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ARTICLE INFO ABSTRACT

Keywords: Hereditary transthyretin (TTR) amyloidosis (ATTRv amyloidosis) is autosomal dominant and
Hereditary transthyretin amyloidosis caused by mutation of TTR gene. Heterozygous ATTR Tyr114Cys (p.Tyr134Cys) amyloidosis is a
Transthyretin lethal disease with a life expectancy of about 10 years after onset of the disease. However, the
gglcleﬁgys molecular pathogenesis of ATTR Tyr114Cys amyloidosis is still largely unknown. In this study, we

took advantage of disease-specific induced pluripotent stem (iPS) cells and generated & charac-
terized the heterozygous ATTR Tyr114Cys amyloidosis-specific iPS cells (Y114C iPS cells), to
determine whether Y114C iPS cells could be useful for elucidating the pathogenesis of ATTR
Tyr114Cys amyloidosis. We successfully differentiated heterozygous Y114C iPS cells into hepa-
tocyte like cells (HLCs) mainly producing TTR protein. On day 27 after differentiation, the
expression of hepatocyte maker albumin was detected, and TTR expression was significantly
increased in HLCs differentiated from Y114C iPS cells. LC-MS/MS analysis showed that both WT
TTR & ATTR Y114C protein were indeed expressed in the HLCs differentiated from Y114C iPS
cells. Notably, the number of detected peptides derived from ATTR Y114C protein was lower than
that of WT TTR protein, indeed indicating the clinical phenotype of ATTR Tyr114Cys

Abbreviations: ATTRv amyloidosis, Hereditary transthyretin amyloidosis; TTR, transthyretin; ATTR, amyloidogenic TTR; iPS cells, induced
pluripxotent stem cells; HLCs, hepatocyte like cells.
* Corresponding author. Department of Clinical Pharmaceutical Sciences, Graduate School of Pharmaceutical Sciences, Kumamoto University, 2-
2-1 Honjo, Chuo Ward, Kumamoto City, Kumamoto Prefecture, 860-8556, Japan.
E-mail address: hjono@kuh.kumamoto-u.ac.jp (H. Jono).

https://doi.org/10.1016/j.heliyon.2024.e24590

Received 31 August 2023; Received in revised form 31 December 2023; Accepted 10 January 2024

Available online 17 January 2024

2405-8440/© 2024 The Authors.  Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:hjono@kuh.kumamoto-u.ac.jp
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e24590
https://doi.org/10.1016/j.heliyon.2024.e24590
https://doi.org/10.1016/j.heliyon.2024.e24590
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Ouchi et al. Heliyon 10 (2024) e24590

amyloidosis. Taken together, we first reported the heterozygous Y114C iPS cells generated from
patient with ATTR Tyr114Cys amyloidosis, and suggested that Y114C iPS cells could be a po-
tential pathological tool, which may contribute to elucidating the molecular pathogenesis of
heterozygous ATTR Tyr114Cys amyloidosis.

1. Introduction

Hereditary transthyretin amyloidosis (ATTRv amyloidosis) a life-threatening, autosomal-dominant systemic amyloidosis. ATTRv
amyloidosis is caused by variant Transthyretin (TTR) mutation [1-3]. Patients with ATTRv amyloidosis develop sensorimotor poly-
neuropathy, autonomic dysfunction, cardiac failure, and other symptoms. Those critical symptoms lead to death typically within 10
years from disease onset [1]. TTR is one of the major amyloidogenic proteins, causes two kinds of systemic amyloidosis, hereditary
ATTRv amyloidosis and aging-related wild-type ATTR (ATTRwt) amyloidosis [4]. TTR is mainly synthesized in the liver [5], but also in
the choroid plexuses of the brain [6]. Although TTR usually forms tetramer in blood, TTR tetramer comprised of amyloidogenic TTR
(ATTR) caused by TTR gene mutation. ATTR dissociates to monomer more easily, and then the monomer misfolds and forms insoluble
amyloid fibrils [7]. The fibrils deposit and injure various organs, which causes various symptoms such as peripheral neuropathy, heart
failure and central nervous system (CNS) symptoms [1,8,9]. As of today, more than 150 different point mutations have been identified
in patients with ATTRv amyloidosis [10]. It has been reported that ATTRv amyloidosis exhibits several different phenotypes. Among
them, the molecular pathogenesis underlying most common neuropathy-dominant type of ATTR Val30Met (p.Val50Met) amyloidosis
has been intensively explored. Therefore, effective disease-modifying therapies such as TTR tetramer stabilizers and TTR gene
silencing therapies have been developed for ATTR Val30Met amyloidosis [11,12]. In contrast to the potentially curable ATTR
Val30Met amyloidosis, the specific pathogenesis of patients with various point mutations, such as heterozygous ATTR Tyr114Cys (p.
Tyr134Cys) amyloidosis caused by substitution of tyrosine to cysteine at codon 114, has yet to be determined.

