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Abstract.
Background: Frontotemporal dementia (FTD) syndrome is a genetically heterogeneous group of diseases. Pathogenic vari-
ants in the chromosome 9 open reading frame 72 (C9orf72), microtubule-associated protein tau (MAPT), and progranulin
(GRN) genes are mainly associated with genetic FTD in Caucasian populations.
Objective: To understand the genetic background of Korean patients with FTD syndrome.
Methods: We searched for pathogenic variants of 52 genes related to FTD, amyotrophic lateral sclerosis, familial Alzheimer’s
disease, and other dementias, and hexanucleotide repeats of the C9orf72 gene in 72 Korean patients with FTD using whole
exome sequencing and the repeat-primed polymerase chain reaction, respectively.
Results: One likely pathogenic variant, p.G706R of MAPT, in a patient with behavioral variant FTD (bvFTD) and 13 variants
of uncertain significance (VUSs) in nine patients with FTD were identified. Of these VUSs, M232R of the PRNP gene, whose
role in pathogenicity is controversial, was also found in two patients with bvFTD.
Conclusions: These results indicate that known pathogenic variants of the three main FTD genes (MAPT, GRN, and C9orf72)
in Western countries are rare in Korean FTD patients.

Keywords: Frontotemporal dementia, MAPT, next-generation sequencing, PRNP

INTRODUCTION

Frontotemporal dementia (FTD) is the second
most common type of early onset dementia and is
characterized by progressive deterioration of behav-
ior or language associated with frontal or temporal
degeneration. It comprises of three clinical pheno-
types: behavioral variant FTD (bvFTD), semantic
variant primary progressive aphasia (svPPA), and
non-fluent/agrammatic variant PPA (nfvPPA), which
occasionally overlaps with motor neuron disease or
atypical parkinsonian syndromes, such as progres-
sive supranuclear palsy syndrome and corticobasal
syndrome [1]. Although FTD is highly heritable in
Western countries [2–4], genetic FTD is rare in Asian
populations [5, 6]. We previously identified a single
known pathogenic variant in the progranulin (GRN)
gene and two novel variants in the colony stimu-
lating factor 1 receptor (CSF1R) and alanyl-tRNA
synthetase 2 (AARS2) genes in 107 Korean patients
with sporadic FTD using next-generation sequencing
(NGS) [6]. To elucidate the genetic characteristics of
FTD in Asian population, large-scale, unbiased, and
in-depth genetic screening using NGS technologies
is continuously required.

In this study, we performed whole exome sequenc-
ing (WES) of 72 Korean patients with clinical
FTD syndrome, without regarding familial status,
to identify the presence of pathogenic variants of
FTD, amyotrophic lateral sclerosis (ALS), or other
dementia-related genes.

MATERIALS AND METHODS

Patients

Patients were prospectively recruited from ten neu-
rology clinics across Korea between June 2016 and
January 2018. All patients that were enrolled in this
study met the FTD criteria proposed by Knopman et
al. [7] or the new consensus diagnostic criteria for
bvFTD [8], svPPA, and nfvPPA [9]. Patients with
clinical and electrophysiological evidence of ALS
were enrolled as having FTD-ALS, regardless of the
clinical subtype of FTD. This study was conducted as
part of the Clinical Research Center for Dementia of
South Korea–FTD (CREDOS-FTD) registry study,
which was carried out between 2010 and 2018 [10].
All participants were registered in the CREDOS-
FTD registry and evaluated using the CREDOS-FTD
protocol. The protocol is composed of a clini-
cal evaluation form (clinical history, neurological
examination, Korean version of Mini-Mental State
Examination, Hachinski ischemic scale, Global Dete-
rioration Scale, Unified Parkinson’s Disease Rating
Scale, and Frontotemporal-Clinical Dementia Rating
sum of boxes score), caregiver questionnaire form
(Korean dementia screening questionnaire, Barthel
Activities of Daily Living, Seoul Instrumental Activ-
ities of Daily Living, and Caregiver-Administered
Neuropsychiatric Inventory and Frontal Behavioral
Inventory), and cognitive test battery for FTD, con-
sisting of subdomains assessing attention, language,
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visuospatial, memory, and frontal/executive func-
tions [10]. All patients underwent brain magnetic
resonance imaging (MRI) to exclude any structural
lesions. Patients with current or past neurological or
psychiatric illnesses were excluded from this study.

