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Potential genetic modifiers of disease risk and age at onset in
patients with frontotemporal dementia and GRN mutations: a
genome-wide association study
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Abstract

Background—Loss-of-function mutations in progranulin (GRN) cause frontotemporal dementia.
Patients with GRN mutations present with a uniform subtype of TDP-43 pathology at autopsy
(FTLD-TDP type A); however, age at onset and clinical presentation are variable, even within
families. We aimed at identifying potential genetic factors modifying disease onset and disease
risk in GRN mutation carriers.

Methods—In the discovery stage, genome-wide logistic and linear regression analyses were
performed to test association of genetic variants with disease risk (case/control status) and age at
onset. Suggestive loci (p<10~°) were genotyped in a replication cohort, followed by a meta-
analysis. The effect of genome-wide significant variants at the novel GFRAZ locus on expression
of GFRAZ2was assessed using mRNA expression studies in cerebellar tissue samples from the
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Mayo Clinic brain bank. The effect of the GFRAZ locus on progranulin protein (PGRN) levels was
studied using previously generated ELISA-based expression data. Co-immunoprecipitation
experiments in HEK293T cells were performed to test for a direct interaction between GFRA2 and
PGRN

Findings—Previously ascertained patients and controls were enrolled in the current study
between October 2014 and October 2017. After quality control measures, statistical analyses in the
discovery stage included 382 unrelated symptomatic GRN mutation carriers and 1,146 controls
free of neurodegenerative disorders collected from 34 research centers located in North America,
Australia and Europe. In the replication stage, 210 patients, including 67 symptomatic GRN
mutation carriers and 143 pathologically-confirmed non-GRN FTLD-TDP type A patients, and
1,798 controls free of neurodegenerative diseases were recruited from 26 sites, of which 20 sites
overlapped with the discovery stage. No genome-wide significant association with age at onset
was identified in the discovery, replication or meta-analysis. However, in the case/control analysis,
we replicated the previously reported 7TMEMI106B association (meta-analysis:rs1990622,
p=3-54x10716, OR=0.54, 95% CI: 0-46 — 0-63), and identified a novel genome-wide significant
locus at GFRAZ on chromosome 8p21.3 associated with disease risk (meta-analysis: rs36196656,
p=1-58x10"8 OR=1.49, 95% CI: 1.30 — 1.71). Expression analyses showed that the risk-
associated allele at rs36196656 decreased GFRAZMRNA levels in cerebellar tissue. No effect of
rs36196656 on plasma and cerebrospinal fluid PGRN levels was detected by ELISA; however, co-
immunoprecipitation experiments in HEK cells did suggest a direct binding of PGRN and GFRAZ2.

Interpretation—The identification of TMEM106B and GFRAZ as potential modifiers of disease
risk in GRN carriers raises the possibility that TMEM106B and GFRA2-related pathways are
targets for therapies; yet, the biological interaction between PGRN and these disease modifiers
requires further study. These potential genetic modifiers might also provide opportunities to select
and stratify patients for future clinical trials and, when more is known about their potential effects,
to inform genetic counselling,especially in the context of asymptomatic individuals.

INTRODUCTION

Frontotemporal lobar degeneration (FTLD) represents a collection of neurodegenerative
diseases accounting for 5-10% of all dementia patients and 10-20% of patients with an
onset of dementia before 65 years.! Three clinical variants have been described: the
behavioral variant of frontotemporal dementia (bvFTD), and two language variants of FTLD
including the non-fluent and the semantic variant of primary progressive aphasia (PPA). The
most common pathological subtype of FTLD is characterized by aggregates of the TAR
DNA-binding protein 43, TDP-43 (FTLD-TDP).2:3 Four different FTLD-TDP pathological
subtypes have been defined based on the morphology and anatomical distribution of the
TDP-43 pathology (A to D).2

Mutations in progranulin (GRN) are the second most common genetic cause of FTLD-TDP,
accounting for 5-20% of FTLD with positive family history.#-8 All currently known
heterozygous pathogenic GRN mutations cause disease through a uniform disease
mechanism, i.e. the loss of 50% functional progranulin protein (PGRN), leading to
haploinsufficiency.* Additionally, all patients with GRA mutations present with FTLD-TDP
type A at autopsy.2 Despite this uniform disease mechanism and pathological presentation,
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clinical research has made clear that the age at symptom onset and clinical phenotype
associated with GRN mutations are highly variable, even within the same family, and the
penetrance of GRN mutations is not complete, even at old age.’-8 Importantly, a genome-
wide association study performed in 2010 reported variants in the transmembrane protein
106 B locus (TMEM106B) as a risk factor for FTLD-TDP and subsequent studies
established 7TMEM106B as a modifier of disease risk in individuals with GRN mutations.
9-11 |dentification of additional genetic modifiers of GRN-associated frontotemporal
dementia could lead to improved genetic counselling, and could suggest potential new
targets for disease-modifying therapies. We therefore aimed to identify additional genetic
modifiers in GRN mutation carriers through genome-wide association analyses in the largest
collection of unrelated symptomatic GRN patients ascertained to date.

METHODS

Participants

Participants for this study were all Caucasian and recruited at 40 international clinical and/or
pathological research centers in Italy, US, France, Spain, UK, Canada, The Netherlands,
Sweden, Australia, Denmark, Poland and Germany (appendix p.3, Supplementary Table 1).
No restriction in terms of age, sex or race was applied to the initial selection; however
statistical analysis only included white individuals (appendix p.3). Identification of GRN
mutations, and assessment of TDP-43 pathological subtype, was performed at each
individual site. For the discovery stage we obtained DNA from a total of 33 centers from 493
symptomatic GRN carriers from North America, Europe and Australia, and 505 controls
from Italy and Spain (Table 1). We also obtained genetic data from 1,986 controls free from
neurodegenerative diseases from the Genome-wide association study of Parkinson disease:
Genes and Environment from the CIDR consortium (NCBI dbGaP phs000196.v3.p1 NINDS
CIDR PD Environment; hereinafter referred to as CIDR dataset and considered one site,
Table 1, appendix p.3, Supplementary Table 1 and Supplementary Figure 1). Additional and
non-overlapping patients (n=210) and controls free from neurodegenerative diseases
(n=1,798) for the replication stage were recruited from 26 centers, 20 overlapping with the
discovery stage and 6 newly identified centers (Table 1; Supplementary Table 1). The 210
replication-stage cases included 67 patients with GRN mutations unrelated and independent
from the discovery stage and 143 GRN-negative patients with pathologically confirmed
FTLD-TDP type A.

