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the A152T mutation is reported to increase the risk of AD and neuronal excitability in mouse models.
Methods: To investigate the effects of MAPT gene expression and its mutations on neuronal activity in human
neurons, we employed genome editing technology to introduce the A152T or P301S mutations into induced
pluripotent stem cells (iPSCs). We then differentiated them into excitatory and inhibitory neurons. As a
L control, iPSCs in which the MAPT gene was replaced with a fluorescent protein were also created.
Alzheimer's disease (AD) . .
Induced pluripotent stem cells (iPSCs) Res.ul'ts: In excitatory r}egronal cultures, the A152T mut;mgn was found to enhar}ce spontaneous neuronal
hTau-A152T mutation activity and the association of tau and Fyn. However, in inhibitory neuron-enriched cultures, the A152T
Tau-Fyn-NMDAR pathway mutation did not affect neuronal activity. Inhibition of NMDA receptors (NMDAR) and the reduction of tau
protein levels decreased neuronal excitability in both A152T/A152T and healthy control (WT/WT) excitatory
neurons. In addition, the A152T mutation increased the interaction between tau and Fyn. These findings
suggest that the tau-Fyn interaction plays a critical role in regulating neuronal activity under physiological
conditions, while the A152T mutation enhances neuronal activity by strengthening this endogenous inter-
action between tau and Fyn. In addition, transcriptomic analysis revealed structural changes specific to
excitatory neurons with the A152T mutation. Common changes observed in both A152T and P301S lines
recapitulated a dedifferentiation phenotype, consistent with previous reports.
Conclusions: These data demonstrate that the A152T mutation in the MAPT gene increases neuronal
excitability through the tau-Fyn-NMDAR pathway in excitatory neurons, shedding light on its role in AD
pathogenesis.
© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction

Alzheimer's disease (AD) is a form of dementia characterized by
the abnormal accumulation of insoluble protein aggregates, such as
Amyloid B (APB) peptides outside neurons and tau proteins inside
neurons. Recently, there has been growing interest in the link be-
tween epilepsy and AD, as well as other related neurodegenerative
diseases, within the field of neuroscience [1]. The incidence rates of
epilepsy in patients with AD, frontotemporal dementia (FTD), or
dementia with Lewy bodies (DLB) are higher than that in control
groups [2]. In addition, the progression of cognitive impairment is
faster in AD patients with epilepsy than in those without epilepsy
[3]. While epilepsy could be considered merely a comorbidity with
no direct interaction with AD pathogenesis, the exacerbation of
epileptic symptoms and neuronal excitability is observed in several
mouse models for AD-like human amyloid precursor protein (hAPP)
overexpressing mice [4,5]. These findings indicate that epileptic
symptoms in AD are not just a coexisting symptom that affects the
disease progression but a driver that promotes AD pathogenesis [4].
Consistent with this idea, an anti-epileptic drug has been reported
to block the impairment of some cognitive functions in AD patients
[6]. The epileptic symptoms in AD model mice were blocked by tau-
coding microtubule associated protein tau (Mapt) gene deletion,
suggesting that AP aberrantly increases neuronal excitability in AD
patients through tau [7,8]. In addition, Mapt over-expression
exacerbated the epileptic symptoms in hAPP over-expressing
mice, suggesting that the expression level of tau regulates the AB-
induced epileptic condition [9].

Mutations in the MAPT gene cause a familial neurodegenerative
disease called frontotemporal dementia with Parkinsonism linked
to chromosome 17 (FTDP-17) [10]. The discovery of FTDP-17
demonstrated that tau dysfunction is enough to trigger neuro-
degeneration without AB accumulation. In addition, the MAPT gene
mutation, in which the 152nd alanine is replaced by threonine
(A152T), is a risk factor for both AD and FTD spectrum disorders
[11—13], and it is the first and only MAPT gene mutation genetically
linked to AD pathogenesis. Expression of human tau with the
A152T mutation (hTau-A152T) in mice increases neuronal excit-
ability, followed by age-dependent neuronal cell death and cogni-
tive impairment [9]. Furthermore, neuronal cell death induced by
some stressors is enhanced by the A152T MAPT gene mutation in
induced pluripotent stem cell (iPSC)-derived neurons [14,15]. These
data suggest that the A152T mutation contributes to tau patho-
genesis by increasing neuronal hyperexcitability in human neurons.

Recently, neurons differentiated from the iPSCs derived from
patients’ cells have been utilized to elucidate molecular mecha-
nisms caused by tau dysfunction as human neuron models that
allow high throughput analysis of pathological phenotypes. For
example, the A152T and R406W MAPT gene mutations induce
neurite abnormality and enhanced vulnerability to toxic insults in
iPSC-derived neuronal models [16,17]. In addition, neurons differ-
entiated from FTDP-17 patient-derived iPSCs enhanced the intra-
cellular Ca®* response to electrical stimulation [18]. However, it is
unclear how tau is involved in enhancing neuronal excitability in
human neurons and whether the A152T mutation induces an
epileptic effect.

