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a b s t r a c t

Variants in the microtubule-associated protein tau (MAPT) gene cause the genetic tauopathies, a sub-
group of frontotemporal dementia (FTD) disorders. Through genetic screening of 165 cases possibly
associated with tauopathies, including 88 Alzheimer’s disease, 26 behavioral variant FTD, eight primary
progressive aphasia, nine FTD with motor neuron disease, 21 progressive supranuclear palsy, and 13
corticobasal syndrome, we identified two novel MAPT variants: a heterozygous missense variant,
p.P160S, in a patient with FTD with motor neuron disease and a heterozygous insertional variant,
p.K298_H299insQ, in three patients with familial progressive supranuclear palsy. The corresponding
recombinant tau proteins showed reduced microtubule assembly and increased aggregation by thioflavin
S assay. Exon trapping analysis showed that p.K298_H299insQ resulted in the overproduction of 4-repeat
tau. In a cell-based model, p.K298_H299insQ had both a higher aggregation ability and seeding activity
compared with wild-type tau. These findings indicate that both p.P160S and p.K298_H299insQ may
relate to neurodegeneration.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Frontotemporal dementia (FTD) or frontotemporal lobe degen-
eration (FTLD) is characterized by personality changes, language
impairment, and a deficit in executive functions (Rascovsky et al.,
2011). Recent robust advances in molecular genetics uncovered as-
sociation between several types of pathogenic variants and FTD,
especially in familial cases. In Caucasians, 20%e50% of patients with
FTD have a family history. Known genes with pathogenic variants
include microtubule-associated protein tau (MAPT), granulin precursor
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(GRN), and chromosome 9 open reading frame 72 (C9orf72), found in
60% of cases of familial FTD, and valosin-containing protein, chmp
family,member 2B (CHMP2B), and fused in sarcoma (FUS), seen in rare
cases (less than 5%) (Olszewska et al., 2016). In contrast, Japanese
patients with FTD have a low prevalence of family history (9.5%e
20%), few identified genetic factors (less than 5% in total), and 1.5% of
cases with MAPT variants (Ng, 2015; Wada-Isoe et al., 2012).

MAPT is localized in chromosome 17q21 and encodes the MAPT.
The human central nervous system contains six tau isoforms,
including R1eR4, with three isoforms having four repeats (4R) each
and three having three repeats (3R) each. These isoforms are
expressed in the adult human brain and are produced by alternative
splicing of messenger RNA transcripts. Although more than 53
different MAPT variants have been detected, including missense,
deletion, and silent variants, pathogenic variants inMAPT are highly
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concentrated in exons 9e12 that encode the repeats (R1eR4) in the
carboxy-terminal domain (Wang and Mandelkow, 2016). The
microtubule-binding domain (MBD), which comprises the repeats
and flanking regions (residues 243e372), is considered to be
responsible for microtubule interactions or aggregation (Mukrasch
et al., 2005). Recently, in non-MBD regions inMAPT, p.A152T in exon
7 was identified as a risk for FTD-spectrum disease and Alzheimer’s
disease. Functional analysis showed that p.A152T reduces micro-
tubule binding affinity and increases the formation of tau oligomers
(Coppola et al., 2012). Induced pluripotent stem cells carrying
p.A152T show increased formation of tau fragments and phos-
phorylated tau, resulting in axonal degeneration in vitro (Fong et al.,
2013). Transgenic mice harboring p.A152T show severe neuronal
loss in the hippocampus (Maeda et al., 2016). The behavior of this
variant suggests that the regions outside MBD may have an
important role in the normal function of tau.

FTLD has heterogeneous clinical manifestations. FTLD-tau is
characterized by deposition of abnormally modified tau inclusions
in neuronal and glial cells. FTLD-tau with MAPT variants presents
various types of neurodegenerative disorders: behavioral variant
frontotemporal dementia (bvFTD), primary progressive aphasia
(PPA), atypical parkinsonism such as progressive supranuclear
palsy (PSP) and corticobasal degeneration syndrome (CBS), and
rarely motor neuron disease (MND) (Di Fonzo et al., 2014; Forrest
et al., 2018; Irwin et al., 2015). FTLD-tau with p.R406W in MAPT
shows late onset and slowly progressive dementia, clinically diag-
nosed with Alzheimer’s disease (Lindquist et al., 2008).

In this study, we identified two novel variants in MAPT after
genetic screening of 165 Japanese patients who clinically associated
with tauopathies and functionally characterized the corresponding
variant proteins. Our findings will expand the genotype-phenotype
associations of MAPT and improve our understanding of tau
pathogenesis.

