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Introduction

Prion diseases are rare progressive neurodegenerative con-
ditions without effective treatment [1]. One of the reasons 
for this is that it has proven difficult to develop models of 
human prion diseases. We and Mead et al. independently 
reported that some PRNP truncation mutations can cause a 
noteworthy phenotype [2, 3] called “PrP systemic amyloi-
dosis” [4], which is characterized by abnormal prion protein 
(PrP) deposits in whole organs. After these initial reports, 
different PRNP truncation mutations were identified that 
also cause PrP systemic amyloidosis [5–7].

The use of patient-derived induced pluripotent stem cells 
(iPSCs) to model neurological diseases is well-established 
[8, 9]. Patient-derived iPSC technology is considered valu-
able for modeling prion diseases that involve rare PRNP 
mutations. Here, we generated iPSCs from a patient with the 
PRNP Y162X mutation, which leads to PrP systemic amy-
loidosis [5, 10, 11], and differentiated them into neurons. 
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Abstract
Only a few reports have generated induced pluripotent stem cells from patients with prion diseases, making it important 
to conduct translational studies using cells derived from individuals with prion protein (PRNP) mutations. In this study, 
we established induced pluripotent stem cells from a patient with a glycosylphosphatidylinositol-anchorless PRNP muta-
tion (Y162X), which leads to abnormal deposits of prion protein in various organs. While no abnormal intracellular prion 
protein deposits were observed in the neurons differentiated from PRNP Y162X induced pluripotent stem cells, extracel-
lular PrP aggregates secretions were significantly increased, and these cells were significantly more sensitive to oxidative 
stress compared to control cells. Utilizing this PRNP Y162X iPSC-derived neuron model, we discovered that edaravone 
reduced the sensitivity of PRNP Y162X cells to oxidative stress. Following this finding, we treated a PRNP Y162X patient 
with edaravone for two years, which successfully suppressed indicators of disease progression. Our study demonstrates 
that the pathology of the glycosylphosphatidylinositol-anchorless PRNP mutation is associated with oxidative stress and 
highlights the potential of induced pluripotent stem cell technology in identifying novel treatments for rare prion diseases.
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Finally, we applied our findings from the iPSC research to a 
clinical PRNP Y162X case for treatment.

Materials and methods

Full methodology for this study is described in the Supple-
mental manuscript.

Human subjects

This study was approved by the Ethics Committees of 
Jichi Medical University, Kyushu University, and Tohoku 
University, and it obtained approval from the Institutional 
Review Board (approval no.: Rin-Dai 22–165). Informed 
consent was obtained from all participants.

iPSC-derived neurons PrP analyses

We have developed human iPSCs and differentiated neu-
ronal cells as described previously (Supplemental manu-
script) [12–15]. We have performed immunocytochemistry, 
western blotting, and neurotoxicity assays in the presence of 
oxidative stress to this iPSC model.

After immunostaining of iPSCs and induced pluripotent 
stem cell-derived neurons (iPSNs), the cells were imaged 
using automated microscopy by an Operetta CLS (Perki-
nElmer) and then the immunostained structures were quan-
tified automatically with an Operetta CLS High Content 
Analysis System (PerkinElmer). The signals, which fluo-
resced with Alexa-Fluor 488, 546, or DAPI, exceeding the 
scaffold were calculated as positive.

To analyze the secretion of extracellular PrP in the iPSNs 
model, we inserted collagen matrix gel into each iPSN cul-
ture during Days 31 to 50. We prepared the collagen matrix 
gel in a size of 1 cm x 1 cm x 0.5 cm using Cellmatrix Type 
Ι-A (Nitta Gelatin Connect and Create, Osaka, Japan), and 
placed it in the 6-well cultured iPSNs medium. After the gel 
was was collected and frozen using liquid nitrogen, it was 
cut into 20 μm sections with a cryostat (Leica Biosystems, 
Nussloch, Germany). These sections were immunostained 
with a mouse monoclonal anti-PrP antibody (3F4, Merck, 
MAB1562) and Alexa Fluor 546 fluoresce. Images were 
captured using a confocal laser microscope (Dragonfly 200, 
Oxford Instruments Andor Ltd, Belfast, Northern Ireland).

iPSC-derived neurons experiments to oxidative 
stress and Edaravone challenge test

