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Common variants within TMEM106B are associated with risk for frontotemporal lobar degeneration with TDP-43 
pathology (FTLD-TDP). The G allele of the top single nucleotide polymorphism, rs1990622, confers protection against 
FTLD-TDP, including genetic cases due to GRN mutations or C9orf72 hexanucleotide repeat expansions. However, the 
effects of interaction between TMEM106B-rs1990622 and frontotemporal dementia (FTD) mutations on disease endo
phenotypes in genetic FTD are unknown.
This longitudinal cohort study was embedded within the GENetic Frontotemporal dementia Initiative (GENFI). We in
cluded 518 participants from 222 families [209 non-carriers; 222 presymptomatic carriers (C9orf72 = 79; GRN = 101, 
MAPT = 42); 87 symptomatic carriers (C9orf72 = 45; GRN = 29; MAPT = 13)] followed for up to 7 years. Using linear 
mixed-effects models, we examined the effects of a triple interaction between TMEM106B-rs1990622G allele dosage 
(additive model: 0, 1 or 2 alleles) and autosomal dominant FTD mutations with clinical status, and time from baseline 
on (i) grey matter volume using a voxel-based analysis; (ii) serum neurofilament light chain (NfL) levels; and (iii) cog
nitive and behavioural measures.
Mean age of participants was 47.9 ± 13.8 years, 58.1% were female and 61% had at least one G allele. C9orf72: 
rs1990622G allele dosage was associated with less atrophy within the right occipital region in presymptomatic carriers 
at baseline, and reduced atrophy rate within putamen and caudate nucleus, right frontotemporal regions, left cingu
late and bilateral insular cortices in symptomatic carriers over time; lower NfL levels in presymptomatic carriers at 
baseline; better executive functions and language abilities in presymptomatic carriers; and maintained overall cog
nitive functions and behaviour in symptomatic carriers over time. GRN: rs1990622G allele dosage was associated with  
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reduced grey matter atrophy rate within the right temporal and occipital regions in presymptomatic carriers, and 
within the right frontal cortex and insula over time in symptomatic carriers; lower serum NfL levels over time in pre
symptomatic carriers and lower NfL levels at both baseline and over time in symptomatic carriers; and better global 
cognitive performance at baseline and higher attention/processing speed scores over time in symptomatic carriers. 
MAPT: rs1990622G allele dosage was associated with reduced grey matter atrophy rate within the right inferior frontal 
gyrus in symptomatic carriers, but no effects on serum NfL or cognitive/behavioural measures.
TMEM106B-rs1990622G allele dosage showed protective effects on multiple endophenotypes predominantly in GRN 
and C9orf72 groups. Therefore, TMEM106B genotype should be assessed in clinical trials, particularly of GRN- and 
C9orf72-related genetic FTD, due to its modifying effects on biomarker, imaging, cognitive and clinical outcomes.
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Introduction
Frontotemporal dementia (FTD) represents a group of clinically and 
pathologically heterogeneous neurodegenerative disorders with 
neuronal loss primarily in the frontal and temporal lobes. This 
leads to profound changes in behaviour and language abilities.1

Approximately one-third of FTD cases show autosomal dominant 
inheritance and the majority is attributable to mutations in three 
genes: chromosome 9 open reading frame 72 (C9orf72),2,3 progranu
lin (GRN),4,5 and microtubule-associated protein tau (MAPT).6 On 
autopsy of genetic FTD, the two most common pathologies include: 
Tau-positive inclusions (FTLD-Tau), associated with mutations in 
MAPT, and TDP-43 positive inclusions (FTLD-TDP) associated with 
GRN and C9orf72 mutations.7

Genetic FTD shows clinical heterogeneity,8 variable age at onset, 
particularly for GRN and C9orf72 mutations, and variable disease 
duration.9,10 Imaging biomarkers show partially overlapping pat
terns of grey and white matter loss, and regional cerebral hypoper
fusion,11 across C9orf72, MAPT and GRN mutation carriers 
compared with non-carriers.12,13 This partial overlap translates 
into neuropsychological endophenotypes, with the dominant cog
nitive profiles differing between FTD genetic groups both at presen
tation and longitudinally.14 FTD genetic cases also share elevated 
blood levels of neurofilament light chain (NfL), albeit with wide 
variability between groups.15 Serum NfL has emerged as a proxim
ity biomarker of neuroaxonal degeneration as increasing levels in 
presymptomatic individuals harbouring FTD mutations may pre
dict short-term risk of conversion to clinical FTD.16 The temporal 

order of imaging, NfL and cognition changes in genetic FTD differs 
by genetic group.17

While there are currently no approved disease-modifying 
therapies for genetic FTD, several drug candidates are being 

evaluated in clinical trials.1,18 Knowledge of the natural progres

sion of FTD and the identification of factors that modify its 

course are crucial for the effective implementation of these ther

apeutics, ideally during the prodromal stages when irrecoverable 

neuronal damage has not occurred. Furthermore, therapeutic 

strategies may arise from exploiting protective genetic 

mechanisms.19,20

Van Deerlin and colleagues’ genome-wide association study21

(GWAS) identified genetic risk factors for FTLD-TDP from 2509 con

trol subjects and 515 cases with pathologically confirmed 

FTLD-TDP, some of which had GRN mutations. Three single nucleo

tide polymorphisms (SNPs) in high linkage disequilibrium span

ning TMEM106B on chromosome 7p21.3 were associated with 

FTLD-TDP.21 For the top SNP (rs1990622), the alternate G allele 

was protective [P = 1.08 × 10−11; odds ratio (OR) = 0.61, 95% confi

dence interval (CI): 0.53–0.71]. This was replicated in a second 

pathologically confirmed FTLD-TDP case-control cohort, although 

not in a smaller cohort of FTD cases with unspecified pathology.22

Stratification of this GWAS sample on presence of GRN mutations 

showed protective effects of TMEM106B in both GRN-positive and 

GRN-negative groups, but the effect was stronger in GRN mutation 

carriers. However, a formal interaction between TMEM106B-rs1990622 

and GRN was not tested.21 An independent replication study showed 
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nominal associations of the three TMEM106B SNPs with FTD risk in a 
cohort of 640 cases and 822 controls.23 The majority of cases included 
in this GWAS were living, thus of unknown pathological subtype. 
However, when the sample was stratified on GRN mutations, protect
ive effects of TMEM106B were stronger.23 This study suggested a re
cessive model, i.e. two G alleles confer protection against 
GRN-associated FTLD-TDP. There is also a modifying role of 
TMEM106B in C9orf72 expansion carriers.24 Subsequent studies have 
replicated these findings in other GRN cohorts,25-27 in those with 
C9orf72 repeat expansions,24,28 and in undifferentiated clinical 
FTD.22,29 Clinically diagnosed FTD patients of British origin failed to 
replicate the GWAS findings from 470 cases.30 However, this study ex
cluded patients with known GRN or MAPT mutations.