Patients with ATTR Tyr114Cys amyloidosis exhibit initial symptoms in their thirties with a life expectancy of about 10 years after
onset of the disease [13]. Leptomeningeal-dominant type of ATTR Tyr114Cys amyloidosis exhibits various CNS symptoms, such as
cerebral hemorrhage, transient ischemic attack, fluctuating consciousness, extrapyramidal signs and rapid progressive dementia that
presents with cerebral amyloid angiopathy (CAA) [14]. Although those symptoms pathogenesis are thought to be caused by its amyloid
deposition in cerebral blood vessels, the pathogenesis of ATTR Tyr114Cys amyloidosis is still largely unknown. It is well-documented
that TTR is predominantly synthesized in the liver, and that the systemic symptoms of ATTR Val30Met amyloidosis patients are mainly
caused by ATTR V30M in serum. In contrast, ATTR Tyr114Cys amyloidosis patients show symptoms mainly in the CNS and rarely
systemic peripheral neurological symptoms. Moreover, unlike most common ATTR Val30Met amyloidosis, highly amyloidogenic
ATTR Y114C in the blood shows low concentration [15]. Thus, although TTR is known to be predominantly synthesized in the liver,
the kinetics and involvement of ATTR Y114C produced by liver in the pathogenesis of ATTR Tyr114Cys amyloidosis has yet to be
determined. Despite the urgent need to elucidate the molecular pathogenesis of heterozygous ATTR Tyr114Cys amyloidosis, as of this
moment, there is no specific disease model represents the relevant processes in patients with ATTR Tyr114Cys amyloidosis available.

Induced pluripotent stem (iPS) cells have an unlimited replicative ability and the potential to differentiate into most cell types in
organisms [16-18]. iPS cells have pluripotency that can differentiate into cells such as nerves, myocardium, intestines, liver, and bones
[19-23]. iPS cells can be produced by introducing reprogramming factors using viral vectors and mRNA mainly into somatic cells of
skin, blood, and urine [16,24]. In particular, disease-specific iPS cells, generated from patients with hereditary diseases, maintain the
patient’s genetic information and can be useful pathological models by taking advantage of the pluripotency of iPS cells. For example,
disease-specific iPS cells of amyotrophic lateral sclerosis (ALS), an inherited neurodegenerative disease, can be differentiated into
neurons that cause the disease, thereby reproducing neuronal degeneration. In addition, this pathological model is screened thera-
peutic drug candidates for ALS [20,25]. Therefore, disease-specific iPS cells are very useful tools for elucidating the pathogenesis of
hereditary diseases because they exhibit potential to differentiate into various disease-responsible cells with maintaining genetic
contexts. From the viewpoint of pathological analysis, we previously established the heterozygous ATTR Val30Met
amyloidosis-specific iPS cells (V30OM iPS cells) [26]. The results showed that V30M iPS cells successfully differentiated into hepato-
cytes indeed expressing both wild type (WT) TTR & ATTR V30M differently, suggesting that ATTR V30M produced by liver may be
responsible for systemic symptoms of ATTR Val30Met amyloidosis [26]. Thus, V30M iPS cells could be very useful for elucidating the
pathogenesis of ATTR Val30Met amyloidosis.

In this study, we generated and characterized the heterozygous ATTR Tyr114Cys amyloidosis-specific iPS cells (Y114C iPS cells), to
determine whether Y114C iPS cells could be useful for elucidating the pathogenesis of ATTR Tyr114Cys amyloidosis.

2. Materials and methods
2.1. Generation of ATTRv amyloidosis-specific iPS cells

ATTRv amyloidosis-specific iPS cells were generated as described in our previous study [26]. Skin biopsy samples were obtained
from 2 Japanese patients with ATTR Tyr114Cys amyloidosis in Kumamoto University Hospital. The patients exhibited the typical CNS

symptoms of ATTR Tyrl114Cys amyloidosis, such as, cerebral amyloid angiopathy and cerebral hemorrhage, and also, systemic
symptoms, such as, gastrointestinal dysfunction (constipation and diarrhea). Skin fibroblasts from ATTR Tyr114Cys amyloidosis were
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maintained in Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific, Carlsbad, CA, USA) supplemented with 10 % fetal
bovine serum (FBS; Thermo Fisher Scientific). Induction of human iPS cells was performed as described previously [26]. Briefly, Y114C
iPS cells were induced from skin fibroblasts of ATTR Tyr114Cys amyloidosis patients with conventional sendai virus (SeV) vectors
carrying octamer-binding transcription factor 3/4 (OCT3/4), sex determining region Y-box 2 (S0X2), kruppel like factor 4 (KLF4), and
a temperature-sensitive vector, which has c-MYC. This study was approved by the Research Ethics Committee of Kumamoto University
Hospital (approved number: No. 981), and conducted after obtaining written informed consent.
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Fig. 1. Differentiation of Y114C iPS cells into definitive endoderm cells.