Age at onset was defined as the age at which first disease symptoms appeared, including
initial cognitive dysfunction in judgment, language, memory, or changes in behavior or
personality.

Informed consent for genetic studies was given by patients and controls during life, or by
next of kin at time of death for autopsy material, with approval of each institution’s
Institutional Review Board.

Lancet Neurol. Author manuscript; available in PMC 2019 June 01.
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Procedures and statistical analysis

Genotyping and quality control (QC) procedures for the discovery stage are described in
detail in appendix (p.3-4). Genome-wide association analyses, using logistic and linear
regressions, were performed to test the association of genetic variants with patient/control
status (disease risk) and age at onset, respectively, under an additive model for allele effects
and adjusting for age, sex, and the first two principal components of genetic variation (PCs)
when appropriate (appendix p.4). As exploratory analyses, association of variants with
absence or presence of specific first clinical symptoms (memory, behavior or language
impairment) or presence of parkinsonism at any time during the course of the disease was
tested among patients using logistic regression adjusting for age, sex, and first two PCs
(appendix p.4; Supplementary Results). Association of previously reported putative genetic
modifier variants in known neurodegenerative diseases genes with disease presentation and
age at onset were also determined and reported.

Lead variants or a proxy associated at p<10~> with disease risk or age at onset in the
discovery stage were selected for the replication stage. Genotyping and quality control
measures for this stage are described in detail in appendix (p.4-5). Association analyses
were performed using logistic or linear regressions to replicate association of genetic
variants suggestively associated with disease risk or age at onset, adjusting for age and sex
when appropriate under an additive model. Thirty-six variants at 34 loci were analyzed in
the replication stage, and thus a Bonferroni-corrected significance threshold of p<1-5x10~3
was employed in this stage. Meta-analyses of the discovery and replication results were
performed under a fixed effects model. We also calculated 12 heterogeneity statistics to
evaluate the degree of heterogeneity of the effects in the discovery and replication stages,
and for SNPs with 12 suggesting moderate or high heterogeneity (12 >0.3) we also performed
a random effects meta-analysis, to verify that conclusions regarding association would not
change under this model. Using the discovery data, a test of interaction was performed for
the genome-wide significant loci found to modify disease risk in GRN mutation carriers.
Specifically, using the top variants from the TMEM106B and GFRAZ, a logistic regression
model was fit with both variant genotypes and their multiplicative effect as predictors of
risk, and a likelihood ratio test of the multiplicative term was performed to assess the effect
of the variant interaction on disease risk.

To determine the effect of the lead variant at the GFRAZlocus (rs36196656) on brain
GFRAZ2mRNA expression levels, quantitative real-time PCR was performed in cerebellar
tissue samples of AA and CC carriers (appendix p.5). Effect of rs36196656 on progranulin
protein (PGRN) levels in plasma and cerebrospinal fluid (CSF) was assessed by Tagman
genotyping of 345 individuals for which levels of PGRN were previously determined by
ELISA2, using linear regression adjusting for age and sex. Whole-genome sequence data
from 959 control individuals from the Mayo Clinic biobank was used to estimate linkage
disequilibrium measures (D’ and r2) between all variants at the GFRAZ locus and
rs36196656.

To study the direct interaction between PGRN and GFRA2, HEK?293T cells were co-
transfected with GFRA2 and PGRN. Cell lysates were collected and subjected to
immunoprecipitation (appendix p.6).

Lancet Neurol. Author manuscript; available in PMC 2019 June 01.
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In the discovery stage of our study we obtained DNA samples from 493 patients carrying
120 different loss-of-function mutations in GRN (appendix p.3; Supplementary Table 2).
Three mutations were identified in more than 20 patients: p.Thr272Serfs*10 (n=97),
p.Arg493* (n=35) and ¢.709-1G> (n=31). Patients had a median age at onset of 60 0 years
(interquartile range, IQR 55 0 — 66 0) and 55 2% (n=211) were female (Table 1). Large
variability in the age at onset was detected even among patients with the same mutation.
Indeed, among patients with the most frequent mutation p. Thr272Serfs*10, ages at onset
ranged from 39 to 82 years with a median age at onset at 62 0 years (IQR 56 0 — 66 0). To
identify genetic modifiers of disease risk and disease onset in this unique cohort of patients
with GRN mutations, we performed a two-stage genome-wide association study. After QC,
the discovery stage included 382 unrelated symptomatic GRN mutation carriers and 1,146
unrelated controls. Genome-wide logistic regression analysis identified an expected highly
significant association with variants at the GRAN locus on chr17g21 (Figure 1). Haplotype
analyses using 16 variants around GR/N showed that this association was driven by distantly
related individuals sharing founder haplotypes corresponding to the most common mutations
in our cohort. We estimated the presence of a shared haplotype in 100% (n=22) of patients
carrying the p.709-1G>A mutation and in 63 (80 8%) of patients carrying the
p.Thr272Serfs*10 mutation, whereas 18 patients with p.Arg493* (60 0%) were estimated to
carry one of two founder haplotypes. We also detected the known 7TMEMI1068B locus
including 93 variants with genome-wide significant association and in strong linkage
disequilibrium (LD; D’>0 8, r2>0 6) with the lead variant rs7791726 (p=1-53*1010 OR=0
53, 95% confidence interval Cl: 0 44-0 64; Figure 1; Supplementary Figures 2 and 3). In
particular, the lead variant rs7791726 is in strong LD with the previously reported
TMEM106B variants rs1990622, rs3173615 and rs1990620 (D’=1, r2>0 8). No additional
genome-wide significant association signals were detected throughout the genome; however,
29 additional loci showed suggestive association at p<10~° (Figure 1, Supplementary Table
3). After adjustment with the lead variant on chr17qg21 (rs141568868), these suggestive
associations did not change substantially suggesting that they are independent events from
the chrl7g21 locus. In a separate analysis, genome-wide linear regression analysis of onset
age within the patient cohort did not identify any genome-wide significant association
signals; however, 14 loci showed suggestive association (p<10~°) (Figure 1, Table 3;
Supplementary Figure 3 and Supplementary Table 4). Since only the wild-type copy of GRN
is expressed in patients with GRN mutations, we analyzed the effect of rs5848 located in the
3’UTR of GRN comparing patients homozygous for the common (C) and rare (T) alleles at
this marker; however, no significant association with onset age was observed (p=0 36).

