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Abstract 20 

INTRODUCTION: Genome-wide association studies (GWASs) in frontotemporal 21 

dementia (FTD) showed limited success in identifying associated loci. This is possibly 22 

due to small sample size, allelic heterogeneity, small effect sizes of single genetic 23 

variants, and the necessity to statistically correct for testing millions of genetic variants.  24 

METHODS: To overcome these issues, we performed gene-based association studies 25 

on 3348 clinically identified FTD cases and 9390 controls (discovery, replication and 26 

joint-cohort analyses). 27 

RESULTS: We report association of APOE and TOMM40 with behavioural FTD 28 

(bvFTD), and ARHGAP35 and SERPINA1 with progressive non-fluent aphasia (PNFA). 29 

Further, we found the ε2 and ε4 alleles of APOE harbouring protective and risk 30 

increasing effects, respectively, in clinical subtypes of FTD. 31 

DISCUSSION: The APOE-locus association with bvFTD indicates its potential risk-32 

increasing role across different neurodegenerative diseases, whilst the novel genetic 33 

association of ARHGAP35 and SERPINA1 with PNFA points towards a potential role of 34 

the stress-signalling pathway in its pathophysiology. 35 

Keywords: 36 

Gene-based association study, GWAS, FTD, MAGMA, bvFTD, APOE, TOMM40, 37 

epsilon alleles, PNFA, stress-signalling pathway, ARHGAP35, GRLF1, SERPINA1, 38 

FTD-MND, C9orf72 39 
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Research in context (< 150 words) 41 

Frontotemporal dementia (FTD) is a clinically heterogeneous disorder, presenting 42 

mainly with behavioural or language symptoms and co-occurring with motor neuron 43 

disease in a minority of cases. Recent single marker genome-wide association studies 44 

(GWAS) on FTD showed limited success in identifying associated loci possibly due to 45 

small sample size, allelic heterogeneity and the stringency of the Bonferroni correction. 46 

In this study, we performed an alternative joint-SNP gene-based analyses using the 47 

GWAS data on 3348 clinically identified FTD cases and 9390 controls. We identified 48 

association of APOE and TOMM40 genes with behavioural FTD, and ARHGAP35 and 49 

SERPINA1 genes with progressive non-fluent aphasia. The APOE gene association with 50 

behavioural FTD points towards its potential role across different neurodegenerative 51 

diseases. This is the first work reporting a significant genetic association with 52 

progressive non-fluent aphasia: SERPINA1 and ARHGAP35 point to a potential role of 53 

a stress-pathway in the pathogenesis of progressive non-fluent aphasia. 54 
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Highlights 56 

• Gene-based association study reports association of APOE and TOMM40 genes 57 

with bvFTD, and ARHGAP35 and SERPINA1 with PNFA. 58 

• ε2 and ε4 alleles of APOE, respectively, show protective and disease increasing 59 

effects for clinical subtypes of FTD. 60 

• The TOMM40 gene harbours genetic variations associated with bvFTD that is 61 

independent of the epsilon alleles. 62 

• The ARHGAP35 and SERPINA1 gene associations with PNFA guides towards 63 

the role of stress-signalling pathway in its pathophysiology. 64 
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Abbreveations: 66 

bvFTD = Behavioural variant of frontotemporal dementia 67 

CBG = Corticosteroid binding globulin 68 

GWAS = Genome-wide association study 69 

IFGC = International FTD-GWAS consortium 70 

FTD = Frontotemporal dementia 71 

FTD-MND = Frontotemporal dementia with motor neuron disease 72 

FTLD = Frontotemporal lobar degeneration 73 

hGR = Human glucocorticoid receptor 74 

LD = Linkage disequilibrium 75 

MAGMA = Multi-marker Analysis of GenoMic Annotation 76 

PNFA = Progressive non fluent aphasia 77 

ORF = Open reading frame 78 

SD = Semantic Dementia 79 

TDP-43 pathology = TAR-DNA binding protein 43 pathology 80 

UTR = Untranslated region 81 
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Introduction 83 

Frontotemporal dementia (FTD) is one of the leading causes of dementia in patients 84 

younger than 65 years of age[1, 2]. It is characterised by degeneration of the frontal and 85 

anterior temporal lobes leading to a decline in behaviour and language. FTD is a 86 

heterogeneous condition clinically, pathologically and genetically[2-4]. Clinically, it is 87 

broadly categorised into the behavioural variant (bvFTD) and the language variant or 88 

primary progressive aphasia (PPA), which is further categorised into semantic dementia 89 