To investigate the underlying mechanism, we first established
isogenic human A152T iPSC lines by introducing the A152T muta-
tion into a healthy (wild type; WT) control iPSCs using the CRISPR-
Cas9 system. In parallel, we also introduced the P301S mutation,
one of the most frequently used FTDP-17 mutations to study tau
pathogenesis, into the healthy control iPSCs. To obtain excitatory
neurons, we expressed Neurogenin2 (Ngn2) and miR-9/9%-124, a
transcription factor and microRNAs that allow each iPSC cell line to
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directly differentiate into glutamatergic neurons, not via neural
precursor cells [19]. This method enables rapid neuronal matura-
tion of iPSC-derived neurons, enabling the measurement of
neuronal excitation within two weeks. Using these iPSC-derived
excitatory neurons, we examined the neural excitability and the
pathogenesis caused by the A152T MAPT gene mutation.

2. Materials and methods

A list of Reagents and Materials is available in the supplemen-
tary material file.

2.1. Preparation of lentiviral particles for expression miR-9/9*-124

Self-inactivating (SIN) vector (CSIV-124-9/9*-mRFP-TRE-EF-
BsdT) was constructed by a Multisite Gateway-based method as
previously described [19]. Lentiviral particles were generated using
a modified method that was previously described [19]. On day O,
HEK293T cells were passed in poly-L-Laminin-coated dishes in
DMEM containing 10 % FBS, 2 mM r-glutamine, 100 U/ml penicillin,
and 100 mg/ml streptomycin sulfate. The cells were cultured on
10 cm dishes at 37 °C with 5 % CO2 for 24 h. The transfection of each
gene and packaging was performed using polyethylenimine. The
DNA plasmids of SIN lentiviral vector (6 pg/dish), pCAG-HIVgp (3
ug/dish), pPCMV-VSV-G-RSV-Rev (3 pg/dish) were mixed with 24 ul/
dish of 1 mg/ml PEI in 500 pl/dish Hank's balanced salt solution
(HBSS). Subsequently, the DNA/PEI mixture was mixed by vortexing
and dropped onto the cells. Sixteen hours later, the medium con-
taining the DNA/PEI mixture was changed to a fresh medium
containing 10 uM forskolin to enhance viral particle production.
After 48 h, the conditioned medium was collected and filtered
through a 0.45 um filter. The filtrate was concentrated by ultra-
centrifugation (50K x g, 2 h, 4 °C). After collecting the pellet con-
taining lentiviral particles by resuspending in HBSS, the resus-
pension was filtered with HBSS using a centrifugal filter unit,
Amicon Ultracell-100K. The titer of the lentiviral particles was
measured using lenti-X GoStix Plus. The resuspension of lentivirus
particles was stored at —80 °C.

2.2. Gene editing of iPSC using CRISPR-Cas9

To obtain multiple iPSC lines with the same genetic background,
the iPSC line 201B7 [20] derived from a healthy person was edited
at the MAPT gene locus (hereinafter, tau gene) encoding tau. To
insert the TagGFP2 (hereinafter, GFP) gene and gene mutation into
the MAPT gene, gene editing with targeting vectors was performed.
Targeting vectors for knock-in of GFP, GFP-polyA for MAPT gene
knockout, and A152T and P301S MAPT gene mutation were con-
structed by inserting the sequences into the HR710PA-1 vector
(System Bioscience). The targeting vectors include hygromycin-
resistance gene and mRFP sandwiched between left and right ho-
mology arm (LHA and RHA) and inverted terminal repeat (ITR)
sequences and have hsvTK that induces cytotoxicity to gancyclovir
sensitivity downstream of RHA. Therefore, cells in which the region
between LHA and RHA of the targeting vector is inserted into the
tau gene show hygromycin-resistant and ganciclovir-insensitive
properties. Feeder-free iPSC culture was prepared as previously
described [19]. Dissociated iPSCs were transfected with a targeting
vector, sgRNA (Supplemental Figure Table S1), and CRISPR-Cas9
protein using the Neon Transfection System (Thermo Fisher Sci-
entific). For the CRISPR—Cas sgRNA targets, we selected sequences
that would make the editing free from the off-target using an on-
line database tool, “CHOPCHOP” [21]. After seeding to culture
dishes, iPSCs were maintained in StemFit/AKO2N containing



M. Itsuno, H. Tanabe, E. Sano et al.

100 pg/ml hygromycin and 2.5 pg/ml gancyclovir. After drug se-
lection, selected iPSC colonies were harvested and amplified, and
the sequence of the MAPT gene was confirmed. Furthermore, to
remove ITR sequences which include the hygromycin-resistance
gene and mRFP, the iPSC clone was transfected with excision only
PiggyBac transposase expression vector using GeneJuice Trans-
fection Reagent. Finally, six isogenic iPSCs were generated
(Supplemental Table S2). WT/A152T, A152T/A152T, and P301S/
P301S iPSC were obtained by knock-in of MAPT gene mutations to
N-GFP-tau iPSC. Moreover, the P301S MAPT gene mutation
observed in patients with FTLD-17 is the 1-base mutation from CCG
to TCG, while the mutation inserted in this study is the 2-base
mutation from CCG to TCC.