The replication stage of the association study, which included 210 patients (67 symptomatic
GRN mutation carriers and 143 patients with pathologically confirmed FTLD-TDP type A
without known mutations) and 1,798 controls (Table 1), identified significant association at
the Bonferroni-corrected level of p<1 5x1073 for two loci nominated by the case-control
discovery GWAS (Table 2). None of the loci nominated through the discovery GWAS of age
at disease onset withstood Bonferroni correction (Table 3). The strongest signal in the case-
control analysis was at the 7TMEM1068 locus with marker rs3173615 (p=8 97x1078, OR=0

Lancet Neurol. Author manuscript; available in PMC 2019 June 01.
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53, 95% CI: 0 47 — 0 63). The lead variant at the second locus was rs36196656 located
within intron 3 of the gene encoding GDNF family receptor alpha 2 (GFRAZ; MAF patients=0
44, MAF controls=0 35 p=4 35x1074, OR=1 46, 95% CI: 118 — 1 80). In the meta-analysis of
discovery and replication stages, both the TMEM106B and GFRAZ loci reached genome-
wide significance (TMEM106B, rs3173615, p=3 78x10716, OR=0 54, 95% CI: 0 47 - 0 63;
GFRAZ, p=158x1078, rs36196656, OR=1 49, 95% CI: 1 30-1 71, Table 2). No other loci
showed p<5x1078 in the meta-analysis. Conditional analysis adjusted for the TMEM1068
variant rs3173615 in the discovery stage had no effect on the association at the GFRAZ2
variant rs36196656 (p=5 80x1076, OR=1 54, 95% CI: 1-28-1 85). Moreover, tests of
interactions between these variants provided no evidence for interaction effects on disease
risk (interaction p>0 1), indicating that the effect of the GFRAZ variant on disease risk is not
modified by the TMEM106B genotype that a person carries, and vice versa. These results
suggest that the associations at TMEM1068 and GFRAZ are independent.

At the putative novel GFRAZlocus both patients with GRN mutations and FTLD-TDP type
A without known mutations contributed to the observed association in the replication stage

(Supplementary Results). While more significant association was detected when only GRN
patients were included (p=3 11x1073, OR=1 69, 95% Cl: 1-19-2-40; Supplementary Table
5), the FTLD-TDP type A patients showed a comparable allele frequency and odds ratio at

rs36196656 (p=108x102, OR 1 40, 95% CI: 1 08-1 82; Supplementary Table 6).

To identify possible functional variants at the newly identified putative GFRAZ locus, we
queried publicly available data and whole-genome sequence data from 959 control
individuals from the Mayo Clinic biobank which showed two single nucleotide
polymorphisms (SNP, rs144692383 and rs150047054) and a 3-bp deletion (rs36144451) in
strong linkage disequilibrium (r2>0 8) with the lead variant rs36196656 (Figure 2A,
Supplementary Table 7). All four variants are located in close proximity within GFRAZ
intronic regions: intron 3 of GFRAZtranscript variant A (NM_001495), intron 2 of GFRAZ
transcript variant B (NM_001165038) and intron 1 of GFRAZ transcript variant C
(NM_001165039) depending on alternative splicing at the GFRAZ locus (Figure 2A).
Several of these variants are predicted to affect transcription factor binding sites and histone
marks and they all are expression quantitative loci (eQTL) for GFRAZn testis (p=1
80x10-14; www.gtexportal.org ). Indeed, GFRA2RNA expression analyses in cerebellar
tissue samples from individuals with rs36196656 ‘CC’ (n=24) and ‘AA’ (h=24) genotypes
available from the Mayo Clinic brain bank showed substantial variability in expression
among individuals but confirmed a 40% reduction in all GFRAZtranscripts in brains of
homozygous carriers of the risk allele (AA) compared to CC carriers, which reached
significance when analyzing all GFRAZ variants (p=0 04) or variant A individually (p=0 01)
(Figure 2B). GFRAZtranscript variant A was consistently the predominant transcript
expressed in cerebellum (Supplementary Figure 4A, B) and no significant difference in the
ratio of GFRAZtranscripts (A, B, and C) was observed between AA and CC carriers (data
not shown). Since the potential functional variant(s) underlying the observed association
could also be less frequent than the lead variant, we further identified all variants with D’>0
8, which resulted in an additional 130 single nucleotide variants, none of which were coding
(data not shown).

Lancet Neurol. Author manuscript; available in PMC 2019 June 01.
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In order to assess a potential direct effect of GFRAZ markers on PGRN expression levels in
plasma and CSF, we performed a linear regression adjusting for age and sex, which showed
that rs36196656 is not associated with PGRN levels in both plasma and CSF in 345
individuals (p=061 and p=0 67 respectively; Supplementary Figure 5A and B). We next
hypothesized that GFRA2 might directly interact with PGRN and serve as a receptor for
PGRN. Indeed, using transient overexpression of untagged PGRN and GFRA2 in HEK293T
cells, immunoprecipitation of GFRA2 pulled down PGRN in cell lysates. Reciprocally,
immunoprecipitation of PGRN pulled down GFRA2 (Figure 3A and B).