The institutional review boards (IRB) at all partici-
pating centers approved the study (IRB No. 2012-12),
and informed consent was obtained from each patient
and caregiver. As informed consent did not include
open access to the data used in the study, our data is
not publicly available.

Genetic analysis

Genomic DNA was extracted from peripheral
blood leukocytes using a standard procedure. WES
was performed using an Agilent SureSelect All Exon
kit 50 Mb (Agilent Technologies, Santa Clara, CA,
USA) on a NextSeq 500 platform (Illumina Inc., San
Diego, CA, USA). Alignment of sequence reads,
indexing of the reference genome (GRCh37/hg19),
and variant calling were performed using a pipeline
based on GATK Best Practices. Variants with allele
frequencies >0.001 were filtered out based on public
databases, including the Genome Aggregation
Database (http://gnomad.broadinstitute.org/) and
1,722 ethnically matched controls from the Korean
Reference Genome Database (KRGDB) [11]. There-
after, 32 genes related to ALS-FTD and 20 genes
related to familial Alzheimer’s disease and other
dementias that have been explored by the authors
from OMIM (https://www.omim.org/), GeneReview
(http://www.ncbi.nlm.nih.gov/books/NBK1116/),
and high-quality published literature [1, 4] and
introduced as causative genes of FTD-ALS spectrum
disorders or dementia, were screened for pathogenic
variants (Table 1). Missense, frameshift, indel,
nonsense, synonymous, and intronic variants within
the exon-flaking regions were also evaluated. Splice
site and conservation analyses were performed for
all synonymous variants using Human Splice Finder
and GERP scores. All amino acid variants were
confirmed using Sanger sequencing or DeepVariant
(https://github.com/google/deepvariant, version
1.2.0). The variants were classified according to
the American College of Medical Genetics and
Genomics (ACMG) and the Association for Molec-
ular Pathology (AMP) guidelines [12]. The BP7 rule
of the ACMG/AMP guidelines was only applied
in cases that were being predicted as ‘no impact
and not highly conserved’. Hexanucleotide repeat
expansion of chromosome 9 open reading frame

72 (C9orf72) was tested for all patients using the
triplet repeat-primed polymerase chain reaction, as
previously described [13].

RESULTS

Demographic and clinical findings

A total of 72 patients (35 males and 37 females)
with FTD were enrolled, including 38 with bvFTD,
26 with svPPA, six with nfvPPA, and two with
FTD-ALS. One patient with FTD-ALS presented
with abnormal behavior and the other presented with
dysarthria followed by behavioral changes. The mean
age was 65.8 ± 10.3 years, and the mean age at dis-
ease onset was 63.9 ± 11.5 years. The mean interval
between disease onset and enrollment into the study
was 3.6 ± 2.3 years. Seventeen patients (23.6%) had
a history of dementia or neuropsychiatric disease in a
first-degree relative. The detailed demographic data
is summarized in Table 2. During the preparation of
this manuscript, a parallel study on telomere length in
FTD syndrome was published by our group [14]. Of
the 72 participants, 40 patients with sufficient DNA
available for the Southern blotting analysis for telom-
ere length after WES, were included in the parallel
study.

Genetic findings

WES yielded an average read depth of 121.81x
and the average for 10× coverage was 99.33%.
After variant analysis, one likely pathogenic vari-
ant in the MAPT gene, c.2116G>A (p.G706R),
was identified in a patient with bvFTD (FTD-18),
which has been reported in familial or sporadic FTD
[15]. FTD-18 had H1/H1 haplotypes of the MAPT
gene and had been enrolled in an FTD modeling
study using induced pluripotent stem cell (iPSC)
technology and had been reported elsewhere [16].
The four variants of uncertain significance (VUSs)
from ALS-FTD-related genes were also detected
in four patients with FTD: PRNP gene, c.695T>G
(p.M232R) in two patients with bvFTD (FTD-13,
FTD-39), VCP gene, c.278G>T (p.R93L) in a patient
with svPPA, and UBQLN2 gene, c.20G>A (p.S7N) in
a patient with bvFTD (Table 3). Of these, p.M232R
of the PRNP gene has been reported previously
in Creutzfeldt–Jacob disease (CJD) [17], but its
pathogenicity has been controversial. p.R93L of the
VCP gene and p.S7N of the UBQLN2 gene were novel
variants. None of the patients had abnormal repeat

