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A B S T R A C T

Hereditary transthyretin (TTR) amyloidosis (ATTRv amyloidosis) is an autosomal dominant disease caused by 
various TTR mutations. Despite the fact that ATTR Tyr114Cys (p.Tyr134Cys) amyloidosis (tyrosine to cysteine at 
codon 114) exhibits poorer prognosis than other ATTRv amyloidosis and leads to death due to severe clinical 
symptoms, the molecular pathogenesis of ATTR Tyr114Cys amyloidosis is still largely unknown. In this study, we 
took advantage of ATTR Tyr114Cys amyloidosis-specific induced pluripotent stem (iPS) cells to differentiate into 
hepatocyte-like cells (Y114C-HLCs), which are mainly TTR producing cells, and elucidated their pathogenesis. 
We performed proteomic analysis to comprehensively identify specific intracellular signaling pathways involved 
in Y114C-HLCs, and identified the specific proteins changed only in Y114C-HLCs, in comparison with disease 
control HLCs from ATTR Val30Met amyloidosis (V30M-HLCs). Moreover, we have succeeded in identifying 
several specific intracellular signals that are significantly activated in Y114C-HLCs, including cellular responses 
to stress and extracellular matrix organization. Our proteomic analysis is the first to report that the specific point 
mutations in ATTRv amyloidosis cause dynamic changes in cellular response, and reveal the specific intracellular 
signals may be involved in the specific pathogenesis of ATTR Tyr114Cys amyloidosis.

1. Introduction

Hereditary transthyretin (TTR) amyloidosis (ATTRv amyloidosis) is 
an autosomal dominant disease caused by variant TTR mutation, with a 
poor prognosis about 10 years of life expectancy [1]. Amyloidogenic 
TTR (ATTR) by TTR gene mutation, is mainly synthesized by liver & 

circulates in the blood, and causes amyloid fibrils deposition, which in 
turn, leads to various symptoms [2]. In association with the fact that 
more than 150 different point mutations have been identified, ATTRv 
amyloidosis exhibits several different phenotypes, such as peripheral 
neuropathy, heart failure and central nervous system (CNS) symptoms, 
due to its specific TTR mutation [3].
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Among various types of ATTRv amyloidosis, ATTR Tyr114Cys (p. 
Tyr134Cys) amyloidosis (tyrosine to cysteine at codon 114) exhibits 
poorer prognosis than other ATTRv amyloidosis by severe clinical 
symptoms resulting in death [4,5]. ATTR Tyr114Cys shows cerebral 
amyloid angiopathy by ATTR amyloid deposition in the meningeal & 
brain blood vessel walls, which may cause fatal cerebral haemorrhage 
and CNS symptoms, such as cognitive decline and cramps [5]. In 
contrast, ATTR Val30Met (p.Val50Met) amyloidosis (valine to methio
nine at codon 30), a representative peripheral neuropathy type, is 
caused by systemic ATTR amyloid depositions in various organs by liver 
derived ATTR [6]. Although there is clinically-effective treatment tar
geting ATTR derived from liver based on the pathogenesis of ATTR 
Val30Met amyloidosis focusing on TTR synthesis process [6–8], no 
treatment is available for ATTR Tyr114Cys amyloidosis due to unknown 
molecular pathogenesis.

Induced pluripotent stem (iPS) cells have pluripotency that can 
differentiate into most cell types [9–11]. Particularly, disease-specific 
iPS cells, generated from patients with hereditary diseases, can be use
ful pathological models maintaining patient’s genetic information, by 
taking advantage of the pluripotency of iPS cells. Our previous report 
has shown that hepatocyte-like cells (HLCs) differentiated from ATTR 
Tyr114Cys amyloidosis-specific iPS cells (Y114C-iPS cells), exhibited 
the clinical phenotype of ATTR Tyr114Cys amyloidosis [12,13]. 
Consistent with clinical evidence that blood ATTR levels in ATTR 
Tyr114Cys amyloidosis was less than ATTR Val30Met amyloidosis [12], 
HLCs differentiated from Y114C-iPS cells (Y114C-HLCs) indeed exhibi
ted low ATTR-Y114C secretion. Those results revealed that Y114C-HLCs 
could be useful tool to elucidate the molecular pathogenesis, also 
strongly suggesting that the specific mutation (only one amino acid 
replacement in this case) made a significant difference in cellular pro
cesses of HLCs. However, the molecular mechanism underlying the 
different clinical phenotypes focusing on TTR synthesis process, due to 
its specific TTR mutation, has yet to be determined.