For neurotoxicity assays in the presence of oxidative stress, 
iPSNs at Day 50 were treated with 0, 250, 500, 750, 1,000, 
or 2,000 µM H2O2 for 24 h. iPSN cell status at each H2O2 

concentration was evaluated using cell viability, MAP-
2-positive cell number, cell toxicity, reactive oxygen species 
(ROS) formation, and mitochondria fat-soluble peroxide.

iPSNs at Day 50 were treated with 1,000 µM H2O2 and 
0, 25, 50, 75, or 100 µM edaravone (Tocris Bioscience, 
Bristol, UK) for 24 h. iPSN cell status at each edaravone 
concentration with 1,000 µM H2O2 was evaluated using cell 
viability, MAP-2-positive cell number, cell toxicity, ROS 
formation, and mitochondria fat-soluble peroxide.

Edaravone treatment of a PRNP Y162X patient

Based on the in vitro PRNP Y162X experimental results and 
permission from Jichi Medical University with informed 
consent from the patient, we treated a PRNP Y162X patient 
with edaravone. Edaravone treatment was initiated when 
the patient was 50s age and we compared the following 
parameters at 2 years before and at 2 years after edaravone 
treatment. The edaravone treatment protocol was based on 
its usage in patients with amyotrophic lateral sclerosis [16] 
with minor adjustments, which consisted of Cycle 1: 30 mg/
day edaravone for 14 days and observation for 42 days; 
Cycle 2: 30 mg/day edaravone for 10 days and observation 
for 42 days; and the Cycle 2 protocol was repeated until the 
end of the study period.

Since the effect of the PRNP Y162X mutation is distrib-
uted throughout the autonomic system, multiple parameters 
were used to assess disease progression (Supplemental 
manuscript).

Statistical analysis

All in vitro experiments were performed using each iPSN 
clone plated in three wells. Three healthy iPSN clones and 
three PRNP Y162X iPSN clones were analyzed in all in 
vitro experiments, and values were calculated. Values are 
expressed as the mean ± standard error of the mean (SEM). 
Well-plate experiences and gained images by the Operetta 
CLS were quantified automatically. According to the extra-
cellular PrP analyses obtained from the Dragonfly200, we 
captured fifteen section images of each cell clone and ana-
lyzed them using ImageJ. Significant differences among 
groups were determined by ANOVA. Differences were 
considered significant when p < 0.05, and calculations were 
performed with JMP 17 statistical software (SAS Institute, 
Inc., Cary, NC, USA).
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Results

Generation of iPSC clones and neural differentiation

iPSC clones were generated from peripheral blood mononu-
clear cells of a healthy control and a PRNP Y162X patient 
(Table  1). All clones expressed the pluripotency markers 
in immunostaining (Fig. 1A) and were confirmed to retain 
genomic information (Fig. 1B). There was no obvious dif-
ference in neuronal differentiation propensity between con-
trol and PRNP Y162X clones (Fig. 1C and D).

No abnormal PrP deposits in PRNP Y162X iPSNs

We previously detected abnormal PrP deposits in PRNP 
Y162X patient tissue [10, 11], although the location of these 
abnormal PrP deposits was pathologically ambiguous. Thus, 
we first expected abnormal intracellular PrP deposits could 
occur in PRNP Y162X patient-derived iPSNs; however, 
there were no abnormal PrP deposits in these iPSNs, which 
were the same as those from the healthy control (Fig. 2A 
and B) at Day 50 and Day 72. Western blotting analysis also 
showed no abnormal PrP deposits in PRNP Y162X patient-
derived iPSNs (Fig. 2C).

Extracellular secretion of aggregated PrP in PRNP 
Y162X iPSC-derived neurons

Contrary to the intracellular iPSNs results, extracellular 
secretions of aggregated PrP were significantly positive 
only in the PRNP Y162X patient-derived iPSNs (Fig. 2D). 
The co-culture collagen matrix gel showed PrP aggregation 
positive number/1-visual field as 20.2 ± 6.1 in PRNP Y162X 
vs. 4.6 ± 0.2 in healthy control (p < 0.05*) (Fig. 2E).