2.3. Establishment of iPSC lines carrying Tet-On inducible Ngn2 and
miR-9/9*-124 vectors

Vectors for neuronal differentiation were transfected into the
isogenic iPSC lines as previously described with minor modifica-
tions [19]. Briefly, after transfection of pCMV-HyPBase-PGK-Puro,
PB-TET-PH-1ox66FRT-NEUROG2, and PB-CAGrtTA3G-IH vectors,
cells were maintained in StemFit/AKO2N containing 50 pg/ml
hygromycin and 0.5 pg/ml puromycin. Stable lines of these three
vectors in 201B7, N-GFP-tau, and C-GFP-tau iPSC lines were
differentiated into neurons to check neuronal induction using the
procedure below. After introducing these three vectors and drug
selection, miR-9/9*-124 lentivirus was added to iPSCs. After two
days of lentiviral infection, the iPSC culture medium was replaced
with the fresh medium containing 10 pug/mL blasticidin S, 50 pg/ml
hygromycin, and 0.5 pg/ml puromycin. After the drug selection,
iPSC colonies were picked and checked for neuronal differentiation
using the procedure below.

2.4. Induction of purely excitatory neurons by the expression of
Ngn2 and miR-9/9*124

Neuronal differentiation from iPSCs was performed as previ-
ously described with minor modifications [19]. iPSCs were disso-
ciated using 0.5 x TrypLE Select, and 2.5 x 10* cells (96 well-plate)
or 2.5 x 10° cells (12 well-plate) were seeded onto culture dishes
coated with poly-L-lysine and iMatrix-511 silk into neuronal in-
duction medium (Neurobasal Plus medium containing 2 % B27 Plus
supplement, 1 % CultureOne supplement, 1 % GlutaMAX, 200 pM -
ascorbic acid, 200 pM dbcAMP, 10 uM Y27632, 20 uM DAPT and
4 pg/ml doxycycline (DOX)). On days 2—3, a half-medium change
was performed with the fresh neuronal induction medium. On days
5—6, 70 % medium was changed with fresh neuronal maintenance
medium (Neurobasal Plus medium containing 2 % B27 Plus sup-
plement, 1 % CultureOne supplement, 1 % GlutaMAX, 200 puM L-
ascorbic acid, 200 pM dbcAMP, and 10 ng/ml BDNF). Half-medium
change was performed every 3—4 days after day 6. Day 13—22
neurons were used for all assays below. 1 uM Accell siRNA was
added into culture media from day 6.

2.5. Induction of inhibitory neuron-enriched culture

We induced the inhibitory neuron-enriched culture by dual
SMAD inhibition as previously reported [22]. The induced neuronal
culture was maintained with BrainPhys neuronal medium (Cat:
05793, STEMCELL technologies) containing 10 ng/ml GDNF, 10 ng/
ml BDNF, 200 uM ascorbic acid, 0.5 mM dbcAMP, 2 uM PD0332991
(BP + alpha neuronal medium). We confirmed that 85 % of the
neurons are inhibitory and 15 % of the neurons are excitatory
neurons by single-cell RNAseq (paper in submission).
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2.6. Immunofluorescence

Neurons were fixed by 4 % paraformaldehyde. After washing
with PBS, the neurons were incubated with a blocking buffer (5 %
FBS, 0.3 % Triton-X100 in PBS). Primary antibodies (1:1000) (BIII
tubulin, NeuN, MAP2, HT7, Tau-5, AT8, and PHF1) or (1:500)
(RTM38 and GFP) diluted with blocking buffer were incubated
overnight at 4 °C and washed with PBS. Subsequently, secondary
antibodies (1:2000) (Goat anti-Mouse IgG (H + L) Secondary
Antibody/Alexa Fluor 647, Goat anti-Rabbit IgG (H + L) Secondary
Antibody/Alexa Fluor 488, Goat anti-Rabbit IgG (H + L) Secondary
Antibody/Alexa Fluor 555, Goat anti-Chicken IgY (H + L) Secondary
Antibody/Alexa Fluor 488, Goat anti-Rat IgG (H + L) Cross-
Adsorbed Secondary Antibody/Alexa Fluor 647) and 10 pg/ml
Hoechst 33,342 diluted with blocking buffer were incubated for 1 h
at room temperature. After washing with PBS, fluorescence (exci-
tation 545 nm/emission 605 nm, excitation 620 nmj/emission
700 nm, or excitation 360 nm/emission 460 nm) was observed with
the fluorescence microscope BIOREVO BZ-X800 (Keyence) or IN
Cell Analyzer 6000 (GE Healthcare).