In this study, we took advantage of ATTRv amyloidosis-specific iPS 
cells, and performed proteome analysis to comprehensively identify 
intracellular signalling pathways involved in TTR synthesis process in 
Y114C-HLCs, for elucidating the molecular pathogenesis of ATTR 
Tyr114Cys amyloidosis.

2. Materials & methods

2.1. iPS cell lines and differentiation into hepatocyte-like cells (HLCs)

ATTRv amyloidosis-specific iPS cells (Y114C-iPS cells and V30M-iPS 
cells) and 201B7 cells (WT-iPS cells) as control [10,13,14] were used. 
Methods for establishing iPS cell lines and differentiating into HLCs 
using feeder free method protocol have been described previously [13,
14]. Briefly, we first used activin A to differentiate into definitive 
endoderm cells from iPS cells. And then, hepatocyte growth factor and 
Oncostatin M was treated to differentiate the definitive endoderm cells 
into hepatocytes. We investigated HLCs differentiated from each iPS cell 
lines (WT-HLCs, Y114C-HLCs and V30M-HLCs). This study was 
approved by the Research Ethics Committee of Kumamoto University 
Hospital (approved number: No. 981), and conducted after obtaining 
written informed consent.

2.2. Proteomic analysis

The whole cell lysate of HLCs was prepared by phase transfer sur
factant (PTS) method as described previously [15,16]. Sodium deoxy
cholate (SDC), sodium N-lauroylsarcosinate (SLS), ammonium 
bicarbonate, dithiothreitol (DTT), iodoacetamide (IAA), mass spec
trometry grade lysyl endoprotease (Lys-C), ethyl acetate, acetonitrile, 
acetic acid, and trifluoroacetic acid (TFA) were purchased from FUJI
FILM Wako Pure Chemical Corporation (Osaka, Japan). Modified 
trypsin was from Promega (Madison, MA). 4-(2-Aminoethyl) 

benzenesulfonyl fluoride hydrochloride was from Nacalai (Kyoto, 
Japan).

Proteins were extracted with PTS solution (12 mM SDC, 12 mM SLS, 
and 50 mM ammonium bicarbonate containing 1 mM 4-(2-aminoethyl) 
benzenesulfonyl fluoride hydrochloride) and ultrasonic crushing for 20 
min. After incubating for 5 min at 95 ◦C, proteins in the supernatant 
solution were quantified by the BCA method using a Pierce BCA Protein 
Assay Kit.

Proteins were reduced with 10 mM DTT for 30 min at room tem
perature and alkylated with 50 mM IAA in the dark for 30 min at room 
temperature. The protein mixture was 5-folds diluted with 50 mM 
ammonium bicarbonate. And then, mixture was digested with Lys-C (1/ 
20 sample weight) at room temperature for 3 h prior to the addition of 
trypsin (1/20 sample weight) and incubation at 37 ◦C overnight. An 
equal volume of ethyl acetate was added to the eluent solution, and the 
mixture was acidified with 0.5 % TFA (final concentration). The mixture 
was shaken for 2 min and centrifuged at 15,600×g for 2 min at room 
temperature. After remove the solution in a vacuum evaporator, sus
pension the sample in 100 μL buffer A (5 % acetonitrile, 0.1 % TFA) and 
desalt with GL-Tip SDB (GL Science, Tokyo, Japan) [17,18]. Peptides 
were eluted in buffer B (80 % acetonitrile, 0.1 % TFA).