DISCUSSION

Using an unbiased two-stage genome-wide association study in the largest available
collection of unrelated FTLD patients with pathogenic GRN mutations, we identified two
association signals, one at the known TMEMI1068B locus and one at a novel putative locus
encompassing GFRAZ. GRN mutations are a relatively rare cause of FTLD and despite the
international nature of our collaboration we were limited by the number of GRN carriers we
were able to identify. In the discovery stage, we therefore relied on the uniform loss-of-
function disease mechanism associated with pathogenic GRN mutations and combined
genetic analysis of patients with 120 distinct mutations. In the replication stage, newly
identified GRN mutation carriers were combined with FTLD-TDP type A patients with
unknown genetic etiology which are pathologically indistinguishable from GRN carriers and
possibly share common pathomechanisms. Using this approach, genome-wide significant
associations were detected when symptomatic patients were compared to healthy controls,
suggesting that TMEM106B and GFRAZ are able to modify disease risk. Moreover, the
allele at the lead GFRAZ variant (rs36196656) associated with reduced disease risk was
shown to correlate with increased brain mRNA expression of GFRAZtranscripts.

Our study confirms 7TMEM1068 as the strongest modifier of disease risk in GRN mutation
carriers and GRN-negative FTLD-TDP type A patients. Published studies already
established that variants associated with the TMEM106B risk haplotype correlate with
increased expression of TMEMI106B! and increases in the amount of TMEM106B have
been reported to be detrimental to lysosomal health and function.13-1> Among the variants in
strong LD, several functional candidates have been reported including rs3173615 encoding
TMEM106B p.Thr185Ser and the non-coding variant rs1990620 suggested to affected
higher-order chromatin architecture at the TMEMI1068 locus.2>16 We estimated that GRN
carriers of the TMEM106B protective haplotype (tagged by the ‘G’ allele of rs3173615)
have 50% lower odds to develop disease symptoms as compared to non-protective haplotype
carriers. Indeed, despite a population frequency of 14 2% in our control cohort, only 4 out of
382 (1 0%) unrelated symptomatic patients were homozygous rs3173615 ‘GG’ carriers,
suggesting that many GRN mutation carriers who are also homozygous for the protective
TMEM106B haplotype never develop symptoms. This is a remarkable finding for a disease
gene once thought to be nearly fully penetrant and prompts the important question as to
whether TMEM106B genotyping should be performed routinely when GRN genetic testing
is requested or should at least be discussed as a crucial component of predictive GRN
genetic testing and counselling protocols, especially in asymptomatic individuals.

Lancet Neurol. Author manuscript; available in PMC 2019 June 01.
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The GFRAZlocus was identified as a second independent potential modifier of disease risk,
which reached significance in the meta-analysis of our combined discovery and replication
stages. Both GRN carriers and FTLD-TDP type A patients without mutations contributed to
the observed association. Expression data points to a potential disease mechanism in which
risk-associated variants at the GFRAZ locus decrease brain mMRNA expression of GFRAZ.
Whether these variants similarly affect GFRA2 protein expression, remains to be tested.
GFRAZ2 is the preferential co-receptor for neurturin (NRTN), one of four members of the
glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs) with an important
role in neuronal differentiation, proliferation and surviva.l*’ NRTN further requires the
transmembrane signaling receptor tyrosine kinase RET to assemble as a multi-component
receptor system. Upon binding of NRTN to GFRA2, RET activates downstream signaling
pathways including mitogen activated protein kinase (MAPK), extracellular signal-regulated
kinase 1/2 (ERK1/2) and AKT. /n-vitro, we obtained evidence of a direct binding of PGRN
to GFRA2 which could suggest that GFRA2 may be a signaling receptor for PGRN;
however, future experiments both /in vitroand in vivowill be needed to determine the
functional consequences of this interaction. If it is confirmed that GFRA2 indeed serves as a
receptor for PGRN, one possible future therapeutic avenue could be to enhance their
binding, e.g. by using small molecules or compounds. Another possibility, which is not
mutually exclusive, is that PGRN and GFRAZ2 are part of independent neurotrophic
signaling pathways. In this scenario, reduced neurotrophic signaling in GFRAZrisk allele
carriers may facilitate the development of symptoms in GRN mutation carriers, which are
already vulnerable as a result of reduced neurotrophic PGRN signaling. A loss of
neurotrophic GFRA2 signaling may also affect FTLD-TDP type A patients without GRN
mutations, especially since GFRAZ expression appears to be enriched in the frontal and
motor cortex, highly vulnerable regions in FTLD (Supplementary Figure 4C-E). The
observation of impaired behavior and memory deficits in GFRAZ knock-out mice further
supports this.18 Excitingly, GDNF (another GFL with preferential binding to GFRA1) and
NRTN have already been extensively studied for their neuroprotective potential in
Parkinson’s disease (PD) models and clinical trials in PD patients have been performed by
delivery of GDNF and NRTN as purified proteins or by means of viral vector mediated gene
delivery to the brain.1%-21 While none of these studies have yet shown efficacy in clinical
trials, the brain delivery of GFLs was found to be safe and provides hope that modified
gene-therapy approaches to boost GFRA2/NRTN signaling could be developed and tested in
the context of sporadic FTLD and GRN patients.

Our study did not identify genome-wide significant associations with age at disease onset.
Variability in the clinical presentation of FTLD and the subjective nature of defining disease
onset may have contributed to this, especially since 40 clinical centers contributed data to
this study. The focus on unrelated symptomatic patients as opposed to extended families
where a more limited number of genetic factors are expected to contribute to disease onset
may have further limited our ability to observe significant association. One previous study in
4 large families reported a 13 year decrease in onset age for carriers of the TMEM1068B risk
allelel; however, no association with age at onset was observed for TMEMI068 in our
study (rs3173615, p=0 87, Beta=—0 12, 95% CI 1-59-1 35).