(SD) and progressive non-fluent aphasia (PNFA). There is a frequent overlap between 90 

FTD and a number of motor diseases such as parkinsonian disorders, corticobasal 91 

syndrome, progressive supranuclear palsy and motor neuron disease (FTD-MND)[5]. 92 

The underlying pathological spectrum of FTD, termed frontal temporal lobar 93 

degeneration (FTLD), is based on neuronal lesions and protein inclusions such as with 94 

tau or TAR-DNA binding protein (TDP)-43 pathology. Beside the Mendelian genes 95 

MAPT, GRN and C9orf72 that are causal in up to ~30-50% of familial FTLD cases, rare 96 

variability in few other genes associates with less than 5% of cases[5-7]. To date only a 97 

couple of large genome wide association studies (GWAS) have been performed for 98 

FTD[8-10] reporting an association with TMEM106B for FTLD with TDP-43 99 

pathology[8], and with the locus comprising RAB38 and CTSC as well as the HLA-100 

DRA/HLA-DRB5 locus for bvFTD and FTD, respectively[9]. 101 

In a typical GWAS, an association test on a single variant (SNPs or Indels) is performed 102 

to map genes associated with a phenotype; however, many independent risk alleles for a 103 

given phenotype can be localised within a gene[11-13]. Hence a classical GWAS 104 

approach will be less powered to detect genes containing many independent risk 105 

alleles[14]. A joint-variant gene based test that combines independent association 106 



signals within a gene while accounting for the linkage disequilibrium (LD) between 107 

variants can overcome this limitation. A number of approaches have been reported to 108 

perform joint-SNP gene-based analysis: the permutation test – where empirical 109 

evidence of association of the combined test statistics is calculated by shuffling the 110 

samples while keeping markers intact – is currently considered the golden standard[15]. 111 

However, the requirement of genotype data and computational burden limits its use. 112 

Recently, our group developed a new approach called Multi-marker Analysis of 113 

GenoMic Annotation (MAGMA) that uses a multiple regression model to perform 114 

joint-SNP gene-based analysis using GWAS summary data[16]. 115 

In this study, we performed a hypothesis free gene-wide association study on FTD 116 

subtypes (bvFTD, SD, PNFA and FTD-MND) using GWAS summary files obtained 117 

from the International FTD-Genomics consortium (IFGC)[9]. We used the MAGMA 118 

software to perform the gene-based analysis. We report results of discovery, replication 119 

and combined cohort analyses for each FTD subtype; we also assessed individual risk 120 

variants for associated genes, which can be used for replication in the individual variant 121 

genotype setting. 122 

Methods 123 

Samples 124 

The dataset used in the FTD-GWAS was described previously[9]. Briefly, 44 125 

international groups contributed clinical FTD samples. Patients were diagnosed 126 

according to the Neary criteria or the revised criteria for bvFTD and language variants 127 

of FTD[17, 18]. Approximately 3% of cases were pathologically confirmed. For the 128 

current study we used the GWAS summary datasets of the discovery and replication 129 



cohorts of each FTD subtypes, bvFTD (discovery: 1377 cases and 2754 controls; 130 

replication: 690 cases and 5092 controls), PNFA (discovery: 269 cases and 538 131 

controls; replication: 221 cases and 5092 controls), SD (discovery: 308 cases and 616 132 

controls; replication: 189 cases and 5092 controls) and FTD-MND (discovery: 200 133 

cases and 400 controls; replication: 94 cases and 5092 controls). 134 

Statistical analysis 135 

We performed the joint-SNP gene-based analysis using MAGMA[16]. The MAGMA 136 

approach is based on a multiple linear principal components regression model. By 137 

projecting the multivariate LD matrix of SNPs in a gene it first extracts principal 138 

components that explain genetic variation. These principal components are further used 139 

as predictors of a phenotype under a linear regression framework. MAGMA then uses 140 

Fisher’s test to compute p-values to test association between a gene and the phenotype. 141 

We used 19418 hg19 annotated protein-coding genes to perform the analysis. Since all 142 

the samples involved were of European descent, we considered the 1000 genomes phase 143 