http://gnomad.broadinstitute.org/
https://www.omim.org/
http://www.ncbi.nlm.nih.gov/books/NBK1116/
https://github.com/google/deepvariant
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Table 1
List of frontotemporal dementia (FTD), amyotrophic lateral sclerosis (ALS), familial Alzheimer’s disease and other dementia-related genes

Gene symbol RefSeq Gene description Chromosomal location Inheritance

FTD and ALS-related genes
ALS2 NM 020919.3 Amyotrophic lateral sclerosis 2 2q33.1 AD
ANG NM 001145.4 Angiogenin, ribonuclease, RNase A family, 5 14q11.1-q11.2 AD
CCNF NM 001761.3 Cyclin F 16p13.3 AD
CHCHD10 NM 213720.3 Coiled-coil-helix-coiled-coil-helix domain-containing protein 10 22q11.23 AD
CHMP2B NM 014043.3 Chromatin modifying protein 2B 3p11.2 AD
CHRNA4 NM 000744.6 Acetylcholine receptor, neuronal nicotinic, alpha-4 subunit 20q13.2-q13.3 AD
CYLD NM 015247.3 CYLD lysine 63 deubiquitinase 16q12.1 AD
DAO NM 001917.4 D-amino-acid oxidase 12q24 AD
DCTN1 NM 004082.4 Dynactin 1 2p13 AD
FIG4 NM 014845.5 FIG4 phosphoinositide 5-phosphatase 6q21 AR
FUS NM 004960.3 FUS RNA binding protein 16p11.2 AD
GRN NM 002087.2 Granulin 17q21.32 AD
HNRNPA1 NM 031157.2 Heterogeneous nuclear ribonucleoprotein A1 12q13.1 AD
HNRNPA2B1 NM 031243.2 Heterogeneous nuclear ribonucleoprotein A2/B1 7p15 AD
MAPT NM 005910.5 Microtubule-associated protein tau 17q21.1 AD
MATR3 NM 199189.2 Matrin3 5q31.2 AD
OPTN NM 021980.4 Optineurin 10p13 AD
PRNP NM 000311.3 Prion protein 20p13 AD
SETX NM 015046.5 Senataxin 9q34.13 AD/AR
SIGMAR1 NM 005866.2 Sigma non-opioid intracellular receptor 1 9p13.3 AD/AR
SOD1 NM 000454.4 Superoxide dismutase 1 21q22.11 AD
SPG11 NM 025137.3 SPG11, spatacsin vesicle trafficking associated 15q14 AR
SQSTM1 NM 003900.4 Sequestosome 1 5q35 AD
TAF15 NM 139215.2 TATA-box binding protein associated factor 15 17q11.1-q11.2 AD
TARDBP NM 007375.3 TAR DNA binding protein 1p36.22 AD
TBK1 NM 013254.3 Tank-binding kinase 1 12q14.2 AD
TIA1 NM 022173.4 TIA1 cytotoxic granule-associated RNA-binding protein 2p13.3 AD
TREM2 NM 018965.2 Triggering receptor expressed on myeloid cells 2 6p21.1 AR
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TUBA4A NM 006000.3 Tubulin alpha 4a 2q35 AD
UBQLN2 NM 013444.3 Ubiquilin 2 Xp11.21 XL
VAPB NM 004738.4 VAMP (vesicle-associated membrane protein)-associated protein B and C 20q13.33 AD
VCP NM 007126.3 Valosin-containing protein 9p13.3 AD

Genes of familial Alzheimer’s disease
APP NM 000484.3 Amyloid beta precursor protein 21q21.2 AD
PSEN1 NM 000021.3 Presenilin-1 (alzheimer disease 3) 14q24.3 AD
PSEN2 NM 000447.2 Presenilin-2 (alzheimer disease 4) 1q31-q42 AD

