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Transthyretin (TTR) is a major amyloidogenic protein associ-
ated with hereditary (ATTRm) and nonhereditary (ATTRwt)
intractable systemic transthyretin amyloidosis. The pathologi-
cal mechanisms of ATTR-associated amyloid fibril formation
are incompletely understood, and there is a need for identifying
compounds that target ATTR. C-terminal TTR fragments are
often present in amyloid-laden tissues of most patients with
ATTR amyloidosis, and on the basis of in vitro studies, these
fragments have been proposed to play important roles in amy-
loid formation. Here, we found that experimentally-formed
aggregates of full-length TTR are cleaved into C-terminal frag-
ments, which were also identified in patients’ amyloid-laden tis-
sues and in SH-SY5Y neuronal and U87MG glial cells. We
observed that a 5-kDa C-terminal fragment of TTR, TTR81–
127, is highly amyloidogenic in vitro, even at neutral pH. This
fragment formed amyloid deposits and induced apoptosis and
inflammatory gene expression also in cultured cells. Using the
highly amyloidogenic TTR81–127 fragment, we developed a
cell-based high-throughput screening method to discover com-
pounds that disrupt TTR amyloid fibrils. Screening a library of
1280 off-patent drugs, we identified two candidate reposition-
ing drugs, pyrvinium pamoate and apomorphine hydrochloride.
Both drugs disrupted patient-derived TTR amyloid fibrils ex
vivo, and pyrvinium pamoate also stabilized the tetrameric
structure of TTR ex vivo in patient plasma. We conclude that our
TTR81–127– based screening method is very useful for discov-
ering therapeutic drugs that directly disrupt amyloid fibrils. We

propose that repositioning pyrvinium pamoate and apomor-
phine hydrochloride as TTR amyloid-disrupting agents may
enable evaluation of their clinical utility for managing ATTR
amyloidosis.

Amyloidosis comprises a group of hereditary or acquired
intractable diseases that are characterized by extracellular
deposits of insoluble amyloid fibrils derived from various kinds
of proteins in singular or multiple organs such as heart, nerves,
kidneys, gastrointestinal tract, and eyes (1–3). To date, 36 kinds
of amyloidogenic proteins have been identified as disease-caus-
ing molecules in amyloid-related disorders, such as Alzheimer’s
disease, prion disease, systemic immunoglobulin light-chain
amyloidosis, and systemic transthyretin (ATTR)2 amyloidosis
(1–5). Aging, genetic mutations, inflammation, neoplastic dis-
orders, obesity, and medical treatments reportedly affect devel-
opment of these amyloidoses via overproduction, misfolding,
and reduced clearance of disease-specific amyloid-related pro-
teins, as well as proteolysis (1–5).

Transthyretin (TTR), mainly synthesized in the liver, forms a
homotetramer that has a dimer– of– dimers configuration in
the bloodstream, is a major amyloidogenic protein, and causes
two types of intractable systemic amyloidosis (5–9). One is the
rare hereditary TTR (ATTRm) amyloidosis, formerly known as
familial amyloid polyneuropathy. More than 140 different point
mutations, most of which are highly amyloidogenic, have been
identified in the TTR gene (5, 6). Of these mutations, ATTR
V30M is the most common genotype of ATTRm amyloidosis
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rimotor polyneuropathy, autonomic dysfunction, cardiac fail-
ure, and other systemic symptoms and usually die within 10
years of disease onset if they are untreated. The other type of
ATTR amyloidosis is wildtype TTR (ATTRwt) amyloidosis,
formerly known as senile systemic amyloidosis, which has
attracted increasing attention (7–9). ATTRwt amyloidosis is a
nonhereditary aging-related systemic amyloidosis caused by
WT TTR secreted by the liver and is often associated with car-
diac failure and bilateral carpal tunnel syndrome in elderly
patients (9, 10). Pathomechanisms of ATTRwt amyloidosis
remain largely unclear, and specific disease-modifying therapy
for ATTRwt amyloidosis is not available.

Liver transplantation has been utilized to treat ATTRm amy-
loidosis, by replacing unstable mutant TTR synthesized in the
liver with a more stable WT TTR found in the bloodstream of
patients (11). However, WT TTR synthesized by transplanted
liver grafts reportedly continued to form amyloid deposits in
certain patients even after liver transplantation (12). In vitro
studies with acid-induced denaturation of TTR (13, 14) have
indicated that dissociation of the tetrameric structure of TTR
to monomers may be a crucial step in the initial phase of TTR
amyloid formation (15), and several therapeutic compounds,
such as diflunisal, tafamidis, AG10, and tolcapone, have been
shown to stabilize the tetrameric TTR structure (16 –20). In
addition, gene-silencing therapies to reduce TTR expression by
the liver have been developed (21, 22). Clinical trials of doxycy-
cline plus tauroursodeoxycholic acid (23) and immunothera-
pies (24, 25), which aim to disrupt amyloid fibrils, are also being
carried out. However, we do not fully understand the detailed
mechanisms in later events directly associated with TTR amy-
loid formation after the dissociation of the TTR tetramer and
have yet to develop amyloid-disruptors.

C-terminal fragments of TTR have been well-documented as
often occurring in amyloid-laden tissues in ATTR amyloidosis
(12, 26 –33). In particular, patients with ATTRwt amyloidosis
commonly have C-terminal fragments of WT TTR, in addition
to full-length WT TTR, in amyloid-laden tissues (26 –28). Sev-
eral studies also indicated that late-onset ATTRm amyloidosis
patients with the V30M mutation and ATTRm amyloidosis
patients with various kinds of non-V30M mutations commonly
had C-terminal fragments of TTR in addition to full-length
TTR in amyloid-laden tissues, whereas only full-length TTR
was usually found in amyloid deposits in early-onset ATTRm
amyloidosis patients with the V30M mutation (12, 28 –32).
Swedish ATTR V30M Swedish ATTR V30M amyloidosis
patients having of TTR in amyloid deposits reportedly showed
thicker cardiac intraventricular septum and worse clinical out-
come after liver transplantation than ATTR V30M amyloidosis
patients without C-terminal fragments of TTR in amyloid
deposits (32). In addition, TTR S52P and TTR E51_S52dup
mutations that caused unusually aggressive systemic ATTRm
amyloidosis were reported to be easily cleaved into C-terminal
fragments by trypsin (34 –36). In vitro studies of short peptides
of TTR segments and tryptic TTR fragments have proposed
that the C-terminal regions of TTR may play important roles in
TTR amyloid formation (34 –38). However, the detailed path-
ological mechanisms of TTR fragmentation and the clinico-

pathological impacts of the C-terminal fragments of TTR on
ATTR amyloidosis remain to be clarified.

In this study, we first discovered that full-length TTR aggre-
gates were cleaved into C-terminal fragments in cultured neu-
ronal and glial cells and that a 5-kDa C-terminal fragment of
TTR, TTR81–127, was highly amyloidogenic, even at neutral
pH, in test tubes and in cultured cells. Second, with this highly
amyloidogenic TTR81–127, we developed a novel cell-based
high-throughput screening (HTS) method so as to detect a new
class of drugs that would disrupt amyloid fibrils, and we suc-
ceeded in finding candidate repositioning drugs by using a
screening library of 1280 off-patent drugs.