1 European reference population to estimate LD between variants[19]. We only 144 

considered SNPs in the 5’- and 3’-untranslated region (UTR) and the open reading 145 

frame (ORF) for the joint-SNP gene-based tests. This strategy resulted in loss of cis- 146 

regulatory variants, but was more stringent and ORF-specific. 147 

The schematic representation of the strategy for multi-stage gene-wide association 148 

analysis for FTD and subtypes is described in supplementary figure 1. We performed 149 

separate gene-based tests using discovery and replication datasets for each FTD subtype 150 

reported previously by the IFGC[9]. We performed gene-based tests using only those 151 

variants that were either genotyped or imputed with imputation score more than 0.50. 152 

Moreover we only considered common variants with minor allele frequency more than 153 



0.01. For individual FTD subtypes, 4303460 and 55375 variants were available for the 154 

gene-based analysis in the discovery and replication cohorts respectively. Further, 155 

16313 and 10349 genes that contained at least one variant within the 5’-, 3’-UTR and 156 

ORF, were tested for association with a given FTD subtype in the discovery and 157 

replication cohorts, respectively. To identify additional genes associated with individual 158 

FTD subtypes, we meta-analysed the gene-based p-values obtained in the discovery and 159 

replication cohorts using the Stouffer’s combination approach for the sample size 160 

weighted combination of p-values. For each FTD subtype we tested association of total 161 

16920 genes either in the discovery or replication cohorts. To correct for multiple 162 

association tests performed for 16920 genes with one of the four subtypes of FTD, we 163 

applied the conservative Bonferroni correction method establishing a gene-wide 164 

significance threshold at 7.388 × 10-07 (= 0.05 / (4 ×	16920)). To identify genes 165 

associated with any FTD subtype, we combined the gene-based test statistics for either 166 

subtype (bvFTD, SD, PNFA and FTD-MND) using the sample size weighted Stouffer’s 167 

combination method. 168 

Functional characterisation of associated genes 169 

We downloaded the gene expression profiles of the associated genes across 13 human 170 

brain tissues (in alphabetically order: amygdala, anterior cingulate cortex, caudate, 171 

cerebral hemisphere, cerebellum, cortex, frontal cortex, hippocampus, nucleus 172 

accumbens, putamen, spinal cord, substantia nigra) using the GTEx portal[20] (GTEx 173 

Analysis V6 dbGaP Accession phs000424.v6.p1). We also investigated the functional 174 

annotations of variants that are in LD (r2 > 0.8 in the 1000 genomes phase 1 European 175 

panel) with SNPs used in deriving gene-based p-values of the associated genes using 176 

software HaploReg[21] (version 4.1) and RegulomeDB[22] (version 1.1). 177 



Results 178 

Associations with FTD and its subtypes 179 

bvFTD 180 

In the discovery cohort, two genes passed the gene-wide significant p-value threshold 181 

7.388 × 10-07: TOMM40 (p = 5.786 × 10-8) and APOE (p = 1.367 × 10-7). In the 182 

replication cohort the p-values were 6.40 × 10-5 for TOMM40 and 1.688 × 10-3 for 183 

APOE suggesting consistency of associations across independent bvFTD samples. No 184 

other genes passed the significance threshold for the bvFTD subtype (supplementary 185 

figure 2a). 186 

Interestingly, in the discovery cohort the SNPs rs7412 and rs429358, which determine 187 

three epsilon (ε) alleles ε2, ε3 and ε4 of the APOE gene, were among the SNPs driving 188 

its association with bvFTD, with p-values 0.023 (rs7412) and 5.04 × 10-6 (rs429358). In 189 

the replication cohort rs429358 was not genotyped, whereas information on rs769449, 190 

an intronic variant in high LD (r2 = 0.82, 1000 Genomes phase 1 European population) 191 

with rs429358, was available; here the p-values were 0.222 for rs7412 and 1.945 × 10-4 192 

for rs769449. 193 

To check whether the association of TOMM40 with bvFTD was independent of the 194 

epsilon variants, we re-performed the gene-based test on TOMM40 gene using only 195 

those variants in negligible LD (r2 < 0.2) with rs7412 and rs429358 in 1000 genomes 196 

phase 1 European panel. This analysis showed moderate association of TOMM40 with 197 

bvFTD (p = 7.513 × 10-6; table 1) suggesting that the TOMM40 gene harbours signals 198 

for the risk of bvFTD that are independent of the epsilon alleles of APOE gene. 199 