(A) Schematic experimental procedure of differentiation into hepatocyte like cells. iPS cells (Y114C, V30M, WT) were differentiated on DO to D3 in
DMEM supplemented with 100 ng/ml Activin and 2 % B27 Supplement, minus insulin. From D4 to D5, kockout DMEM supplemented with 10 ng/ml
BMP4, 10 ng/ml FGF10, and 2 % B27 Supplement was used. From D5 to D17, HCM except for gentamicin supplemented with 10 ng/ml OsM and 20
ng/ml HGF was used. From D17 to 27, HCM except for gentamicin supplemented with 10 ng/ml OsM, 20 ng/ml HGF, nicotinamide and Matrigel
was used. (B) WT, V30M and Y114C iPS cells differentiated on DO and D4 were stained for pluripotency marker OCT3/4 (green), (C) WT, V30M and
Y114C iPS cells differentiated on DO, D4 and D17 were stained for endoderm marker SOX17 (red), and counterstained with DAPI (blue). (D, E)
OCT3/4 and SOX17 mRNA expression levels in WT, V30M and Y114C iPS cells were determined DO, D4, D17 and D27 by real-time RT-PCR. SOX17
mRNA expression on DO and D27 in WT iPS cells were not detected. Values are expressed as the means + S.D. of 4 independent experiments. *p <
0.05 and **p < 0.01 vs. DO and D4 in WT, V30M and Y114C iPS cell via paired t-test. Scale bar, 100 pm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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2.2. Differentiation into hepatocyte like cells

ATTRv amyloidosis-specific iPS cells (Y114C and V30 M iPS cells) and 201B7 cells (WT iPS cells) as control [16] were differentiated
into hepatocyte like cells (HLCs) using feeder free method modified from reported protocols (Fig. 1A) [26]. The following modifi-
cations: these iPS cells were cultured overnight with StemFit AKO2 N (Reprocell, Kanagawa, Japan) supplemented with 10 pM Y27632
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) and were then dissociated by using TrypLE Select (Thermo Fisher Sci-
entific). Those cells were plated at 500,000 cells per well in 6-well plates (Corning, corning, NY, USA) that had been previously coated
with SynthemaxII-SC Substrate (Corning). Two days later, the cells were cultured from day 0 (DO) to day 3 (D3) in DMEM supple-
mented with 100 ng/ml Activin A (R&D systems, Minneapolis, MN, USA), 2 % B27 Supplement, minus insulin (Thermo Fisher Sci-
entific), 1 % nonessential amino acids (NEAA; Thermo Fisher Scientific), 1 % r-glutamine (L-Glu; Thermo Fisher Scientific), 1 %
penicillin and streptomycin (P/S; nacalai tesque, Kyoto, Japan), and 0.1 mM 2-mercaptoethanol (2-Me; Merck, Darmstadt, Germany).
On D3, the cells were replaced into 24-well plates (Corning) that had been previously coated with SynthemaxII-SC Substarate, using
DMEM supplemented with 10 % FBS (Thermo Fisher Scientific), 2 % Insulin, Transferrin, Selenium Solution (Thermo Fisher Scien-
tific), 1 % NEAA (Thermo Fisher Scientific), 1 % L-Glu (Thermo Fisher Scientific), 1 % P/S (nacalai tesque), and 0.1 mM 2-Me (Merk),
10 pM Y27632 (FUJIFILM Wako Pure Chemical Corporation). For differentiation from D4 to D5, KnockOut DMEM/F-12 (Thermo
Fisher Scientific) supplemented with 10 ng/ml Bone morphogenetic protein (BMP4; protintech, Rosemont, IL, USA), 10 ng/ml
Fibroblast growth factor 10 (FGF10; PeproTech, Cranbury, NJ, USA) and 2 % B27 Supplement (Thermo Fisher Scientific), 1 % NEAA
(Thermo Fisher Scientific), 1 % L-Glu (Thermo Fisher Scientific), 1 % P/S (nacalai tesque), and 0.1 mM 2-Me (Merk). For differen-
tiation from D5 to D17, Hepatocyte Culture Medium BulletKit (HCM; Lonza, Basel, Switzerland) except for gentamicin supplemented
with, 20 ng/ml Hepatocyte growth factor (HGF; PeproTech), 10 ng/ml Oncostatin M (OsM; Merck). For differentiation from D17 to
D27, HCM except for gentamicin supplemented with, 20 ng/ml HGF, 10 ng/ml OsM, 1 % Matrigel (Corning), 10 mM nicotinamide
(Merck). Medium was replaced 4 ml/well every day (D0-3), 1 ml/well every day (D3-5) and 0.5 ml/well every 2 days (D5-27).