PRNP Y162X iPSC-derived neurons are sensitive to 
oxidative stress

According to our previous autopsy analysis [17] and pre-
vious reports on GPI-anchored PrP function [18], we sus-
pected that the PRNP Y162X mutation increases sensitivity 

to oxidative stress. In order to examine our hypothesis, 
oxidative stress in iPSNs was assessed using five different 
parameters (Fig.  3). Cell viability decreased significantly 
more in PRNP Y162X iPSNs compared to healthy con-
trol iPSNs at H2O2 concentrations > 500 µM (Fig. 3B). The 
number of MAP-2-positive cells was also decreased signifi-
cantly more in PRNP Y162X iPSNs than in healthy con-
trol iPSNs by H2O2-induced oxidative stress (Fig. 3A left 
and 3  C). Corresponding to cell viability, cell toxicity, as 
assessed using a lactate dehydrogenase assay, was signifi-
cantly more elevated in PRNP Y162X iPSNs than in healthy 
control iPSNs at H2O2 concentrations > 250 µM (Fig. 3D). 
ROS were elevated significantly more in PRNP Y162X 
iPSNs than in healthy control iPSNs at 500 and 750 µM 
H2O2 (Fig.  3A middle and 3E). Mitochondrial fat-soluble 
peroxide was also elevated significantly more in PRNP 
Y162X iPSNs than in healthy control iPSNs at H2O2 con-
centrations > 750 µM (Fig. 3A right and 3 F).

Edaravone improves the sensitivity of PRNP Y162X 
iPSC-derived neurons to oxidative stress

Edaravone was considered as a potential drug to rescue 
PRNP Y162X pathology because it is the approved drug for 
the treatment of ischemic stroke [19] and amyotrophic lat-
eral sclerosis [20] as a free radical scavenger. The effective-
ness of edaravone was assessed first using the iPSN model.

As a result, edaravone showed effectiveness against oxi-
dative stress in PRNP Y162X and healthy control iPSNs. 
In addition, edaravone was found to be more effective in 
PRNP Y162X iPSNs and it increased the response of PRNP 
Y162X iPSNs against oxidative stress closer to that of 
healthy control iPSNs. Edaravone at concentrations > 50 
µM significantly improved cell viability in PRNP Y162X 
iPSNs (Fig.  4B). Edaravone also significantly increased 
the number of MAP-2-positive cells in both iPSN clones 
(Fig. 4A left and 4 C). Edaravone at concentrations > 75 µM 
significantly decreased cell toxicity only in PRNP Y162X 
iPSNs (Fig. 4D). In the presence of oxidative stress, edara-
vone concentrations > 25 µM significantly decreased ROS 
levels in PRNP Y162X iPSNs (Fig.  4A middle and 4E). 

Table 1  List of induced pluripotent stem cell clones
Experimental clone Clone name at establishment Somatic cell Sex Donor age (years) Reprogramming vector
Control
Control-1 hc1-A PBMC female 65 episomal
Control-2 hc1-B PBMC episomal
Control-3 hc1-C PBMC episomal
PRNPY162X
Y162X-1 Pri1-A PBMC female 57 episomal
Y162X-2 Pri1-B PBMC episomal
Y162X-3 Pri1-C PBMC episomal
PBMC, peripheral blood mononuclear cell
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Clinical effects of edaravone on a PRNP Y162X 
patient

Mitochondrial fat-soluble peroxide was also significantly 
decreased by edaravone concentrations > 50 µM in PRNP 
Y162X iPSNs (Fig. 4A right and 4 F).
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As well as the other PRNP mutations [21–25], our PRNP 
Y162X iPSC results showed no intracellular PrP deposits. 
The reason why there were no intracellular PrP deposits in 
this study remains unclear, but some factors can be con-
sidered. One possibility is that an abnormal intracellular 
PrP formation using iPSC model is extremely challeng-
ing because abnormal PrP formation progresses slowly 
and requires a long period of time while the iPSCs may be 
too immature [26]. The other possibility is that there is no 
intracellular deposition but only extracellular PrP secretion 
in PrP systemic amyloidosis. Previous reports support this 
hypothesis, as PrP without a GPI anchor has the character-
istic of not localizing at cell membrane surface but being 
released into the culture [27, 28], while some PrP without 
a GPI anchor can be degraded rapidly by the proteasome-
mediated pathway [29].