The summary statistics of variants used for deriving gene-based p-values for TOMM40 200 

and APOE are given in supplementary tables 2a and 2b respectively, and the regional 201 

plots are shown in figure 1a and 1b. The regional plots show many variants in TOMM40 202 

with p-values less than 0.05 that are in negligible LD (r2 < 0.2) with rs769449, a proxy 203 

of epsilon variant rs429358. 204 

 205 

FIGURE 1A and 1B Regional plots at the TOMM40/APOE locus in bvFTD cohorts 206 

 207 

PNFA 208 

The joint-cohort (discovery and replication) analysis revealed association for 209 

ARHGAP35 (p = 2.950 × 10-7) and SERPINA1 (p = 3.024 × 10-7) with PNFA (table 1 210 

and supplementary table 3). The regional plots for ARHGAP35 and SERPINA1  (figure 211 

2a and 2b respectively) show a robust LD block only for ARHGAP35 for which all 212 

variants show association p-values less than 0.05 with PNFA (also refer to 213 

supplementary table 3a). In SERPINA1 many LD independent variants with PNFA 214 

association p-values less than 0.05 can be observed. 215 

 216 

FIGURE 2 Regional plots at A) ARHGAP35 and B) SERPINA1 loci in PNFA 217 

cohorts 218 

 219 

SD 220 

No gene exceeded the gene-wide significance threshold 7.388 × 10-07, possibly because 221 

of smaller sample size, thus reduced power. The top gene identified in the combined 222 

analysis was WDR66 (p = 9.50 × 10-6; supplementary table 1). 223 



FTD-MND 224 

No gene reached gene-wide significant association in the FTD-MND subtype. However, 225 

the top genes for FTD-MND were C9orf72 and IFNK with gene-based association p-226 

value in joint-cohort analysis 1.232 × 10-6 and 1.77 x 10-6, respectively. Neither gene 227 

showed associations with any other subtypes of FTD (refer to supplementary table 1). 228 

FTD meta-analysis 229 

The meta-analysis across all subtypes (bvFTD, SD, PNFA and FTD-MND) identified 230 

association of TOMM40 and APOE. It is worth noting that the bvFTD samples make 231 

more than 1/3rd of the total sample; hence, p-values for association with bvFTD 232 

dominated the meta-analysis of FTD subtypes. 233 

  234 



TABLE 1: Significantly associated genes (p < 7.388 × 10-07) with FTD and its 235 

subtypes. Gene-wide significant p-values (p < 7.388 × 10-07) are highlighted in bold. 236 

Phenotype Symbol Chr Start Stop Stage1 

nSNPs 

Stage1 

P 

Stage2 

nSNPs 

Stage2 p Combined p 

bvFTD TOMM40 19 45394477 45406946 29 5.786 × 10-8 13 6.40 × 10-5 5.43 × 10-11 

APOE 19 45409039  45412650 5 1.367 × 10-7 2 1.688 × 10-3 1.688 × 10-9 

TOMM40 

after removing 

variants in LD 

(r2 >= 0.2) 

with the 

epsilon 

variants 

19 45394477 45406946 18 1.949 × 10-5 5 0.073 7.513 × 10-6 

PNFA ARHGAP35 19 47421933 47508334 25 4.262 × 10-6 12 7.157 × 10-3  2.950 × 10-7 

SERPINA1 14 94843084  94857029 50 3.712 × 10-5 8 1.193 × 10-3 3.024 × 10-7 

All FTD TOMM40 19 45394477 45406946 NA NA NA NA 4.982 × 10-11 

APOE 19 45409039  45412650 NA NA NA NA 2.179 × 10-10 

 237 

  238 



Risk of APOE alleles on FTD subtypes 239 

Based on the gene-based association results with TOMM40 and APOE we extended our 240 

analysis to the epsilon alleles and genotypes. We compared each FTD case cohort 241 

(discovery, replication and combined) against a total of 9390 ancestry matched controls 242 

using Fisher’s exact test. For replication cohorts, we used rs769449 as a proxy for 243 

rs429358. The distribution of epsilon alleles and genotypes in our cohort is given in 244 

supplementary table 4 and 5, respectively. We established the significance threshold for 245 

allele associations as 4.167 × 10-3 (0.05/12) correcting for three epsilon alleles and four 246 