2.3. Real-time PCR analysis

Total RNA extraction from cells was performed by phenol chloroform extraction method using TRIzol Reagent (Thermo Fisher
Scientific). Total RNA was reverse-transcribed into cDNA for 15 min at 37 °C by the PrimeScript RT reagent (Takara Bio Inc, Shiga,
Japan). For quantification of mRNA, each PCR assay was performed using LightCycler System with SYBR Premix DimerEraser (Takara
Bio Inc). Real-time PCR conditions were as follows: denaturation for 15 s at 95 °C and annealing and extension for 60 s at 60 °C, for up
to 40 cycles. Target messenger RNA (mRNA) levels were expressed as arbitrary units and were determined by using the standard curve
method by LightCycler 480 (Roche, Basel, Switzerland). Human 18S ribosomal RNA was used as an internal control. The following
primers were used OCT3/4: forward 5-CGAAAGAGAAAGCGAACCAG-3/, reverse 5-ACACTCGGACCACATCCTTC-3'; NANOG: forward
5'-CAGAAGGCCTCAGCACCTAC-3, reverse 5-ACTGGATGTTCTGGGTCTGG-3; SOX2: forward 5-AACCCCAAGATGCACAACTC-3,
reverse 5-CGGGGCCGGTATTTATAATC-3; sex determining region Y-box 17 (SOX17): forward 5-AGCAGAATCCAGACCTGCAC-3,
reverse 5-TTGTAGTTGGGGTGGTCCTG-3’; forkhead box A2 (FOXA2): forward 5-GAGGGCTACTCCTCCGTGA-3’; reverse 5-CACG-
TACGACGACATGTTCA-3' alpha-fetoprotein (AFP): forward 5-CTACCTGCCTTTCTGGAAGAACTTTG-3/, reverse 5-GATCGATGCTG-
GAGTGGGCTTT-3; albumin (ALB): forward 5-GTGAAACACAAGCCCAAGGCAACA-3, reverse 5-TCCTCGGCAAAGCAGGTCTC-3
TTR: forward 5-CA CATTCTTGGCAGGATGGCTTC-3', reverse 5-CTCCCAGGTGTCATCAGCAG-3' and 18S: forward 5-CGGCTACCA-
CATCCAAGGAA-3, reverse 5- GCTGGAATTACCGCGGCT-3'.

2.4. Immunocytochemistry

For whole-mount immunocytochemical analysis, iPS cells cultures were fixed in 4 % paraformaldehyde (FUJIFILM Wako Pure
Chemical Corporation) for 30 min, followed by permeabilization with 0.1 % Triton-X (nakalai tesque) in phosphate-buffered saline
(PBS; Thermo Fisher Scientific) for 10 min at room temperature, washed once with 0.1 % Tween-20 (MP, Irvine, CA, USA) in PBS
(PBST) then incubated with 20 % Blocking One (nakalai tesque) in PBS-T in a humidified chamber for 1 h at room temperature. The
cells were incubated with diluted (1:200) antibody in 20 % Blocking One in PBS-T. After washing 3 times with PBS-T, the cells
incubated with diluted (1:1000) secondary antibody in 20 % Blocking One for 2 h at room temperature in the dark. After washing off
the secondary antibody in PBS-T, cells were counterstained with 4',6-diamidino-2-phenylindole (DAPI). The following antibodies were
used as first antibodies: Mouse anti-OCT3/4 antibody (Santa Cruz Biotechnology, Dallas, TX, USA), goat anti-SOX17 antibody (R&D
systems), Goat anti-human Albumin antibody (Fortis Life Sciences, Montgomery, TX, USA). Secondary antibodies used were Alexa
488-conjugated and Alexa 568-conjugated antibodies (Thermo Fisher Scientific).

2.5. Western blotting

Culture supernatants added sample buffer was incubated for 5 min at 95 °C, which apply into sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to Poly Vinyli dene Fluoride (PVDF) membranes (GE Healthcare, Chicago,
IL, USA). Membranes were blocked with 5 % nonfat dried milk (Cell Signaling Technology, Danvers, MA, USA) overnight at 4 °C and
PBS-T and were then incubated 1 h at room temperature with diluted (1:1000) polyclonal rabbit anti-human TTR antibody (Agilent
Technologies, Santa Clara, CA, USA) in PBS-T. After the membranes were washed, they were incubated in diluted (1:1000) polyclonal
Goat anti-Rabbit immunoglobulins/HRP (Agilent Technologies) for 1 h at room temperature. After this process, specific protein bands
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were detected with ECL select (Cytiva, Tokyo, Japan) by an enhanced chemiluminescence system ImageQuant Las4000mini (Cytiva).