Orbitrap Exploris 480 (Thermo Fisher Scientific, Carlsbad, CA, USA) 
equipped with a Vanquish NEO UHPLC system (Thermo Fisher Scienti
fic) was employes for nanoLC-MS/MS measurement. The injection vol
ume was 5 μL, and the flow rate was 300 nL/min. An analytical column 
(3 μm, 75 μm ID, 12 cm length, Nikkyo Technols, Tokyo, Japan) were 
used. For peptide identification, data were acquired in the data- 
independent acquisition mode and analyzed using DIA-NN 1.8 with 
the UniProt human reference proteome database allowing one miss- 
cleavage [19]. The protein identification and quantification confi
dence for the dataset was evaluated on the basis of the FDR. For phos
phoproteomics, data were acquired in the data-dependent acquisition 
mode and analyzed using MaxQuant v.2.4.9.0 with the dynamic modi
fication of phosphorylation on serine, threonine, and tyrosine [20].

The MS data files have been deposited in the ProteomeXchange 
Consortium (http://www.proteomexchange.org/, PXD047155) via the 
jPOST partner repository (https://jpostdb.org, JPST002398) [21].

2.3. Statistical analysis

We used t-test to evaluate the difference (2-folds change) between 
Y114C-HLCs and WT-HLCs, or between V30M-HLCs and WT-HLCs, 
respectively (n = 3, independently). Statistical significance was 
defined as p < 0.05.

2.4. Bioinformatics analysis

Gene ontology (GO) analysis was performed by Metascape, a web- 
based portal which provides comprehensive gene annotation based on 
GO processes, Reactome gene set [22]. We used the proteins that have 
significantly altered expression levels Y114C-HLCs and V30M-HLCs, 
respectively, comparison to WT-HLCs. Based on the proteins identified 
by GO analysis, we further performed Reactome pathway analysis to 
elucidate the specific intracellular signals [23].

3. Results

3.1. Proteome analysis of Y114C-HLCs

To elucidate the molecular pathogenesis of ATTR Tyr114Cys 
amyloidosis, we first performed proteomic analysis to comprehensively 
identify the specific intracellular signaling pathway involved in HLCs 
differentiated from Y114C cells (Y114C-HLCs). Proteomic analysis 
detected approximately 7000 proteins in Y114C-HLCs, as well as HLCs 
differentiated from WT-iPS cells (WT-HLCs) and from V30M-iPS cells 
(V30M-HLCs) (Fig. 1A). In comparison with WT-HLCs, volcano plots 
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showed the increased or decreased protein expression in Y114C-HLCs 
and V30M-HLCs, respectively (Fig. 1B and C). The red plot represents 
proteins that have significantly altered expression levels (|Log2 ratio| ≥
1 and -Log10 p value > 1.301 (p value < 0.05)). In addition, we identified 
the presence of significantly altered protein expression in Y114C-HLCs 
and V30M-HLCs, respectively, and found the characteristic proteins in 
each of HLCs (Fig. 1D). There were 1040 types of proteins varied in 
Y114C-HLCs, and 518 proteins were changed only in Y114C-HLCs 
(Fig. 1E, Supplemental Table), while 350 of 870 proteins only in 
V30M-HLCs. Thus, we successfully identified the specific protein 
changed only in Y114C-HLCs, which might be involved in the specific 
pathogenesis of ATTR Tyr114Cys amyloidosis.