The reference allele (A) for rs1990622 is detrimental. In a 
clinically diagnosed FTD cohort of 198 patients, including 31 genet
ic cases, lower cortical volumes were shown in the frontal 
(P = 0.009), temporal (P = 0.029), cingulate (P = 0.014) and insular 
(P = 0.018) lobes in rs1990622AA compared to rs1990622AG/GG.31

The population-based Rotterdam Study (n = 4413) examined asso
ciations between rs1990622A and regional cortical volumes and re
ported reduced grey matter volume of left-sided temporal brain 
regions, including the superior temporal gyrus (β = −88.8 μl per 
risk allele, P = 7.64 × 10−5).32 In terms of cognitive outcomes, 
rs1990622A was shown to be associated with greater decline in 
Mini-Mental State Examination (MMSE) score in persons with 
FTD [minor-allele dominant model (β = 0.969, P = 0.001)],33 and in 
those with Parkinson’s disease [co-dominant model (β = 0.123, 
P = 0.019)].33 Furthermore, TMEM106B-rs1990622A influences age 
of onset in GRN carriers.34 While these studies support the role 
of the TMEM106B-rs1990622 as an important genetic factor for dis
ease modification, they are mostly cross-sectional with limited 
sample sizes, have largely focused on one genetic group, and do 
not examine the presymptomatic stages of genetic FTD. In con
trast, while the GWAS datasets are large, they have extremely lim
ited clinical and endophenotype information and do not reveal 
potential mechanisms underlying the disease modification ef
fects. Findings from relevant literature are summarized in 
Supplementary Table 1.

In summary, protective effects of TMEM106B-rs1990622G have 
been mostly observed in FTLD-TDP, especially in the GRN group. 
However, effects are also shown in C9orf72 and other patient 
groups,33 and in healthy individuals.32 Furthermore, insoluble 
amyloid fibrils of TMEM106B protein were identified in post- 
mortem human brains afflicted with TDP-43 proteinopathies, tauo
pathies, or α-synucleinopathies, thus indicating a putative role for 
its pathological fibrillization across different neurodegenerative 
diseases.35 In this large longitudinal multimodal study of a cohort 
of individuals with/or at risk for genetic FTD, we therefore exam
ined the interactive effects between TMEM106B-rs1990622 and 
GRN, C9orf72 or MAPT mutations, along with clinical status, on brain 
imaging, serum biomarker, as well as cognitive and behavioural 
measures commonly used in FTD clinical trials. We hypothesized 
that protective effects of TMEM106B-rs1990622G would be mainly 
seen in groups with FTLD-TDP pathology, specifically, GRN and 
C9orf72, and that effects would be more pronounced in GRN muta
tion carriers.

Materials and methods
In families segregating C9orf72 repeat expansions or GRN or MAPT 
mutations, we examined if TMEM106B-rs1990622 modifies the 

effect of these mutations on: (i) grey matter volume; (ii) serum 
NfL; and (iii) cognitive and behavioural measures, at baseline and 
longitudinally, accounting for FTD clinical status, i.e. presympto
matic versus symptomatic FTD.

Setting and study population

Data were drawn from the multicentre GENetic Frontotemporal de
mentia Initiative (GENFI) study, which recruits members of families 
segregating pathogenic mutations in C9orf72, GRN or MAPT, thus al
lowing tracking of the evolution of genetic FTD from its earliest 
stages.36 The pilot phase of GENFI, ‘GENFI 1’ (2012 to 2015), recruited 
365 participants from 13 sites across Europe and Canada. The se
cond phase, ‘GENFI 2’ (2015 to 2021), recruited 1000 participants 
from 25 sites. The current study includes data from GENFI 1 and 
GENFI 2. The asymptomatic family members of symptomatic index 
cases (i.e. symptomatic carriers) could either be non-carriers (i.e. 
controls) or carriers (i.e. presymptomatic) of an autosomal domin
ant mutation in any of the three main FTD genes. All participants 
were genotyped for these genes at their local site, with a pathogenic 
expansion in C9orf72 defined as ≥30 repeats.3

At each annual visit, participants underwent a standardized 
clinical assessment, including a neuropsychological battery36 and 
brain MRI.13 Blood was collected at baseline and longitudinally for 
biomarker assessment, including NfL, and for genomic analysis. 
Ethical review boards from all sites approved the study protocol 
and all participating individuals provided written and informed 
consent in agreement with the Declaration of Helsinki.

DNA samples were available for 589 persons from the GENFI da
tafreeze 6 (GENFI 1 and 2) recruited and followed between January 
2012 and January 2021. We included 518 participants with pheno
type data from 222 families (209 non-carrier controls, 222 presymp
tomatic carriers, 87 symptomatic carriers) (Table 1). Brain MRI, 
serum NfL and neuropsychological data were available at baseline 
and up to seven annual follow-up visits.

The number of participants at baseline and follow-up by 
TMEM106B genotype and FTD genetic groups for imaging, NfL and 
cognition data are shown in Supplementary Table 2.

Genotyping

Blood or DNA samples from GENFI participants were collected from 
all sites by the central UCL coordinating site and sent to the Tanz 
Centre for Neurodegenerative Diseases (University of Toronto) for 
DNA extraction and biobanking (E.R.). Five hundred and eighty- 
nine samples were genotyped on NeuroChip (Infinium Core-24 
+v1.2 Kit, Illumina, Inc.) at the Clinical Genomics Centre (Toronto, 
Canada). The NeuroChip includes known common and rare var
iants associated with all major neurodegenerative diseases as 
well as a GWAS backbone.37 Three samples with call rate < 98% 
were removed. SNPs with a call frequency < 0.85 and a GenTrain 
score < 0.7, with cluster separation < 0.2 were also excluded.