Lancet Neurol. Author manuscript; available in PMC 2019 June 01.
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Our study also has limitations. First, only symptomatic unrelated GRN mutation carriers
were included in the analysis. Individual GRN families were generally small with limited
numbers of symptomatic and informative asymptomatic carriers available, limiting the
ability to perform family-based studies. Second, since patient samples were collected in
various countries, population stratification could bias the results. To address this issue, we
combined publically available control genotype data with newly generated genotypes from
control individuals ascertained in Italy and Spain, allowing each patient to be matched to 3
geographical controls, followed by standard methodology to correct for any remaining bias.
Importantly, detailed analysis at the newly identified putative GFRAZ locus across
geographical populations, showed consistent ORs associated with the lead variant
(rs36196656) (Supplementary Table 10). Third, FTLD-TDP type A patients without GRN
mutations were included in the replication stage. While this broadens the potential impact of
TMEM106B and GFRAZ associations to sporadic FTLD patients, our approach likely
discounted a number of genetic modifiers specific to GRN mutation carriers. Finally, our
functional studies were limited to GFRAZ2 and thus it remains possible that other genes in
addition to GFRAZ may contribute to the observed association on chromosome 8.

In conclusion, this is the first large-scale genome-wide association study focused on genetic
modifiers in patients with GRN mutations and the first study in a homogenous cohort of
genetically defined FTLD patients. Two loci - TMEM106B and GFRAZ - were shown to
harbor genetic variants able to modify the disease risk. These modifiers may inform genetic
counselling in families and could aid in future clinical trial designs. More importantly,
identification of these modifiers in human subjects supports TMEM106B and GFRA2-
related pathways as potential targets for therapies. Accordingly, improving lysosomal
function and/or increasing GFRAZ2 expression or signaling in FTLD-relevant brain areas
may be viable treatment options and important areas for future research which could

complement the current translational research efforts focused on increasing GRN levels.
22-24

IN CONTEXT

Evidence before this study—Mutations in the progranulin gene (GRN) are an important
cause of frontotemporal lobar degeneration with TDP-43 pathology (FTLD-TDP).
Pathogenic mutations are heterozygous and cause disease through a uniform mechanism
leading to 50% loss of functional progranulin protein (PGRN). We searched for the terms
“GRN” OR “PGRN” AND “onset age variability” in PubMed on January 30t 2018
including all publications from the database inception and identified seven publications
reporting large age at onset variability among GRN mutation carriers, suggesting that
genetic modifiers may be in part responsible for the phenotypic presentation. We also
searched PubMed with the terms “GRN” OR “PGRN” AND “Genome-wide association
study” for reports published on January 30" 2018, without restriction on language of
publication and including all publications from the database inception and identified one
previous study focused on FTLD-TDP which included 80 GRN mutation carriers in a
genome-wide association analyses. That study identified 7TMEM106B as a risk factor in
FTLD-TDP patients, with a particular strong effect in GRN mutation carriers, suggesting an
effect of TMEM106B variants on disease penetrance in individuals with GRN mutations. No
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other genome-wide association studies in GRN patients have been performed prior to the
current study.

Added value of this study—Through international collaborations we were able to use a
5-fold larger cohort of patients with GRN mutations compared to the previous genome-wide
association study. Importantly, using a two-stage association study, we confirmed the
TMEM106B locus as the most important modifier of disease risk in GRN mutation carriers
and we were able to estimate that GRN carriers of the TMEM1068B protective haplotype
(tagged by the ‘G’ allele of rs3173615) have 50% lower odds to develop disease symptoms
as compared to non-protective haplotype carriers. We also newly identified the GFRAZ locus
on chromosome 8p21.3 as a potential genome-wide significant modifier of disease risk in
patients with GRN mutations. The lead variant at the GFRAZ locus (rs36196656) is located
within GFRAZintron 3 and was shown to affect the expression profile of GFRAZ.

Functional studies also showed that PGRN binds to GFRAZ2 in vitro.

Implications of all available evidence—The identification of genetic variants in
TMEM106B and GFRAZ as modifiers of the disease risk in patients with GRN mutations
provides new avenues towards biomarker discovery and the development of therapeutic
approaches for FTLD patients. These genetic variants might further inform genetic
counselling in families and could aid in future clinical trial designs.
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Figure 1: Manhattan plots of the case/control and age at onset analyses.
Negative logqo- transformed p-values are shown for each variant genotyped on the y axis in

function of the chromosomal position on the x axis. The red line represents the genome-wide
significant threshold (p=5x1078). The blue line denotes suggestive associations with p<10->.
Green dots represent the variants that were included in the design for follow-up in the
replication stage. (A) case/controls analysis. (B) Age at onset analysis. Please note that at
some loci a proxy of the top variant was selected for genotyping in the replication stage.
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Figure 2: GFRA2 genetic locus and expression studies.
(A) The GFRAZlocus zoom plot is presented on the top panel . Each dot represents a

genotyped (triangle) or imputed (circle) variant. The purple dot is the most significant
variant (rs36196656) among variants in the region. Dots are colored from red to blue
according to the r2 showing their degree of linkage disequilibrium with rs36196656 (grey
color indicates an r2 of zero). The blue line shows the estimated recombination rate. The
bottom panel presents the GFRAZ gene and its three GFRAZ transcripts. Exons are
represented as small black boxes and non-coding regions as straight line. The location of
three variants in strong linkage disequilibrium (black arrows) with rs36196656 (red arrow)
are represented as blue stars across the different GFRAZtranscripts. (B) Cerebellar mMRNA
expression level of GFRAZtranscripts stratified by rs36196656 genotype. All values are
normalized to two reference genes and within each assay, expression levels are shown
normalized to homozygous rs36196656-CC carriers. cM=centimorgan, Mb=megabase.
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Figure 3: Interaction of PGRN and GFRAZ2.
GFRAZ2 and PGRN immunoblots are displayed after immunoprecipitation with anti-GFRA2

antibody of cell lysates (A) of HEK293T cotransfected with untagged PGRN and untagged
GFRAZ2 or vector control. Similarly, GFRA2 and PGRN immunaoblots are displayed after
immunoprecipitation with anti-PGRN antibody of cell lysates (B) of HEK293T co-
transfected with untagged GFRA2 and untagged PGRN or vector control.
IP=immunoprecipitation; IB=immunoblotting; 5% input=5% of the total amount of cell
lysates used for immunoprecipitation.