Other dementia-related genes
AARS2 NM 020745.3 Alanyl-tRNA synthetase 2, mitochondrial 6p21.1 AR
ABCD1 NM 000033.3 ATP binding cassette subfamily D member 1 Xq28 XL
ARSA NM 000487.5 Arylsulfatase A 22q13.33 AR
CSF1R NM 005211.3 Colony-stimulating factor 1 receptor 5q32 AD
DARS2 NM 018122.4 Aspartyl-tRNA synthetase 2, mitochondrial 1q25.1 AR
EIF2B1 NM 001414.3 Eukaryotic translation initiation factor 2B subunit alpha 12q24.31 AR
EIF2B2 NM 014239.3 Eukaryotic translation initiation factor 2B subunit beta 14q24.3 AR
EIF2B3 NM 020365.4 Eukaryotic translation initiation factor 2B subunit gamma 1p34.1 AR
EIF2B4 NM 015636.3 Eukaryotic translation initiation factor 2B subunit delta 2p23.3 AR
EIF2B5 NM 003907.2 Eukaryotic translation initiation factor 2B subunit epsilon 3q27.1 AR
GALC NM 000153.3 Galactosylceramidase 14q31.3 AR
GBA NM 001005741.2 Glucosidase, beta acid 1q21 AD, susceptibility
GLA NM 000169.2 Galactosidase alpha Xq22.1 XL
ITM2B NM 021999.5 Integral membrane protein 2B 13q14.2 AD
NOTCH3 NM 000435.2 Notch 3 19q13.12 AD
SNCB NM 001001502.1 Synuclein, beta 5q35 AD
TYROBP NM 003332.3 TYRO protein tyrosine kinase binding protein 19q13.12 AR

AD, autosomal dominant; AR, autosomal recessive; XL, X-linked.
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Table 2
Demographics of patients

Total bvFTD svPPA nfvPPA FTD-ALS

Number 72 38 26 6 2
Age (y) 65.8 ± 10.3 64.3 ± 11.5 67.3 ± 7.1 69.8 ± 11.9 61.0 ± 21.2
Onset Age (y) 61.9 ± 10.6 60.5 ± 12.0 63.3 ± 7.3 66.2 ± 13.4 60.5 ± 21.9
Sex (M:F) 35:37 20:18 12:14 2:4 1:1
Interval between onset and enrollment (y) 3.6 ± 2.3 3.6 ± 2.0 4.0 ± 2.8 2.7 ± 2.0 0.6 ± 0.6
FTD-CDR (SB) 7.5 ± 5.2 8.0 ± 5.5 7.5 ± 5.2 6.0 ± 3.9 4.3 ± 3.2
MMSE 17.2 ± 9.1 18.5 ± 8.0 15.0 ± 10.7 16.2 ± 8.9 25.5 ± 4.9
Family history* 23.6% (17/72) 23.7% (9/38) 23.1% (6/26) 33.3% (2/6) 0% (0/2)

ALS, amyotrophic lateral sclerosis; bvFTD, behavioral variant frontotemporal dementia; CDR, Clinical Dementia Rating; F, female; MMSE,
Mini-Mental State Examination; M, male; nfvPPA, non-fluent/agrammatic variant primary progressive aphasia; SB, sum of boxes; svPPA,
semantic variant primary progressive aphasia. *Family history of dementia or neuropsychiatric disease in first-degree relatives.

expansions of C9orf72. Regarding genes related to
familial Alzheimer’s disease and other dementias,
nine VUSs were identified from seven patients and
one of them, p.L136S of the APP gene, was novel
(Table 3).

Case carrying p.G706R in the MAPT gene

FTD-18 was a 32-year-old man with a three-year
history of progressive behavioral changes and cog-
nitive deficits. His symptoms included impatience,
aggression, and emotional blunting. The patient
became more inert and depressed with time. He also
exhibited hypersexuality and an obsession with sweet
foods and computer games. Episodic memory impair-
ment, visuospatial dysfunction, language difficulties,
and decline in personal hygiene and activities of
daily living developed around the time of his first
visit to the neurology clinic. His maternal grand-
father had dementia at the age of 60. Neurological
examinations were unremarkable. Neuropsycholog-
ical evaluation revealed severely impaired memory,
visuospatial, language, and executive functions. The
MMSE score was 20 and the clinical dementia rat-
ing was 1. Brain MRI demonstrated bilateral and
symmetric frontal atrophy (Fig. 1A). Florbetaben and
flortaucipir PET revealed negative findings. The clin-
ical syndromic diagnosis was bvFTD. His symptoms
progressed rapidly, and two years after the initial
evaluation, he was transferred to another hospital.