Data were sent to Sunnybrook Research Institute for quality 
control (QC) and analyses (S.S.M., M.M., A.D.P.). SNPs with a call 
rate of <95% and a minor allele frequency of <0.05 were removed; 
sex discrepant cases (n = 10) and heterozygosity outliers (n = 8) 
were excluded using PLINK 1.9.38 Relatedness and family structure 
was examined in detail using Kinship Inference in Genomics 
(KING 2.3.1).39 Population stratification was examined using multi- 
dimensional scaling in KING [GENFI samples were projected to the 
1000 Genomes’ principal component (PC) space], and confirmed 
with GrafPop.40 Ancestry inference results from both KING and 
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GrafPop showed that the majority of participants had a European 
origin, and identified three ethnic outliers, which were excluded. 
PCs were calculated using the PC-AiR41 option from the GENetic es
timation and inference in structured samples (GENESIS)42 pro
gramme, using genotype data on unrelated individuals and 
unrelated SNPs (LD-pruned). Scree plots43 were used to determine 
the number of significant PCs; first three PCs were retained to be 
used as covariates in the analyses to account for potential popula
tion stratification effects. Detailed genomic QC procedures are pre
sented in the Supplementary material, ‘Methods’ section. After QC, 
genotype data (n = 565) were imputed against the TOPMed refer
ence panel version 2, a diverse reference panel including informa
tion from 97 256 deeply sequenced human genomes.44

TMEM106B allele dosage definition

TMEM106B-rs1990622 genotype data (chromosome 7; position: 
12244161; frequencies: reference/risk allele A = 0.63, alternate/pro
tective allele G = 0.37) were extracted from imputed data (imputed 

SNP; R2 = 0.99) and coded into allele dosage with reference to the 
G allele (0 = AA; 1 = AG; 2 = GG). We used an additive model, i.e. 
TMEM106B-rs1990622G dosage of 0, 1 and 2 was used as a continu
ous variable to test associations of rs1990622 with endophenotypes 
of interest. Deviations from the additive model were examined by 
testing a heterozygous indicator (AG = 1; AA and GG = 0) in the mod
el along with the TMEM106B-rs1990622G dosage variable. No devia
tions from an additive effect were observed for any phenotype 
(heterozygosity indicator P > 0.05). Hardy-Weinberg Equilibrium 
was tested separately in all study groups after removing related in
dividuals (one individual per family included). Hardy-Weinberg 
equilibrium was maintained across all groups (Supplementary 
Table 3).

Structural MRI data

Volumetric T1-weighted MRI was performed on 3 T or 1.5 T scan
ners at sites where 3 T scanning was not available in GENFI 1. 
Participants were scanned at their local site on one of the three 

Table 1 Baseline characteristics of study sample by TMEM106B-rs1990622

Characteristic TMEM106B-rs1990622AA 

n = 203
TMEM106B-rs1990622AG 

n = 251
TMEM106B-rs1990622GG 

n = 64
P-value

Non-carrier controls, n = 209 n 87 (41.6%) 102 (48.8%) 20 (9.6%)
Sex (female) 54 (62%) 56 (55%) 14 (70%) 0.36
Age 47.18 ± 14.35 45.07 ± 12.39 47.05 ± 10.49 0.52
Education, years 13.86 ± 3.22 14.49 ± 3.32 13.0 ± 3.85 0.14
TIV, l 1.46 ± 0.14 1.50 ± 0.15 1.49 ± 0.14 0.08

C9orf72 presymptomatic, n = 79 n 30 (38%) 37 (46.8%) 12 (15.2%)
Sex (female) 17 (57%) 25 (68%) 8 (67%) 0.63
Age 45.59 ± 12.67 43.21 ± 10.72 51.14 ± 14.04 0.14
Education, years 15.00 ± 2.70 13.73 ± 2.41 14.25 ± 3.14 0.15
TIV, l 1.48 ± 0.14 1.48 ± 0.16 1.41 ± 0.87 0.09

C9orf72 symptomatic, n = 45 n 18 (40%) 17 (37.8%) 10 (22.2%)
Sex (female) 10 (56%) 3 (18%) 4 (40%) 0.07
Age 64.58 ± 7.22 65.0 ± 6.57 65.36 ± 9.06 0.96
Education, years 13.61 ± 3.38 13.53 ± 2.90 11.1 ± 5.82 0.22
TIV, l 1.48 ± 0.14 1.58 ± 0.15 1.56 ± 0.18 0.14
Age of onset 59.50 ± 7.75 59.47 ± 7.41 59.70 ± 10.23 0.99

GRN presymptomatic, n = 101 n 38 (37.6%) 57 (56.4%) 6 (5.9%)
Sex (female) 26 (68%) 33 (58%) 3 (50%) 0.20
Age 45.38 ± 13.39 43.56 ± 10.26 46.06 ± 14.15 0.71
Education, years 15.56 ± 3.59 14.40 ± 3.50 13.66 ± 3.20 0.21
TIV, l 1.48 ± 0.18 1.49 ± 0.15 1.55 ± 0.16 0.54

GRN symptomatic, n = 29 n 15 (51.7%) 11 (37.9%) 3 (10.3%)
Sex (female) 8 (53%) 5 (45%) 2 (67%) 0.81
Age 65.80 ± 8.87 61.12 ± 7.87 66.70 ± 6.29 0.33
Education, years 11.30 ± 3.90 11.63 ± 3.85 11.0 ± 3.0 0.91
TIV, l 1.41 ± 143 1.47 ± 195 1.49 ±0.17 0.55
Age of onset 63.53 ± 8.74 57.82 ± 7.85 64.33 ± 7.23 0.20

MAPT presymptomatic, n = 42 n 10 (23.8%) 22 (52.4%) 10 (23.8%)
Sex (female) 7 (70%) 17 (77%) 4 (40%) 0.11
Age 37.95 ± 10.84 35.65 ± 9.07 45.91 ± 10.74 0.06
Education, years 12.5 ± 3.87 14.9 ± 3.4 14.2 ± 2.0 0.17
TIV, l 1.45 ± 0.13 1.41 ± 0.19 1.51 ± 0.19 0.38

MAPT symptomatic, n = 13 n 5 (38.5%) 5 (38.5%) 3 (23.1%)
Sex (female) 1 (20%) 3 (60%) 2 (67%) 0.47
Age 61.60 ± 6.44 55.17 ± 3.05 65.03 ± 3.28 0.02
Education, years 9.80 ± 3.42 12.80 ± 3.83 18.33 ± 1.53 0.01
TIV, l 1.45 ± 0.13 1.43 ± 0.14 1.37 ± 0.14 0.79
Age of onset 55.2 ± 5.63 49.5 ± 0.71 48.5 ± 4.95 0.32

Values are means (standard deviation) or counts (percentage). P-values are derived from ANOVA for continuous and chi-squared or Fisher’s exact test for categorical variables. 

Significant P-values are indicated in bold. TIV = total intracranial volume, in litres.
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different platforms (Philips Healthcare, GE Healthcare Life 
Sciences, Siemens Healthcare Diagnostics). Standard scan proto
cols were designed at the outset of the study to match across scan
ners as much as possible.36 Volumetric T1-weighted images were 
processed for 380 participants who had scans at a minimum of 
two time points using CAT12’s longitudinal segmentation pipeline 
using Geodesic Shooting for spatial registration and normalization 
to the MNI152 non-linear 2009c template.45,46 One hundred and 
thirty-eight participants had scans at one time point only, and 
were processed using CAT12’s cross-sectional segmentation pipe
line.45 Partial grey matter volume output from both pipelines 
were merged and used to generate a population mask by averaging 
voxel-wise and thresholding to a grey matter partial volume ≥0.2. 
These volumes were also smoothed prior to voxel-based morphom
etry (VBM) using a 10 mm full-width at half-maximum (FWHM) 
Gaussian kernel to reduce nuisance effects from imperfect align
ment. Total intracranial volume (TIV; presented in Table 1) was cal
culated within each CAT12 pipeline automatically.47 Based on 
CAT12’s image quality rating score (out of 100%), seven data-points 
were below the rating of 70% due to artefacts such as motion, and 
were excluded from the VBM analysis (final participant n = 517 for 
VBM analysis). This included loss of three scans belonging to one 
subject, removing all imaging data for this participant. Four scans 
were also removed, one each from four subjects, who all had mul
tiple scans.