2.7. Western blotting

Cell lysates were obtained by dissolving neurons with mRIPA
buffer containing protease and phosphatase inhibitors. After soni-
cation, the lysates were centrifuged at 15,000xg for 5 min. Protein
concentration was measured by Bicinchoninic Acid (BCA) assay. Cell
lysates (including 3 pg protein per lane for fluorescence detection,
or 4.4 pg protein per lane for ECL detection) and tau protein ladder
were loaded onto Extra PAGE One Precast Gels 5—15 %. After SDS-
PAGE, the proteins were transferred onto Immobilon-FL PVDF
membranes. After blocking with 5 % skim milk, 5 % BSA or Odyssey
Blocking Buffer for 30 min, the membrane was incubated overnight
at 4 °C with primary antibodies (BIII tubulin, Actin, NR2B, GFP, total
tau (DAKO Tau), 3R tau, 4R tau, AT8, and PHF1) diluted with Od-
yssey Blocking Buffer (1:2000). After three times of 1 x TBST wash,
the membranes were incubated with secondary antibodies
(1:10,000) (IRDye 680RD Donkey anti-Mouse IgG, IRDye 680RD
Donkey anti-Rabbit IgG, IRDye 800CW Donkey anti-Mouse IgG,
IRDye 800CW Goat anti-Mouse IgG and IRDye 800CW Donkey anti-
Rabbit IgG) or (1:5000) (Peroxidase AffiniPure Donkey anti-Mouse
IgG (H + L), Peroxidase AffiniPure Goat anti-Rabbit IgG (H + L))
diluted with Odyssey Blocking Buffer for 1 h. After three times of
1 x TBST wash, protein bands were detected by Odyssey CLx (LI-
COR, Lincoln, NE, USA), or emitted band signal using ECL prime
were detected by CCD camera-based quantitative biomolecular
imager ImageQuant LAS 4000 mini (GE Healthcare).

2.8. Ca®* imaging

The iPSC-derived neurons were incubated with 4.7 pM Ca®*
indicator Fluo-8 AM (AAT Bioquest) and 0.02 % Cremophor for
10 min, and the medium was replaced with the 1x recording me-
dium. 100 pM NMDAR antagonist MK-801 was added into 1x
Recording buffer 1 min before measurement.

Fluo-8 fluorescence intensity was captured as 301 streaming
images at 0.75-s intervals using an IX83 inverted microscope
(Olympus, Tokyo, Japan) equipped with a 20x objective lens, filter
sets (excitation 460—480 nm, emission 495—540 nm, and dichroic
mirror 490 nm), an Electron Multiplying CCD Camera (Hamamatsu
Photonics, Hamamatsu, Shizuoka, Japan) and LED illumination
system pE-4000 (CoolLED, Andover SP10 5NY, UK).

The Fluo-8 fluorescence traces were analyzed by MetaMorph®
Microscopy Automation and Image Analysis Software (Molecular
Devices, San Jose, CA, USA) or Image ] (ver 1.50i). Each ROI (region of
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interest) was placed on each neuron, and 34—40 ROIs were
analyzed in one image field. More than 120 ROIs were analyzed in
total for each condition. The total fluorescence intensity in each ROI
at time t was subtracted by the background fluorescence intensity,
defined by the fluorescence intensity of the ROI without cell, was
defined as F.. To eliminate the possibility of encountering Ca®*
transients in the first frame; we selected Fyase from the frame with
the lowest signal within the first 1 min for each ROI as previously
described [23].

The rate of increase/decrease of F; concerning Fpase (AF/Fpase (%))
was calculated as (F; — Fpase)/Fpase (%). Spontaneous oscillations of
neuronal cells were analyzed by Ca®* transient. Ca®>* transient was
defined as an event in which AF/Fpase (%) increased by 10 % or more
and then decreased by 10 % or more, and the frequency of Ca**
transients in each ROI was measured. The value obtained by
dividing the obtained Ca®* transient number by the image acqui-
sition time of 3.75 (min) was calculated as the frequency of Ca®*
transient (min~!). Image | was used to create 30 frames/sec video
files for one field of view in each group.

2.9. Proximity ligation assay (PLA)

Tau—Fyn interaction was detected by the PLA method according
to the manufacturer protocol with minor modifications (Duolink
PLA fluorescent protocol). Cells were fixed and performed blocking
in the same method of immunofluorescence. Tau (HT7 antibody)
-Fyn interaction and GFP-tau expression were examined by IN Cell
Analyzer 6000 or BIOREVO BZ-X800, and the number of foci was
quantified with Image ] (ver 1.50i) described as below.

The foci observed in each image were extracted using Image J. In
addition, the cell area containing neurites was extracted as green
fluorescence emitted by GFP-tau fusion protein expressed in neu-
rons. The tau-Fyn PLA foci/GFP-tau area was calculated as an indi-
cator of tau-Fyn interaction.

2.10. Bulk RNAseq analysis

2—5 pg of total RNA from each sample was purified using
RNAeasy kit (Qiagen). After we confirmed the quality of the purified
RNA using Bioanalyzer, the mRNA libraries were prepared in a
strand-specific manner using NEBNext Poly(A) mRNA Magnetic
Isolation Module (Cat No. E7490) and NEBNext UltraTMII Direc-
tional RNA Library Prep Kit (Cat No. E7760) and sequenced using
NovaSeq 6000 (Illumina) to obtain 150-bp paired-end reads. Raw
reads were trimmed based on the read quality and read length
using FastQC version 0.11.7 and Trimmomatic version 0.38,
respectively. The RNA-seq data were mapped to the corresponding
genomic DNA sequences (human [GPCh38]) using HISAT2 version
2.1.0. The read counts, fragments per kilobase of exon per million
mapped fragments (FPKM), and transcripts per million (TPM) were
calculated using featureCounts version 1.6.3. The samples were
clustered with the Wald method based on Euclidean distances of
the normalized counts using stats (Version 3.6.1) and gplots
(Version 3.0.1.1) R packages. The differentially expressed genes
were detected using DESeq2 version 1.30.1. Enrichment of GO (gene
ontology) biological process and correlation network of enriched
GO terms was used clusterProfiler package version 3.18.1 [24] with
0.01 and 0.05 as p-value and g-value (BH methods) cut-off values.