Cases carrying p.M232R in the PRNP gene

FTD-13 was a 54-year-old man who worked as a
construction manager. He was admitted to the psy-
chiatric ward with rapidly progressive behavioral
changes and memory impairment for six months.
He repeatedly called friends to borrow money,

although he was financially stable; he could not
wait his turn at restaurants for food to be put on
his plate; he obsessively called his son, until he
convinced him to have lunch together; he woke
his son up at 2 am to visit his parents’ grave and
repeatedly asked the same questions. However, he
was able to maintain normal daily living activities.
Neurological examinations showed normal findings.
The MMSE score was 26 and the global dete-
rioration score (GDS) was 3. Neuropsychological
test results showed impaired naming, memory, and
frontal function. The patient had no family history
of dementia. Initial brain MRI revealed prominent
atrophy in bilateral frontal lobes. Diffusion-restricted
areas were not detected on diffusion-weighted imag-
ing (DWI). The follow-up MRIs, taken at one-month
intervals, showed the same findings as the pre-
vious ones. Fluorodeoxyglucose-positron emission
tomography (FDG-PET) demonstrated severe glu-
cose hypometabolism in the bilateral frontal areas,
which worsened on the right side (Fig. 1B). He was
diagnosed with bvFTD and transferred to another
hospital after six months of follow-ups.

FTD-39 was a 51-year-old man with a two-year
history of behavioral changes. He was eating 15 meals
per day due to increased appetite and gained 22 kg
in a year; he went to the bathroom frequently, over
15 times a day; he provided short answers to ques-
tions and refused to take a bath; he showed poor
spontaneity and sometimes talked to himself. Mem-
ory impairment, visuospatial dysfunction, language
difficulties, and disorientation also developed in the
patient. There was no family history of dementia.
Neurological examinations did not reveal any signif-
icant changes. Initial MMSE score was 24, and the
GDS was 4. However, brain MRI revealed bilateral
frontotemporal atrophy, which worsened on the left
side. Initially, he was diagnosed with schizophrenia
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Table 3
Variants of uncertain significance in ALS-FTD, familial Alzheimer’s disease, and other dementia related genes

Patient Gene Reference Nucleotide Amino acid ClinVar rs number Allele frequency In-silico analysis
ID sequence change change gnomAD† KRGDB‡ Poly SIFT Mutation CADD§

Phen-2 Taster

ALS-FTD related genes
FTD-13 PRNP NM 000311.3 c.695T>G p.Met232Arg VUS rs74315409 0.0009 0.0040 B D P <20
FTD-39 PRNP NM 000311.3 c.695T>G p.Met232Arg VUS rs74315409 0.0009 0.0040 B D P <20
FTD-36 VCP NM 007126.3 c.278G>T p.Arg93Leu N/A N/A 0 0 D D DC 29.90
FTD-48 UBQLN2 NM 013444.3 c.20G>A p.Ser7Asn N/A N/A 0 0 B T P <20

Genes of familial Alzheimer’s disease
FTD-48 PSEN2 NM 000447.3 c.1262C>T p.Thr421Met VUS rs756609078 0.0001 0 PD T DC 34.00
FTD-61 APP NM 000484.4 c.407T>C p.Leu136Ser N/A N/A 0 0 PD D DC 25.10

