2, is colour-coded (dark blue: 0 <r2 <
0.2; light blue: 0.2 <r2 < 0.4; green: 0.4 <r2 < 0.6; orange: 0.6 <r2 < 0.8; red: 0.8 <r2 < 1; blue: no
r2 available). Genome-wide significance was set at p < 5 x 10-8 and indicated by the top grey dashed
line, while nominal significance (p < 5 x 10-6) is indicated by the lower grey dashed line All plots

were generated in http://locuszoom.org/.

Figure 3 - Regional plots from PiD GWAS and MetaBrain ciseQTLs for KCTD8 and YIPF7
genes. The PP.H4 of there being a shared causal variant associated with both PiD (bottom panels) and
regulation of gene expression (top panels) was 0.02 for KCTDS8 (left side) and 0.74 for YIPF7 (right

side).
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Tables

Table 1 - Clinical characteristics of samplesincluded in GWAS.

Cases Controls
MCJ PiD UCL PID Combined Combined
. Controls Controls
Variable casest cases cases GSA NBA) controls
(GSA) (NBA) ( ) (
Sample (n) 159 135 294 75 980 1055
Age (years) 70.1 (7.6) 69.1 (7.7) 69.4 (7.6) 55.7 (5.6) 67.1(9.1) 66.4 (9.4)
Age of disease 58.9 (8.0) N/A
onset (years) 59.2 (7.9) 585 (8.1) - N/A
Disease 10.6 (4.1) N/A
duration 10.6 (4.4) 10.6 (3.7) - N/A
(years)
Sex
- Male 95 (59.7%) 91(67.4%) 186 (63.2%) 38(50.6%) 459 (46.8%) 497 (47.1%)
- Female 64 (40.3%) 44 (32.6%) 108 (36.7)) 37(49.3%) 521 (53.1%) 558 (52.9%)

The sample mean (standard deviation) is given for age. Age represents age at death for Pick’ s disease cases and age at blood
draw in controls. 1Includes 7 Australian samples from the UCL cohort which were aso genotyped on the GSA-v3. 2 NBA
ctls: n = 980, mean age (SD) = 67.2 (9.1), GSA ctls: n = 75, mean age (SD) = 55.7 (5.6). 3 Case versus Control: for
continuous data unpaired two-tailed t tests were used, while for categorical data Chi-squared tests were used. There was not
statistical difference between age of disease onset, disease duration or gender between the MCJ and UCL cohort.
Abbreviations: GSA = Illlumina Globa Screening Array, PiD = Pick’s disease, MCJ = Mayo Clinic Jacksonville, NBA =
Illumina NeuroBooster Array, UCL = University College London.
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Table 2 - Candidate variant analysisusing GWAS data

. MAF MAF MAF 0
Disease Chr SNP Nearest gene (cases) (controls) (total cohort) OR (95% ClI) p value

MAPT (H2) 17 rs8070723 MAPT 0.29 0.23 0.24 152(1.18-1.97) 0.001°
MAPT (H1c) 17 rs242557 MAPT 0.35 0.34 0.34 1.02 (0.80 - 1.20) 0.86
AD 19 rs429358 ApoE 0.15 0.13 0.13 1.40(1.02 - 1.93) 0.04
AD 19 rs7412 ApoE 0.09 0.09 0.09 0.97 (0.66 - 1.43) 0.89
PSP 1 rs664309 TRIM11 0.09 0.09 0.09 1.31(0.88 - 1.96) 0.19
PSP 12 rs2242367 SLC2A13 0.29 0.26 0.27 1.11 (0.86 - 1.42) 0.43
PSP 1 rs1411478 STX6 0.42 041 041 1.08 (0.86 - 1.35) 0.51
PSP 3 rs1768208 MOBP 0.25 0.28 0.28 0.76 (0.59 - 0.98) 0.03"
PSP 2 rs7571971 EIF2AK3 0.28 0.26 0.26 0.96 (0.74 - 1.25) 0.77
FTD-TDPF 7 rs1990622 TMEM106B 0.42 0.39 0.40 1.24(0.98 - 1.56) 0.07
FTD 11 rs302668 RAB38 0.37 0.35 0.35 1.15(0.90 - 1.45) 0.26
FTD 11 rs16913634 RAB38/CTSC 0.09 0.09 0.09 0.95 (0.63 - 1.45) 0.81
FTD 6 rs9268877 HLA-DRA/DRB5 0.42 0.44 0.44 1.04(0.83-1.31) 0.72
FTD 6 rs9268856 HLA-DRA/DRB5 0.25 0.24 0.24 0.91(0.70 - 1.19) 0.50
FTD 6 rs1980493 BTNL2 0.15 0.14 0.14 1.04 (0.74 - 1.46) 0.82
PART 4 rsb6405341 JADE1 0.27 0.29 0.28 1.01(0.79 - 1.31) 0.91
CBD 2 rs963731 SOs1 0.05 0.05 0.05 0.63 (0.37 - 1.08) 0.09
CBD 8 rs643472 Inc-KIF13B-1 0.23 0.22 0.27 1.13(0.74-1.25) 0.35

Logistic regression additive model adjusted for gender, age, array and 3 PCs (PC1, 8 and 10) were used to study the association of candidate loci with risk of PiD in the total cohort (294 cases,
1055 controls). a significant after correction for multiple comparisons (Bonferroni: p=0.05/18=0.0028). b not significant after correction for multiple comparisons. Abbreviations. Chr =
chromosome, CI = confidence interval, MAF = minor allele frequency, OR = odds ratio.
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Table 3 - Top independent SNPs at suggestiveloci from PiD GWAS

MAF
Chr BP SNP Near est gene Minor allele  Cases Controls NFE’ OR (95% CI) p value
4 44,392,571 rs112161979 KCTD8 A 0.040 0.013 0.016 7.53(3.62-15.65) 6.37x 10°
11 5,724,803 rs66481907 TRIM22 A 0.206 0.126 0.120 2.10 (1.54-2.84) 1.83x 10°
15 27,729,149 rsl12721576 GABRG3 G 0.045 0.029 0.038 3.73(2.14-6.48) 3.10x 10°
19 39,029,201 rs11881082 RYR1 A 0.070 0.050 0.053 2.96 (1.87-4.69) 4.00x 10°€
5 36,376,351 rs7720520 RANBP3L G 0.421 0.328 0.337 1.76 (1.38-2.23) 450x 10°

ORs, 95% Cls, and p-values result from logistic regression models that were adjusted for age, sex, and PCs 1, 8, and 10. ORs correspond to each additional minor allele of the given variant
*Non-Finnish Europeans (GnomAD v2.1.1). Abbreviations: BP = base-pair coordinate, Chr = chromosome, Cl = confidence interval, MAF = minor alele frequency, OR = odds ratio.
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