FTD subtypes. We identified the ε2 allele significantly reduces the risk of bvFTD (odds 247 

ratio = 0.772, p = 3.878 × 10-4) and SD (odds ratio = 0.651, p = 3.642 × 10-3). We 248 

observed marginal association (p < 0.05) of ε2 allele with PNFA (odds ratio = 0.706, p 249 

= 0.019) and moderate with FTD-MND (odds ratio = 0.571, p = 6.008 × 10-3). The ε4 250 

allele significantly increased risk of bvFTD (odds ratio = 1.278, p = 8.14 × 10-6) and SD 251 

(odds ratio = 1.438, p = 2.931 × 10-4). The association for disease increasing effect of ε4 252 

allele was marginal (p < 0.05) for PNFA (odds ratio = 1.29, p = 0.011), but the result 253 

was inconclusive for FTD-MND (odds ratio = 1.19, p = 0.20) possibly due to 254 

underpowered sample size. 255 

We also quantified the risk of homozygous ε4/ε4 genotype on FTD subtypes. We used 256 

1.25 × 10-2 as a significance threshold for association testing of four subtypes with 257 

homozygous ε4/ε4 genotype. The homozygous ε4/ε4 genotype showed significant 258 

association with increased risk for bvFTD (odds ratio = 1.62, p = 0.012), PNFA (odds 259 

ratio = 2.36, p = 8.52 × 10-3) and SD (odds ratio = 2.33, p = 9.08 × 10-3) with notable 260 

odds ratio values for PNFA and SD compared to the effect size of a single copy of ε4 261 



allele for respective FTD subtypes. We did not perform association between 262 

homozygous ε2/ε2 genotypes with FTD subtypes due to its low frequency in our cohort. 263 
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Table 2: The odds of clinical subtypes of FTD and epsilon alleles, and homozygous 265 

ε4/ε4 genotype. 266 

 ε2 allele ε3 allele ε4 allele ε4/ε4 genotype 

Case 

cohort 

Odd

s 

ratio 

Conf. 

interval p-value 

Odds 

ratio 

Conf. 

interval p-value 

Odds 

ratio 

Conf. 

interval p-value 

Odds 

ratio 

Conf. 

interva

l p-value 

bvFTD 

discovery 

0.83

4 

 0.696-

0.994 0.041 0.908 

0.817-

1.011 0.076 1.341 

1.182-

1.517 

5.00 × 

10-6 1.737 

1.090-

2.682 0.018 

bvFTD 

replication 

0.77

1 

0.598-

0.980 0.0311 0.943 

0.815-

1.094 0.431 1.154 

0.961-

1.38 0.11 1.407 

0.679-

2.637 0.27 

bvFTD 

combined 

0.77

2 

0.664-

0.894 

3.878 × 

10-4 0.92 

0.841-

1.006 0.066 1.278 

1.147-

1.421 

8.14 × 

10-6 1.627 

1.089-

2.384 0.0123 

             

PNFA 

discovery 

0.79

2 

0.526-

1.150 0.261 0.95 

0.755-

1.205 0.639 1.246 

0.938-

1.631 0.12 2.320 

0.902-

5.015 0.04 

PNFA 

replication 

0.60

2 

0.358-

0.956 0.028 0.971 

0.754-

1.266 0.796 1.363 

1.006-

1.816 0.041 2.423 

0.860 

5.537 0.046 

PNFA 

combined 

0.70

6 

0.515-

0.947 0.0193 0.96 

0.808-

1.145 0.628 1.298 

1.056-

1.584 0.011 2.367 

1.211-

4.261 

8.518 × 

10-3 

             

SD 

discovery 

0.80

8 

0.554-

1.143 0.258 0.764 

0.625-

0.940 0.01 1.649 

1.3-

2.073 

4.33 × 

10-5 2.614 

1.152-

5.218 0.011 

SD 

replication 

0.40

2 

0.198-

0.730 

9.473 × 

10-4 1.217 

0.906-

1.664 0.208 1.112 

0.777-

1.552 0.537 1.878 

0.497-

5.031 0.176 

SD 

combined 

0.65

1 

0.470-

0.880 

3.642 × 

10-3 0.898 

0.759-

1.066 0.205 1.438 

1.181-

1.741 

2.931 × 

10-4 2.333 

1.194-

4.199 

9.076 × 

10-3 

             