2. Materials and methods

2.1. Subjects

All patients and caregivers were fully informed of the details of
the study and provided written consent to participate. The study
protocol was approved by the Committee for Ethics in Clinical
Research of the Juntendo University School of Medicine.We studied
165 Japanese patients possibly associated with tauopathies with or
without a family history of disease (Supplementary Table 1). All
subjects were clinically diagnosed with Alzheimer’s disease, bvFTD,
PPA, PSP, and CBS according to corresponding internal consensus
criteria (American Psychiatric Association, 2013; Gorno-Tempini
et al., 2011; Litvan et al., 1996; Mathew et al., 2012; Rascovsky
et al., 2011). FTD-MND was diagnosed by needle electromyogram
using the standard criteria for MND (de Carvalho et al., 2008). The
autosomal dominant mode of inheritance was defined as having
one or more first-degree family members with the same symptoms.
The demographic information of the 165 enrolled patients is shown
in Supplementary Table 1. The study population included cases of
Alzheimer’s disease (n¼ 88), bvFTD (n¼ 26), FTD-MND (n¼ 9), PPA
(n ¼ 8), PSP (n ¼ 21), and CBS (n ¼ 13). The average age at exami-
nationwas 68.0� 10.1 years (�standard deviation). The average age
at disease onset was 63.9 � 11.1 years.

2.2. Genetic analysis

Genomic DNA was isolated from peripheral blood using the
QIAamp bloodMaxi Kit (Qiagen, Hilden, Germany). All coding exons
and their flanking introns of MAPT were amplified using polymer-
ase chain reaction (PCR). PCR primer and conditions are described
in the Supplementary material and methods. After purification of
PCR amplicons using ExoSAP IT (GE Healthcare, Little Chalfont, UK),
direct sequencing was carried out using the Big Dye Terminator v3.1
Cycle Sequencing Kit (Life Technologies, Foster City, CA, USA) and a
3130 Genetic Analyzer (Life Technologies).

The sequencing results were compared with theMAPT reference
sequence (MAPT; RefSeq accession number NM_005910.5). Patho-
genicity of the identified variants was analyzed using prediction
tools or public gene databases such as PolyPhen-2 (Adzhubei et al.,
2010), MutationTaster (Schwarz et al., 2014), combined annotation-
dependent depletion (CADD) (Kircher et al., 2014), and rare exome
variant ensemble learner (Ioannidis et al., 2016). Variant fre-
quencies were investigated using the ExAC database (Lek et al.,
2016) and Human Genetic Variation Database for the Japanese
population (Higasa et al., 2016). Evolutionary conservation of the
mutated amino acids was evaluated using NCBI gene HomoloGene
(https://www.ncbi.nlm.nih.gov/homologene/).

2.3. Biochemical analysis

2.3.1. Purification of recombinant tau
Human tau complementary DNA (cDNA) in the bacterial

expression plasmid pRK172 was used to produce recombinant
proteins (Matsumoto et al., 2015). Quikchange site-directed muta-
genesis kit (StrataGene, La Jolla, CA, USA) was used to change pro-
line to serine at position 160 and insert adenine-cytosine-adenine
after nucleotide 896. All sequences were verified by DNA
sequencing. Tau proteins were expressed in Escherichia coli BL21
(DE3) and purified as described previously (Hasegawa et al., 1997).
Recombinant tau proteins were designated as recombinant 2N4R,
2N4R-P160S, and 2N4R-insQ.

2.3.2. Microtubule assembly assay and exon trapping analysis
Recombinant tau proteins (5 mM) were incubated with 30 mM

porcine brain tubulin (Cytoskeleton, Denver, CO, USA) in assembly
buffer [80 mM piperazine-N,N’-bis(2-ethanesulfonic acid (pH 6.8),
1 mM MgCl2, 1 mM ethylene glycol tetraacetic acid, 1 mM dithio-
threitol (DTT), and 10% glycerol] at 37 �C. Assembly of tubulin into
microtubules was monitored over time using absorbance change at
340 nm in a Spectramax 250Microplate Reader (Molecular Devices,
USA). Four assays were performed for each of the three recombi-
nant tau protein variants.

For exon trapping analysis, the exon trapping vector pSPL3 with
the wild-type tau sequence was used. The wild-type construct
contained exon 10 as well as 34 nucleotides of upstream intronic
sequence and 85 nucleotides of downstream intronic sequence
(kindly provided by Dr Hasegawa). The Quikchange site-directed
mutagenesis kit (StrataGene) was used to introduce variants
p.K298_H299insQ and p.N279K in exon 10. p.N279K was used as a
positive control. COS-7 cells were transfected using 1 mg/well of
plasmid DNA with Xtreme Gene9. Transfected cells were cultured
for 24 hours and total RNA was isolated and used for cDNA syn-
thesis. The cDNA was amplified using PCR, and the proportion of
exon 10econtaining transcripts was determined using image
analysis of photographs of agarose gel electrophoresis of PCR
products, as described previously (Hasegawa et al., 1999). Three
independent experiments were performed for each construct.

2.3.3. Heparin-induced tau aggregation assay and electron
microscopy

Recombinant 2N4R (20 mM) and its variants were incubated in
30 mM Tris-HCl (pH 7.5) containing 0.1 mg/mL heparin, 0.1% so-
dium azide, and 20 mMDTT with shaking at 37 �C. Aliquots of 10 mL
of assembly mixtures were mixed with 200 mL of 20 mM 3-(N-
morpholino)propanesulfonic acid buffer containing 5 mM thioflavin
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S (ThS). After 30 minutes of incubation at 25 �C, the samples were
loaded into a 96-well black plate. ThS fluorescencewasmeasured at
various time points using a FlexStation II (Molecular Devices, Sun-
nyvale, CA, USA) (set at 436 nm excitation/535 nm emission). Three
independent experiments were performed for each construct.