Results

Cleavage of full-length TTR aggregates into fragments in
cultured neuronal and glial cells

To investigate whether cultured neuronal cells cleave full-
length TTR into fragments, we performed SDS-PAGE analyses
with lysates of cultured SH-SY5Y neuronal cells treated with
native and acid-induced aggregated full-length TTR V30M. We
formed aggregates of full-length TTR V30M in acidic buffer at
pH 4.0 for 24 h in test tubes, before adding it to the cells. The
pre-formed aggregates of full-length TTR V30M were added to
the extracellular culture medium. In cultured SH-SY5Y cells
treated with acid-induced aggregates of full-length TTR V30M
for 24 h, we found 5- and 10-kDa bands, which were smaller
than the 15-kDa bands for full-length TTR V30M, and we sus-
pected that they were TTR fragments (Fig. 1A). In contrast, we
did not find the smaller bands in cells treated with native full-
length TTR V30M. We did not find TTR fragments in TTR
aggregates that were incubated with the cell culture medium of
SH-SY5Y cells for 24 h (Fig. S1). In human U87MG glial cells,
the acid-induced aggregates of full-length TTR V30M were also
cleaved into shorter fragments (Fig. 1B), but we did not find
TTR fragments in other kinds of cells, including human vascu-
lar smooth muscle-like glomotel cells, human hepatoma
HepG2 cells, and human retinal pigment epithelium ARPE-19
cells (Fig. 1C). In SH-SY5Y neuronal cells, acid-induced aggre-
gates of other full-length TTRs, such as WT, L55P, T60A, S77Y,
I84S, and Y114C, except for C10R, were also cleaved into the
smaller 5- and 10-kDa fragments (Fig. 1D). Amino acid
sequence analyses revealed that the 5-kDa fragment started at
position 81 of TTR, and the 10-kDa fragment of TTR started at
position 49 (Fig. 1E). Mass spectrometric analyses of pieces of
the gel revealed that the N-terminal fragments were hardly
detected in cultured SH-SY5Y cells treated with pre-formed
aggregates of full-length TTR V30M (Fig. S2). Both cleavage
sites were at the carboxyl side of lysine, which suggests that
trypsin or trypsin-like enzymes cleaved full-length TTR into 5-
and 10-kDa fragments. As Fig. 1F shows, a trypsin inhibitor
suppressed fragmentation of acid-induced aggregates of full-
length TTR V30M in SH-SY5Y cells.

Tryptic cleavage of acid-induced aggregates of full-length TTR
in vitro

In test tubes, trypsin directly cleaved acid-induced aggre-
gates of full-length TTR V30M into several smaller fragments,
including 5- and 10-kDa C-terminal fragments, which were
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similar to the TTR fragments found in cultured cells, in addi-
tion to a few other C- and N-terminal fragments (Fig. 1, E and
G). In contrast, trypsin barely cleaved native full-length TTR
V30M (Fig. 1G).

Fragmentation of TTR in amyloid fibrils from patients with
ATTRm amyloidosis

We analyzed components of vitreous TTR amyloid fibrils
from eight patients with ATTRm amyloidosis who had the TTR
V30M mutation by means of immunoblotting with antibodies
against the C-terminal fragment TTR81–127. We found 10-
and 5-kDa TTR fragments in vitreous TTR amyloid in three (Pt.
2, 3, and 7) out of eight patients (Fig. 1H). In two patients (Pt. 1
and 5), we detected a clear 10-kDa fragment and a faintly posi-
tive 5-kDa fragment. In three patients (Pt. 4, 6, and 8), we found

only the 10-kDa fragment, although the amount of vitreous
TTR amyloid was small in two patients (Pt. 4 and 6). We also
showed that trypsin cleaved vitreous TTR amyloid fibrils of Pt.
1 into the 5- and 10-kDa fragments (Fig. 1I).

To confirm the locations of the C-terminal regions in the
tetrameric structure of full-length TTR, we generated struc-
tural images using PyMOL software. As Fig. 1, J and K, shows,
the C-terminal regions TTR81–127 are located inside the tetra-
meric and dimeric structures of full-length TTR, but the N-ter-
minal regions are exposed to the outside of the tetrameric and
dimeric structures of full-length TTR.

Amyloid formation by TTR fragments in vitro

To investigate the in vitro amyloid-forming abilities of differ-
ent regions of TTR, we analyzed in vitro amyloid-forming abil-

Figure 1. Fragmentation of TTR in vitro. A, SDS-PAGE followed by CBB staining of SH-SY5Y cell lysates treated with native or acid-induced aggregates of
full-length recombinant TTR V30M for 24 h. B, SDS-PAGE followed by CBB staining of U87MG cell lysates treated with acid-induced aggregates of full-length
recombinant TTR V30M for 24 h. C, SDS-PAGE followed by CBB staining of glomotel cell lysates, HepG2 cell lysates, and ARPE-19 cell lysates treated with
acid-induced aggregates of full-length recombinant TTR V30M for 24 h. D, SH-SY5Y cell lysates treated with acid-induced aggregates of full-length wildtype
TTR, and various mutant TTRs for 24 h. E, amino acid sequences of TTR fragments detected in SH-SY5Y cells treated with acid-induced aggregates of full-length
recombinant TTR V30M (a and b) and sequences of fragments detected in full-length TTR aggregates incubated with trypsin in test tubes (numbers 1– 6). Solid
lines indicate sequences detected via Edman degradation. Dotted lines indicate expected sequences of TTR fragments as based on SDS-PAGE analyses. F,
SH-SY5Y cell lysates treated with acid-induced aggregates of full-length recombinant TTR V30M treated concomitantly with trypsin inhibitor (g–i) or not
treated with trypsin inhibitor (d–f), for 24 h. a– c, control. G, SDS-PAGE followed by CBB staining of native or acid-induced aggregates of full-length recombinant
TTR V30M incubated with trypsin in test tubes for 24 h. H, C-terminal fragments of TTR in vitreous amyloid fibrils isolated from two patients with ATTR V30M
amyloidosis (Pt. 1, 60-year-old man; Pt. 2, 46-year-old woman; Pt. 3, 38-year-old woman; Pt. 4 – 8, age and sex were not available) detected by immunoblotting
with anti-TTR81–127 antibodies. I, in vitro tryptic cleavage of vitreous amyloid fibrils isolated from a 60-year-old male patient with ATTR V30M amyloidosis;
fibrils were incubated with 0.5 or 5% trypsin for 30 min. J and K, locations of the C-terminal regions in the tetrameric structure of TTR (H) and the dimeric
structure of TTR (I). Red, TTR81–127 (C terminus); blue, TTR49 – 80 (middle part), and green, TTR1– 48 (N terminus). Structural images were generated by using
PyMOL.
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ities of recombinant full-length and fragmented TTRs in PBS at
neutral pH and at 37 °C. Electron microscopic analyses revealed
that recombinant TTR81–127, which corresponded to the
5-kDa C-terminal fragment of TTR, formed amyloid fibrils in
PBS at neutral pH (Fig. 2A). In contrast, recombinant full-
length WT TTR, TTR V30M, and TTR49 –127, the last of
which corresponded to the 10-kDa C-terminal fragment of
TTR, formed amorphous aggregates in PBS at neutral pH (Fig.
2, B–D); recombinant TTR1– 80, which corresponded to the N
terminus of TTR, did not form any aggregates or fibrils. As seen
in Fig. 2, E–M, when we directly added the full-length TTR and
fragments of TTR to the culture medium of glomotel cells, only
TTR81–127 formed amyloid deposits in cultured cells (Fig. 2 E,
I, and M); others did not (Fig. 2, F–H and J–L). TTR81–127
formed amyloid deposits mainly in the extracellular space of the
cultured cells (Fig. 2M). Thioflavin T (ThT) intensities of
TTR81–127, which formed amyloid fibrils in the electron
microscopic analyses just mentioned (Fig. 2A), gradually
increased over time, after a 24-h lag, in PBS at neutral pH (Fig.
2N), which is the typical kinetics of amyloid fibril formation. In
contrast, ThT intensities of TTR49 –127, which formed amor-
phous aggregates in the electron microscopic analyses (Fig. 2B),
increased immediately after incubation in PBS at neutral pH
(Fig. 2N). ThT intensities of other TTRs, including full-length
WT TTR, full-length TTR V30M, and TTR1– 80, did not
increase in PBS (Fig. 2N). These results indicated that
TTR81–27 was more amyloidogenic than the other regions
of TTR, such as TTR1– 80, TTR49 –127, full-length WT
TTR, and full-length TTR V30M.