3.2. Gene ontology analysis of HLCs

Next, Gene ontology (GO) analysis was performed to further char
acterize the proteins significantly expressed in Y114C-HLCs. GO analysis 
focusing of 1040 (Fig. 2A) and 518 (Fig. 2B) specific proteins in Y114C- 
HLCs revealed the top 20 intracellular signals, respectively. In addition, 
the top 20 intracellular signals in V30M-HLCs were also identified 
(Fig. 2C and D). Those results suggested that the intracellular signals 
identified from 1040 proteins changed in Y114C-HLCs were partially 
overlapped with those in V30M-HLCs (Fig. 2A–C). Moreover, as ex
pected, the intracellular signals identified from 518 proteins changed 
only in Y114C-HLCs were quite different from those of V30M-HLCs, such 
as, extracellular matrix (ECM) organization, NABA ECM regulator, 
cellular response to stress (Fig. 2B–D). The results of Y114C vs. V30 M 
comparison also confirmed the identified intracellular signals 
(Supplemental Fig. 1).

Gene ontology (GO) analysis by Metascape (https://metascape. 
org/gp/#/main/step1) showed cellular process identified by protein 
expression in Y114C-HLCs (A, B) and V30M-HLCs (C, D), respectively.

3.3. Reactome Pathway analysis in Y114C-HLCs

To further investigate the results of GO analysis, the identified top 
cell signals in Y114C-HLCs, were evaluated by Reactome Pathway 
analysis. In case of cell signals related to ECM organization and NABA 
ECM regulators, Reactome Pathway analysis suggested the involvement 
of intracellular signals especially related to the cellular degradation 
process, such as, collagen degradation (Fig. 3A). Consistent with these 
results, the proteins related to the cellular degradation process, espe
cially, extracellular matrix proteases, such as MMP23B, showed higher 
expression in Y114C-HLCs (Fig. 3B).

In addition, if we focused on the intracellular signals related to 
cellular response to stress, Reactome Pathway analysis suggested the 
involvement of senescence-associated secretory phenotype (SASP) 
(Fig. 4A). As shown in Fig. 4B, the heatmaps clearly showed that, the 
protein expression related cellular response to stress, such as, SASP- 
related proteins, signal transducer and activator of transcription 3 
(STAT3) and ubiquitin conjugating enzyme E2 C (UBE2C), were signif
icantly higher in Y114C-HLCs (Fig. 4B). More importantly, of the 
intracellular signals related to cellular response to stress, unfolded 
protein response (UPR), typically initiated in response to an accumula
tion of misfolded proteins (such as, mutated protein) in the endoplasmic 
reticulum (ER), were activated in Y114C-HLCs (Fig. 4C). Further anal
ysis also indicated the significant involvement of inositol requiring 
enzyme 1 α (IRE1α) signaling, one of major UPR signals, in Y114C-HLCs 

Fig. 1. Proteome analysis of HLCs (A) Protein number detected by proteome analysis was about 7194 (WT), 7030 (Y114C), and 7064 (V30 M) in HLCs, respectively. 
Volcano plots (red plots) showed proteins changed more than 2-folds in Y114C-HLCs (B) and V30M-HLCs (C), compared with WT-HLCs. (D, E) The number of 
proteins changed more than 2-folds in Y114C-HLCs and V30M-HLCs, compared with WT-HLCs.
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(Fig. 4D), suggesting that the intracellular signals related to UPR might 
be involved in the specific pathogenesis of ATTR Tyr114Cys amyloid
osis, especially focusing on TTR synthesis process.

4. Discussion

Despite the urgent need to develop novel therapy, the molecular 
pathogenesis of ATTR Tyr114Cys amyloidosis is still largely unknown. 
In this study, taking advantage of ATTRv amyloidosis-specific iPS cells 
and proteome analysis, we successfully identified the intracellular 

signals, such as, cellular response to stress and extracellular matrix or
ganization, are activated only in Y114C-HLCs, which might be involved 
in the specific pathogenesis of ATTR Tyr114Cys amyloidosis, especially 
focusing on TTR synthesis process. In fact, ATTRv amyloidosis exhibits 
several different phenotypes depending on each specific TTR mutation 
[3]. Although proteome analysis detected approximately 7000 protein 
expressions in WT, Y114C and V30M-HLCs, respectively (Fig. 1A), it 
should be noted that more than 500 proteins expression were altered 
only in Y114C-HLCs (Fig. 1E). Considering the difference from 
V30M-HLCs and WT-HLCs, this evidence strongly suggests that the 