Lancet Neurol. Author manuscript; available in PMC 2019 June 01.



Page 20

Pottier et al.

v adAl <
daL-aiid

eV (19)%. 2 WN (058-089)06.  (892-029)0°0L VN VN WN VN VN anebau-NYO
86.T (€98)%G /¥ (0T2-0€9)029 (0T8-0%9)0'LL A\ orTT (0£9)9%0°5S (029-099)029 vN VN $1013U0D
sisle)

L9 (S€)%z 2§ VN (0T2-809069 (059-065065  Z8€ (TT2)%Z S5 VN (0€2-0T9099 (099-0'G5)0°09 UOHEINW NYD

(401
(N) usiA Ayyjeay (401 (N) (¢STe])] (4on (401
|elol alewsay 9% 1se] 1€ 3by yreap 1e aby (4O1) 19suo e 8by el 9lewsa) 95  USIA Ayeay 1se| 1e aby yreap e aby 185U0 1e by dnoio
uoneoljdey A1an0asiq

‘pajuasaid aJe abels uonealjdal pue AISA0ISIP 8y} Ul papnjoul S|01uod pue syuaiied Jo 1sIA Ayijeay 1se| 1e abe pue yieap e abe ‘18suo Je abe uelpaw ay L

‘3]qealjdde jou=yN "abues sjiuenbIaIUI=YO] ‘S[enpIAIpUl JO JaquinUu=N

"ApN1s ay1 ul papnjoul sjoajuod pue syusited o solydeabowseq

‘TalqeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Lancet Neurol. Author manuscript; available in PMC 2019 June 01.



Page 21

Pottier et al.

688 01-0Tx6€8 (¢y'T-0TT)SCT 01-0Tx9LL (02T - 6L0).60 9%0/S+0 o0-0TXEV'L  (ELT-v2T)9V'T v70/€50 9594 V/9  12S08LZLiT 8GELYgs!
88 o-0TX.Tv  (LZ2-%2TTLT  o-0TxT€L (25T - S50)16:0 S00/70°0 90-0Tx¢S8  (6€-€ - T9T)EET ¥0:0/200 AN V/L  GT6ZTVLET  SS9596T9S!
6€8 o1-0TXST'S  (Sr€-¥91)8€C  or-0TXCT¥  (L€2-0L0)62T 20:0/£00 10-0T%88C  (0S'G - ¥T-2)ev € 200/50°0 1agan 1V 95966T.6:¢T  L600980TS!
Geg  or-0Tx90T  (6V'T-¥T'T)0ET or-0TX.T9  (T€T - G80)90'T 6€:0/07°0 90-0TXT0S (L2 T-92T)6vT LE0/91°0 ENLOV V/9  €IEBTEYQTT  9288T6LOTS!
869 o1-0Tx.€C (€T2-2¢€T)89T o1-0Tx8CC (98T -980).2'T £0:0/600 90-0Tx888  (¢LC-LyT)C S00/0T°0 1584 d OV  €€S99¥9E:TT  9L.18/8.S
769 01-0Tx€9  (G8:0-G9:00690 01-0Tx06T  (L0'T - 0L:0).80 67°0/9%°0 01-0Tx¥2'8  (08:0 - L5:0)89-0 6v°0/21°0 TV V/L  GEVTZHZIT:6  8v8ITBOTSI

0  o1-0Tx8ST (T2T-0¢T)6yT o1-0TXSEY (08T -8TT)9V'T GE0/v0 01-0Txv76 (28T -92T)IST L€0/9%°0 Zvy+49 v/0 LyZTe9Te:8  PO9G996TIES!
6Ly o1-0TXTZ€  (08:0-850)890 01-0Tx90L (20T - T19:0)6L0 €2:0/02°0 01-0Tx0SZ (120 -150)290 92:0/8T°0 273N v/2 2TZeT9TT:8  9SBTTOTOTS!
G€6  o1-0TXT6€  (SpT-L0T)SCT  o-0Tx.ET (90T - ¥9-0)28:0 €2:0/12°0 01-0Tx0S€ (/8T -62T)SST 02:0/62°0 PVEIOTS OV 8¥920VSET:L  OTTBOTTESI
6€8 01-0Tx.V'T  (€6°€ -GG T)9vZ  01-01x268  (8E-T - L1°0)90T 10-0/20:0 01-0TxXT9'S (859 - TT7) €L°€ 10:0/700 ETd4HT OV €TZISTYOT:L  €0E9ZZTHTS!
T¥8  or-0TxV9T  (98:0-€9:0)720 01-0TXT6'G (02T - €20)€6°0 G2:0/52°0 01-0T*€8'9  (92:0 - 05:0)29°0 6T-0/6T°0 INEQYVLS  L/D €TEEST8E:L  L9ZEVYT9s)

0 or-0TxVS€  (£90-9r0)WS0 1-0Tx60'7 (00 - ¥10)S5-0 27-0/82:0 01-0TxT9T (590 - ¥10)€50 6€:0/92°0 g90TWINL  OIN  [8LE8TCT:L  PIZCI0BETS!