2.11. Statistical analysis

The statistical tests used for each dataset are specified in the
figure legends. Statistical analyses were done with Prism 5.04, 7, 9
or 10. Normality was assessed with the Shapiro—Wilk normality
test. Variances were evaluated with the F-test (two groups) or
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Bartlett's test (more than two groups). A two-tailed t-test was used
for most comparisons of two groups with Gaussian distribution and
equal variances. P-values were adjusted with the Holm correction
for multiple comparisons for individual pairs in a dataset. The two-
tailed unpaired t-test or Mann—Whitney test was used to compare
two groups with normal distributions or non-normal distributions,
respectively. For multiple group comparisons with non-normal
distribution, we used one-way ANOVA with post hoc Tukey or
Dunnett's test. For multiple group comparisons with non-normal
distribution, Kruskal—Wallis test with post-hoc Dunn's test was
used. Values reported are means =+ SD. Differences were considered
significant at P < 0.05.

3. Results

3.1. Isogenic iPSC lines with the A152T MAPT mutation were
established by gene editing and differentiated into neurons by Ngn2
and miR-9/9*-124 induction

To visualize the expression of endogenous tau in living neurons,
we first fused the TagGFP2 (hereafter simply GFP) coding sequence
to either the 5’ or 3’ end of the MAPT gene (N-GFP-tau and C-GFP-
tau) in a healthy control iPSC line [25], by genome-editing tech-
nology (Fig. 1A and Supplemental Figs. S1A, B, C). To differentiate
the iPSCs into forebrain excitatory neurons, Ngn2 and miR-9/9*-
124 were introduced, as reported previously [19] (Fig. 1B). By using
the Tet-ON system using Doxycycline (DOX) to drive the expression
of the introduced Ngn2 and miRNAs, the iPSCs were differentiated
into neurons. GFP signals were detected in both N-GFP-tau and C-
GFP-tau lines, indicating that both lines were able to differentiate
into neurons, and GFP-fused tau protein was expressed in those
cells (Supplemental Fig. S1D). However, the intensity of C-GFP-tau
was much lower than that of N-GFP-tau, which was confirmed by
Western blotting that the C-GFP-tau line expressed less GFP-tau
than the N-GFP-tau line (Supplemental Fig. S1E), suggesting that
the disruption of the 3° UTR of the MAPT gene significantly affects
endogenous tau expression. Thus, in the following experiments, we
utilized the N-GFP-tau line only.

Next, heterozygous and homozygous A152T or P301S MAPT gene
mutations were introduced into the N-GFP-tau line (Fig. 1C,
Supplemental Figs. S2A, B, C). In addition to those lines, tau
knockout (KO) iPSC was established as a negative control by
inserting the GFP-polyA sequence into the MAPT gene immediately
upstream site of the start codon (Fig. 1D, Supplemental Fig. S2D). In
total, six iPSC lines were established in this study (N-GFP-tau (WT/
WT), C-GFP-tau (WT/WT), WT/A152T, A152T/A152T, P301S/P301S,
and KO-tau) (Supplemental Figure Table S2).

iPSC-derived neurons of each WT/WT, A152T/A152T, P301S/
P301S lines showed similar GFP-tagged tau expression
levels(Fig. 1E and F). The GFP expression level in the tau KO line,
where the MAPT gene was replaced with GFP at the downstream of
the promoter of the MAPT gene, was lower compared to the other
lines(Fig. 1E and F). This suggests that the half-life of tau-
conjugated GFP is longer than that of GFP alone [26,27]. The
immunocytochemistry showed that NeuN and MAP2 positive cell
rates, which indicate neuronal maturation, were around 90 % across
the four lines (Fig. 1G and H). The fluorescent intensity of mRFP,
encoded in the plasmid construct harboring miR-9/9*-124, has a
minimum effect on the observation of red fluorescence signals after
immunostaining (Supplemental Fig. S3A).

In neurons derived from the WT/WT, WT/A152T, and A152T/
A152T iPSC lines, tau expression and phosphorylation were detec-
ted using pan-tau and phosphorylation-dependent antibodies. The
lack of staining by these antibodies in KO/KO iPSCs-derived neurons
indicated the specificity of these signals (Fig. 2A). Co-labeling of
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MAP2, tau, and GFP fused to tau demonstrated that tau localized
not only in axons but also in dendrites of these neurons (Fig. 2B),
indicating that in these neurons, the subcellular localization of
endogenous tau is not restricted to axons as recognized in imma-
ture or tauopathy neurons [28,29]. Additionally, neurites started to
extend immediately after the DOX treatment, while tau expression
eventually increased one week later (Fig. 2C). It suggests that tau
expression is not essential for neurite extension, consistent with
the previous studies of murine Mapt deletion [10]. The comparable
level of neurite extension in tau KO neurons to that of control
neurons also supports this idea (Fig. 1G).