According to the oxidative sensitive of PRNP Y162X, 
some speculations can be considered. One is the influence 
of physiological GPI-anchor function. The GPI anchor is 
essential for the protective effect of PrPc against oxidative 
stress [18], and there is a possibility that the result from the 
GPI-anchorless mutation of codon 162 is involved with oxi-
dative stress sensitivity. The second is the influence on the 
PrPc dynamics because the PrPc has complex dynamics; 
cleavage, secretion, and recycling [30].

Additional discussions including limitations of this study 
are detailed in the Supplemental manuscript.

In conclusion, we generated iPSCs and differentiated 
neurons from a GPI-anchorless PRNP-mutated patient. 
PRNP Y162X iPSNs were sensitive to oxidative stress, but 
edaravone partially rescued this sensitivity. Finally, we suc-
ceeded in treating and maintaining a clinical PRNP Y162X 
patient for at least 2 years with edaravone.

On the basis of the results in PRNP Y162X iPSNs, we con-
sidered that edaravone was a potential treatment for PRNP 
Y162X patients. We treated a PRNP Y162X patient with 
edaravone for 2 years and compared several pathological 
parameters between before and after treatment. The clini-
cal results are shown in Table 2; Fig. 5. The patient main-
tained her nutritional status solely through oral intake of 
normal food, and no routine parenteral or enteral nutrition 
was introduced through this study period. As a result, most 
of the parameters were improved or maintained after edara-
vone treatment. According to physical status, the body mass 
index was approximately maintained and the Barthel Index 
was improved after edaravone treatment. Cognitive func-
tion worsened before edaravone treatment, but improved 
after treatment. Blood examinations of nutritional status 
also worsened before edaravone treatment, but improved 
after treatment. Both arterial blood gas analysis and the 
apnea hypopnea index showed an improvement after treat-
ment.Through continued edaravone treatment, the patient 
still survives and maintains the activities of daily living by 
oneself at home.

Discussion

In this study, we established iPSC clones from a patient with 
a PRNP mutation Y162X. Although we found no intracel-
lular PrP deposits, we discovered that PRNP Y162X iPSNs 
were significantly more sensitive to oxidative stress. Using 
in vitro iPSN model and demonstrating that edaravone 
reduced the sensitivity of PRNP Y162X iPSNs to oxidative 
stress, we treated the PRNP Y162X patient with edaravone, 
which helped suppress the patient’s clinical symptoms.

After 2020, several studies involving iPSCs focusing 
on prion diseases have been reported [21–25]. Some stud-
ies established PRNP E200K iPSCs [21–24], while others 
investigated PRNP Y218N [25]. Our study is the first iPSC 
study of the nonsense-type PRNP mutation associated with 
GPI-anchorless prion disease, PrP systemic amyloidosis [4]. 

Fig. 1  Generation of iPSC clones and neural differentiation. (A) From 
each subject, three iPSC clones were generated. iPSCs from a healthy 
control and PRNP Y162X patient showing embryonic stem cell-like 
morphology (phase) and expressing pluripotent stem cell markers 
such as NANOG (green) and SSEA4 (red). Scale bars, 100 μm. (B) 
Sequences of the PRNP PCR products are shown. A single TAC allele 
at codon 162 is observed in healthy control clones, while TAC and 
TAG alleles at codon 162 are found in PRNP Y162X patient clones. 
(C) Differentiation of neural cells containing cortical neurons from 
iPSC clones. The generated neurons expressed the neuronal mark-
ers MAP-2 and ßΙΙΙ-tubulin, and cortical neuron markers SATB2 and 
TBR2. Scale bars, 50 mm. (D) There were no significant differences in 
the differentiation propensity of neurons or cortical neurons between 
healthy control and PRNP Y162X patient iPSC clones. Values are 
expressed as the mean ± SEM from n = 3 clones. n.s., not significant
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Fig. 2  Abnormal PrP deposit analysis in PRNP Y162X iPSNs. 
Immunocytochemistry analysis (A, B) revealed no abnormal intra-
cellular deposits of prion protein (PrP) in both PRNP Y162X iPSNs 
and healthy control iPSNs. The positive PrP staining was quantified 
automatically. Scale bars represent 50 μm. Data are presented as the 
mean ± SEM from a total of 3 clones, with n.s. indicating not signifi-
cant results. Western blot analysis (C) also indicated that no abnormal 
PrP deposits were formed. Following proteinase K treatment, all pro-
teins were digested, and no protein bands were detected in either the 