To obtain sarkosyl (Sar)-insoluble pellet, 10-mL aliquots of sam-
ple were mixed with 30 mM Tris-HCl containing 1% Sar. After in-
cubation for 30 minutes on ice, the mixture was centrifuged at
100,000g for 20 minutes at 4 �C, and the supernatant was recov-
ered. The remaining pellets were lysed in sodium dodecyl sulfate
(SDS) buffer and heated at 100 �C for 5 minutes to prepare the Sar-
insoluble pellet. Sar-insoluble pellets were subjected to
SDSepolyacrylamide gel electrophoresis (SDS-PAGE) and stained
with Coomassie Brilliant Blue. Three independent experiments
were performed for each construct.

For electron microscopy analysis of tau filament formation, pu-
rified recombinant tau protein (15 mM) and heparin (0.1 mg/mL)
were incubated at 37 �C for 7 days in 300 mL of 30 mM Tris-HCl, pH
7.5, containing 0.1% sodium azide and 20 mM DTT. Carbon-formvar
grids were placed on top of a 2-mL drop of the diluted samples for
1 minute and then stained with 2% phosphotungstate for 60 sec-
onds. Micrographs were recorded on a transmission electron mi-
croscope (HT7700, Hitachi, Tokyo, Japan).

2.3.4. Far ultraviolet circular dichroism spectroscopy
The secondary structural change during heparin-induced

aggregate formation was monitored using far ultraviolet circular
dichroism (CD) spectroscopy. CD measurements were carried out
using 10 mM recombinant 2N4R, 2N4R-P160S, and 2N4R-insQ in
10 mM Tris-HCl buffer (pH 7.5), heparin (0.1 mg/mL), and 1.0 mM
tris(2-carboxyethyl)phosphine as reducing agent with a 2.0 mm
cuvette and a JASCO J-815 spectropolarimeter (Jasco, Japan) as
previously reported (Elahi et al., 2014). For each measurement the
response time was 5 seconds and measurement temperature was
37 �C. In each experiment, three spectra were summed and aver-
aged. For time-dependent analysis of spectral change of heparin-
induced aggregation, recombinant tau was incubated at 37 �C
with shaking and CD was recorded at 24, 48, 72, 96, and 120 hours.
Secondary structural contents were analyzed using JASCO analysis
software and were verified using the K2D3 web server and 41 CD
values ranging from 200 to 240 nm (Andrade et al., 1993).

2.3.5. Cell culture seeding assay
For preparation of tau seed, purified recombinant tau protein

(15 mM) and heparin (0.1 mg/mL) were incubated at 37 �C in 300 mL
of 30mM Tris-HCl, pH 7.5, containing 0.1% sodium azide and 10mM
DTT for 7 days with continuous shaking, and centrifuged at
100,000g for 20 minutes at 4 �C. The pellets were resuspended in
100 mL of phosphate-buffered saline and sonicated for 10 seconds.
This preparation was used as seeds.

SH-SY5Y cells were cultured in Dulbecco’s modified Eagle me-
dium/F-12 medium (Sigma, St. Louis, MO, USA) with 10% fetal
bovine serum and maintained at 37 �C in a humidified atmosphere
of 5% CO2. Wild-type human tau was overexpressed in SH-SY5Y
cells by transfection with 1 mg/well of the pcDNA3.1 constructs
encoding human full-length 2N4R (tau 1e441), 2N4R-P160S, and
2N4R-insQ using X-tremeGENE9 DNA transfection reagent (Roche,
Germany). Cells were incubated for 16 hours, and then 2 mg/well of
2N4R, 2N4R-P160S, or 2N4R-insQ seeds was introduced using
MultiFectam (Promega). After 24 hours of incubation in a CO2
incubator, the medium was changed to fresh medium and culture
was incubated for 48 hours.

Cells were harvested in A68 buffer (10 mM Tris-HCl (pH 7.5), 10%
sucrose, 0.8 M NaCl, and 1 mM ethylene glycol tetraacetic acid)
containing 1% Sar. Cell lysate was centrifuged at 100,000g for
20 minutes at 4 �C, the supernatant was recovered as the Sar-
soluble fraction, and the protein concentration was determined
using Pierce bicinchoninic acid protein assay kit (Thermo Scientific,
MA, USA). The remaining pellets were lysed in SDS buffer and
heated at 100 �C for 5 minutes to prepare the Sar-insoluble pellet.
Both Sar-soluble fractions and Sar-insoluble pellets were analyzed
using immunoblotting with T46 antibody (which recognizes a
phosphorylation-independent epitope in amino acids 404e441;
Invitrogen). Three independent experiments were performed for
each construct.