Serum neurofilament light chain data

Blood was collected by venipuncture in serum-separating tubes 
and centrifuged (2000g for 10 min) at room temperature within 
3 h of withdrawal, according to a standardized GENFI protocol. 
After centrifugation, serum was stored in aliquots at −80°C until 
use according to standardized procedures. Participants were not in
structed to fast and time of day at blood collection was variable. On 
the serum from participants included in this study, NfL (pg/ml) was 
measured in duplicate in longitudinal samples collected. Samples 
were measured using the Single molecule array (Simoa) NF-Light 
Advantage Kit (Quanterix;) on an HD-1 Analyzer following the man
ufacturer’s instructions. The lower limit of detection of the assay 
for NfL was 0.104 pg/ml. Measurements were carried out at the 
same study site on consecutive days. To keep sample processing 
and plating consistent, serum samples were thawed at room 
temperature for 2 h and subsequently centrifuged at 10 000g 
for 5 min; 150 µl samples were aliquoted in a 96-well plate 
(Quanterix) and frozen at −80°C until analysis. Quality control sam
ples had a mean intra-assay and inter-assay coefficient of variation 
of <10%, and samples with a coefficient of variation of >15% were 
re-measured. Samples were analysed in nine runs, with longitudin
al samples of each participant measured in the same run. 
Laboratory technicians were blinded to all clinical and genetic 
information.48

Neuropsychological and behavioural data

Trained neuropsychologists blinded to neuroimaging, adminis
tered the neuropsychological tests.36 Composite scores for the fol
lowing domains were calculated by averaging the z-scores of 
relevant neuropsychological test scores:14 attention and processing 
speed [Wechsler Memory Scale–Revised (WMS-R) Digit span (DS) 
forward,49 Trail Making Test (TMT) part-A50 and Wechsler Adult 
Intelligence Scale–Revised (WAIS-R) Digit Symbol test]49; executive 
function (WMS-R DS backward, TMT part-B, and phonemic 

fluency)51; Language [Boston Naming Test (BNT, short 30 item ver
sion)49 and category fluency (animals)].51 Block design test52 was 
used for visuospatial function and MMSE53 for global cognition. 
For memory assessment, different tests were employed in GENFI 
1 (Logical Memory Test)54 and GENFI 2 (Free and Cued Selective 
Reminding Test),55 which could not be combined as they target dif
ferent subprocesses and are also influenced differentially by other 
cognitive processes, such as executive function.56 The revised ver
sion of the Cambridge Behaviour Inventory (CBI-R) was used to as
sess behavioural impairment. CBI-R is a 45-item questionnaire 
completed by an informant assessing the frequency of the given be
haviour over the past month on a scale of 0–4.57 Higher scores re
present more severe behavioural deficits (max score = 180). Total 
CBI-R raw scores were used in analyses.

Variables

Main predictor variables included gene-clinical status (non-carrier 
controls, presymptomatic C9orf72 carriers, symptomatic C9orf72 
carriers, presymptomatic GRN carriers, symptomatic GRN carriers, 
presymptomatic MAPT carriers, or symptomatic MAPT carriers), 
and TMEM106B allele dosage. Covariates included age at baseline, 
sex, scanner site and TIV (imaging outcomes only) and years of edu
cation (cognitive outcomes only). Analyses included time from 
baseline in years and random intercepts clustered over subjects 
nested within family to account for repeated measures data and fa
milial relatedness of the subjects.

See Supplementary Table 4 for detailed family information in
cluding numbers and sizes of C9orf72, GRN and MAPT families.

Statistical analyses

Composite scores for cognition

Neuropsychological test scores were standardized to create 
z-scores (z-score: raw score − mean score controls at baseline/SD 
controls at baseline).14 Test scores assessing performance time, 
i.e. TMT-A and -B were inversed so that lower scores indicate worse 
cognitive function, as for all other tests.

Participant characteristics at baseline were compared across 
TMEM106B-rs1990622 genotypes in all gene-clinical groups using 
ANOVA for continuous and chi-squared or Fisher’s exact tests for 
categorical variables.

Model specification

To test the interaction effects of TMEM106B-rs1990622 with auto
somal dominant FTD mutations on grey matter volume, serum 
NfL levels, cognition and behaviour, we used the following R-style 
formula for linear mixed effects models (LMMs):

Brain volume ≏ rs1990622 × Group × Timefrom baseline

+ Ageat baseline + Sex + Site + TIV

+ (1 | Family / Subject) (1) 

NfL ≏ rs1990622 × Group × Time from baseline + Ageat baseline + Sex

+ (1 | Family / Subject) (2) 

Cognition or Behaviour ≏ rs1990622 × Group × Timefrom baseline

+ Ageat baseline + Sex + Educationyears

+ (1 | Family / Subject) (3) 
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The term ‘rs1990622 × Group × Time from Baseline’ denotes main and 
interaction effects of these variables. rs1990622G allele dosage (0 =  
AA, 1 = AG, 2 = GG) is used as a continuous term, i.e. an additive mod
el. ‘Group’ denotes the gene-clinical variable (e.g. non-carrier control 
as the reference level, GRN + presymptomatic, GRN + symptomatic, 
C9orf72 + presymptomatic, C9orf72 + symptomatic, MAPT + presymp
tomatic, or MAPT + symptomatic); and ‘(1 | Family/Subject)’ denotes 
random intercepts assigned to both subjects and families where sub
jects are nested within families. The LMMs were run to test the hy
potheses that TMEM106B-rs1990622 modulates the effect of FTD 
mutation in each of the gene-clinical groups (six contrasts for each 
slope and baseline comparison) each compared to the control group, 
both at baseline (Time 0) and longitudinally.

Linear mixed effects VBM analysis was performed using AFNI’s 
version 24.0.8858 3dLMEr module.59 For serum NfL and cognition ana
lyses, model fitting and hypothesis testing were performed using R 
version 4.2.3 using the lmer (1.1–35.3), and emmeans (1.10.2) packages, 
respectively. All analyses were corrected for multiple testing (see la
ter for VBM analyses). Cognition and behaviour analyses were cor
rected for six tests using Bonferroni correction.

Differences in grey matter volumes, serum NfL and cognitive 
and CBI-R scores between rs1990622G allele dosage both at baseline 
and over time (slope differences) were derived from the LMMs.