2.6. Liquid chromatography—tandem mass spectrometry (LC-MS/MS)

The supernatant sampled D27 was incubated for 2 h at 4 °C with 5 pg of polyclonal rabbit anti-human TTR antibody (Agilent
Technologies). PureProteome Protein G Magnetic Beads (Merck) were added to the reaction to capture the immune complexes and
were agitated for 2 h at 4 °C. After the immune complexes were washed three times with PBST, 60 pl of sample buffer was added and
incubation proceeded for 5 min at 95 °C. Sample buffers (40 pl), which eluted TTR protein from the beads, were fractionated via SDS-
PAGE. Silver staining of gel was performed with ProteoSilver™ Plus Silver Stain Kit (Merk) according to the manufacturer’s protocol.
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Fig. 2. Differentiation of Definitive Endoderm cells into hepatocyte like cells.

(A) WT, V30M and Y114C iPS cells differentiated on D4, D17 and D27 were stained for hepatocyte marker ALB and counterstained with DAPI (blue).
(B, C) Hepatoblast marker AFP and ALB mRNA expression levels in WT, V30M, and Y114C iPS cells were determined DO, D4, D17 and D27 by real-
time RT-PCR. Values are expressed as the means =+ S.D. of 3-4 independent experiments. **p < 0.01 vs. D17 and D27 in WT, V30M, and Y114C iPS
cells via paired t-test. Scale bar, 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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High intensity bands near 15 kDa from each lane were cut and diced in the tube and destained by the manufacturer’s protocol. Peptides
derived from TTR were eluted from gel bands as previously reported [27]. After gel pieces were washed and dried in a DNA SpeedVac
System (DNA1200P-115; Thermo Fisher Scientific), gel pieces were reduced with 10 mM dithiothreitol solution for 1 h at 56 °C. Then,
gel pieces were washed and alkylated with 55 mM iodoacetamide under agitation in the dark for 45 min at room temperature and the
supernatant was removed. Gel pieces were washed, dried and digested within 50 ml of 50 mg/ml trypsin solution in the tube (Promega,
Madison, WI, USA) overnight at 37 °C. The eluted peptides mixture was dried and dissolved in 40 pL of MS-grade water containing 0.1
% trifluoroacetic acid and 2 % acetonitrile and analyzed by a LC-MS/MS system (LTQ Velos Pro, Thermo Fisher Scientific; Advance
Splitless Nano-Capillary LC dual solvent delivery system, Bruker-Michrom, Auburn, CA, USA; HTS-xt PAL autosampler, CTC Analytics,
Zwingen, Switzerland; XYZ nanoelectrospray ionization source, AMR, Tokyo, Japan). Five-micro litter peptide solution was applied
into a L-trap column (0.3 x 5 mm, 5 mm, Chemical Evaluation Research Institute, Tokyo, Japan) and separated by a capillary
reversed-phase C18 column (0.1 x 150 mm, 3 mm, Chemical Evaluation Research Institute) with 5-40 % solution B gradient (solvent
A: MS-grade water containing 0.1 % formic acid; solvent B: 100 % acetonitrile) in 40 min. All MS/MS spectra were searched against for
Homo sapiens entries in the Swiss-Prot database with added ATTR Y114C amino acid sequence using SEQUEST (Proteome Discoverer
software, Thermo Fisher Scientific). False discovery rate <0.05 was considered to search the results. Precursor and fragment mass
tolerances were 2 Da and 0.8 Da, respectively. Dynamic modification of oxidation of methionine and static modification of carba-
midomethyl on cysteine were considered. The maximum of 2 missed cleavages with trypsin was allowed [27]. Detection of ATTR V30
M amino acid sequence described previously [26].

2.7. Statistical analysis

Data are represented as the mean + standard deviation (S.D.). The paired t-test were used to assess the differences between the two
groups. The p value of <0.05 was considered to be significant. *p < 0.05 and **p < 0.01.