To determine the intermolecular linking of TTR81–127, we
performed SDS-PAGE analyses by using chemically cross-
linked TTR81–127 with glutaraldehyde. Full-length TTR
formed tetramers, whereas TTR81–127 existed as a monomer
and did not form tetramers (Fig. 2O). TTR81–127 gradually
polymerized and formed oligomers in PBS at neutral pH and at
37 °C (Fig. 2P).

Cytotoxicity of C-terminal fragments of TTR in cultured cells

We also studied whether different TTRs had cytotoxic
effects on cultured cells. We added the recombinant TTRs to
culture medium, followed by incubation. The C-terminal
fragments of TTR, i.e. TTR81–127 and TTR49 –127, showed
cytotoxic effects (Fig. 2Q). Recombinant TTR81–127
increased caspase 3 activity and binding of annexin V in
cultured cells (Fig. 2, R–T).

TTR81–127 amyloid deposits induced Fas-mediated apoptosis

TTR81–127 formed 1-fluoro-2,5-bis[(E)-3-carboxy-4-hy-
droxystyryl]benzene (FSB)–positive amyloid deposits and anti-
TTR81–127 antibody–positive TTR deposits in cultured cells
in a dose-dependent manner (Fig. S3, A and B), and 25 �M

TTR81–127 increased caspase 8 and 9 activities (Fig. S3, C and
D). In protein array analyses, Fas and BAX increased in glomo-
tel cells treated with TTR81–127, and Bcl-2 decreased (Fig.
S3E).

TTR81–127 increased expression of genes associated with
inflammation in cultured cells

To investigate the effects of TTR81–127 amyloid deposits in
cultured cells, we performed transcriptome analysis by means
of RNA-Seq in glomotel cells treated with TTR81–127 for 24 h.
Cellular TTR81–127 amyloid formation enhanced expression
of inflammation-related genes in glomotel cells (Tables S1 and
S2). By means of quantitative real-time PCR analyses, we also
confirmed that TTR81–127 amyloid deposits increased the
mRNA levels of those molecules, including ICAM1, VCAM1,
RELB, IL32, CXCL1, CCL2, C3, and SOD2, and reduced KIT
mRNA levels in glomotel cells (Fig. S4). We did not find
increased LRWD1 mRNA levels in quantitative real-time
PCR analyses, via the RNA-Seq analyses (Table S1). In
SH-SY5Y cells derived from human neuroblastoma, we
found similar changes in those mRNA levels except for three
genes: CXCL1 and C3, which were not detected in SH-SY5Y
cells, and SOD2, which was not changed in SH-SY5Y cells
treated with TTR81–127 (Fig. S4). In another earlier exper-
iment, gene expression of those molecules, in addition to
that of the inflammatory cytokine genes TNF and IL6,
increased significantly in glomotel cells treated with TTR81–
127 (Fig. S5, A–D). FAS mRNA levels also increased signifi-
cantly in glomotel cells treated with TTR81–127 (Fig. S5, E–G),
which corresponded to the results of the protein array analyses
described above. A selective inhibitor of the Fas ligand-depen-
dent pathway, RKTS-33, suppressed increases in the mRNA of
those inflammatory genes, including ICAM1, VCAM1, IL32,
CCL2, and TNF, in glomotel cells treated with TTR81–127 (Fig.
S6).

Novel screening method to detect antiamyloid drugs for drug
repositioning

Using the highly amyloidogenic recombinant TTR81–127,
we developed a novel cell-based HTS method with 96-well
half-area microplates to evaluate TTR amyloid formation in
cultured cells (Fig. 3A and Fig. S7). Through a cell-based
ELISA with antiserum against TTR81–127, we quantita-
tively analyzed the amount of TTR81–127 deposits in cul-
tured cells (Fig. 3B). The Z�-factor of our novel cell-based
HTS method was 0.72, which we believed was sufficient for
drug screening (Fig. 3C).

By using this HTS, we analyzed the inhibitory effects of sev-
eral compounds on TTR81–127 amyloid formation; these com-
pounds reportedly inhibited TTR aggregation or stabilized the
tetrameric structure of TTR by means of conventional methods
with full-length TTR at acidic pH. Epigallocatechin gallate
(EGCG) demonstrated the strongest inhibition of TTR81–127
amyloid formation, whereas diflunisal, which is well-known to
stabilize the tetrameric structure of full-length TTR, did not
show any inhibitory effect on TTR81–127 amyloid formation in
cultured cells (Fig. 3D).

After using our novel HTS to directly evaluate TTR amyloid
formation, we screened candidates for drug repositioning. We
used a screening library of 1280 off-patent drugs (Drug Discov-
ery Initiative, University of Tokyo, Tokyo, Japan) and tested
EGCG and diflunisal as reference compounds for the HTS
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(Fig. 4). In the first screening, we found 75 candidate drugs that
inhibited TTR amyloid deposits in the cell-based ELISA (Fig.
4A and Table S3). In the second step, we performed the cell-
based FSB assay with the 75 drugs (triplicate assays) in addition
to the cell-based ELISA with the 75 drugs (triplicate assays) and
selected 28 candidate drugs for the next analysis (Fig. 4B and
Table S3). Next, in the third screening, we determined whether
those 28 candidate drugs directly inhibited TTR81–127 amy-
loid formation in PBS at neutral pH in test tubes (Fig. 4C). We
found eight candidate drugs that strongly inhibited amyloid
formation of TTR81–127 (Fig. 4C and Table S3) and used those
eight candidate drugs in the next assay to detect amyloid dis-
rupters. We incubated preformed TTR81–127 amyloid fibrils
with those eight candidate drugs in PBS at neutral pH for 24 h
and determined whether those drugs disrupted the preformed
TTR81–127 amyloid fibrils. Pyrvinium pamoate and apomor-
phine hydrochloride significantly reduced the preformed

TTR81–127 amyloid fibrils in a dose-dependent manner in test
tubes (Fig. 4D and Table S3) and in the cell-based FSB assay
(Fig. S8). Pamoate did not disrupt preformed TTR81–127 amy-
loid fibrils in vitro (Fig. S9).

To investigate the effects of two repositioning compounds on
tryptic cleavage of TTR aggregates, we performed SDS-PAGE
of pre-formed aggregates of full-length TTR V30M incubated
with 0.5% trypsin and 50 �M repositioning drugs for 24 h. We
did not find inhibitory effects of the two repositioning drugs,
pyrvinium pamoate and apomorphine hydrochloride, on tryp-
tic cleavage of TTR aggregates (Fig. S10).

To investigate the effects of two repositioning compounds on
amyloid formation of other amyloid proteins, we also examined
the inhibitory effects on A�42 and A�40 amyloid fibril forma-
tion. Pyrvinium pamoate and apomorphine hydrochloride sig-
nificantly inhibited A�42 and A�40 amyloid formation in a
dose-dependent manner in vitro (Fig. S11).

Figure 2. Amyloid formation of TTR81–127 at neutral pH. A–D, electronic microscopic findings for amyloid fibrils or amorphous aggregates derived
from different regions of TTR, which had been incubated at neutral pH. Scale bars: 200 nm. E–L, Congo red staining of glomotel cells treated with 50 �M

TTR81–127 (E and I); 50 �M TTR49 –127 (F and J); 50 �M full-length WT TTR (G and K); and 50 �M full-length TTR V30M (H and L); for 24 h observed via light
microscopy (E–H); and under polarized light (I–L). Scale bars, 200 �m. M, immunofluorescence analysis of TTR81–127 amyloid deposits in glomotel cells.
Red fluorescence, TTR81–127; green fluorescence, �-actin; and blue fluorescence: DAPI. Scale bar, 50 �m. N, ThT intensities of different regions of TTR. Red
line, TTR81–127; blue line, TTR49 –127; green line, TTR1– 80; brown line, full-length WT TTR; and purple line, full-length TTR V30M. O, tetramer formation
assay of full-length TTR and TTR81–127. P, oligomer assay of TTR81–127 cross-linked with glutaraldehyde. Q, cytotoxicity of different regions of TTR.
Glomotel cells were treated with different TTR fragments at 25 �M for 24 h. *, p � 0.05. R, caspase 3 activity in glomotel cells treated with different TTR
fragments at 25 �M for 24 h. *, p � 0.05. S and T, annexin V staining in glomotel cells incubated with (S) and without (T) 25 �M TTR81–127 for 24 h. Scale
bars, 200 �m.