For immunofluorescence microscopy, cell culture seeding assays
were performed on collagen-coated coverslips and the cells were
stained as described previously (Nonaka et al., 2010). Briefly, cells
on the coverslips were incubated with PHF-1 (1:1000, a gift of Dr P.
Davies, Albert Einstein College of Medicine, New York, USA), MC1
(1:500, a gift of P. Davies, Albert Einstein College of Medicine), AT8
(1:1000, Innogenetics, Zwijndrecht, Belgium), tauC (1:10,000, a gift
of K. Ishiguro), and antiea-tubulin (1:500, Bio-Rad, Hercules, CA,
USA), followed by Alexa Fluor 488econjugated goat anti-mouse IgG
secondary antibody (1:500, Life Technologies, Carlsbad, CA, USA)
and Alexa Fluor 555econjugated goat anti-rabbit IgG secondary
antibody (1:500, Life Technologies). 40,6-Diamidino-2-phenylindole
dihydrochloride staining was used to visualize the nuclei (Life
Technologies). Fluorescence was evaluated using a fluorescence
microscope (Apo Tome.2, Zeiss, Oberkochen, Germany). Each
experiment was repeated three times and cells were counted in
three views for each experiment.

2.3.6. Statistical analysis
Statistical analyses were performed using the JMP8 software

(SAS Institute Japan). Unpaired Student’s t test was used for com-
parison between two sample groups. For exon trapping analysis, the
Mann-Whitney U test was performed. A p value of <0.05 was
considered to be significant.

3. Results

3.1. Identification of two novel MAPT variants

Sequence analysis of the Japanese patients identified two novel
MAPT variants: c.478C>T, p.P160S, in exon 7 of subjects from family A,
and c.896_897insACA, p.K298_H299insQ, in exon 10 of subjects from
family B (Fig. 1AeC and B and C, respectively). The clinical details are
presented in Supplementary Table 2. Variant p.P160S was classified as
“benign” in PolyPhen-2, MutationTaster, and rare exome variant
ensemble learner (>0.55 indicates a high probability of disease
variant). However, it was predicted to be “possibly deleterious” by
CADD (between 10 and 20 means that a variant is among the top 10%
of deleterious variants) and “not found” in ExAC and Human Genetic
Variation Database. Variant p.K298_H299insQ was classified as
possibly deleterious in CADD (Supplementary Table 3). The proline at
position 160 is conserved among three species (Supplementary Fig.1).

3.2. Case presentation

3.2.1. Family A: FTD-MND patient with the p.P160S MAPT variant
A 42-year-old, right-handed woman, the proband (Fig. 1C, II-2),

noticed clumsiness in her right arm along with progressive gait
disturbances that did not respond to levodopa. At age 47 years, the
limbs were affected bilaterally, and she used awheelchair all day. At
age 49 years, her spontaneous speech was less fluent and dys-
arthric. She showed muscle weakness and spasticity in the upper
and lower limbs, predominantly on the right side. Her index on the
Mini-Mental State Examination was 30/30, but disinhibition,
anosodiaphoria, and obsessive behavior were prominent. Atrophic



Fig. 1. Sequencing chromatogram, family pedigrees, and neuroimaging with two novel
MAPT variants. (A and B) Sequencing chromatogram of II-2 shows the C to T variant
(p.P160S) (A) and that of II-3 shows the ACA insertional variant (p.K298_H299insQ) (B).
(C) II-2 in family A harboring variant p.P160S is the proband. Three patients of family B
harbored variant p.K298_H299insQ: II-2, II-3, and II-5. (Arrow) proband; (square)
male; (circle) female; (slashed circle) deceased; (filled circle) affected; and (m) mu-
tation positive. (D) Neuroimagingd(A and B) axial fluid attenuation inversion recovery
MRI of patient II-2 in family A with variant p.P160S showing asymmetric atrophy (left
> right) of the frontal and temporal lobes and some hyperintensity lesions in the
frontal white matter; (C) [123I]FP-CIT single photon emission computed tomography of
II-2 in family A; (D) Brain MRI of the proband, II-3 in family B. Abbreviations: ACA,
adenine-cytosine-adenine; MAPT, microtubule-associated protein tau; MRI, magnetic
resonance imaging.
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changes were observed in the frontotemporal lobes on magnetic
resonance imaging of brain (Fig. 1D-A and B). A needle electro-
myogram revealed acute denervation in the muscles of the
sternocleidomastoid and first dorsal interosseous, matching the
standard criteria of probable amyotrophic lateral sclerosis
(de Carvalho et al., 2008). She was thus diagnosed with FTD-MND.
At age 51 years, she was admitted to Juntendo University
Hospital. She exhibited decreasing eye blink, vertical and horizontal
gaze palsy, smooth pursuit abnormality, pseudobulbar palsy, and
severe weakness in the upper and lower limbs. Her deep tendon
reflexes were brisk. Brain single-photon emission computed
tomography revealed hypoperfusion in the precentral regions,
predominantly on the left side. The dopamine transporter
densities of [123I]N-u-fluoropropyl-2b-carbomethoxy-3b-(4-iodo-
phenyl) tropane single-photon emission computed tomography
imaging disclosed a severe decrease in the left posterior putamen
(Fig.1D-C). One of her children hadmental retardationwith trisomy
of chromosome 19 (Fig. 1C, III-1).
3.2.2. Family B: PSP patient with the p.K298_H299insQ MAPT
variant