Furthermore, the expressions of tau and neuronal markers (BIII
tubulin and NR2B) in iPSC-derived neurons were confirmed by
Western blotting (Fig. 2D). Antibodies against total tau, 3R tau, and
phosphorylated tau (AT8, PHF1) detected dual bands correspond-
ing to normal tau and GFP-fused tau, respectively, in WT/WT, WT/
A152T, and A152T/A152T neurons, indicating that GFP-tagged wild-
type and mutated tau proteins were expressed as 3R tau and
phosphorylated. Quantitative data revealed the comparative levels
of total tau expression and the relative proportion of phosphory-
lated tau (PHF1) to total tau in WT/WT, WT/A152T, and A152T/
A152T neurons, while no tau expression was detected in KO neu-
rons (Supplemental Fig. S3B), indicating that these expressions
were not affected by MAPT deletion or A152T mutation. Considering
that the bands recognized by 4R tau were non-specific bands that
were also detected in KO cells (Fig. 2D and Supplemental Fig. S3C),
4R tau expression is low in these cells. In the neurons carrying the
P301S/P301S mutation (Supplemental Fig. S2C), tau antibodies
detected doublet bands corresponding to 3R and 4R tau with or
without the GFP-tag based on the molecular weight (Supplemental
Fig. S3C), indicating that only P301S mutation drove the expression
of 4R tau.

3.2. hTau-A152T expression increases neuronal excitation in iPSC-
derived neurons

Previously, the exon10 + 16 and R406W MAPT gene mutations
are reported to increase the response to electrical stimulation [18].
In addition, the hTau-A152T expression in mouse brains increased
spontaneous neuronal excitation [9]. To examine excitability in
unstimulated human neurons expressing hTau-A152T, we visual-
ized Ca®* oscillation by a fluorescence indicator, Fluo-8. The fre-
quency of Ca®* oscillation was increased in A152T/A152T neurons
compared to WT/WT neurons (Fig. 3A, Supplemental Fig. S4 and
Supplemental Movie). All the neurons used in these experiments
express GFP fused to the MAPT gene, but the GFP fluorescence was
at a negligible level compared to the Fluo-8 fluorescence
(Supplemental Fig. S5A). To exclude the possibility that the non-
targeting effect of genome editing affected neuronal excitability,
we knocked down tau expression by exposing neurons to anti-Tau
siRNA and examined the Ca®* oscillation (Fig. 3B). GFP signal
indicated that anti-Tau siRNA treatment started to suppress tau
expression soon after it was added on day 6, and then reached
down to around 20 % signal plateau within 2 weeks (Supplemental
Fig. S5B). The anti-Tau siRNA reduced Ca* oscillation frequency in
both WT/WT and A152T/A152T neurons (Fig. 3C), suggesting that
both tau expression and the A152T mutation contribute to the Ca®*
oscillation in the hiPSC-derived neurons.

Tau reduction was reported to have differential effects not only
on excitatory neurons but also on inhibitory neurons [30]. Thus,
we aimed to examine MAPT gene mutation effects on inhibitory
neurons. We differentiated the iPSCs into the neuronal culture
mainly composed of inhibitory neurons (Fig. 3D). In the inhibitory
neuron-enriched culture, we found that Ca** oscillation frequency
decreased compared to the WT control (Fig. 3D). These
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observations suggest that the A152T mutation increases the ac-
tivity of excitatory neurons in the inhibitory neuron-enriched
culture, which in turn activates inhibitory neurons abundant in
this culture and ultimately reduces the oscillation of Ca®* in the
entire system.

3.3. The tau-Fyn-NMDA receptor pathway is involved in the
increased neuronal excitability by hTau-A152T

Tau modulates NMDA receptor (NMDAR)-dependent excito-
toxicity in mouse primary neuronal culture [31,32]. To examine the
involvement of NMDAR in the increased neuronal excitation in
A152T/A152T neurons, we treated A152T/A152T neurons with
NMDAR antagonist MK-801 to block NMDAR-dependent signals. As
a result, Ca®* oscillation was almost completely suppressed by MK-
801 treatment, and similarly, in WT/WT neurons, MK-801 treat-
ment suppressed Ca?* oscillation (Fig. 4A). These results indicate
that neuronal excitation is mediated by NMDA receptors in both
WT/WT and A152T/A152T neurons.

Next, we analyzed the intracellular interaction of tau and tyro-
sine kinase Fyn, a key regulator of NMDAR, by proximity ligation
assay (PLA). We found that PLA using tau and Fyn antibodies
labeled only a subset of tau (Fig. 4B). The number of PLA foci
visualized by tau and Fyn antibodies was increased in A152T/A152T
neurons compared to WT/WT neurons (Fig. 4B). Signals shaping the
nuclei in PLA (Fig. 4B blue arrow) were observed in all three cell
lines including tau KO neurons, indicating that these signals in
nuclei are not due to tau-Fyn interaction but artifacts of the assay.
Concomitant visualization of GFP and PLA signals indicated that
only a subset of tau interacts with Fyn. The number of punctate
staining per area of these neurons was increased in A152T neurons
compared to WT neurons (Fig. 4C). These findings indicate that tau-
Fyn interaction is increased in A152T/A152T neurons compared to
that in WT/WT neurons. This suggests that the hyperexcitability of
the A152T mutant neurons is mediated by the tau-Fyn-NMDAR
pathway.