Figure 3. Novel cell-based HTS method targeting TTR amyloid deposits in cultured cells at neutral pH. A, schematic diagram of our novel cell-based HTS
to determine the content of TTR amyloid deposits in cultured cells by using the highly amyloidogenic TTR81–127. B, dose-dependent TTR81–127 amyloid
deposits in cultured cells. C, evaluation of the quality of the cell-based HTS method. We calculated the CV, S/B, S/N, and the Z� factor in the cell-based ELISA and
compared them with the acceptable values of those parameters (CV �20%, S/B �2, S/N �10, and Z� factor �0.5) for HTS methods. D, amyloid-inhibitory effects
of tested compounds in the cell-based HTS. We added these compounds, each at 20 �M, and 5 �M TTR81–127 to culture medium followed by incubation for
24 h and then analysis by using the cell-based ELISA.
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Amyloid-disrupting effects of two candidate off-patent drugs
on TTR amyloid fibrils

Electron microscopic analyses revealed that pyrvinium pamo-
ate and apomorphine hydrochloride disrupted preformed
TTR81–127 amyloid fibrils in vitro (Fig. 5, A–D).

We also investigated the effects of two drugs with cardiac
amyloid fibrils isolated from an amyloid-laden autopsied car-
diac sample from a patient with ATTR V30M amyloidosis. Pre-
formed TTR81–127 amyloid fibrils were ultrastructurally sim-
ilar to the patient’s amyloid fibrils (Fig. 5, A and E). We found
that pyrvinium pamoate and apomorphine hydrochloride sig-
nificantly disrupted the patient’s cardiac amyloid fibrils ex vivo
(Fig. 5, E–H). Diflunisal, a stabilizer of the tetrameric structure
of TTR, did not disrupt those amyloid fibrils in vitro and ex vivo
(Fig. 5, B and F).

Stabilizing effects of pyrvinium pamoate and apomorphine
hydrochloride on the tetrameric structure of full-length TTR

We also studied whether these two candidate repositioning
drugs, pyrvinium pamoate and apomorphine hydrochloride,
would stabilize the tetrameric structure of full-length TTR in
addition to amyloid-disrupting effects. In vitro studies with
recombinant full-length TTR V30M showed that pyrvinium
pamoate had a stabilizing effect on TTR tetramers that was
almost the same as that of diflunisal (Fig. 6, A–F).

We found that pyrvinium pamoate significantly stabilized
the tetrameric structure of full-length TTR ex vivo in the
plasma of a patient with ATTR V30M amyloidosis, although
the stabilizing effect of pyrvinium pamoate on the tetrameric
structure of plasma TTR was weaker than that of diflunisal (Fig.
6, G and H). In contrast, apomorphine hydrochloride did not
stabilize the tetrameric structure of the patient’s plasma TTR
(Fig. 6I).

Discussion

In this study, we showed that trypsin cleaved aggregates of
full-length TTR into C-terminal fragments. In addition, our in
vitro studies revealed that the 5-kDa C terminus of TTR,
TTR81–127, quite easily formed amyloid fibrils at neutral pH
and induced apoptosis, probably via the Fas-dependent path-
way in cultured cells. With this highly amyloidogenic TTR81–
127 fragment, we developed a novel cell-based HTS method to
find candidate drugs that would directly disrupt disease-caus-
ing TTR amyloid fibrils, and we successfully found candidate
drugs by using a screening library of 1280 off-patent drugs.

C-terminal fragments of TTR were reportedly found in tissue
amyloid deposits in patients with ATTR amyloidosis (12,
26 –33). Certain in vitro studies revealed that C-terminal frag-
ments of TTR, especially the 10-kDa C terminus that corre-
sponds to TTR49 –127, promoted TTR amyloid formation

Figure 4. HTS of antiamyloid drugs by using a library containing 1280 off-patent drugs by means of the novel cell-based HTS at neutral pH. A, first
screening of 1280 off-patent drugs by means of a cell-based ELISA. After concomitant incubation of candidate drugs at 10 and 5 �M TTR81–127 in cell culture
medium for 24 h, cell-based ELISAs (one assay for each drug) were performed to analyze the inhibitory effects of candidate drugs on amyloid deposits in
cultured cells. B, second screening of 75 off-patent drugs by means of the cell-based FSB assay and ELISA. After concomitant incubation of candidate drugs at
10 and 5 �M TTR81–127 in cell culture medium for 24 h, the cell-based FSB assay and ELISA (triplicate assays for each drug) were performed to determine the
inhibitory effects of candidate drugs. C, third screening of 28 candidate off-patent drugs by means of the ThT assay to investigate the amyloid-inhibiting effects
of the drugs. After concomitant incubation of 25 �M TTR81–127 and candidate drugs at 2–50 �M in PBS for 24 h at 37 °C in test tubes, ThT intensities were
analyzed in triplicate assays. D, fourth screening of eight candidate off-patent drugs by means of the ThT assay to study the amyloid-disrupting effects of the
drugs. After concomitant incubation of 25 �M preformed TTR81–127 amyloid fibrils and candidate drugs at 2–50 �M in PBS for 24 h at 37 °C, ThT intensities were
analyzed in triplicate assays.

Figure 5. Effects of candidate off-patent drugs on preformed TTR81–127 amyloid fibrils and cardiac TTR amyloid fibrils isolated from a patient’s
cardiac tissue sample. A–D, electron microscopic images of preformed TTR81–127 amyloid fibrils incubated with candidate therapeutic drugs in PBS at 37 °C
for 24 h. A, 0.2 �M preformed TTR81–127 amyloid fibrils. B–D, 0.2 �M preformed TTR81–127 amyloid fibrils treated with 50 �M diflunisal (B), pyrvinium pamoate
(C), or apomorphine hydrochloride (D) in PBS at 37 °C for 24 h. E–H, electron microscopic findings of cardiac amyloid fibrils isolated from a cardiac sample from
an autopsied 63-year-old male patient with TTR V30M. Fibrils were incubated with candidate therapeutic drugs in PBS at 37 °C for 24 h. E, cardiac amyloid fibrils
isolated from the patient with ATTRm amyloidosis. F–H, cardiac amyloid fibrils treated with 50 �M diflunisal (F), pyrvinium pamoate (G), and apomorphine
hydrochloride (H) in PBS at 37 °C for 24 h. Scale bars, 200 nm.
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(34 –36). In this study, we found that trypsin cleaved acid-in-
duced full-length TTR aggregates into the C-terminal frag-
ments TTR81–127 and TTR49 –127 in vitro, but it barely
cleaved native soluble full-length TTR tetramers. These results
indicated that fragmentation of TTR may require destruction
of the native TTR tetrameric structure, which is generally
believed to be caused by TTR mutations in ATTRm amyloido-
sis. Marcoux et al. (35) reported that the mechanical forces
produced by magnetic bar agitation promoted fragmentation of
full-length TTR by trypsin in vitro, which is consistent with our
findings. We hypothesize that fragmentation of TTR occurs
after conformational changes in TTR (Fig. 7A). To confirm our
hypothesis, we must perform additional in vitro and in vivo
investigations.

Unlike previous studies using a mixture of tryptic cleavage
products of full-length TTR, in which the TTR49 –127 frag-
ment reportedly formed amyloid fibrils (34 –36), our recombi-
nant TTR49 –127 protein only formed amorphous aggregates.
There are two possibilities that could explain this discrepancy.
First, the structural conformation of our recombinant TTR49 –

127 protein that was directly purified from Escherichia coli
expressing human TTR49 –127 may be different from the
structural conformation of their TTR49 –127 fragment, which
was a tryptic cleavage product of full-length TTR. Second, their
mixture of tryptic cleavage products of full-length TTR could
contain TTR81–127 in addition to TTR49 –127, as shown in
their previous study (34). Further in vitro and in vivo studies are
needed to determine amyloidogenesis of TTR49 –129.