A 60-year-old male, the proband (Fig. 1C, II-3), noticed neck
stiffness and decreasing eye blink. Neurologic examination
demonstrated truncal rigidity, gait disturbance, and akinesia
resistant to levodopa treatment. Two years later, postural instability
and frequent falling became prominent. At age 66 years, he was
diagnosed with PSP. The cognitive function indices were 30/30 and
17/18 in the Mini-Mental State Examination and Frontal Assess-
ment Battery, respectively. However, his index according to the
Japanese version of the Montreal Cognitive Assessment was 24/30,
along with mildly impaired word fluency. These results matched
with mild cognitive impairment. He exhibited bilateral ptosis,
vertical gaze palsy, ptyalism, and bradykinesia in the trunk. Mag-
netic resonance imaging of brain revealed atrophy of the fronto-
temporal cortexes and midbrain tegmentum (Fig. 1D-D). His
diagnosis matched the criteria of PSP. According to familymembers,
two elder sisters (Fig. 1C, II-1 and II-2) and one younger brother
(Fig. 1C, II-5) presented gait disturbance. Two brothers (Fig. 1C, II-3
and II-5) were clinically diagnosed with PSP, presenting mild
cognitive decline in neuropsychological assessments performed
approximately 5 years after the onset of motor symptoms. Two
sisters (Fig. 1C, II-1 and II-2) also manifested cognitive decline
during their lives. We detected p.K298_H299insQ in one sister, the
proband, and one brother in family B (Fig. 1C, II-2, II-3, and II-5).

3.3. Effects of MAPT variants on microtubule assembly and
alternative splicing

To investigate the functional effects of these tau variants, re-
combinant 2N4R, 2N4R-P160S, and 2N4R-insQ were evaluated in
microtubule assembly assays. The results showed a reduced rate
and extent of tubulin polymerization compared with 2N4R
(Fig. 2A). The initial polymerization rate decreased to approxi-
mately 30% and 40% for 2N4R-P160S and 2N4R-insQ, respectively,
compared with 2N4R. We also observed an 18% and 20% reduction
in 2N4R-P160S and 2N4R-insQ, respectively, in the extent of
microtubule assembly.

Exon trapping analysis was conducted to investigate the effect of
the p.K298_H299insQ on splicing of exon 10econtaining transcripts
using the p.N279K as a positive control. The results were expressed
as the ratios of exon 10econtaining over exon 10elacking tran-
scripts (Fig. 2B). p.K298_H299insQ showed a significantly increased
ratio of 4R/3R compared with wild-type constructs, with similar
results to those of the p.N279K (p < 0.05).

3.4. Effects of MAPT variants on heparin-induced tau aggregation

The effects ofMAPT variants on heparin-induced tau aggregation
were investigated. Recombinant 2N4R-P160S and 2N4R-insQ
showed a marked increase in ThS fluorescence from 24 to 72 hours
compared with 2N4R (Fig. 2C). ThS fluorescence levels of 2N4R-
insQ (Fig. 2C) were higher than those of 2N4R-P160S (Fig. 2C) at
24 hours, whereas the levels of 2N4R-P160S (Fig. 2C) gradually
increased at 72 hours, exceeding those of 2N4R-insQ (Fig. 2C). The
Sar-insolubility pattern of tau in SDS-PAGE was consistent with the
ThS assay results (Fig. 2D). Electron microscopy analysis revealed
that recombinant tau aggregates were mostly constituted of
filamentous tau. The tau filaments were straight and smooth for
2N4R. In contrast, the majority of 2N4R-P160S filaments showed a
wave-like shape and a diameter ofw20 nm, although a few percent
of them were straight (Fig. 2E). Similar wavy filaments were also
observed for 2N4R, although the wavy filaments of 2N4R-P160S
were longer and more frequent. In contrast, 2N4R-insQ filaments
were exceedingly short and flexible, with small and round shaped



Fig. 2. Biochemical analysis of p.P160S and p.K298_H299insQ MAPT variants. (A) Microtubule assembly assay with recombinant 2N4R, 2N4R-P160S, and 2N4R-insQ (n ¼ 4). (B) Exon
trapping analysis of variant p.K298_H299insQ. The DNA molecule with 273-bp corresponds to 4R-containing exon 10. A 177-bp DNA molecule indicates a lack of exon 10 (3R). Bar
graph represents a quantitative analysis of the 4R/3R ratio of wild-type, p.N279K, and p.K298_H299insQ constructs (n ¼ 3). *p < 0.05 by Mann-Whitney U test. (C) Heparin-induced
aggregation activities measured with thioflavin S fluorescence assay (n ¼ 3). (D) Sarkosyl-insolubility pattern of heparin-induced aggregation of recombinant 2N4R, 2N4R-P160S,
and 2N4R-insQ (n ¼ 3). (E) Electron micrographs of tau aggregates of recombinant 2N4R, 2N4R-P160S, and 2N4R-insQ after 7 days of incubation with heparin. Insets in panels show
higher magnification images. Black round spots are artifacts. (Arrow heads) round shaped aggregates; bar ¼ 200 nm. Data in the three panels (AeC) represent the mean � SEM of
three or four independent experiments. Abbreviations: MAPT, microtubule-associated protein tau; SEM, standard error of the mean.
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aggregates (arrow heads) similar to oligomers. In addition, 2N4R-
insQ showed twisted filaments similar to paired helical filaments,
with crossover distances ranging from 40 to 80 nm and width
ranging from approximately 20 nm at the widest and 15 nm at the
narrowest (Fig. 2E).