3. Results
3.1. Differentiation of Y114C iPS cells into definitive endoderm cells

Because amyloidogenic TTR proteins are mainly synthesized in the liver [5], we first determined whether ATTRv Tyr114Cys
amyloidosis-specific iPS cells (Y114C iPS cells) indeed differentiated into hepatocyte like cells (HLCs). For cell differentiation, iPS cells
(WT, V30M and Y114C) were cultured with serial changes of media as shown in Fig. 1A. To test whether Y114C iPS cells can
differentiate into definitive endoderm cells, we analyzed the expression of the pluripotency marker OCT3/4, SOX2 and NANOG, and
also the endoderm marker SOX17 and FOXA2 (Fig. 1B-E and Supplemental Fig. 1). Inmunocytochemical analysis clearly showed that,
as a consequence of Y114C iPS cell differentiation (D4), the OCT3/4 was markedly decreased at protein level (Fig. 1B), while the
endoderm marker SOX17 expression was increased (Fig. 1C), consistent with WT and V30M iPS cell differentiation. Moreover, similar
to the results observed in differentiated WT and V30M iPS cells, real-time RT-PCR analysis also showed that, the decrease in expression
of the pluripotency marker OCT3/4 (also, NANOG and SOX2) at mRNA level was accompanied by Y114C iPS cells differentiation
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Fig. 3. TTR expression in hepatocyte like cells.

(A) Human TTR mRNA expression levels were determined at DO, D4, D17 and D27 in WT, V30 M, and Y114C iPS cells by real-time RT-PCR. (B)
Human TTR protein expression in the supernatant of HLCs differentiated from WT, V30M and Y114C iPS cells were determined at D17 and D27 by
Western blotting (Supplemental Fig. 2). Values are expressed as the means + S.D. of 3-4 independent experiments. *p < 0.05 and **p < 0.01 vs. D17
and D27 in WT, V30M, and Y114C iPS cells via paired t-test.
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(Fig. 1D), while the endoderm marker SOX17 expression (also, FOXA2) was detected on D4 (Fig. 1E and Supplemental Fig. 1B). These
results indicated Y114C iPS cells successfully differentiated into definitive endoderm cells.

3.2. Differentiation of definitive endoderm cells into hepatocyte like cells

Next, we investigated whether the definitive endoderm cells could be differentiated into HLCs. We analyzed the expression of
endoderm marker SOX17 and hepatocyte marker albumin (ALB) by immunocytochemical analysis on D4, D17 and D27 of differen-
tiated Y114C iPS cells (Figs. 1C and 2A). Consistent with WT and V30M iPS cells differentiation, as a consequence of Y114C iPS cells
differentiation (D17, D27), SOX17 was decreased at protein level (Fig. 1C), whereas the hepatocyte marker ALB expression was
significantly increased (Fig. 2A). Moreover, the hepatoblast marker a-fetoprotein (AFP) expression at mRNA level was observed on D17
(Fig. 2B), and then ALB expression was markedly increased on D27 (Fig. 2C), also similar to the results observed in WT and V30M iPS
cell differentiation. Taken together, those results clearly showed that Y114C iPS cells could be indeed differentiated into HLCs.

3.3. Heterozygous expression of TTR in hepatocyte like cells

Since Y114C iPS cells could be differentiated into HLCs (Fig. 2), we next sought to determine TTR expression by both real-time RT-
PCR and western blotting. TTR expression at mRNA level started increasing significantly at D17 along with hepatocytes differentiation
(Fig. 3A). In addition, TTR protein levels in supernatants of HLCs differentiated from WT, V30M, and Y114C iPS cells were increased
from D17 to D27 (Fig. 3B). These suggest that HLCs differentiated from Y114C iPS cells is useful to investigate the mechanism un-
derlying TTR expression. Moreover, to further evaluate the heterozygous secretions pattern of both WT TTR & ATTR Y114C in HLCs
differentiated from Y114C iPS cells, we performed LC-MS/MS analysis for supernatants from HLCs differentiated from Y114C iPS cells.
As expected, LC-MS/MS analysis detected only WT TTR peptides in the HLCs differentiated from WT iPS cells (Supplemental Table 1).
In addition, consistent with previous study [26], both WT TTR & ATTR V30M were detected in HLCs differentiated from V30M iPS cells
(Supplemental Table 2). Finally, it is first report that LC-MS/MS analysis detected both WT TTR & ATTR Y114C protein indeed
expressed in the HLCs differentiated from Y114C iPS cells. Importantly, this analysis suggested that number of detected peptides
derived from ATTR Y114C was lower than that of WT TTR protein in supernatants from HLCs differentiated from Y114C iPS cells
(Table 1, Supplemental Fig. 3).

4. Discussion

In this study, we characterized the heterozygous Y114C iPS cells generated from patient with ATTR Tyr114Cys amyloidosis. In
addition, we revealed that Y114C iPS cells could be differentiated into HLCs mainly producing TTR protein. Moreover, HLCs differ-
entiated from Y114C iPS cells indeed expressed WT TTR & ATTR Y114C protein differently. These results suggest that Y114C iPS cells
could be a potential pathological tool, which may contribute to elucidating the molecular pathogenesis of heterozygous ATTR
Tyr114Cys amyloidosis.