In previous in vitro studies of ATTR amyloidosis, acidic
denaturation of full-length TTR was often used to form TTR
aggregates (13, 14). We found, however, that a smaller C-termi-
nal TTR81–127 fragment quite easily formed amyloid fibrils
even at neutral pH in PBS and also in cell culture medium with-
out any denaturing process. However, other forms of TTR, such
as the 10-kDa C-terminal fragment TTR49 –127, the N-termi-
nal TTR1– 80, and the full-length WT and mutant TTRs, never
formed amyloid fibrils at neutral pH. Saelices et al. (37, 38)
reported that two short peptides corresponding to the
�-strands F and H, which are located within the TTR81–127
fragment, formed a “steric zipper” amyloid structure in vitro

Figure 6. TTR tetramer-stabilizing effects of candidate off-patent drugs. A–C, SDS-PAGE analysis visualized by silver staining of cross-linked tetrameric
full-length TTR V30M pretreated with diflunisal (A), pyrvinium pamoate (B), and apomorphine hydrochloride (C). D–F, quantitative analysis of tetramer stability
of recombinant full-length TTR V30M treated with diflunisal (D), pyrvinium pamoate (E), and apomorphine hydrochloride (F). Incubation of 5 �M full-length TTR
V30M and drugs at 2–50 �M in PBS for 30 min at 25 °C was followed by 4.5 M urea-induced denaturation of TTR tetramers for 24 h at 25 °C. Cross-linked samples
were analyzed by means of SDS-PAGE. G–I, stability of plasma TTR tetramers against urea-induced denaturation. Plasma samples, which were obtained from
an untreated 74-year-old man with ATTR V30M amyloidosis, were incubated with the drugs at 2–50 �M— diflunisal (G), pyrvinium pamoate (H), and apomor-
phine hydrochloride (I)— for 30 min at 25 °C, followed by 4.5 M urea-induced denaturation of TTR tetramers for 24 h at 25 °C. The plasma samples cross-linked
via glutaraldehyde were analyzed by means of SDS-PAGE followed by immunoblotting with anti-TTR antibodies (Agilent Technologies). *, p � 0.05; **, p � 0.01;
***, p � 0.001; ns, not significant.
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and could stimulate amyloid fibril formation of TTR. Our
recent in vivo study also indicated that transgenic Caenorhab-
ditis elegans models expressing a human TTR81–127 fragment
formed aggregates of TTR81–127 and showed defective worm
motility and a significantly shortened life span compared with
other worm strains expressing full-length WT TTR, full-length
TTR V30M, TTR1– 80, and TTR49 –127 (39). Those findings
suggest that the C-terminal region of TTR, i.e. TTR81–127,
plays important roles in TTR amyloid fibril formation.

TTR81–127 amyloid fibrils had features similar to those of
our patient’s amyloid fibrils. Ultrastructurally, morphological
features of TT81–127 amyloid fibrils formed at neutral pH in
vitro resembled cardiac amyloid fibrils isolated from an amy-
loid-laden tissue of our patient with ATTRm amyloidosis (Fig.
5, A and E). To investigate TTR81–127 amyloid formation and
the effects of TTR81–127 amyloid fibrils on cultured cells, we
mainly used glomotel cells, which were derived from vascular
smooth muscle cells (8). There were two reasons why we used

glomotel cells for the cell culture studies with TTR fragments.
First, amyloid deposits were commonly found around vascular
smooth muscle cells in patients with ATTR amyloidosis. Sec-
ond, to avoid further cleavage of TTR fragments, we used glo-
motel cells, which did not cleave TTR as described earlier. Our
cell culture studies revealed that TTR81–127 amyloid deposits
induced Fas-mediated apoptosis and expression of inflamma-
tion-related genes such as ICAM1, VCAM1, RELB, IL32,
CXCL1, CCL2, C3, and SOD2. In previous studies, full-length
TTR aggregates also reportedly induced apoptosis and inflam-
mation (40 –42). As in our investigations with TTR81–127, a
previous histopathological study found that Fas, caspase 8, and
Bax increased in tissue samples obtained from patients with
ATTRm amyloidosis and transgenic mice expressing human
TTR V30M (42). Those findings suggest that TTR81–127 amy-
loid fibrils experimentally induce Fas-mediated apoptosis and
inflammation-related changes in cultured cells, similar to the
situation in patients with ATTRm amyloidosis. Further studies

Figure 7. Schematic illustration of a hypothetical model of TTR fragmentation and target sites of candidate repositioning drugs. A, hypothetical model
of TTR fragmentation. Fragmentation of TTR occurs after conformational changes of TTR. Trypsin or trypsin-like enzymes barely cleave native soluble full-
length TTR tetramers. B, experimental models and target sites of candidate repositioning drugs in TTR amyloid formation. Pyrvinium pamoate may have dual
therapeutic effects—TTR-stabilizing and amyloid-disrupting effects—in ATTR amyloidosis. Apomorphine hydrochloride may disrupt TTR amyloid.
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are needed to clarify the roles of these inflammation-related
genes in ATTR amyloidosis.

On the basis of our results described above, we successfully
developed a novel cell-based HTS method to directly target
TTR amyloid fibril formation by using the highly amyloido-
genic TTR81–127 fragment. The novel HTS method used
TTR81–127 for discovering amyloid-disrupting drugs, the later
process of TTR amyloid formation even at neutral pH. To
investigate drug repositioning, we utilized a screening library of
1280 off-patent drugs and found two candidate repositioning
drugs, pyrvinium pamoate and apomorphine hydrochloride. In
the first to third steps of the screening, we analyzed amyloid-
inhibiting effects of drugs and tested both amyloid-inhibiting
and disrupting effects in the fourth step. We might have failed
to screen some drugs with amyloid-disrupting effects in the
first to third steps. We also used two reference drugs, diflunisal,
which reportedly stabilized the tetrameric structure of TTR
(14, 17), and EGCG, which inhibited amyloid formation (43,
44). In our assay, EGCG inhibited amyloid formation of
TTR81–127, whereas diflunisal, which stabilized only tetra-
meric TTR (14, 17), did not show any effects. EGCG also inhib-
ited TTR81–127 deposits in our in vivo transgenic C. elegans
model that expressed TTR81–127 (39). We confirmed that two
candidate repositioning drugs, pyrvinium pamoate and apo-
morphine hydrochloride, which we found by means of the
novel HTS method using TTR81–127, disrupted the patient’s
cardiac amyloid fibrils ex vivo (Fig. 5, E–H). These data suggest
that our novel HTS method using TTR81–127 is useful for dis-
covering amyloid-disrupting drugs.

Pyrvinium pamoate is a quinoline-derived cyanine dye that
was originally used as an anthelmintic drug (45). Recent studies
revealed that pyrvinium pamoate also had anticancer effects in
various types of cancers via several mechanisms (46, 47). In this
study, we determined that pyrvinium pamoate disrupted TTR
amyloid fibrils and stabilized TTR tetramers in vitro and ex
vivo. Because pyrvinium pamoate also inhibited A�42 and
A�42 amyloid fibrils, amyloid-inhibiting effects of this drug
may be not specific for TTR amyloid, similar to other anti-
amyloid compounds such as polyphenols, doxycycline, and tau-
roursodeoxycholic acid (48, 49). The TTR-stabilizing effect of
pyrvinium pamoate was almost the same as that of diflunisal,
which is used as a disease-modifying therapy for patients with
ATTRm amyloidosis (17). The present initial study to develop
novel drugs indicated that pyrvinium pamoate may have dual
therapeutic effects (TTR-stabilizing and amyloid-disrupting
effects) in ATTR amyloidosis (Fig. 7B). We must perform addi-
tional in vitro studies to determine the detailed mechanisms of
how pyrvinium pamoate binds to TTR, as well as in vivo studies.