0  o-0Tx08€  (€9:0- 97050 o1-0TXTLY (020 - ¥1°0)SG0 27°0/82:0 01-0Tx€ST (90 - ¥10)€G0 6€:0/92°0 g90TWINL ~ D/9  6CEEBTCT:L  PIYZLTIBLLSI

0  o-0Tx82°€  (€90- y0)¥S0 01-0Tx.6'8  (L9:0 - 2V0)€S0 2r0/L20 o1-0TxT8L  (99:0 - §#°0)35°0 6€0/22°0 g90TWINL 9/0 LT¥6922T:L  PISTIELTES
G6L o1-0Txv66  (EST-GTT)CET 01-0Tx80'G (96T - 98:0)80°T 12°0/62°0 01-0Tx29'6 (08T - GZ'T)0ST 72:0/2€°0 VETHI /L GBTOT8LT9  95E87069S!
806 01-0Tx20T  (9/€-0rT)6ze 01-0Tx88C  (€ST - +2:0)09-0 20°0/10:0 01-0Tx¢L'S (069 - §T:2)98°€ 10:0/700 &1178 J/L  ZIGTS989TS  995G/9T8TS!
€18  o1-0Tx¥CT  (ST€-SrT)ETC  o-0TXVT8 (LT -¥50)60'T €0:0/200 01-0Tx¥9L  (¥9v - 28'T)16°C 200/50°0 8094NZ 9/L  BET009ECT:S  66ST9CIVISI
0T6 01-0TX€0C  (¥8:0-970)290 01-0Tx¥96  (6%'T - 99:0)66:0 80:0/L00 01-0Tx2LS (S50 - €2:0)S€0 80-0/€0°0 avrd 9/0  90£SG880T:S  6205606.S)
G¥8 0r-0Tx80T (SST-STTVET -0Tx86L  (2€T - 180)€0'T 22°0/€2°0 01-0Tx6L°€ (G871 -8ZTIVGT 12:0/62°0 Hag V/9  TZ89ETLETE  ¥8FZLOETS!
L18  oi-0Tx9V€  (LprT-2T1)82T  01-0Tx986  (v2T - 08:0)00T GE-0/S€°0 01-0TxSLv (84T -92T)G T 2€:0/650 GG410€D VIO  T9ZKZELSTIE  Z8E089YS
G8L o-0TxV€T  (LL0-050)290 T-0Tx¥T'Z  (ETT-650)180 ¥T1°0/2T°0 9-0TxG9¢  (L9:0 - 8€:0)050 91:0/0T°0 1S4NanN OV 6EE666902:C  9TEEGEETS!

(10%56) (10%56) (10%56)
2l d eleg d eleg d eleg
9|9|e
gm_mzmcm.mm_\,_ uoIeId0SSY m_obc“@w,_cm:mg uo1e120SSY w_oLHc“@wu,_cm_uma M_ﬁmm_ \“wﬁﬁ_ guonisod uelIeA
uoneoljdey A1an0asiq

‘anjen-d=d ‘Aousnbaly 8|8 Joulw=-¥|A "JueLeA JuediHubIs syl 01 auab 158S0[2 8yl AQ PauIWIBIBP SI BWEU SNJ0| 8YL "So|3]|[e 198449 Se pajeal] 8IaM Sa|a]|e Joul “[apowl d1ausb anllippe
ue Buisn payenoed a1am sanfeA elaq pue sanjeA-d JuelieA "pajussaidal aie sesAjeue-elaw ay se |[am se ‘abels uonealjdal ayr ur dn-pamojjoy pue (;_0T>d) afels A19A02sIp 8y} ul palyuap! sjuBLIBA 8ANSSBONS

‘sIsAeue 18su0 1e abe ul paliuapl 1907
¢ d|qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Lancet Neurol. Author manuscript; available in PMC 2019 June 01.



Page 22

Pottier et al.

"U011991409 1UoLIBjUOg Jalye abels uoiredl|das ayy 1e Jueoy1ubis apIm-Apnis ale 1eyy ﬂ%:_m>\N

aseqerep xa1 9 ayy ur 1.1LOa se parelouue siueLten,

*3WOJIN0 3U} YNM pare1oosse AJueoiiubls a19m SNS 8say J0 8UoU Jeyl BUIMOUS ‘S108)J8 Pax1) aU) YIIM JUS]SISUOD S18M S}NSaJ U} pue ‘sisA[eue-elaw s10aya wopued ay) ul Jabire) Ajjessuab alem sanjea-d ay L ‘pawiogiad

0S|e SeM SISAJeur-elaW 10819 WOpURI B ‘€'0<Z] YIM SANS 104 ‘areridoidde si sisAjeueelsw sjoaya paxiy e Jeyl Bunsabbns pue ‘sabels om) ayl usamiaq s10aye 40 Alsusbolsiay ou Buimoys ‘0 st onsiels Aisuabolsiay zlam ‘paredidal sem UOIRIDOSSE UYIIYM 10} SINS ¥ U} H<Q

"(8eBy) 8€ UOISION BWIOUSS) UBWINKH 3U} UO Paseq aJe suonisod,

268  or-0TxVLT  (Sp2-2€T)08T o1-0Tx6€9 (65T - 05:0)28:0 ¥0-0/v0-0 90-0Tx€ST  (LG€-TLT) L2 £0:0/200 16566074 V/9  85280¥Z:0Z  18T9.09S)
0€8 01-0Tx96'S  (£9T-T2T)TvT or-0Tx.EY  (T¥T-98:0)0TT €2:0/S2:0 10-0Tx08€  (¥6'T - ¥ET)29T 22:0/1€0 g6d1v V/O  6868269.:8T  96T¥0VZ.S)
9%6 or-0TXT¥'T  (96:0-0.0)28:0 01-0Tx82T (16T - 56:0)02'T 92:0/62°0 00-0Tx.EC  (v1:0 - 81-0)9:0 1€0/€2°0 tIAS V/9  [9TOSTIV:8T  9825092TS!
(10%056) (109%656) (10%056)
Zl d eleg d eled d eleg
3ld|re
siskfeue-e1on s|o43uo9/syuaiyed s|041u09/syuaiyed aweu Jourw uonisod
q uo11eI120SSY 4VIN uo11e120SSY 4VIN Nphlom| /1ol e ueleA
uonesijdey A1anoas1g

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Lancet Neurol. Author manuscript; available in PMC 2019 June 01.