3.5. Effects of MAPT variants on the aggregation kinetics

Electron microscopy analysis revealed that heparin-induced
recombinant tau aggregates displayed the filament formation. The
major component of tau filaments is cross-linked b-sheeted tau. To
evaluate the differences in b-sheet formation during heparin-
induced aggregation, recombinant 2N4R and the two respective
variants were subjected to CD spectroscopy analysis. The CD
measurement conditions were slightly different from those of ThS
assays, as high concentration of recombinant tau and DTT interferes
with the CD measurement of the proteins because of its strong
abortion spectra at the far ultraviolet range. We therefore reduced
the recombinant concentration to 10 mM and replaced 20 mM DTT
with 1.0 mM tris(2-carboxyethyl)phosphine and confirmed that,
under the new conditions, tau can form fibrils in the presence of
heparin (data not shown). At 0 hours, 2N4R and 2N4R-insQ showed
completely overlapping CD spectra, although the 2N4R-P160S
spectra had a more negative spectra and a lower negative peak at
207 nm, sensitivity to a-helical structures (Fig. 3A, upper left) (Chen
et al., 1972). However, in secondary structure analysis the a-helical
structure was only slightly affected (6.5% compared with 5.7% of
2N4R) (Fig. 3C). The value at 217 nm, sensitive to b-structure (a
more negative spectrum is indicative of acquisition of more
b-structures), gradually became more negative during incubation
for all mutants (Fig. 3A, upper right and lower panel, and B). The
change was most prominent for 2N4R-insQ. Secondary structure
analysis indicated that after 120 hours of incubation 2N4R-insQ had
43.6% of b-structure compared with 26% at the start (Fig. 3D). The
amounts of b-structure after 120 hours of incubation for 2N4R and
2N4R-P160S were 32% and 30.5%, respectively. These findings
indicated that 2N4R-insQ shows a high aggregation tendency.

3.6. Effects of MAPT variants on the seeding activity of tau

We compared the seeding activity of aggregated recombinant
wild-type tau and variants using a cellular model of intracellular
aggregation. Expressed tau was recruited into the Sar-soluble
fraction and Sar-insoluble pellet, as detected using the
phosphorylation-independent antibody, T46 (Fig. 4A). 2N4R-over-
expressing cells with 2N4R-insQ seed showed a significantly higher
aggregation in the Sar-insoluble pellet than with 2N4R seed (p <

0.05) (Fig. 4A and B, left panels), whereas the T46 immunoreac-
tivities of the Sar-insoluble pellet with the 2N4R-P160S seed were
not significantly different. 2N4R-P160Seoverexpressing cells
showed that the 2N4R-insQ seed induced a significantly increased
amount of Sar-insoluble pellet compared with the 2N4R seed (p <



Fig. 3. Tau aggregation analysis of p.P160S and p.K298_H299insQ MAPT variants using Far UV CD. (A) CD spectra of recombinant 2N4R, 2N4R-P160S, and 2N4R-insQ (blue, red, and
olive lines, respectively) for 0, 24, 72, and 120 hours of incubation with heparin at 37 �C. CD absorbance spectra were recoded (mdeg) for three different sets of experiments,
averaged, standardized against concentration, and converted into molar ellipticity (q) (deg � cm2/dmol). (B) Change in the absolute value of molar ellipticity (q) at 217 nm with
incubation time. (C) Analysis of the total secondary structural content of recombinant 2N4R, 2N4R-P160S, and 2N4R-insQ in heparin-induced tau aggregation experiments. (D) A
comparative view on time-dependent changes in b-sheet structural content of recombinant 2N4R, 2N4R-P160S, and 2N4R-insQ after 120 hours of incubation at 37 �C with heparin.
Abbreviations: CD, circular dichroism; MAPT, microtubule-associated protein tau; UV, ultraviolet. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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0.05) (Fig. 4A and B, middle panels). 2N4R-insQeoverexpressing
cells showed a greater amount of insoluble tau in Sar-insoluble
pellets from all seeds than those of 2N4R-overexpressing cells or
2N4R-P160Seoverexpressing cells (Fig. 4A and B, right panels). This
indicated the 2N4R-insQ had the highest aggregation ability in the
cell model. Moreover, the 2N4R-insQ seed induced a higher amount
of aggregate than the 2N4R or 2N4R-P160S seeds in cells trans-
fected with 2N4R, 2N4R-P160S. These results suggested that seed-
ing activity also depended on the biochemical characteristics of
seeds.

To confirm filament formation in the cell, we looked at Sar-
insoluble pellets using electron microscopy. Filaments were found
in Sar-insoluble pellets from 2N4R-overexpressing cells with either
2N4R or variant seeds (Fig. 4C). The observed filaments were
straight, smooth, and gathered in bundles. No difference was
observed between wild-type and variant seeds. The morphology of
tau filaments in the cell was different from heparin-induced re-
combinant tau filaments (Fig. 4C).