When used as an Food & Drug administration-approved ant-
helmintic drug, pyrvinium pamoate is given orally to eliminate
worms in the gastrointestinal tract. However, pyrvinium pamo-
ate has limited absorption into the bloodstream when orally
administered (50). For ATTR amyloidosis, we must modify
pyrvinium pamoate so that it has improved intestinal absorp-
tion and is soluble in blood. We must also identify other ways to
administer the drug, which have been attempted in the reposi-
tioning of this drug for anticancer therapy (46, 47).

The other candidate drug, apomorphine hydrochloride, is a
morphine derivative that is a nonergoline dopamine agonist
and was originally used to treat Parkinson disease (51). In this
study, we found that apomorphine inhibited and disrupted
TTR amyloid fibril formation (Fig. 7B). This drug also inhibited
A�-amyloid formation as reported previously (52). Although
its oral bioavailability was thought to be low, bioavailability
after subcutaneous injection was reportedly 100% (53). Because
apomorphine hydrochloride is said to efficiently cross the
blood– brain barrier after subcutaneous injection, the drug will
likely have potential therapeutic effects not only for systemic
ATTR amyloid deposits but also for leptomeningeal amyloid
deposits of ATTR amyloidosis, for which the present treat-
ments, including liver transplantation, diflunisal, tafamidis, and
gene-silencing therapies, are believed to be ineffective because
delivery of those drugs is insufficient. We must conduct addi-
tional investigations of the effects of this drug on TTR amyloid
formation in vivo.

There were several limitations to this study. Although we
have shown that TTR fragmentation occurred after forming
aggregates of TTR in vitro, detailed mechanism of TTR frag-
mentation remains to be elucidated in vivo. It also remains to be
determined whether fragmentation of TTR is a primary or sec-
ondary process in TTR amyloid fibril formation. In addition,
the pathological roles of TTR fragments, such as TTR81–127
and TTR49 –127, are still subject to debate. Because the num-
ber of patients having TTR81–127 in amyloid deposits was lim-
ited, we should analyze TTR fragments in a larger number of
patients. Because the HTS method using TTR81–127 is tar-
geted to the later process of TTR amyloid fibrils’ formation for
discovering amyloid-disrupting drugs, we should note that this
method is not appropriate for assessing the early process of
TTR amyloid formation, such as dissociation of TTR tetramer
to monomer.

In conclusion, the highly amyloidogenic TTR81–127 frag-
ment is valuable in in vitro studies at neutral pH and in cell
culture studies. Our novel cell-based HTS method is quite use-
ful for discovering therapeutic drugs that disrupt amyloid fibrils
directly. Repositioning pyrvinium pamoate and apomorphine
hydrochloride may have potential therapeutic effects on ATTR
amyloidosis.

Experimental procedures

Recombinant TTR expression and purification

Human WT TTR and its variants were obtained as described
previously (54). The DNA sequences of TTR1– 48 and
TTR1– 80 fragments were inserted into an NdeI/BamHI-predi-
gested pOPTH vector (55, 56). TTR1– 48 and TTR1– 80 frag-
ments with an N-terminal His6 tag were expressed in E. coli C41
(DE3) RIPL cells and purified with Ni-affinity chromatography
(57). TTR49 –127 and TTR81–127 fragments were expressed
as a fusion protein with an N-terminal His6-tagged full-length
WT TTR in E. coli M15 cells and purified with Ni-affinity chro-
matography (57). The His6 tag and TTR tag were cleaved by
factor Xa or tobacco etch virus protease, and the TTR frag-
ments were purified by reversed- phase HPLC. Those recombi-
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nant proteins were dissolved in 0.02% NH3 solution, and ali-
quots were stored at �80 °C.

Acid-induced formation of amorphous aggregates of
full-length TTR

To make acid-induced amorphous aggregates of full-length
TTR, we incubated 50 �M recombinant full-length TTR at pH
4.0 in 50 mM sodium acetate buffer containing 100 mM KCl for
24 h at 37 °C, according to methods used in our previous study
(58).

Cells and cell culture studies

We used several cell lines, including the human vascular
smooth muscle cell line glomotel (58), human neuroblastoma
cell line SH-SY5Y, human glioblastoma cell line U87MG,
human hepatocellular carcinoma cell line HepG2, and human
retinal pigment epithelium cell line ARPE-19. Those cells were
purchased from the American Type Culture Collection
(Manassas, VA) and were maintained in culture medium con-
taining Gibco Dulbecco’s modified Eagle’s medium (Thermo
Fisher Scientific, Waltham, MA), 10% fetal calf serum (Sigma),
and 1% penicillin/streptomycin solution (Thermo Fisher Scien-
tific) in 5% CO2 at 37 °C. Cell culture medium was replaced
every 2–3 days.

To investigate the mechanisms of TTR fragmentation in cul-
tured cells, we seeded cells in 12-well culture plates. We
induced formation of aggregates of full-length TTR V30M at
pH 4.0 in 50 mM sodium acetate buffer containing 100 mM KCl
for 24 h in test tubes. The pre-formed aggregates of full-length
TTR V30M were added to the extracellular culture medium.
Cells were treated with native full-length TTR or acid-induced
aggregates of full-length TTR and were incubated for 48 h with
or without 10 �M trypsin inhibitor (Sigma). Cells were washed
once in ice-cold PBS and then lysed by adding Laemmli sample
buffer (Bio-Rad), followed by SDS-PAGE analyses with the Tri-
cine system. We stained gels with Coomassie Brilliant Blue
R-250 (CBB).

Amino acid sequences of TTR fragments

To identify amino acid sequences of bands derived from TTR
fragments, samples were electrophoretically transferred to
polyvinylidene difluoride membranes (Bio-Rad). After staining
with CBB, polyvinylidene difluoride membrane bands were
digested with trypsin (Promega, Fitchburg, WI) in 0.1 M ammo-
nium bicarbonate, and the resulting peptides were fractionated
by reversed-phase HPLC on a Beckman Ultrasphere ODS col-
umn (Beckman Coulter, Brea, CA). Edman degradation analy-
sis of samples was performed on an Applied Biosystems Model
491 cLC protein sequencer (Thermo Fisher Scientific) accord-
ing to the manufacturer’s standard cycles and methods.

Mass spectrometric analysis of components of cultured
SH-SY5Y cells treated with pre-formed aggregates of
full-length TTR V30M

To identify the components of cultured SH-SY5Y cells
treated with pre-formed aggregates of full-length TTR V30M,
we performed in-gel digestion of the 5-kDa band and the
10-kDa band according to the methods used in our previous

study (59). Gel bands were cut into small pieces and were
destained, dried, reduced with 10 mM DTT at 56 °C for 60 min,
then alkylated with 55 mM iodoacetamide in the dark at room
temperature for 45 min. Samples were washed with ammonium
bicarbonate, dehydrated with acetonitrile, lyophilized, and
then digested with 50 �g/ml trypsin (Promega, Fitchburg, WI)
at 37 °C overnight. The supernatant was collected, lyophilized,
and dissolved in 2% acetonitrile and 0.1% TFA. These peptide
solutions were analyzed by using a nanoflow reversed-phase
LC-MS/MS system (AMR Inc., Tokyo, Japan). To identify vari-
able peptide modifications, carbamidomethylation of cysteine
residues, methionine oxidation, and N-formylation, including
formyl (Arg), formyl (Lys), and formyl (N terminus), were
included in the search criteria.

Detection of TTR fragments in vitreous amyloid deposits

To detect TTR fragments in vitreous amyloid deposits in
eight patients with the TTR V30M mutation of ATTRm amy-
loidosis, we performed immunoblotting analyses with rabbit
polyclonal antiserum against TTR81–127 as the primary anti-
body, which was diluted 1:1000. We used a goat anti-rabbit
antibody conjugated with horseradish peroxidase (Agilent
Technologies, Santa Clara, CA), diluted 1:1,000, as the second-
ary antibody. The reaction was visualized by using the LAS-
4000 Mini (GE Healthcare).