Other dementia related genes
FTD-41 CSF1R NM 005211.3 c.110C>T p.Thr37Met B* rs139635308 0.0004 0 PD T P <20
FTD-19 GBA NM 000157.4 c.902G>A p.Arg301His N/A rs140955685 0.0003 0.0009 B T P <20
FTD-39 ITB2B NM 021999.4 c.454-3del – N/A rs747826043 <0.0001 0.0009 N/A N/A N/A N/A
FTD-71 ITB2B NM 021999.4 c.454-3del – N/A rs747826043 <0.0001 0.0009 N/A N/A N/A N/A
FTD-32 NOTCH3 NM 000435.2 c.5336G>T p.Gly1779Val N/A rs771041592 0.0001 0.0009 B T DC 24.80
FTD-39 NOTCH3 NM 000435.2 c.6097C>A p.Pro2033Thr VUS rs375213868 <0.0001 0 PD D DC 23.80
FTD-48 GALC NM 000153.4 c.1912G>A p.Gly638Ser VUS rs769851272 0.0009 0.0009 PD D DC 25.10

N/A, not applicable; VUS, variant of uncertain significance; PD, probably damaging; B, benign; D, deleterious; T, tolerable; DC, disease causing; P, polymorphism; CADD, Combined Annotation
Dependent Depletion. ∗The variant was submitted by single institute without criteria (accessed on 28 July 2022). †gnomAD, gnome Aggregation Database (http://gnomad.broadinstitute.org/).
‡KRGDB, the Korean Reference Genome Database [11]. §The variants over the CADD score 20 are presented in bold. The variants were classified according to the guideline of ACMG [12].

http://gnomad.broadinstitute.org/
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Fig. 1. A) Brain MRIs of FTD-18 who carried variant p.G706R of the MAPT gene, revealing bilateral and symmetric frontal atrophy. B)
Brain MRIs and FDG-PET images of FTD-13 who carried variant M232R of the PRNP gene, showing cortical atrophy and severe glucose
hypometabolism in the bifrontal areas. C) Brain MRIs of FTD-39 who carried variant M232R of the PRNP gene, demonstrating prominent
bilateral frontotemporal atrophy, worse on the left.

in a psychiatric clinic and was referred to a neurology
clinic where he was diagnosed with bvFTD. The 9-
month follow-up MMSE score was 17, and the GDS
was 5. Follow-up MRIs showed aggravated cortical
atrophy in both frontal and temporal areas (Fig. 1C).
After almost three years of follow-ups, the patient
stopped visiting the hospital.

Cases carrying novel variants (p.R93L of the
VCP gene, p.S7N of the UBQLN2 gene, and
p.L136S of the APP gene)

FTD-36 with p.R93L of the VCP gene was a 50-
year-old man, whose illness began at the age of 45;

he presented memory impairment, followed by flu-
ent aphasia, disinhibition, and myoclonic seizures.
Brain MRI showed severe bi-frontotemporal atro-
phy, worse on the left side, and left parietal atrophy
(Fig. 2A). Electroencephalography revealed partial
seizures arising in both frontal areas. A clinical syn-
dromic diagnosis of svPPA was made. His mother
had a stroke. FTD-48 with p.S7N of the UBQLN2
gene was a 59-year-old woman, whose personality
changes including apathy, indifference, loss of empa-
thy, obsession, and disinhibition started at the age of
57. In contrast to the behavioral changes, her memory,
language, and visuospatial functions were relatively
preserved and her APOE genotype was �3/�4. Brain
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Fig. 2. A) Brain MRIs of FTD-36 who carried variant p.R93L of the VCP gene, showing bi-frontotemporal atrophy (worse on the left)
and left parietal atrophy. B) Brain MRIs of FTD-48 who carried variant p.S7N of the UBQLN2 gene, variant p.T421M of the PSEN2 gene
and variant p.G638S of the GALC gene, revealing right asymmetric frontotemporal atrophy. C) Brain MRIs of FTD-61 who carried variant
p.L136S of the APP gene, demonstrating prominent atrophy in the bifrontal and left temporal area.

MRI revealed right asymmetric frontotemporal atro-
phy (Fig. 2B). The clinical syndromic diagnosis was
bvFTD. The patient’s family history was unremark-
able. This patient carried two more VUS: p.T421M
of the PSEN2 gene and p.G638S of the GALC gene.
The p.T421M of PSEN2 has been reported in an early
onset sporadic AD patient, carrying APOE �4/�4,
from Japan [18]. FTD-61 with p.L136S of the APP
gene was a 66-year-old man whose illness began at
the age of 58; he presented with apathy, disinhibi-
tion, and hyperorality, followed by right-side rigidity
and gait disturbances at the age of 60. A brain MRI
demonstrated prominent atrophy in the bifrontal and
left temporal areas (Fig. 2C). A clinical syndromic
diagnosis of bvFTD was made. Notably, his father
had Parkinson’s disease.