Fluorescence microscopic examination revealed small tau-
positive intracellular puncta in 2N4R-overexpressing cells induced
with 2N4R, 2N4R-P160S, and 2N4R-insQ seeds frequently than
without seeds (Fig. 5D). PHF-1 positive were detected as small
puncta frequently occurring in each cell (Fig. 5A). Some PHF-1
positive puncta were delineated with ThS and tauC staining in the
cytoplasm of 2N4R-overexpressing cells with all seeds
(Supplementary Fig. 3A and B). Conformation-dependent antibody
MC1 and phosphorylation-dependent antibody AT8, which recog-
nizes phospho-Ser 202 and phospho-Thr 205, also immunostained
cytoplasmic puncta (Fig. 5B and C).

Quantitative image analysis revealed that 2N4R-P160S and
2N4R-insQ seeds induced a higher number of cells bearing PHF-1
(69.7 � 9.0% and 75.0 � 1.83%, respectively) and MC1 (48.8 �
6.3% and 45.7�2.1%, respectively) positive puncta than 2N4R seed
(47.5 � 5.6% and 32.4 � 2.1%, respectively, p< 0.05) (Fig. 5D). The
percentage of puncta-positive cells without seed was 0.62 � 0.17%
(PHF-1) and 14.5 � 1.9% (MC1). Although similar changes were
observed in cells stained with AT8, they were not significant.

4. Discussion

In the present study, we detected two novel heterozygous var-
iants in MAPT. One was a missense variant, p.P160S in exon 7, in a



Fig. 4. Seeding activity analysis of 2N4R-P160S and 2N4R-insQ using SH-SY5Y cell models. (A) Tau in sarkosyl-soluble fraction (soluble fraction) or sarkosyl-insoluble pellet
(insoluble pellet) from 2N4R-overexpressing, 2N4R-P160Seoverexpressing, or 2N4R-insQeoverexpressing cells treated with each seed detected using Tau46 antibody (n ¼ 3). (B)
Quantitative analysis of immunoreactivity of ppt with cells overexpressing 2N4R, 2N4R-P160S, or 2N4R-insQ. Data represent the mean � SEM from three independent experiments.
*p < 0.05 by Student’s t test. (C) Electron microscopy of tau filaments in sarkosyl-insoluble pellet extracted from 2N4R-overexpressing cells treated with 2N4R, 2N4R-P160S, or
2N4R-insQ seeds. Bar ¼ 200 nm. Abbreviation: SEM, standard error of the mean.
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patient with FTD-MND. The other was an insertion variant,
p.K298_H299insQ in exon 10, in a case of familial PSP. Our func-
tional analysis indicated that recombinant variant tau reduced
microtubule assembly activity and increased the propensity for
aggregation in ThS assay. In the cell model, p.K298_H299insQ had a
higher aggregation ability than wild-type tau, although the aggre-
gation ability of p.P160S was the same level as that of wild-type tau.
Moreover, the aggregated 2N4R-insQ had a higher seeding activity
than that of wild-type tau.

p.K298_H299insQ is the first report of an insertion variant in
MAPT. Patients harboring variants in MAPT exon 10 can be divided
into two categories: “dementia-dominant” and “atypical parkin-
sonism-dominant” such as PSP and CBS (Wszolek et al., 2006). Our
case matched atypical parkinsonism-dominant resembling PSP.
Recombinant 2N4R-insQ showed a reduced ability of microtubule
assembly and increased propensity for aggregation.
p.K298_H299insQ was detected in MBD as a main functional
domain of tau. Inside the MBD, p.K298_H299insQ located close to
the aggregation-promoting hexapeptide PHF6 (306VQIVYK311) and
possibly induces tau aggregation by strengthening PHF6. Several
variants (p.G303V, p.L315R, and p.S320F), which may be related to
PHF6, display a mixture of short filaments and oligomers (Combs
and Gamblin, 2012). These findings are similar to those of
p.K298_H299insQ, which also suggests that p.K298_H299insQ may
affect PHF6. Moreover, in exon 10 and flanking introns, multiple cis-
acting elements regulating exon 10 splicing were identified. The
insertion variant located in the cis-element, whichworks as an exon
splicing enhancer (Liu and Gong, 2008). The dysregulation of exon
splicing enhancer induces an increase in 4R tau. Our exon trapping
analysis suggests that the abnormal alternative splicing in exon 10
and the increased expression of 4R tau is caused by
p.K298_H299insQ. Together, these studies suggest that
p.K298_H299insQ leads to disruption of normal function of tau and
aberrant aggregation in vitro.

Tau aggregates spread through intercellular propagation,
requiring the formation of prion-like species (Goedert et al., 2017).
The aggregated recombinant tau can work as seeds in previous cell
models. The overexpressed tau model without seeds resists ag-
gregation. However, introducing tau seeds into tau-expressing cells
generates tau aggregation. We compared the seeding activities of
aggregated recombinant tau among 2N4R, 2N4R-P160S, and 2N4R-
insQ. 2N4R-insQ seed presented a higher seeding activity than
2N4R and 2N4R-P160S seeds. Moreover, 2N4R-insQeoverexpress-
ing cells showed greater aggregation to various seeds than 2N4R-
overexpressing cells. In this cell model, the aggregation propensity
of overexpressed tau strongly relates to the seed-induced aggre-
gation (Matsumoto et al., 2015). This indicates that 2N4R-insQ has
the highest aggregation ability. On the other hand, the amount of
Sar-insoluble pellets of 2N4R-P160Seoverexpressing cells was
similar to that of 2N4R. The aggregation ability of 2N4R-P160S is not
as strong as that of 2N4R-insQ, although similar levels of heparin-
induced aggregation were observed in ThS assays. 2N4R-insQ
seed induced a higher amount of aggregation than the 2N4R or
2N4R-P160S seeds in cells transfected with 2N4R and 2N4R-P160S.