Page 23

Pottier et al.

3y} yum parerdosse Ajpueaiiubis a1am SdNS 8sayl 40 auou ey Buimoys ‘s1oae paxis ayl UM JUSISISUOD 8JaM S)INSal 8} pue ‘SISA[eue-elawl S19a448 wopuel ay} ui Jabue| Ajfesauab atem sanjen-d ay | "pawioylad osje sem SisA[eue-e1awl S}9a9j48 WOopURI © ‘€ 0< Zl UM sdNS Jo

‘awodInNo

%

"(8eBy) 8€ UOISIN BWIOUSS) UBWINKH B} UO Paseq aJe suonisod,,

0  o-0TXG0'T (Tov-1L1)98C  2-01xT¥rS  (8G-€00-)88¢C 220 9-0T*€8'6 (TT¥ - 19-1)98°C 220 1dg4y V/O  9¥S¥99.T:02  609TTTYS
vle -0Tx6SC  (Trv-86T)6T€  1-01x8ET  (8y¥ - TT-T-)69T G20 1-0TX€TY (687 - 6T-CIVSE 610 Towr /L T//2060T:0¢  9%/80T9s!
Ty ¢-0Tx€CT  (9T'T--G0€-)ITz- 1-0TxT9v  (GET - L6:C-)18:0- 160 9-0Tx96'8 (98T - 9¥€-)TH - 6v°0 IGHOWS  VWI9  6292T.2:8T  6T8TISTSI
619 s 0Tx¢cce (SzT--68€-)2ee- 1-0Tx8EL (86T -082-)TH0- 0 9-0Tx0%'9 (9T--00v-)8¢- 620 28949 9/0  OTSLTEELLT  LOLEV6ZISI
789  g-0TxEBT (w6e-LrT)oLe  1-01x€L  (T2€-€22-)670 1€0 9-0Tx80'G (L9v - 68'T)82°E 610 ZNWLS v/9 20S€8£08'8  9£9226ES!

0 ,-0Tx8&L  (8zG-8z2)8L€  2-0Tx82L  (yg'9-92:0-)66C 810 o-0Tx887  (89'G - 0£2)66°€ zr0 8ILS o212 TGSTB0ES'8  ¥iTC6.6S!
€18 p-0Tx8TT  (Lz€-90T).T¢  1-0TxZT6  (TT¢-9E2-)ET0- er0 o-0Tx6¥6  (8T'¥ - ¥9-1)16°C ze0 ZOVMYd VIO TLIBZSIST:L  0£899Y.L.LS
128 0Tx€69  (GL0T-G9€)oc,  1-0Tx¥88 (L9-1221-)v50- 900 o-0TxG9¥  (ZL€T - 85G)59°6 200 TNFHS v/9 6.,086€96:L  1¢62¢6CSI

0 01818 (y9€-—-€8-)v09- zOT*ET9 (52:0-952T-)ST9- 900 9-0Tx00L  (Ev-€-—19:8-)209- ¥0-0 Ivez100 VIl 9¢eyesLiL 6£62969s1
€68 -0Txv76  (bGT--G9v-)Te- 1-0Tx29v  (ITG-2eT-IvT €10 o-0TX€8Y  (ve-z——9L.:G-)S0 V- 110 IT4090 1/D  1GCTEES9IT'9  L8S68TLTSI
608 o-0TXT0T  (LZ:€--¥9/-)9pG- 1-0T1x¥28 (12 - 62:G-)VG0- 600 1-0Txee T (2ev-—-v2:6-)8L9- 500 MINL 1/D  86T8880LT:E  ¥8T6089SI
198 y-0Tx¥0'T (L98-582)926  1-01x92L  (2Lv-6L9)€0T- 800 o-0TX8S€  (9TT -2L%)608 €00 vr084NZ  L/O  988YE8S8TIZ  LLZITEITTS!

(10%56) (10%56) (10%56)
2l d eleg d eleg d eleg
9|9|e
gm_mzmcm.ﬂm_\,_ UoI1RI100SSY m_obcmﬁ_w\u,_:w:ma uoIeId0SSY m_obcu@w,_co:g M_ﬁwﬂ \“wﬁr_\ﬁ_ guonised uelLIeA
uoneoljdey A1an02s1q

‘anjen-d=d ‘Aousnbaly 8|8 Joulw=-¥|A "JueLeA JuediHubIs syl 01 auab 158S0[2 8yl AQ PauIWIBIBP SI BWEU SNJ0| 8YL "So|3]|[e 198449 Se pajeal] 8IaM Sa|a]|e Joul “[apowl d1ausb anllippe
ue Buisn payenoed a1am sanfeA elaq pue sanjeA-d JuelieA "pajussaidal aie sesAjeue-elaw ay se |[am se ‘abels uonealjdal ayr ur dn-pamojjoy pue (;_0T>d) afels A19A02sIp 8y} ul palyuap! sjuBLIBA 8ANSSBONS

Author Manuscript

Author Manuscript

€ 9lqeL

Author Manuscript

‘sIsAeue 18su0 1e abe ul paliuapl 1907

Author Manuscript

Lancet Neurol. Author manuscript; available in PMC 2019 June 01.



	Abstract
	INTRODUCTION
	METHODS
	Participants
	Procedures and statistical analysis

	RESULTS
	DISCUSSION
	RESEARCH IN CONTEXT
	Evidence before this study
	Added value of this study
	Implications of all available evidence


	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table 1.
	Table 2
	Table 3