DISCUSSION

Pathogenic variants detected in common FTD
genes, such as MAPT, GRN, and C9orf72, are gen-

erally rare in Asian populations. Our first study
screening these in 75 Korean patients with sporadic
FTD and the subsequent testing on multiple genes
using NGS in 107 Korean patients with FTD con-
firmed the ethnic or geographical variability of the
mutations in known FTD genes [5, 6]. In the present
study, which is in accordance with previous studies,
we identified only one patient with bvFTD harboring
p.G706R in the MAPT gene.

The p.G706R variant, traditionally known as the
G389R mutation in the MAPT gene, has been asso-
ciated with rapidly progressive young-onset FTD,
which was similar to those of our FTD-18 [15,
19–21]. This variant revealed the possibility of
incomplete penetrance based on a lack of autosomal
dominant inheritance patterns or unaffected mutation
carriers, which was also observed in FTD-18, whose
parents were clinically normal [19–22]. In vitro study,
the p.G706R variant altered the affinity of tau to
microtubules and decreased its ability to enhance
microtubule assembly [15, 23]. MAPT p.P513A and
p.L266V variants have recently been observed in two
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Korean patients with early onset Alzheimer’s disease
and nfvPPA, respectively [24, 25].

Of the 13 VUSs we found in this study, the
p.M232R variant of the PRNP gene is one of the five
most frequent CJD mutations in Japan [26] and has
mostly been reported in Asian populations [17, 27,
28]. The clinical characteristics of p.M232R are sim-
ilar to those of sporadic CJD, including progressive
dementia, 14-3-3 protein positivity, DWI hyperinten-
sity, and no family history [26]. Previously, reported
Korean cases of p.M232R were all suspected to be
sporadic CJD based on their clinical symptoms at the
time of diagnosis [29]. Notably, FTD-13 and FTD-39
in this study presented with frontal behavioral abnor-
malities associated with prominent bifrontal atrophy
or hypometabolism, leading to the clinical diagnosis
of bvFTD. Although the clinical course of FTD-13
and FTD-39 progressed somewhat rapidly, all DWIs
repeatedly performed at one-month intervals were
negative. Since the DWI negative p.M232R cases
were presented recently [30], it is possible that both
patients might have developed myoclonus, which is
a typical feature of CJD, or demonstrated periodic
sharp and wave complexes on EEG or positive DWIs
later on.

As mentioned earlier, some researchers are con-
cerned about the questionable pathogenicity of
p.M232R since it has also been detected in healthy
controls or non-CJD patients [31]. In addition to
this, the allele frequency of the variant was 0.0008
in the East Asian cohort of gnomAD and 0.0040
in the ethnic-matched control of KRGDB, which is
higher than the annual incidence rate of prion disease
(0.85 per million population) [26]. Thus, patholog-
ical confirmation is required to resolve whether the
p.M232R variant found in our patients with bvFTD
is pathogenic or rare.

A recently published large international study of
genetic FTD showed that approximately 25–30% of
patients with FTD syndrome harbored pathogenic
variants of 40% in C9orf72, 35% in GRN, 25% in
MAPT, and only 1-2% in other genes [32]. Another
study from the North American FTD cohort found 31
different pathogenic variants within the three main
FTD genes in 223 of 302 sporadic and 390 familial
participants (32.2%) [3]. However, our group has only
identified two pathogenic variants in the three main
FTD genes (one for MAPT and one for GRN) through
CREDOS-FTD genetic studies (approximately 1%)
[5, 6]. Given the extreme rarity of genetic FTD in
Korea, genetic screening of sporadic and familial
FTD through a longitudinal Korean cohort is needed

to better understand the geographical or ethnic vari-
ability of genetic FTD. Furthermore, collaborating
with worldwide genetic FTD cohorts would encour-
age the development of powerful biomarkers and
construct trial-ready cohorts for new FTD syndrome
therapies, eventually leading to its prevention.
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