Recent decades, attempts to establish the experimental models of ATTRv amyloidosis have not been as successful as researchers
would wish [28-30]. Moreover, a review of previous studies about the molecular pathogenesis of ATTRv amyloidosis suggests that
most of the studies investigated the pathologic effect of ATTR using non-mutant cells or an artificial high expression system [31-33].
Indeed, the previous experimental ATTRv amyloidosis models have simply overexpressed only ATTR Y114C and other mutations into
human embryonic kidney cells, which was not disease-responsible hepatocyte cells (e.g., human embryonic kidney cells) [9,34]. As a
matter of fact, ATTRv amyloidosis is an autosomal-dominant hereditary disease and those cell-based systems did not utilize hetero-
zygous ATTR mutant cell models. Those systems highly likely not represent the physiological relevant processes in patient with ATTRv
amyloidosis. Thus, we focused on the disease-specific iPS cells, exhibiting potential to differentiate into various disease-responsible
cells with maintaining the disease-responsible genetic mutation. In this study, we successfully generated the heterozygous Y114C
iPS cells. Our finding is the first report that heterozygous Y114C iPS cells could be differentiated into disease-responsible HLCs (Figs. 2
and 3). It should be noted that our differentiation method into HLCs have confirmed the biochemical context of HLCs [26]. Differ-
entiated HLCs showed approximately 20 pg/ml ALB protein secretion in the media, and also periodic acid-Schiff (PAS)-positive,
indicating cytoplasmic glycogen storage. In addition to the comparable expression pattern of ALB and AFP expression (Fig. 2), the TTR

Table 1

LC-MS/MS analysis detected WT TTR & ATTR Y114C protein.
WT TTR peptides number of peptides MH + [Da]
RYTIAALLSPYSYSTTAVVTNPKE 7 2646.89092
YTIAALLSPYSYSTTAVVTNPKE 9 2489.99516
ATTR Y114C peptides number of peptides MH + [Da]
RYTIAALLSPCSYSTTAVVTNPKE 2 2642.74875
YTIAALLSPCSYSTTAVVTNPKE 3 2487.89409

LC-MS/MS analysis for the D27 culture supernatant showed both WT TTR & ATTR Y114C at protein levels. The
RYTIAALLSP Y/C SYSTTAVVTNPKE and YTIAALLSP Y/C SYSTTAVVTNPKE means 104-127 and 105-127 amino
acids of TTR respectively. M + proton (H-+; MH+) means the peptides operated in positive ion mode.
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expression was indeed confirmed at both mRNA and protein levels in the supernatant of HLCs (Fig. 3). Moreover, expression of retinol
binding protein 1 (RBP1) was also confirmed by our preliminary comprehensive proteomic analysis (data not shown). Although the
difference in ALB expression may be due to differentiation efficiency between among those HLCs cells [29], we thought that HLCs
differentiated from Y114C iPS cells able to recreate the biochemical context of TTR synthesis. In fact, HLCs differentiated from Y114C
iPS cells indeed expressed both WT TTR & ATTR Y114C protein differently (Table 1). It should be noted that a few studies have shown
that disease-specific iPS cells derived from patient with ATTRv amyloidosis may have potential to be useful tools for elucidating the
molecular pathogenesis. of ATTR amyloidosis. In addition to our previous study about V30M iPS cells [26], disease-specific iPS cells
with other types of ATTR mutant have been generated and assessed its potential usefulness [35,36]. Unlike those reported mutations
such as most common ATTR Val30Met amyloidosis, the pathogenesis of ATTR Tyr114Cys amyloidosis is still largely unknown. In this
study, we revealed that HLCs differentiated from Y114C iPS cells indeed secreted low levels of ATTR Y114C, one of clinical phenotype
of ATTR Tyr114Cys amyloidosis. Considering the difference from ATTR Val30Met amyloidosis, this evidence strongly suggests that
different point mutations of TTR may affect the cellular responses in TTR producing cells. In fact, our preliminary comprehensive
proteomic analysis showed that approximately 7000 proteins expression alterations were detected in HLCs differentiated from WT,
V30M and Y114C iPS cells, respectively. Among them, it should be noted that approximately 500 proteins expression were altered only
in HLCs differentiated from Y114C iPS cells (data not shown). Thus, ATTRv amyloidosis-specific iPS cells could have potential to
observe and compare the changes in cellular response associated with TTR expression in different mutations of ATTRv amyloidosis.
Since it is quite difficult to perform those kinds of molecular analysis in clinical specimen, Y114C iPS cells will make the various
analysis of molecular pathogenesis possible, especially in TTR producing cells. Taken together, although the phenotypes in CNS have to
be elucidated in the future, heterozygous Y114C iPS cells, exhibiting the disease-specific phenotypes, may have potential to contribute
to elucidate the pathogenesis of patient with heterozygous ATTR Tyr114Cys amyloidosis.