Fig. 2. GO analysis of Y114C-HLCs and V30M-HLCs.
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specific point mutation (only one amino acid replacement in this case) 
may cause dynamic changes of cellular response. Because this kind of 
specific molecular analysis is difficult to be performed using clinical 
specimen, it also indicated the usefulness & potential of our established 
iPS cell lines for elucidating the molecular pathogenesis of ATTRv 
amyloidosis, especially in TTR producing HLCs.

In view of elucidating the specific pathogenesis, we unveiled that the 
intracellular signals related to UPR might be involved in the specific 
pathogenesis of ATTR Tyr114Cys amyloidosis (Fig. 4C and D). Our 
preliminary experiment indeed showed the increased expression of 
SULT1A3, related to IRE1α pathway in the UPR, at mRNA levels 
inY114C-HLCs (Supplemental Fig. 2A) [24]. It has been reported that 
blood ATTR-Y114C shows low concentration, unlike ATTR Val30Met 
amyloidosis [12]. Although our previous study revealed that 
Y114C-HLCs indeed secreted low ATTR-Y114C levels compared with 
V30M-HLCs [13,14], the molecular mechanism has been largely un
known. It is likely that the low level of ATTR-Y114C secretion from the 
liver is caused by UPR. Previous studies have suggested low kinetic 
stability TTR (such as Y114C, A25T (alanine to threonine at codon 25) 
and L55P (leucine to proline at codon 55), defined by TTR tetrameric 
dissociation rates, secrete at low levels in vitro [25–27]. In addition, it 
has been reported that secretion of unstable TTR suppressed by ATF6, 
major protein of UPR, such as ATTR-A25T and ATTR-L55P [28,29]. Our 
proteomic analysis clearly showed that IRE1α might play important 
roles in Y114C-HLCs (Fig. 4C and D), suggesting that low level 
ATTR-Y114C from the liver related in IRE1α of UPR. On the other hand, 
ATF6 could be unlikely involved in Y114C-HLCs, even though protein 
disulfide-isomerase A5 (PDIA5) identified in this study reported to be 
involved in ATF6 [30]. It is noted that, our preliminary 
phospho-proteome analysis identified protein disulfide-isomerase A6 
(PDIA6) associated with UPR, in Y114C-HLCs (data not shown). PDIA6 

is responsible for inhibiting excessive IRE1α signaling responses [31]. 
This may be a result in favor of no liver damage in patients with ATTR 
Tyr114Cys amyloidosis [32]. On the other hand, in contrast to 
ATTR-Y114C, because UPR responses were not detected in V30M-HLCs, 
ATTR-V30 M can be passed through UPR as WT-TTR secretion. Thus, 
especially focusing on TTR synthesis process, our results suggest that 
UPR may at least contribute to low secretion of ATTR-Y114C protein in 
Y114C-HLCs. Additionally, in view of involvement of SASP in the 
cellular response to stress, the activation of in Y114C-HLCs may support 
the fact that the onset of patients with ATTR Tyr114Cys is often earlier 
(about 40 years old ~) than that of patients with other mutations [3,5]. 
As shown in Fig. 3B, STAT3 and UBE2C, SASP-related proteins, were 
significantly higher in Y114C-HLCs, suggesting the involvement of SASP 
in the pathogenesis of ATTR Tyr114Cys. In view of SASP-related pro
teins, our preliminary experiment showed the increased expression of 
interleukin (IL)-8 at mRNA levels in Y114C-HLCs (Supplemental 
Fig. 2B). Moreover, STAT3, one of SASP-related protein, was also acti
vated at phosphorylation levels in Y114C-HLCs (Supplemental Fig. 2C). 
Other study has suggested that SASP may be associated with extracel
lular matrix proteases [33]. The GO analysis also showed that the ECM 
organization and NABA ECM regulator were indeed involved in 
Y114C-HLCs (Fig. 3A). By taking ECM into consideration, our further 
analysis also found that activated ECM degradation and collagen 
degradation (Fig. 3B). Intriguingly, matrix metalloproteinase 9 (MMP9), 
one of the extracellular matrix proteases, has been reported to degrade 
TTR [34], and our results also showed that extracellular matrix pro
teases such as MMP23B, one of the MMPs, have been identified in 
Y114C-HLCs. MMP23B, a type II transmembrane MMP with a distinctive 
domain architecture and function, has an N-terminal signal anchor that 
targets it to the cell membrane [35]. Although some reports showed 
MMP23B might be involved in various cancers [36], it is first reports 