3.4. hTau-A152T mutation causes structural change in hiPSC-
derived excitatory neurons

We also searched for the molecular mechanisms of hTau-A152T-
induced activation of excitatory neurons using transcriptome
analysis. In PCA and heatmap, hTau-A152T/A152T neurons were
closest to hTau-WT/WT neurons, while hTau-P301S/P301S and
hTau-KO/KO neurons were separated from them (Fig. 5A and B). In
the volcano plot of hTau-WT/WT over hTau-A152T/A152T neurons,
neuronal activity-dependent genes like Myc were upregulated,
while structural changes were indicated by the upregulation of
HOXB9 and IRX2 (Fig. 5C). Consistent with those changes in the
volcano plot, gene ontology (GO) analysis of differentially
expressed genes (DEGs) revealed top GO terms indicating struc-
tural changes like axon development, though we could not observe
significant differences among hTau-WT/WT and hTau-A152T/
A152T neurons (Fig. 5D). In addition, the top 10 GO terms of com-
mon DEGs between WT and A152T or P301S lines are shown in
Supplemental Fig. 6. The nuclear/mitotic division-related genes
such as Ascl1 and KIf4 were included, indicating that tau mutations
accelerate cell proliferation and cell cycle progression, leading to
pathological changes.

4. Discussion
Clinically, tau-related neurodegenerative disorders such as AD,

FTD, and DLB increase the risk of developing new-onset epilepsy
[2,33,34]. While most MAPT mutations are exclusively linked to
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Scale bar; 40 pm. (C) Tau expression in identical neurons was visualized by GFP conjugated with tau protein (upper panels) at the indicated days after induction. Neurite extension
was visualized by a bright field (lower panels) and compared with the GFP intensity. Scale bars; 30 um. (D) Western blotting analysis of day 20 neurons using total-tau (Tau-5), 3R

tau, 4R tau, phospho-tau (AT8 and PHF1),

frontotemporal lobar degeneration (FTLD), the rare MAPT gene
variant A152T is an exception, identified as a genetic risk factor for
both FTLD and AD [13,35]. Thus, studies on the A152T mutation will
offer valuable insights into tau pathogenesis in AD. Studies utilizing
animal models have provided insights into the involvement of the

), BIII tubulin, NR2B, and Actin antibodies (n = 3). Asterisk (*) indicates a non-specific band signal.

A152T mutation in hyper-excitation of neurons. In transgenic mice
overexpressing human MAPT with the A152T mutation, the
elevated extracellular glutamate levels triggered NMDAR-mediated
neurotoxicity [36,37]. This excitotoxicity results in intracellular
calcium dyshomeostasis [38], and enhanced neuronal
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responsiveness to synaptic electrical stimulation and epileptogenic
chemicals, leading to spontaneous nonconvulsive epileptiform ac-
tivity [9]. Consequently, alterations are associated with progressive
neuronal loss, particularly affecting the glutamatergic system
[9,38]. Furthermore, transgenic Caenorhabditis elegans expressing
the A152T variant exhibit severe paralysis accompanied by acute
neuronal dysfunction and pan-neuronal locomotor deficits [38,39].

Although those studies using animal models provide compelling
insights into the A152T mutation-dependent pathogenesis, the

complexities of cellular signaling processes and genetic variability
between the model and human or within human individuals should
be validated using human cellular models. For example, C. elegans
neurons have ion channels but not voltage-gated sodium channels
[40], necessitating further investigation in human cell-derived sys-
tems [41]. Studies using iPSC models harboring the A152T mutation
have described increased sensitivity to stress-induced cell death
[14,15], though no report revealed neurodegeneration via hyperex-
citability by the A152T MAPT mutation in a human cell model.
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In this study, we introduced the MAPT mutations, A152T or
P301S, to the hiPSC line from a healthy individual. We found that
the A152T mutation induced hyperexcitability in excitatory neu-
rons in human cells. This was reminiscent of the findings in hTau-
A152T transgenic mice because hTau-A152T expression was
driven in purely excitatory neurons by the CaMKII promoter in the
hTau-A152T mice [9].

Tau—Fyn binding anchors Fyn near post-synaptic density and
consequently activates NMDAR subunit NR2B [42]. In the present
study, inhibition of NMDAR suppressed neuronal excitability not
only in A152T/A152T neurons but also in WT/WT neurons, and tau-
Fyn interaction was also observed in WT/WT neurons. Therefore, it
is suggested that neuronal excitability due to the A152T mutation is
caused by excessive enhancement of the physiological action of WT
tau. Some MAPT gene mutations are reported to increase the tau-
Fyn interaction affinity and stabilize Fyn to an active state (open
conformation) that promotes binding within dendrites [43,44].
Though these mutation effects have not been confirmed with
A152T mutation, the relative increase in tau-Fyn interaction we
observed in A152T neurons possibly reflects them. Further studies
are needed on how the A152T mutation activates the tau-Fyn-
NMDAR pathway and induces neuronal excitability, such as phos-
phorylation status and intracellular localization of the tau-Fyn
complex like analyzed on other MAPT mutations [45].