healthy control or the PRNP Y162X iPSNs (left panel), in contrast 
to the positive control derived from a patient’s left sural nerve (right 
panel). The blue arrow points to the PrPc band, while the red arrow 
indicates the abnormal PrPres band observed in PRNP GPI-anchorless 
disease. (D, E) Extracellular PrP aggregations absorbed to collagen 
matorix gel. Scale bars represent 50 μm. Contrary to the intracellular 
results, the PrP aggregations detected by anti-PrP antibody were only 
present in PRNP Y162X iPSNs
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Fig. 3  Sensitivity of PRNP Y162X iPSNs to 
oxidative stress. (A) Fluorescence images 
of immunochemistry, ROS, and mitochon-
drial fat-soluble peroxide in healthy control 
and PRNP Y162X patient iPSNs at H2O2 
concentrations of 0, 250, 500, 750, 1,000, 
and 2,000 µM. Scale bars, 50 mm. Com-
parison of (B) cell viability, (C) number of 
MAP-2-positive cells, (D) cell toxicity, (E) 
ROS response ratio, and (F) mitochondrial 
peroxide levels between healthy control and 
PRNP Y162X patient iPSNs. The compari-
son was performed between clone types 
(healthy control and PRNP Y162X) at each 
H2O2 concentration. *p < 0.05, **p < 0.01, 
and ***p < 0.001. Data are presented as the 
mean ± SEM from n = 3 clones
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Fig. 4  Effect of edaravone on the sensitivity of PRNP Y162X iPSNs 
to oxidative stress. (A) Fluorescence images of immunochemistry, 
ROS, and mitochondrial fat-soluble peroxide in healthy control and 
PRNP Y162X patient iPSNs with 1,000 µM H2O2 at 0, 25, 50, 75, 
and 100 µM edaravone. Scale bars, 50 mm. Comparison of (B) cell 
viability, (C) number of MAP-2-positive cells, (D) cell toxicity, (E) 

ROS response ratio, and (F) mitochondrial peroxide levels among 
edaravone concentrations in healthy control and PRNP Y162X patient 
iPSNs. The comparison was performed between 0 µM edaravone and 
each edaravone concentration. *p < 0.05, **p < 0.01, and ***p < 0.001. 
Data are presented as the mean ± SEM from n = 3 clones
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Table 2  Comparison of the disease parameters before and after edaravone treatment in the PRNP Y162X patient

In parameter change, blue items show improvement and red ones worsening. ABG: air blood gas; ABPM: ambulatory blood pressure monitor-
ing; AHI: apnea hypopnea index; Alb: albumin; BMI: body mass index; BP: blood pressure; CV: coefficient of variation; H/M: heart/medi-
astinum; [123I]MIBG: iodine-131-labeled metaiodo-benzylguanidine; MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive 
Assessment; NCS: nerve conduction study; SNAP: sensory nerve action potential
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material. You do not have permission under this licence to share 
adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to 
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit ​
h​t​t​p​:​​​/​​/​c​r​e​a​t​i​​v​e​c​​o​m​m​o​​n​​s​.​​o​r​​​g​/​l​​i​c​e​​n​s​​e​​s​/​​​b​y​​-​n​c​​-​​n​d​/​4​.​0​/.
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Fig. 5  Clinical effect of edaravone on a PRNP Y162X patient. (A) 
Edaravone treatment protocol for the PRNP Y162X patient. (B) Nerve 
conduction study showing the preservation of the compound sensory 
action potential of the sural nerve throughout the study period. (C) 
The appearance rate of the median F wave improved after edaravone 
treatment, which changed from 75% at 2 years before to 62% at eda-
ravone initiation and 87% at 2 years after. (D) Ambulatory blood pres-
sure monitoring showing the fluctuation of blood pressure was reduced 
after edaravone treatment. (E) Changes of the iodine-131-labeled 
metaiodo-benzylguanidine (131I-MIBG) scintigraphy results, heart to 
mediastinum (H/M) ratio and heart washout rate, are shown. Heart 
washout rate, as assessed by 131I-MIBG scintigraphy, which reflects 
sympathetic function, worsened before edaravone treatment, but 
improved after treatment
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