NfL, cognition and behavioural results are presented as 
β-coefficients per G allele with 95% CI. β-Coefficients and corre
sponding P-values for baseline are β-coefficients and P-values for 
a double interaction between rs1990622G allele dosage and gene- 
clinical group at baseline time = 0. β-Coefficients and correspond
ing P-values for longitudinal analyses (slopes) are β-coefficients 
and P-values for a triple interaction between rs1990622G allele dos
age, gene-clinical group and time from baseline.

Voxel-based morphometry analyses

For structural MRI analysis, linear mixed effects VBM analysis was 
performed using AFNI’s version 24.0.8858 3dLMEr module.59 This le
verages a local R installation and its packages ensuring that LMMs 
were fit with the same R (4.2.3), lmer (1.1–35.3), and emmeans (1.10.2) 
versions. Model residuals were utilized to calculate the spatial 
autocorrelation of the output statistical maps using AFNI’s 
3dFWHMx program.60 These spatial autocorrelation parameters 
along with a voxel-wise threshold of P < 8.33 × 10−5 (P < 8.33 × 10−5 

is derived by: 0.001/12 for the 12 contrasts tested, i.e. six cross- 
sectional contrasts and six longitudinal contrasts) were used as 
input to AFNI’s 3dClustSim program to arrive at a P < 0.001 family- 
wise error (FWE)-corrected cluster threshold. Additionally, we 
selected the strictest definition that voxels must have had complete 
cubic-face contact (i.e. edge-only and/or vertex-only voxel connec
tions were not considered valid). A resulting threshold of 370 con
tiguous voxels represented clusters that survived P < 0.001 FWE. 
Corrected clusters were resampled and mapped against a 3D render 
of an MNI152 template brain using MRICroGL.61 Cluster summaries 
were generated by inputting the corrected cluster images through 
the atlasreader Python package.62 VBM results are reported as par
tial grey matter volume units (pGM), which are representations of 
the proportions of tissues that occupy a given brain voxel. For ex
ample, if a particular voxel has partial volume units of 0.2, 0.8 and 
0 for grey matter, white matter and CSF, respectively, then it is in
terpreted as 20% of the voxel being occupied by grey matter and 80% 
being occupied by white matter.

VBM results are presented as difference in partial grey matter 
volume (ΔpGM) for baseline and ΔpGM/year for longitudinal 

analyses. Baseline estimates are results of an interaction between 
TMEM106B-rs1990622G allele dosage and gene-clinical status at 
baseline time = 0, whereas longitudinal estimates (slopes) are re
sult of a triple interaction between TMEM106B-rs1990622G allele 
dosage, gene-clinical status and time from baseline.

Secondary/post hoc analyses

To examine the protective effects of rs1990622G on memory, we 
performed a secondary analysis in the GENFI 2 subsample (n =  
281, 54% of full sample) using the FCSRT total delayed recall score 
(Supplementary material, ‘Methods’ section).

In a secondary survival analysis, we examined the association of 
rs1990622G with risk of conversion to clinical FTD in presympto
matic C9orf72, GRN and MAPT carriers, using GRN-TMEM106BAA as 
reference. Cox proportional hazards models adjusted for age, sex 
and education were used to calculate hazard ratios (HRs), when 
possible (Supplementary material, ‘Methods’ section).

We also performed a post hoc analysis to further examine the 
protective effects of rs1990622G. We divided the presymptomatic 
group into two subgroups: mutation carriers who converted (con
verters), and mutation carriers who did not convert and are past 
their expected age of symptom onset (past EASO). Briefly, the 
EASO for a given participant was defined as the difference between 
the age at baseline evaluation minus mean age of disease onset 
within the family for that participant.11 We compared endopheno
types using LMMs between these groups per gene (Supplementary 
material, ‘Methods’ section).

Finally, to test any potential effects of population stratification, 
or MRI scanner change during follow-up, we derived the mean va
lues of regions of interest (ROIs) from significant clusters of the 
main VBM analysis, and ran: (i) ROI, NfL and MMSE models add
itionally adjusting for the first three PCs in a stepwise fashion to ac
count for potential population stratification; and (ii) ROI models 
additionally adjusting for a variable indicating MRI scanner change 
(yes versus no) to account for the effect of scanner change during 
follow-up. We formally tested model improvement by the Akaike 
and Bayesian Information Criteria (AIC and BIC) and the 
log-likelihood ratio test taken together. ROIs were extracted be
cause VBM models could not be compared as AFNI’s 3dLMEr module 
does not allow model comparisons.

Results
The analyses included 518 participants followed for up to 7 years. 
The MAPT symptomatic group showed significant differences in 
age and education across the rs1990622 genotypes (Table 1).

Grey matter volumes: VBM analyses

C9orf72

At baseline, the presymptomatic C9orf72 carriers were the only 
group to demonstrate protective effects of rs1990622G allele dosage, 
where less atrophy was seen in the right calcarine cortex in an addi
tive manner (Table 2). However, longitudinally, no protective effect 
of rs1990622G allele on grey matter atrophy rate was observed in 
this group (Table 3). Within the symptomatic C9orf72 group, 
TMEM106B-rs1990622G allele dosage was associated with lower at
rophy over time in several cortical and subcortical regions in an 
additive manner. The largest cluster (8896 mm3) comprised the pu
tamen, caudate nucleus, and insular cortex in the left hemisphere. 
Other clusters showing less atrophy over time within the 
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symptomatic C9orf72 group included right putamen and fronto- 
temporal cortices, left cingulate cortex, and bilateral insular corti
ces (Fig. 1 and Table 3). rs1990622G allele dosage was associated 
with a reduction in atrophy rate of 0.006 to 0.012 ΔpGM per G al
lele/year, reported over cluster averages (Table 3).

GRN

At baseline, we did not observe any protective effects of rs1990622G 

allele dosage on atrophy in either the presymptomatic or the symp
tomatic GRN group. Longitudinally, in presymptomatic GRN car
riers, rs1990622G allele dosage was associated with reduced rates 
of atrophy in widespread areas around the right hemispheric 
temporo-occipital structures in an additive manner (Fig. 1 and 
Table 3). The magnitude of the protective effect ranged from 0.004 
to 0.006 ΔpGM per G allele/year (Table 3). Protective effects of 
rs1990622G allele were even stronger in the symptomatic GRN car
riers, and ranged from 0.013 to 0.02 ΔpGM per G allele/year. The lar
gest identified mega-cluster with a cluster size of 90 926 mm3 

showed significantly reduced atrophy rate in the right insula, left 
anterior cingulate cortex and superior frontal gyrus, and the puta
men bilaterally, associated with rs1990622G allele dosage. The other 
three clusters showing protective effects of rs1990622G allele dos
age longitudinally included several frontal lobe structures in the 
right hemisphere (Fig. 1 and Table 3).