Transcriptome analysis revealed structural changes by the
A152T mutation in addition to genes upregulated in an activity-
dependent manner, although the A152T mutation induced fewer
changes to hiPSC-neurons than KO or the P301S mutation. The
increased tau-Fyn interaction observed in A152T, which may
contribute to neuronal hyperexcitability, may result from changes
in cell structure or from the proximity of the mutation to the tau-
Fyn binding site. However, because the changes in the transcrip-
tional profile directly responsible for the increased excitability were
limited, it is more likely that the increased tau-Fyn binding caused
by the A152T mutation contributes to the increased neuronal
activity.
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The top 10 GO terms for common DEGs between WT and A152T
or P301S lines were related to nuclear/mitotic division, suggesting
that tau mutations accelerate cell cycle progression, leading to
pathological changes. This is consistent with the evidence from
both familial AD iPSC-derived neurons and post-mortem AD brain
tissue, indicating that early in disease progression, neurons show
signs of dedifferentiation towards progenitor-like states, induce
hypo-mature neuronal identity characterized by stress markers, re-
enter the cell cycle, and become dysfunctional, lacking the resil-
ience of mature neurons [46—49]. Taken together, these findings
suggest an aberrant neuronal transformation and age- or mutation-
related epigenetic deterioration. In addition, the P301L mutation of
the MAPT gene has been reported to induce nuclear membrane
deformation and defective nucleocytoplasmic transport [49]. Thus,
we also successfully recapitulate the previously reported tau-
dependent pathogenesis. However, further studies are needed to
clarify how these common changes between A152T and P301S in-
fluence the A152T-specific changes.

Our study reproduced tau-dependent neuronal excitability in
iPSC-derived neurons by the A152T mutation, suggesting the tau-
Fyn-NMDAR pathway as a molecular mechanism of neuronal
excitability. Additionally, Tau reduction by anti-Tau siRNA sup-
pressed the increased excitability by A152T, thus tau reduction is
expected to be a treatment for neurodegeneration in tau-related
diseases and epileptic symptoms. Further research on the mecha-
nisms of tau-dependent hyperexcitability will help to establish
therapeutics for the progression of neurodegenerative disease as
well as epilepsy in dementia. Though the effect of complete MAPT
gene knockout is still controversial, some reports point out impor-
tant issues, such as developing age-dependent motor and cognitive
deficits in a mouse model [50]. It is also reported that in MAPT-
depleted human iPSCs-derived cortical neurons, both neuronal ac-
tivity and neurite outgrowth were impaired [51]. Our study similarly
demonstrated that anti-Tau siRNA decreased the Ca’" oscillation
frequency not only in A152T neurons but also in WT neurons.
These findings suggest that while tau reduction counteracted
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A152T mutation.

hyperexcitability caused by the A152T mutation, either knockout or
knockdown of tau can result in functional deficits.

Therefore, in future drug screenings aiming at modulating tau
expression levels, it will be crucial to target pathogenic tau species
or achieve moderate tau reduction to preserve normal neuronal
function. For this purpose, the iPSC models we developed offer a
substantial advantage, as they incorporate MAPT mutations along-
side a fluorescent protein fused to tau, enabling real-time moni-
toring of endogenous tau expression levels and its subcellular
localization before and after drug treatment.
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5. Limitations of this study

Epilepsy often arises from complex interactions between
various neural cell types, including neurons and glia. Neuron
monocultures derived from iPSCs typically fail to exhibit syn-
chronous network activity unless co-cultured with human or
murine astrocytes [52], limiting their utility in modeling network
disturbances associated with epilepsy. However, recent advance-
ments in 3D culture techniques have enabled the generation of
cerebral organoids containing various types of neural cells, where
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spontaneous and synchronized neural activity can be observed
[53—55]. These organoids hold significant promise for modeling
both network-level and cell-autonomous defects in epilepsy [56].
To further investigate the neuronal hyperactivity associated with
MAPT gene mutations, the use of electrophysiological techniques
beyond Ca?* imaging, such as whole-cell patch-clamp recordings
or multielectrode array assays, will enhance the scope and effec-
tiveness of our research.

While we successfully recapitulated the previously reported
tau-dependent pathogenesis, the transcriptional profile changes
directly responsible for the increased excitability were limited.
Further studies are necessary to clarify how the shared alterations
between A152T and P301S mutations or A152T-specific transcrip-
tional changes contribute to these phenotypes especially the hy-
perexcitability of neurons.

The A152T mutation increased the tau-Fyn interaction. How-
ever, to determine whether this increased interaction directly
contributes to the increased neuronal excitability, further
studies are needed to inhibit the interaction between hTau-A152T
and Fyn.

Additionally, we were unable to replicate the neuronal cell loss
observed in human A152T patients. Since it takes several decades
for significant neuron reduction to occur in patients, aging-related
factors or stress-inducers are likely necessary to accurately mimic
these neurodegenerative phenotypes.

6. Conclusion

We differentiated hiPSCs in which MAPT mutation A152T or
P301S were introduced, into excitatory neuronal culture or inhib-
itory neuron-enriched culture. Using this culture systems, we
showed that the A152T MAPT mutation increases neuronal activity
in excitatory neurons. Furthermore, it was suggested that the tau-
Fyn-NMDAR pathway contributes to the increased neuronal excit-
ability of the A152T MAPT mutant neurons. Comprehensive tran-
scriptomics revealed that structural changes to elevate neuronal
activity were induced by the A152T mutation.
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