FTD-MND 

discovery 

0.52

2 

0.289-

0.876 

9.299 × 

10-3 1.042 

0.793-

1.388 0.838 1.311 

0.948-

1.78 0.087 

1.323

55 

0.266-

4.028 0.500 

FTD-MND 

replication 

0.67

4 

0.303-

1.313 0.311 1.134 

0.754-

1.764 0.622 0.934 

0.53-

1.544 0.901 0 

0.000-

3.536 0.629 

FTD-MND 

combined 

0.57

1 

0.361-

0.862 

6.008 × 

10-3 1.070 

0.852-

1.357 0.612 1.188 

0.901-

1.544 0.202 0.895 

0.181-

2.714 1 
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Functional characterisation of associated genes 268 

We extracted the gene expression profiles of APOE, TOMM40, ARHGAP35 and 269 

SERPINA1 across different human brain tissues from the GTeX database[20]; see 270 

supplementary figure 3 (a, b, c and d for respective genes). The APOE, TOMM40 and 271 

ARHGAP35 genes are strongly expressed in different brain tissues. Notably the anterior 272 

cingulate cortex (Bordmann area 24) and the frontal cortex (Bordmann area 9) are the 273 

top tissues for ARHGAP35 gene expression. The Anterior cingulate cortex is one of the 274 

early affected regions in FTD patients[23, 24]; this area is reported to be involved in 275 

language control and resolving nonverbal conflict[25]. The SERPINA1 gene did not 276 

show strong expression in the brain tissues. 277 

We used the HaploReg[21] (version 4.1) software to investigate functionally annotated 278 

variants linked with variants used in deriving gene-based p-values of TOMM40 (those 279 

in negligible LD r2 < 0.2 with epsilon variants), ARHGAP35, and SERPINA1 280 

respectively. We found that all SNPs used in deriving gene-based p-values of TOMM40, 281 

ARHGAP35 and SERPINA1 are in strong LD (r2 > 0.8, in 1000 genomes phase 1 282 

European panel) with at least one variant residing in the regulatory regions such as 283 

chromatin marks or DNase hypersensitive sites, suggesting a possible regulatory roles 284 

(see supplementary figures 6a, 6b and 6c for HaploReg results for variants in TOMM40, 285 

ARHGAP35 and SERPINA1 respectively). Overall we identified 21, 56 and 93 286 

regulatory variants in LD with SNPs deriving gene-based p-values of TOMM40, 287 

ARHGAP35, and SERPINA1 genes respectively. We further ranked these regulatory 288 

variants based on their functional relevance using the RegulomeDB[22] (version 1.1) 289 

software (see supplementary tables 7a, 7b and 7c for detailed RegulomeDB results of 290 

these variants mapped to TOMM40, ARHGAP35 and SERPINA1 genes respectively). 291 



Discussion 292 

Here we report novel genetic insight into FTD and its clinical subtypes using a joint-293 

SNP gene-based approach. We identified association of the TOMM40 and APOE genes 294 

with bvFTD, and the ARHGAP35 and SERPINA1 genes with PNFA. 295 

Our study suggested TOMM40 as the top gene in bvFTD. The TOMM40 gene encodes a 296 

channel forming subunit of the translocase of the mitochondrial outer membrane (TOM 297 

complex), which facilitates translocation of unfolded proteins from the cytosol into the 298 

mitochondrial intermembrane space for use in oxidative phosphorylation[26]. Recently 299 

Bannwarth et al.[27] reported mitochondrial origin in pathogenesis of FTD-ALS 300 

diseases through association of variants in CHCHD10. There is growing evidence 301 

suggesting a role of mitochondria in neurodegenerative disorders, also including 302 

Parkinson’s[28, 29], Huntington’s[30] and Alzheimer’s disease[31, 32]. 303 

The association of the APOE gene with bvFTD was primarily driven by SNPs rs7412 304 

and rs429358 (or variants in strong LD such as rs769449). The SNPs rs7412 and 305 

rs429358 determine the APOE epsilon alleles ε2, ε3 and ε4. We quantified the risk of 306 

epsilon alleles across clinical subtypes of FTD diagnosed using the Neary’s criteria and 307 

saw that the ε2 and ε4 alleles showed protective and increased disease risk effects, 308 

respectively, for FTD subtypes (strong associations for bvFTD and SD, and marginal 309 

associations for PNFA and FTD-MND). Interestingly, individuals carrying homozygous 310 

copies of the ε4 allele revealed higher risk for PNFA and SD (odds ratio > 2.3), 311 

suggesting dose dependent effect for each copy of a gene. The pattern of association of 312 