MAPT

The MAPT group showed no protective effects of TMEM106B- 
rs1990622G at baseline. Longitudinally, only the symptomatic MAPT 
carriers showed reduced atrophy rate in the right inferior frontal gyrus 
(Fig. 1 and Table 3).

Serum neurofilament light chain

At baseline, presymptomatic C9orf72 carriers showed lower NfL le
vels associated with rs1990622G allele dosage; however, no effects 
were seen longitudinally in any C9orf72 group (Fig. 2). Within the 
GRN mutation carriers, the presymptomatic group showed signifi
cantly lower NfL levels associated with rs1990622G allele dosage 
(β for slope per G allele: −3.10; 95% CI: −4.75, −1.39; P: 0.0003) over 
time, but not at baseline (Fig. 2). However, in the symptomatic GRN 
group, not only rs1990622G allele dosage was associated with signifi
cantly lower serum NfL levels (β per G allele: −27.86; 95% CI: −37.44, 
−18.30; P: 2.53 × 10−8) at baseline, but over time as well (β for slope 
per G allele: −6.43; 95% CI: −10.43, −2.43; P: 0.002). No effects of 
rs1990622G on serum NfL were observed in the MAPT group (Fig. 2).

Cognition and behaviour

At baseline, after Bonferroni correction, protective effects of 
rs1990622G allele dosage were observed in the symptomatic GRN 
carriers only, and that was for global cognition (β per G allele: 
2.16, 95% CI: 2.27, 5.61, corrected P: 2.59 × 10−5) (Fig. 3 and Table 4).

Longitudinally, within the presymptomatic C9orf72 carriers, 
rs1990622G allele dosage was associated with significantly better 
executive functions (β for slope per G allele: 0.09, 95% CI: 0.03, 
0.15, corrected P: 0.01) and language scores (β for slope per G allele: 
0.11, 95% CI: 0.04, 0.19, corrected P: 0.024) over time (Fig. 3 and 
Table 4). Within the symptomatic C9orf72 group, rs1990622G allele 
dosage was associated with a stronger protective effect longitudin
ally on behaviour as measured by CBI-R, global cognition, and all 
cognitive domains except for visuospatial (Fig. 3 and Table 4).

In symptomatic GRN carriers longitudinally, rs1990622G allele dos
age was associated with a significantly higher attention and processing 
speed score (β for slope per G allele: 0.28; 95% CI: 0.09, 0.46; corrected 
P: 0.02) over time. No longitudinal protective effect was observed in 
the GRN presymptomatic group. No GRN groups showed any protective 
effects of rs1990622G on behaviour as measured by the CBI-R.

MAPT groups did not show any effects of rs1990622G on cogni
tion nor behaviour.

For detailed LMMs outputs including double and triple inter
action P-values and coefficients of each variable (NfL, cognition 
and behavioural analyses), refer to Supplementary Tables 5 and 6.

Secondary/post hoc analyses

We did not find any significant protective effects of TMEM106B on 
memory in any of the gene groups at baseline or over time 
(Supplementary Table 7).

Survival analysis included 222 individuals with 21 conversion 
events over 717 person-years. The GRN-TMEM106BGG group did 
not have any converters over a mean follow-up of 4 years; the 
GRN-TMEM106BAG group had a significantly lower risk of conver
sion (HR: 0.22; 95% CI: 0.05, 0.98; P-value: 0.046) compared to 
GRN-TMEM106BAA (Supplementary Table 8 and Fig. 1).

Post hoc analyses showed that for serum NfL, the past EASO GRN 
group had lower levels of serum NfL over time than their converter 
counterparts in association with rs1990622G. For the left insular vol
ume, both C9orf72 and GRN past EASO groups showed less atrophy 
over time compared to their converter counterparts in association 
with rs1990622G (Supplementary Table 9).

Model improvements were not observed after additionally adjust
ing for the first PC (i.e. population stratification effects) in the ROI, NfL 
or MMSE models (Supplementary Table 10), or adjusting the ROI 

Table 2 Clusters showing greater grey matter volume associated with TMEM106B-rs1990622G allele dosage at baseline

Group Cluster 
number

Cluster size 
(mm3)

Cluster mean 
Z-value

Cluster peak 
Z-value

Mean effect 
value per G 

allele 
(ΔpGM)a

MNI Peak 
Coordinates

Anatomical 
structuresb

x y z

C9orf72 presymptomatic 1 1306.12 4.19 4.60 0.04 9 −73.5 10.5 Right calcarine cortex
C9orf72 symptomatic No significant clusters
GRN presymptomatic No significant clusters
GRN symptomatic No significant clusters

Clusters of voxels derived from VBM linear mixed-effects models where less atrophy was observed associated with TMEM106B-rs1990622G allele cross-sectionally.
aΔpGM = difference in partial grey matter volume. Estimates derived from a voxel-wise map of an interaction between TMEM106B-rs1990622G allele dosage and gene-clinical 

status at time from baseline = 0.
bAnatomical structures as per Harvard-Oxford Atlas.
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models for scanner change (Supplementary Table 11). Therefore, no 
further PCs were added.

Discussion
This multicentre longitudinal study demonstrated additive pro
tective effects of the TMEM106B-rs1990622G allele on grey matter 
volume, serum NfL levels, and cognition/behaviour in genetic FTD 
caused by mutations in GRN or C9orf72 predicted to have 
FTLD-TDP neuropathology. For grey matter volume, C9orf72 car
riers showed some protective effects of rs1990622G at baseline, 
but more so over time, whereas the GRN group showed more prom
inent protective effects of rs1990622G over time only. For serum NfL, 
protective effects of rs1990622G were observed mainly in GRN mu
tation carriers, both in presymptomatic and symptomatic groups. 
For cognition, the symptomatic GRN carriers showed strong pro
tective effects of rs1990622G on global cognition at baseline, and 
on attention and processing speed longitudinally, whereas the 
C9orf72 group showed more generalized protective effects on cog
nition and behaviour longitudinally. The MAPT group (FTLD-Tau) 
showed no protective effects of rs1990622G except for reduced 
atrophy rate in a small right inferior frontal region, supporting 
the hypothesis that TMEM106B modifies FTLD-TDP pathology 
more strongly.

Strengths include a good sample size for the primary analyses, 
use of multimodal data, longitudinal design, robust genomics and 
MRI processing pipeline and analytical methods, and inclusion of 
three FTD genetic groups associated with both FTLD-TDP and 
FTLD-Tau pathology. The genomics pipeline also included thor
ough examination and confirmation of relatedness and family 
structure. Population structure was examined and confirmed 
using multiple programmes to avoid any confounding due to 

population stratification. Importantly, we considered whether a 
mutation carrier was presymptomatic or symptomatic, account
ing for known differences in the natural history of the different 
genetic disorders,63 e.g. C9orf72 repeat expansions have been as
sociated with a longer psychiatric prodrome in many cases64

and imaging changes are often seen earlier than in those with 
GRN mutations,17 suggesting potential neurodevelopmental ef
fects in C9orf72-related FTD.