Fig. 5. Immunocytochemical analysis of intracellular tau aggregates induced by various seeds. (A) 2N4R-overexpressing SH-SY5Y cells with 2N4R, 2N4R-P160S, or 2N4R-insQ seed
show PHF-1 positive puncta in the cytoplasm. Bar ¼ 50 mm. (B) Triple immunostaining of MC1 antibody in 2N4R-overexpressing cells treated with 2N4R-insQ seed. Bar ¼ 50 mm. (C)
Triple immunostaining of AT8 antibody in 2N4R-overexpressing cells treated with 2N4R-P160S seed. Bar ¼ 50 mm. (D) Quantitative analysis of cells containing intracellular puncta
decorated with PHF-1, MC1, or AT8 antibodies. The ratios of puncta-containing cells were compared with 2N4R-overexpressing cells with various seeds. Data in panel D represent
the mean � SEM. Each experiment was repeated three times and cells were counted in three views for each experiment. *p < 0.05 by Student’s t test. Abbreviation: SEM, standard
error of the mean.
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Our CD spectroscopy analysis demonstrated that the ratio of
b-sheets is higher in the heparin-induced 2N4R-insQ aggregates
than in those of 2N4R and 2N4R-P160S. This suggests that the
conformational differences among seeds account for seeding ability
(Falcon et al., 2015). Moreover, our experiments showed that seeds
of 2N4R-P160S and 2N4R-insQ increased the number of phos-
phorylated tau-positive puncta and conformationally changed tau-
positive puncta in 2N4R-overexpressing cells comparedwith that of
2N4R seed. p.K298_H299insQ and p.P160S possibly cause aberrant
post-translational modification leading to toxicity.

Our patient with p.P160S clinically resembled atypical amyo-
trophic lateral sclerosis, presenting asymmetrical symptoms
afflicting more the upper motor neurons than the lower motor
neurons. p.P160S located far outside MBD in a proline-rich domain
(residues 151-243) (Wang and Mandelkow, 2016). However, a
recombinant tau protein with p.P160S showed a mildly reduced
ability to promote microtubule assembly and enhanced ThS-
detected aggregation ability. N-terminal region of the proline-
rich domain (residues 151-197), which contains proline 160, is
thought not to play a direct role in regulating microtubule dy-
namics. However, the region contributes to microtubule assembly
by assisting in microtubule nucleation and bundle formation
(Gustke et al., 1994). Nuclear magnetic resonance spectroscopy
reveals that the proline-rich domain mildly interacts with mi-
crotubules (Mukrasch et al., 2009). With respect to a high aggre-
gation ability of p.P160S, the proline-rich domain forms an
intermolecular interaction with the third microtubule binding
repeat (R3) (Mukrasch et al., 2009). PHF6 is located at the begin-
ning of R3. Thus, we believe that p.P160S may affect PHF6,
resulting in enhanced aggregation under high concentration
conditions.

Pathogenic variants in MAPT are commonly concentrated in
exons 9e12 and in introns of exon 10. We detected p.P160S in exon
7. In ThS assays of p.A152T in the presence of heparin, ThS fluo-
rescence levels were comparable with those of wild-type, and SDS-
PAGE quantification of the ThS assembly mixture separated by
centrifugation also showed that the rate of aggregated tau was
lower than that of wild-type tau. However, microtubule assembly
assays clearly demonstrated that p.A152T is much less efficient in
stabilizing microtubules (Coppola et al., 2012). Our CD spectra and
cell-based model assay results show that the aggregation ability of
p.P160S was the same level of that of wild-type, although p.P160S
had less ability to promote microtubule assembly than wild-type.
We speculate that p.P160S and p.A152T share pathogenic similar-
ities, with a weak influence on tau aggregation and a decrease in
microtubule binding.

This study has several limitations: (1) the small number of pa-
tients, (2) autopsies were not performed, and (3) segregation
studies were not performed for other family members. To deter-
mine the toxicity of both tau protein variants, it is necessary to
perform postmortem analyses of autopsied brains. The Japanese
Society of Neuropathology has encouraged physicians to persuade
patients with neurodegenerative diseases to donate their brains on
their passing. We acknowledge that we will encourage the patients
and their family members to donate their brains.
5. Conclusions

We detected two novel variants in MAPT in patients with FTD-
MND and PSP. Our functional analysis demonstrated that recom-
binant tau modified by two variants revealed a reduced ability of
microtubule assembly and an increased ability of aggregation. In a
cell-based model, p.K298_H299insQ showed a higher aggregation
ability and seeding activity compared with wild-type tau. Our
characterization of two variants sheds light on tau pathogenesis
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and its relationship with MND, progressive parkinsonism, and
cognitive decline.
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