epsilon alleles with FTD subtypes might reflect on the potential overlap between 313 

patients diagnosed with clinical FTD and Alzheimer’s disease[33, 34] or a genuine 314 



association with FTD and its subtypes given the increasing number of studies arguing in 315 

favour of the latter hypothesis[10, 35-38]. 316 

In the central nervous system (CNS) APOE is synthesised in response to neuronal injury 317 

or stress to initiate the neuronal repair mechanisms. The ε4 carriers are hypothesised to 318 

have reduced neuronal repair capacity compared to the other alleles[37]. The protein 319 

products of APOE were also reported to modulate neuroinflammation[39]. The 320 

hypothesis of enhanced inflammatory response in FTD patients is supported by both 321 

neuroimaging and genetic studies[40, 41]. Tau pathology is found in up to ~50% of 322 

FTLD cases[42]; interestingly the knock-in study in mice showed association between 323 

epsilon alleles and the concentration of hyper-phosphorylated tau in neurons: ε4 knock 324 

in mice showed higher concentration of hyper-phosphorylated tau than ε3 knock in 325 

mice[43]. It is worth noting that in this scenario the APOE locus and the epsilon allelic 326 

variability might impact processes such as modulation of neuronal repair mechanisms, 327 

neuroinflammation, broad lipid metabolism, synaptic plasticity, neuronal toxicity and 328 

tau phosphorylation[44]. It is likely that variability in the genes or isoforms turnover or 329 

larger haplotype blocks at this locus, coupled with aging, might influence negative 330 

outcomes in brain and thus support our findings from a biological and functional 331 

perspective. More work should be directed towards testing these possibilities in the 332 

future. 333 

Our study is the first to report association of the ARHGAP35 and SERPINA1 genes with 334 

PNFA. The ARHGAP35 gene encodes the glucocorticoid receptor DNA-binding factor 335 

1, which is a repressor of glucocorticoid receptor (hGR) transcription. At the cellular 336 

level, the glucocorticoid receptor mediates the maintenance of basal and stress-related 337 

homeostasis. The second gene we found associated with PNFA was SERPINA1, which 338 



was previously reported to be associated with cortisol level[45] (top variants: 339 

rs11621961, rs12589136, rs2749527) and serum lipid profile[46] (top variant: rs1303). 340 

The nonsynonymous variant rs1303 (Glu400Asp) in SERPINA1, which is also in 341 

moderate LD with morning plasma cortisol level associated variant rs12589136[45], 342 

showed PNFA association p-values less than 0.05 in both discovery and replication 343 

cohorts (supplementary table 3a). The top SERPINA1 variant in the PNFA discovery 344 

cohort rs11628917 (this variant in moderate LD with rs1303) is an established blood 345 

eQTL[47], with the C allele increasing SERPINA1 expression in blood[46, 47]. We 346 

observed that the C allele at rs11628917 increased the risk of PNFA in both discovery 347 

and replication cohorts. The SERPINA1 gene encodes protease inhibitor α1-antitrypsin 348 

enzyme, which inhibits cleavage of the reactive centre loop of the corticosteroid binding 349 

globulin (CBG) by ceasing neutrophil elastase activity[48]. The reactive centre loop 350 

cleavage by neutrophil elastase reduces the CBG binding affinity to cortisol. During 351 

stress CBG activity is positively correlated with the glucocorticoid access to the 352 

brain[49]. Increased glucocorticoid level in brain can activate glucocorticoid signalling 353 

through binding to the low affinity glucocorticoid receptors and result in the reduced 354 

neurogenesis and impaired neuroplasticity[50]. This hypothesis suggesting the role of 355 

enhanced glucocorticoid signalling leading to neurodegeneration in PNFA patients is 356 

based on our current preliminary report on association of ARHGAP35 and SERPINA1 357 

with PNFA; this finding will need to be further explored and replicated in an 358 

independent cohort. 359 

In conclusion, we report novel genetic associations for frontotemporal dementia and its 360 

subtypes – notably of the TOMM40 and APOE genes with bvFTD and the ARHGAP35 361 

and SERPINA1 genes with PNFA – using the joint-SNP gene-based approach. This 362 



approach improves power of the association test by combining signals across variants in 363 

a functional unit such as a gene. Replication and functional characterisation of these 364 

findings will further establish their role in pathology of the frontotemporal dementia and 365 

help towards a better management of the disease. 366 
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