The cross-sectional VBM results showed protective effects of 
rs1990622G allele dosage within the right calcarine cortex (i.e. less 
atrophy) in presymptomatic C9orf72 expansion carriers. However, 
no protective effect was observed in the symptomatic C9orf72 group 
or any GRN carrier groups at baseline. Indeed, atrophy sets in much 
earlier in C9orf72 expansion carriers prior to symptom onset com
pared to GRN mutation carriers,36,63 which might explain why the 
presymptomatic C9orf72 group showed an effect at baseline.

Longitudinal protective effects were stronger in GRN carriers than 
in C9orf72 carriers; areas of reduced atrophy rate in the right frontal re
gion were observed in all three gene groups, with the strongest effect 
in GRN followed by C9orf72, and a lesser effect in MAPT. Previously, the 
rs1990622 risk allele has been shown to be associated with lower vol
ume of the left superior temporal gyrus in healthy older adults,32 and 
with greater decline in global cognition in Parkinson’s disease,33 sug
gesting that modifying effects of TMEM106B may also exist in 
non-FTLD-TDP cohorts, and healthy controls. It was indeed shown 
that TMEM106B amyloid protein fibrils were present in human brains 
confirmed to have not only TDP-43 proteinopathies, but also tauopa
thies and α-synucleinopathies.35 This suggests a putative role for 
pathological fibrillization of TMEM106B across different neurodegen
erative diseases,35 and this is supported by our MAPT findings.

The observed protective rs1990622G effects in our study involved 
anatomical structures routinely observed in genetic FTD disease 

Figure 1 Longitudinal associations of TMEM106B-rs1990622G allele dosage and brain volumes. The figure shows clusters of grey matter showing less 
atrophy rate associated with TMEM106B-rs1990622G allele dosage over time. Results are derived from voxel-based morphology (VBM) linear 
mixed-effects models. Images are in neurological display convention. ΔpGM = difference in partial grey matter volume.
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progression due to C9orf72 and GRN mutations and areas of atrophy 
observed in a previous cross-sectional GENFI VBM study.13 For in
stance, we observed protective effects of TMEM106B-rs1990622G al
lele dosage in occipital regions in addition to fronto-temporal areas 
in GRN mutation carriers; parieto-occipital regions have been 
shown to be affected in symptomatic GRN carriers.65 Insular, orbito
frontal and cingulate cortical volumes were relatively protected by 
rs1990622G as evidenced by reduced atrophy rate in both symptom
atic C9orf72, and presymptomatic and symptomatic GRN groups. 
These regions comprise major portions of the salience network, 
which degenerates as FTD progresses.66,67

Our VBM results largely translated into NfL findings (Fig. 2). In the 
presymptomatic C9orf72 group at baseline, serum NfL levels were 
lower in rs1990622G carriers; however, there was no difference in le
vels over time in this group. Perhaps a rise in serum NfL levels in 
C9orf72 carriers commences near conversion or much later than in 
GRN carriers, which is why the protective effect was also not evident 
and not significant enough to be detected. rs1990622G allele dosage 
was associated with significantly lower serum NfL levels in pre
symptomatic GRN carriers longitudinally, and this protective effect 
was even stronger in symptomatic carriers, providing evidence of 
less neurodegeneration. NfL rise in C9orf72 mutation carriers is sub
tle and gradual, with the exception of amyotrophic lateral sclerosis 
(ALS), where higher levels are observed, likely because of the large- 
calibre axonal degeneration associated with ALS.68 In contrast, 
GRN mutation carriers show low presymptomatic levels but major 
and sustained rise after clinical onset,68 which might explain why 
we observed prominent protective effects only in GRN carriers.

At baseline, only the symptomatic GRN group showed protective 
effects of rs1990622G allele dosage on global cognition, as measured 
by the MMSE. Remarkably, this strong protective effect on global 
cognition did not reflect into other domains in this group at base
line, but longitudinally protective effects were seen on attention 
and processing speed. The lack of protective effects on cognition 
in the presymptomatic GRN group can be explained by the slower 
pathological course in GRN mutation carriers during the presymp
tomatic stage, which are consistent with our VBM findings. While 
we did see strong protective effects of rs1990622G in symptomatic 
GRN carriers regarding attention and processing speed longitu
dinally, this was not as extensive as in the C9orf72 group across 
multiple cognitive domains. Several factors may explain this obser
vation. First is the significant attrition related to disease severity in 
the symptomatic GRN group (Supplementary Table 2) compared to 
the symptomatic C9orf72 group—GRN mutation carriers decline 
more slowly during the presymptomatic phase, but once symptom
atic, they have a more rapid and severe decline than the C9orf72 
group, especially rs1990622AA homozygotes. Therefore, there was 
less longitudinal data available in the GRN symptomatic group be
cause they declined more quickly and could not be tested. 
Second, there were fewer rs1990622GG homozygotes in the GRN 
symptomatic group as they were less likely to develop FTD in the 
first place. With a lower number of data-points available for follow- 
up, particularly for the rs1990622AA subgroup because of dropouts, 
we believe that the symptomatic GRN group is statistically less 
powered to detect protective effects in our cognition analysis. 
Third, memory function was not tested in the full sample in our 

Figure 2 Associations of TMEM106B-rs1990622G allele dosage and serum neurofilament light chain levels. Figure shows predicted serum neurofila
ment light chain (NfL) levels over time by TMEM106B-rs1990622G allele dosage. Comparisons are derived from a single linear mixed effects model. 
Spaghetti plots in background show raw data. Significant differences: Baseline: (i) presymptomatic C9orf72 [βint: −7.57; 95% confidence interval (CI): 
−14.57, −0.57; Pint: 0.03]; (ii) symptomatic GRN (βint: −27.86; 95% CI: −37.44, −18.30; Pint: 2.53 × 10−8). Slope difference: (i) presymptomatic GRN 
(βint: −3.10; 95% CI: −4.75, −1.39; Pint: 0.0003); (ii) symptomatic GRN (βint: −6.43; 95% CI: −10.43, −2.43; Pint: 0.002). βint and Pint at baseline: β and P-value 
for an interaction between TMEM106B-rs1990622G allele dosage and gene-clinical status at time from baseline = 0. βint and Pint over time: β and 
P-value for a triple interaction between TMEM106B-rs1990622G allele dosage, gene-clinical status and time from baseline. See Supplementary 
Table 5 for complete outputs of the linear mixed-effects model including test statistics and degrees of freedom.
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study, and as patients with GRN mutations can also present with 
early episodic memory impairment,69 this may not have been cap
tured. Additionally, neuropsychological assessments are relatively 
less precise in comparison to structural imaging and biomarker 
measures, which are less prone to patient and extrinsic influences. 
These factors may explain why symptomatic GRN carriers show ro
bust protective effects of rs1990622G allele dosage on our VBM and 
serum NfL analyses, but less so on cognition.