Fragmentation of full-length TTR by trypsin in vitro

Recombinant full-length TTR was incubated with trypsin
(Promega) at 37 °C for 24 h. To detect smaller TTR fragments,
we performed SDS-PAGE followed by CBB staining. Vitreous
amyloid fibrils isolated from patients with ATTRm amyloidosis
were incubated with trypsin (Promega) at 37 °C for 24 h. To
detect smaller TTR fragments, we performed SDS-PAGE and
immunoblotting as described above.

In vitro formation of amyloid fibrils at neutral pH

To induce amyloid fibril formation in vitro at neutral pH, 25
or 50 �M full-length WT TTR, full-length TTRV30M, TTR1–
80, TTR49 –127, TTR81–127, A�42 (Peptide Institute, Inc.,
Osaka, Japan), and A�40 (Peptide Institute) were incubated in
PBS at 37 °C for 24 h.

Electron microscopic analyses of the morphology of amyloid
fibrils

We investigated the morphology of amyloid fibrils or amor-
phous aggregates of TTR by using an electron microscope
(HT7700; Hitachi High Technologies, Tokyo, Japan) at an
accelerating voltage of 100 kV. In brief, 1-�l samples were
placed on carbon/collodion-coated grids, after which samples
were stained with 1 �l of 0.2% uranyl acetate for 1 min before
examination with the electron microscope.

ThT fluorescence assay

During in vitro incubation of TTR, A�42, and A�40 in each
condition, we analyzed ThT fluorescence with a spectrofluo-
rometer (F-2700; Hitachi High Technologies) using a quartz
cuvette having 10-mm path length under excitation and emis-
sion wavelengths of 442 and 489 nm, respectively. The 3-�l
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samples were mixed with 600 �l of 5 �M ThT in 50 mM glycine/
NaOH buffer, pH 9.5, and were used for the measurements. We
obtained three scans per sample. Measurements were per-
formed at room temperature.

Evaluation of TTR tetramers and oligomers via chemical
cross-linking

To evaluate tetramers and oligomers of TTR81–127, we uti-
lized chemical cross-linking with glutaraldehyde according to a
previous study (60). Briefly, we added 2.5 �l of 25% glutaralde-
hyde to 25 �l of 50 �M TTR in PBS for 4 min at room temper-
ature followed by quenching via addition of 2.5 �l of 7% NaBH4
in 0.1 M NaOH. Cross-linked samples were analyzed by means
of SDS-PAGE and were visualized by using CBB staining.

Amyloid formation in cultured cells and detection of TTR
amyloid deposits

To induce amyloid formation in cultured cells, cells were
seeded in half-area 96-well culture plates (Greiner Bio-One,
Kremsmünster, Austria) or Lab-Tek chamber slides (Thermo
Fisher Scientific). Cells were treated with various TTRs in Opti-
MEM (Thermo Fisher Scientific) containing 1% penicillin/
streptomycin solution (Thermo Fisher Scientific) in 5% CO2 at
37 °C.

We detected amyloid deposits in cultured cells by means of
staining with Congo red (CR) or FSB (Dojindo Laboratories,
Kumamoto, Japan) (59). We performed alkaline CR staining as
described previously and confirmed CR reactivity under polar-
ized light. For FSB staining, sections were immersed in 0.0001%
FSB in 50% ethanol for 30 min and washed with 50% ethanol
before fluorescence microscopy.

Immunofluorescence staining of amyloid formation in
cultured cells and detection of TTR amyloid deposits

To detect the TTR81–127 amyloid deposits in glomotel cells,
cells were seeded in Lab-Tek chamber slides (Thermo Fisher
Scientific). Cells were treated with 50 �M TTR81–127 in Opti-
MEM (Thermo Fisher Scientific) containing 1% penicillin/
streptomycin solution (Thermo Fisher Scientific) in 5% CO2 at
37 °C. After 24 h of incubation, cells were fixed in 4% parafor-
maldehyde at room temperature for 30 min. After washing with
PBS, the fixed cells were incubated with a sheep anti-TTR anti-
body (Abcam, Cambridge, UK) and a rabbit anti-�-actin anti-
body (Proteintech, Rosemont, IL) as the primary antibody and
diluted 1:100 at room temperature for 1 h. After washing with
PBS, we used a donkey anti-sheep IgG antibody conjugated
with Alexa Fluor 647 (Abcam) and a swine anti-rabbit immu-
noglobulin antibody conjugated with FITC (CiteAb, Bath, UK),
diluted 1:100, as the secondary antibodies. To mount cells, we
used VECTASHIELD antifade mounting medium with 4,6-di-
amidino-2-phenylindole (DAPI) (Vector Laboratories, Burlin-
game, CA). Images of stained cells were obtained using a fluo-
rescence microscope BZ-X800 (Keyence, Osaka, Japan).

Analyses of cytotoxicity and apoptosis in cultured cells

Cytotoxicity was analyzed by using the MultiTox-Fluor mul-
tiplex cytotoxicity assay (Promega), according to the manufa-
cturer’s instructions. This cytotoxicity assay measured dead-

cell and live-cell protease activities using a cell-impermeant
fluorogenic peptide substrate (bis-alanyl-alanyl-phenylalanyl-
rhodamine 110) and a cell-permeant fluorogenic peptide sub-
strate (glycyl-phenylalanyl-amino fluorocoumarin). Caspase
3/7 activity was determined by using the Apo-ONE homogene-
ous caspase-3/7 assay (Promega), according to the manufactu-
rer’s instructions. Caspase 8 and 9 activities were also analyzed
by using Caspase-Glo 8 assay (Promega) and Caspase-Glo 9
assay (Promega) systems, respectively. Fluorescence and lumi-
nescence were measured with the FilterMax F5 microplate
reader (Molecular Devices, Sunnyvale, CA). Annexin V staining
was performed by using apoptotic, necrotic, and healthy cells
quantitation kit plus (Biotium, Fremont, CA) with Biozero
BZ-8000 fluorescence microscopy (Keyence, Osaka, Japan).

Analysis of apoptosis-related proteins in cultured cells treated
with the highly amyloidogenic TTR81–127

We analyzed the expression of apoptosis-related proteins in
cultured glomotel cells, which were treated with 25 �M

TTR81–127 in Opti-MEM for 6 h, by using the Proteome Pro-
filer human apoptosis array kit (R&D Systems, Minneapolis,
MN), according to the manufacturer’s instructions. The reac-
tion was visualized by using LAS-4000 Mini (GE Healthcare).
The relative ratio of signal intensity was determined in cultured
cells treated with TTR81–127 compared with nontreated cells.

RNA-seq analysis in cultured cells treated with the highly
amyloidogenic TTR81–127

We extracted total RNA from cultured glomotel cells treated
with the highly amyloidogenic TTR81–127 at 25 �M or not so
treated in Opti-MEM for 24 h by using the TRIzol RNA isola-
tion reagents according to the manufacturer’s instructions. The
RNA obtained was analyzed with the Bioanalyzer 2100 (Agilent
Technologies).

With 1 �g of RNA extracted from cultured cells, we con-
structed the RNA-seq library with the mRNA-seq sample prep-
aration kit by following the manufacturer’s instructions (Illu-
mina, San Diego). We generated 36-bp single-end-read RNA-
seq tags via an Illumina GA sequencer according to a standard
protocol. We used RNA-seq tags that mapped to human refer-
ence genome sequences (hg18) without mismatches. RNA-seq
tags corresponded to RefSeq transcripts or TSCs when their
genomic coordinates overlapped. We calculated fragments per
kilobase million (FPKM) values for cultured cells treated with
TTR81–127 and compared this result with FPKM values for
nontreated cultured cells in each gene (Table S1).