As of this moment, more than 150 different point mutations of ATTR have been identified, and reported to exhibit several different
phenotypes [10]. In the previous study, HLCs differentiated from V30M iPS cells, indeed expressed both WT TTR & ATTR V30M at
protein level, and the ratio of TTR protein to ATTR protein is approximately 1 to 1 [26]. Alternatively, although our results showed that
both WT TTR & ATTR Y114C protein were indeed expressed in the HLCs differentiated from Y114C iPS cells (Table 1). The number of
detected peptides derived from ATTR Y114C protein could be lower than that of WT TTR protein (Table 1). It is well-documented that
highly amyloidogenic ATTR Y114C in the blood shows low concentration, unlike ATTR Val30Met amyloidosis [15]. Our results
suggests that the low serum ATTR Y114C may be occurred by secretion level, not by the clearance in the blood. Although the detailed
mechanism has yet to be determined, it is noteworthy that HLCs differentiated from Y114C iPS cells indeed reflected in serum levels,
one of typical clinical phenotypes of ATTR Tyr114Cys amyloidosis. This evidence may suggest the potential relationship between very
low levels of ATTR Y114C in serum and mild systemic symptoms (e.g., peripheral neuropathy) in ATTR Tyr114Cys amyloidosis pa-
tients [13,37]. By contrast, ATTR Val30Met amyloidosis patients with the same level in WT TTR & ATTR V30M in serum, mainly
exhibit systemic symptoms. TTR kinetic stability may be responsible for this difference because it has been reported that ATTR Y114C
protein shows one of lower kinetic stability TTR. These TTR defined by the rate of TTR tetramer dissociation in vitro, such as ATTR
A25T and L55P [9]. In other words, ATTR Y114C readily dissociates from tetramer to monomer and subsequently misfolds. In general,
it is also known that misfolded proteins are regulated and controlled by endoplasmic reticulum-associated degradation (ERAD) [38]. It
has been reported that ATF6, one of ERAD factors, suppresses destabilized TTR secretion in HEK293 overexpressed ATTR A25T [9].
And ATTR L55P amyloidosis-specific iPS cells derived HLCs upregulated ATF6 [39]. These suggested that the ERAD may also
contribute to the low expression of ATTR Y114C protein in HLCs differentiated from Y114C iPS cells. In contrast to ATTR Y114C, ATTR
V30M HLCs differentiated from V30M iPS cells is believed to slip through the ERAD in the same way as the WT TTR. Thus, the detailed
molecular mechanisms underlying different ATTR expression pattern, utilizing heterozygous Y114C iPS cells to be further
investigated.

This study has limitation. It is documented that leptomeningeal-dominant type of ATTR Tyr114Cys amyloidosis exhibits various
CNS symptoms. Indeed, TTR is also known to be synthesized in the choroid plexuses of the brain. It has been reported that rat
immortalized choroid plexus cells secrete destabilized ATTR L12P and D18G more than those TTR secreted from human hepatoma
cells without endogenous TTR expression, respectively [40]. In fact, ATTR Y114C to WT TTR in cerebrospinal fluid from ATTR Y114C
amyloidosis patients were significantly higher than those in serum [15], suggesting that secretion mechanism of choroid plexus cells is
different from hepatocytes. Thus, while Y114C iPS cells indeed genetically & partially exhibited the phenotype of heterozygous ATTR
Tyr114Cys amyloidosis in this study, it is also necessary to differentiate into the disease-responsible choroid plexus cells. Although the
differentiation methods from iPS cells to choroid plexus has yet to established, in future, we will definitely try to differentiate Y114C
iPS cells to choroid plexus cells to elucidate pathogenesis of heterozygous ATTR Tyr114Cys amyloidosis in CNS.

5. Conclusion

In the present study, we first reported the heterozygous Y114C iPS cells generated from patient with ATTR Tyr114Cys amyloidosis.
Our results clearly showed that Y114C iPS cells could be differentiated into HLCs mainly producing TTR protein, and that HLCs
differentiated from Y114C iPS cells indeed expressed WT TTR & ATTR Y114C protein differently, suggesting the clinical phenotype of
ATTR Tyr114Cys amyloidosis. Future investigation will focus on more detailed molecular pathological dynamics of the ATTR Y114C
expression to elucidate the pathogenesis of heterozygous ATTR Tyr114Cys amyloidosis.
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