With respect to behavioural changes, the symptomatic C9orf72 
group was the only group demonstrating additive protective effects 
of rs1990622G on behaviour, as longitudinally measured by the 
CBI-R. It is known that C9orf72 mutations are the most common gen
etic cause of familial and sporadic behavioural variant FTD (bvFTD).70

Our data also showed that the majority (71%, 32/45) of C9orf72 symp
tomatic patients had a bvFTD diagnosis compared to only 48% (14/29) 
having this diagnosis in the symptomatic GRN group. Furthermore, of 
all bvFTD cases in this GENFI sample, 54% (32/59) were C9orf72 muta
tion carriers compared to only 24% (14/59) being GRN mutation car
riers. In comparison, GRN symptomatic cases in GENFI more often 
presented with language impairment, wherein 80% (12/15) of all cases 
with primary progressive aphasia were GRN carriers (see Table 4 for 
diagnostic breakdown). Therefore, the higher prevalence of behav
ioural features in C9orf72 symptomatic cases may explain our results.

TMEM106B belongs to the TMEM106 family of proteins with rela
tively unknown function. It is expressed in neurons, with some 

expression in glial and endothelial cells. Specifically, TMEM106B is 
a type 2 integral membrane glycoprotein predominantly located in 
the membranes of endosomes and lysosomes, and as lysosomes 
are integral to clearance of cell debris including proteins, their dys
function has been closely linked to several neurodegenerative disor
ders. There is conflicting evidence on the role of TMEM106B 
expression in GRN-related disease. Higher TMEM106B mRNA expres
sion21 and protein levels71 of TMEM106B have been shown in those 
with no protective TMEM106BG allele in symptomatic GRN mutation 
carriers.21 TMEM106B, when upregulated or overexpressed, results 
in improper lysosomal formation, poor lysosomal acidification, atte
nuated lysosomal transport, and increased lysosomal stress.72

Conversely, in double knock-out models of Tmem106b−/− and Grn−/− 

mice, disease pathology was exacerbated along with accumulation 
of phosphorylated TDP-43 in an age-dependent manner.73-75

Another study reported an increase in TDP-43 cytoplasmic aggre
gates in Tmem106b knock-out mice in a cellular model for TDP-43.76

More work needs to be done to understand this complex relationship 
between GRN haploinsufficiency and TMEM106B expression.

Our multimodal data from GENFI provide evidence that 
TMEM106B genotype interacts with C9orf72 and GRN mutations 
and—to a lesser extent—with MAPT mutations to modulate FTD en
dophenotypes. In contrast to our study, a cross-sectional GENFI 
study, which included 231 participants, reported that TMEM106B 
genotype did not alone affect grey matter volume on its own, but 

Figure 3 Associations of TMEM106B-rs1990622G allele dosage with cognition and behaviour. Figure shows predicted cognitive composite, global cog
nition and Cambridge Behaviour Inventory-Revised (CBI-R) scores by TMEM106B-rs1990622G allele dosage. Comparisons in each domain are derived 
from a single linear mixed-effects model per domain. Spaghetti plots in background show raw data. Refer to Supplementary Table 6 for complete out
puts of the linear mixed-effects model, including test statistics and degrees of freedom.
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only in mutation carriers after accounting for education level.77

This study did not include symptomatic mutation carriers. In add
ition to a longitudinal design, we included an extended GENFI sam
ple and examined the interactions between TMEM106B-rs1990622 
and GRN, C9orf72 and MAPT mutations accounting for the clinical 
status of individuals.

The lack of results in our non-carrier control group contrast with 
results from the population-based Rotterdam study, which showed 
lower volumes in left temporal regions associated with the 
TMEM106B risk allele in healthy older adults.32 The difference in 
findings might be explained by the cross-sectional nature of that 
particular Rotterdam study cohort in contrast to our longitudinal 
design, differences in sample compositions, and most importantly 
a much larger sample size in the Rotterdam study. It was composed 
of healthy older adults (n = 4413) with a mean age of 65 years with 
17.6% rs1990622GG participants, compared to the mean age of 47 
years and 8.9% rs1990622GG participants in our control sample.

As the protective effects of TMEM106B on disease progression 
are most pronounced in GRN mutation carriers,22 a larger number 
of individuals with GRN mutations homozygous for rs1990622G 

may remain asymptomatic throughout life or until a later age and 
simply do not show up in the clinic to participate in research stud
ies.22 This is strongly supported by the frequency of rs1990622GG in
dividuals in GRN symptomatic carriers, which was 10% (n = 3), 
compared to 22.2% (n = 10) in symptomatic C9orf72 carriers.

The study by Finch et al.23 showed that in GRN mutation carriers, 
proportions of rs1990622G heterozygotes were significantly ele
vated relative to homozygotes, suggesting that the protective effect 
of TMEM106B follows a recessive pattern. However, results from our 
study are suggestive of an additive effect, and that the presence of 
one protective G allele confers some degree of protection. Our study 
examines FTD endophenotypes and includes both presymptomatic 
and symptomatic carriers in a longitudinal design, which might ex
plain this difference. However, we could not perform any secondary 
stratified analyses in rs1990622AG and rs1990622GG groups due to 
few subjects in the symptomatic GG groups.

We acknowledge the limitations in this work. Although the sam
ple size was sufficient for overall analyses, it was not sufficient to 
perform secondary stratified analyses in rs1990622AG and 
rs1990622GG carriers due to fewer rs1990622GG carriers. However, 
our main analyses, together with secondary survival and post hoc 
analysis with converters, strongly support additive effects of the G 
allele. The effects on memory function could not be tested in the 
full sample due to inconsistent tests between GENFI 1 and GENFI 2, 
however, we performed memory analysis in a subsample and also 
included MMSE as a measure of global cognition in addition to 
domain-specific scores for maximum coverage possible. Also, the 
visuospatial domain was tested using only one test, which might 
have reduced the sensitivity to detect changes in this domain.

In conclusion, TMEM106B-rs1990622 strongly modifies the effect 
of autosomal dominant FTD mutations on the natural course of 
genetic FTD, particularly with TDP-43 pathology. Based on these 
findings, we recommend that TMEM106B-rs1990622 should be as
sessed in clinical trials targeting GRN and C9orf72-related FTD due 
to its effect on common outcome measures of atrophy, biomarkers 
of neurodegeneration and cognition being used in these studies.

Data availability
The raw data of this project is part of GENFI. De-identified partici
pant data can be accessed on reasonable request to the correspond
ing author and genfi@ucl.ac.uk.
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