Fig. 3. Reactome Pathway analysis of extracellular matrix related signals in Y114C-HLCs (A) Reactome Pathway was performed by means of inputting identified 
proteins from extracellular matrix organization and NABA ECM regulator, by focusing on the proteins changed only in Y114C-HLCs by GO analysis. FDR; False 
discovery rate. (B) Expression patterns shown in heatmaps with identified proteins from extracellular matrix organization and NABA ECM regulator by focusing on 
the proteins changed only in Y114C-HLCs by GO analysis. Gene expression levels are indicated by the color bar above the heatmap (yellow, up-regulated; navy, 
down-regulated). MMP23B; Matrix metalloproteinase 23B.
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suggesting the possible involvement of MMP23B in ATTR Tyr114Cys 
amyloidosis. Thus, the several specific intracellular signals involved in 
the pathogenesis of ATTR Tyr114Cys amyloidosis, need to be further 
investigated.

This study has limitation. Since the ATTR Tyr114Cys amyloidosis is 
categorized as a kind of rare disease, the number of iPS cells derived 
from patients is limited. In addition, it is documented that 

leptomeningeal-dominant type of ATTR Tyr114Cys amyloidosis exhibits 
various CNS symptoms, and TTR is also synthesized in the choroid 
plexuses of the brain. Thus, in addition to Y114C-HLCs, it is worth 
differentiating Y114C-iPS cells to choroid plexus cells to elucidate 
pathogenesis of ATTR Tyr114Cys amyloidosis in CNS symptoms in the 
future [37]. Furthermore, although disease-specific iPS cells may have 
potential to be the useful pathological models maintaining patient’s 

Fig. 4. Pathway analysis for cellular response to stress from GO analysis in Y114C-HLCs (A) The results of Reactome pathway analysis were shown using a dot plot. 
FDR; False discovery rate. (B) Expression patterns shown in heatmaps with identified as cellular response to stress proteins by focusing on the proteins changed only 
in Y114C-HLCs by GO analysis. Gene expression levels are indicated by the color bar above the heatmap (yellow, up-regulated; navy, down-regulated). STAT3; signal 
transducers and activator of transcription 3. PDIA5; protein disulfide-isomerase A5. (C) Proteins involved in UPR in Y114C-HLCs were identified using Reactome 
pathway analysis. (D) Expression patterns shown in heatmaps with identified proteins related to UPR by focusing on the proteins changed only in Y114C-HLCs by GO 
analysis. Gene expression levels are indicated by the color bar above the heatmap (yellow, up-regulated; navy, down-regulated).
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genetic information, the validation using in vivo models, such as ATTR 
Tyr114Cys transgenic mouse model, is absolutely required. Since in vivo 
models of ATTR Tyr114Cys amyloidosis have yet to be established yet, it 
is also necessary to establish appropriate in vivo models reflecting the 
exact symptoms of patients with ATTR Tyr114Cys amyloidosis, and 
validate our findings in the future.

In conclusion, our results showed that the dynamic changes of 
cellular response were occurred by the specific point mutation in ATTRv 
amyloidosis, and identified the specific intracellular signals, might be 
involved in the specific pathogenesis of ATTR Tyr114Cys amyloidosis.
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