Real-time quantitative reverse transcription-PCR

We extracted total RNA from cultured cells by using the
RNeasy mini kit (Qiagen, Venlo, Netherlands). Total RNA (0.5
�g) was reverse-transcribed to cDNA via the PrimeScript RT
Master Mix reagent (Takara Bio, Shiga, Japan) according to the
manufacturer’s instructions. Each PCR assay was performed
with the LightCycler 480 system (Roche Applied Science, Pen-
zberg, Germany) with SYBR Premix DimerEraser (Takara Bio)
under the following conditions: initialization for 10 s at 95 °C,
then 45 cycles of amplification, with 5 s at 95 °C for denatur-
ation and 20 s at 60 °C for annealing and elongation. The prim-
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ers (Table S4) were purchased from Takara Bio. GAPDH was
used as the internal reference gene. All standards and samples
were analyzed in triplicate.

Inhibition of the Fas ligand-dependent pathway in cultured
cells

To inhibit the Fas ligand-dependent signal pathway, we used
RKTS-33 (FUJIFILM Wako Pure Chemical Corp., Osaka,
Japan), an epoxycyclohexenone derivative that specifically
inhibits this Fas ligand-dependent pathway (61), in cultured
cells simultaneously treated with TTR81–127.

HTS assays with the highly amyloidogenic TTR81–127

We developed the cell-based FSB assay by using FSB, which is
the fluorescent amyloid-specific probe, to determine the
amount of amyloid in deposits in cultured cells treated with
TTR81–127; we also used the cell-based enzyme-linked immu-
nosorbent assay (ELISA) with rabbit polyclonal antiserum
against TTR81–127 to analyze the amount of TTR81–127 in
deposits in cultured cells (Fig. S6).

In the cell-based FSB assay, we seeded glomotel cells in half-
area 96-well culture plates (Greiner Bio-One). After 24 h, we
added TTR81–127 to the cell culture medium and incubated
the samples at 37 °C for 24 h. We fixed cultured cells with 10%
formaldehyde neutral buffer solution (Nacalai Tesque, Kyoto,
Japan) for 30 min. After washing the fixed cells with PBS, we
stained cultured cells with 0.0001% FSB in 50% EtOH for 30
min. We washed FSB-stained cells with 50% EtOH once, fol-
lowed by washing with PBS three times. We analyzed the
amount of amyloid in deposits by using IN Cell Analyzer 2200
(GE Healthcare).

To quantify the amount of TTR81–127 in deposits, we per-
formed a cell-based ELISA with the rabbit polyclonal anti-
TTR81–127 antiserum. Briefly, we seeded glomotel cells in
half-area 96-well culture plates (Greiner Bio-One). After 24 h,
we added TTR81–127 to the cell culture medium and incuba-
tion proceeded at 37 °C for 24 h. We fixed the cultured cells
with 10% formaldehyde neutral buffer solution (Nacalai
Tesque) for 30 min. After washing the fixed cells with PBS, we
added Blocking One solution (Nacalai Tesque) and incubated
the cells for 30 min. After washing the samples with PBS three
times, we added rabbit polyclonal antiserum against TTR81–
127 diluted 1:2000 in 5% BSA dissolved in PBS, and incubation
was continued for 1 h. After we washed the samples with PBS
three times, we added a goat anti-rabbit antibody conjugated
with horseradish peroxidase (Agilent Technologies) diluted
1:5000 in 5% BSA dissolved in PBS, and incubation continued
for 1 h. After we washed the samples with PBS five times, we
added KPL SureBlue TMB Microwell Peroxidase Substrate
(1-Component) (SeraCare, Milford, MA), followed by incuba-
tion for 15 min, after which we added 1 N HCl to stop the
reaction. We read wells at 450 nm by using the xMark Micro-
plate Spectrophotometer (Bio-Rad). To evaluate the quality of
this screening method, we calculated the Z� factor, signal-to-
background ratio (S/B), signal-to-noise ratio (S/N), and coeffi-
cient of variation (CV) in the cell-based ELISA and compared
the results with the acceptable values of those parameters (Z�

factor �0.5, S/B �2, S/N �10, and CV �20%) for HTS
methods.

Drug library consisting of off-patent drugs

A library consisting of 1280 off-patent drugs was provided by
the Drug Discovery Initiative, University of Tokyo (Tokyo,
Japan). The concentrations of all compounds were 20 mM, dis-
solved in DMSO.

High-throughput screening for drug repositioning

For the first screening, we performed the cell-based ELISA
with 5 �M TTR81–127 with concomitant administration of
1280 off-patent drugs at 10 �M (Fig. 4 and Table S3). We ana-
lyzed each drug in a single assay and calculated values relative to
the control, in which we did not use drugs. We obtained the
names of the compounds that showed relative values of �88%
and used these drugs for the next (second) screening.

For the second screening, we performed the cell-based FSB
assay in triplicate in addition to the cell-based ELISA (triplicate
assays) with 75 off-patent drugs (Fig. 4 and Table S3). We used
compounds that had relative values of �85% in the cell-based
FSB assay, for the third screening.

In the third screening, we investigated the amyloid-inhibit-
ing effects of drugs by means of the ThT assay with 25 �M

TTR81–127 with concomitant administration of 28 off-patent
drugs at 2–50 �M in test tubes (Fig. 4C and Table S3). We used
candidate drugs that had relative values of �50% in the ThT
assay for the next screening.

In the fourth screening, we evaluated the amyloid-disrupting
effects of drugs by means of the ThT assay with 25 �M pre-
formed TTR81–127 amyloid fibrils with eight off-patent drugs
at 2–50 �M in test tubes (Fig. 4D and Table S3).

Isolation of amyloid fibrils from a patient’s cardiac tissue
sample

Cardiac amyloid fibrils were isolated from a patient’s amy-
loid-laden cardiac tissue sample as described previously (62).
Briefly, 150 mg of a nonfixed frozen cardiac sample from an
autopsied patient with ATTR V30M amyloidosis, who died at
63 years old, was diced with a scalpel and washed 10 times with
1 ml of Tris-calcium buffer (20 mM Tris, 138 mM NaCl, 2 mM

CaCl2, 0.1% (w/v) NaN3, pH 8.0). The pellet was resuspended in
1 ml of a freshly prepared solution of 5 mg/ml Clostridium
histolyticum collagenase (Sigma) in Tris-calcium buffer. After
overnight incubation at 37 °C, the tissue sample was centri-
fuged at 3100 � g for 30 min at 4 °C, and the retained pellet was
resuspended in 1 ml of Tris-EDTA (EDTA) buffer (20 mM Tris,
140 mM NaCl, 10 mM EDTA, 0.1% (w/v) NaN3, pH 8.0) and
homogenized with a pellet pestle using 10 cycles consisting of
1 s on and 1 s off. The homogenate was centrifuged for 5 min at
3100 � g at 4 °C, and the supernatant was removed carefully.
This step was repeated 10 times. After the homogenization step
in Tris-EDTA buffer, the remaining pellet was homogenized
with a pellet pestle in 0.25 ml of ice-cold water. The homoge-
nate was centrifuged for 5 min at 3100 � g at 4 °C, and the
supernatant was removed and stored as water extract 1. This
step was repeated 10 times.
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Evaluation of the stability of TTR tetramers

To evaluate the effects of drugs on the stability of TTR tetramers
to urea denaturation, recombinant TTR or plasma samples were
incubated at 25 °C for 2 h with 2–50 �M drugs in test tubes fol-
lowed by denaturation with 4.5 M urea for 24 h at 25 °C, as
described previously (60). After SDS-PAGE, TTR was detected by
silver staining with the ProteoSilver silver stain kit (Sigma) or
immunoblotting with a polyclonal rabbit anti-TTR antibody (Agi-
lent Technologies). Band intensities were quantified by using the
NIH ImageJ program 0 (http://rsbweb.nih.gov/ij/).

Statistical analysis

Data were evaluated with Student’s t test. All analyses were
performed with JMP Version 5.1 (SAS Institute Japan, Tokyo,
Japan). p values less than 0.05 were considered to be statistically
significant.
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