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Abstract

Transthyretin amyloidosis is a conformational pathology characterized by the extracellular
formation of amyloid deposits and the progressive impairment of the peripheral nervous
system. Point mutations in this tetrameric plasma protein decrease its stability and are
linked to disease onset and progression. Since non-mutated transthyretin also forms amy-
loid in systemic senile amyloidosis and some mutation bearers are asymptomatic through-
out their lives, non-genetic factors must also be involved in transthyretin amyloidosis. We
discovered, using a differential proteomics approach, that extracellular chaperones such as
fibrinogen, clusterin, haptoglobin, alpha-1-anti-trypsin and 2-macroglobulin are overrepre-
sented in transthyretin amyloidosis. Our data shows that a complex network of extracellular
chaperones are over represented in human plasma and we speculate that they act syner-
gistically to cope with amyloid prone proteins. Proteostasis may thus be as important as
point mutations in transthyretin amyloidosis.

Introduction

Transthyretin amyloidosis (ATTR) is an autosomal dominant degenerative disease character-
ized by the formation of amyloid fibril deposits, mainly composed of transthyretin (TTR), in
different organs and tissues [1, 2]. These amyloid deposits hinder organ function, lead to their
failure and, ultimately, death. ATTR has been associated, mainly by in vitro studies [3], with
single amino acid substitutions in TTR, a plasma protein responsible for the transport of thy-
roxine and retinol in the blood, the latter via the association with the retinol-binding protein
[4].

The only effective therapeutic option for ATTR is liver transplantation from cadaveric
donors since plasma TTR is produced mainly in the liver. Moreover, domino liver transplant
from ATTR patients, a practice recently introduced to obviate the shortage of livers available
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for transplantation, introduces TTR mutated forms in circulation, increasing the risk of ATTR
development [5].

The main hypothesis for ATTR pathogenesis considers the tetramer instability favoring the
dissociation to non-native monomeric species with the ability to self-associate. These soluble
aggregates evolve to insoluble aggregates and amyloid fibers with the characteristic -cross
sheet structure found in several neurodegenerative disorders such as Alzheimer’s and Parkin-
son’s diseases [6].

This model, however, fails to explain two crucial aspects of amyloid formation. First, non-
mutated TTR also forms amyloid, causing systemic senile amyloidosis [7]. Mutations only
accelerate the intrinsic amyloidotic behavior of this protein. Second, time to disease onset var-
ies by decades for different patients bearing the same mutation, and individuals transplanted
with liver from transthyretin amyloidotic individuals present an amyloidotic behavior much
faster that individual bearing amyloidogenic mutations [8]. Discordant disease progression in
homozygote twins From Sweden and Spain was reported. In a case, one of the twins underwent
liver transplantation, whereas the other is completely healthy, showing no symptoms 8 years
after the onset of his brother disease [9, 10, 11]. It is also important to note that, homozygous
ATTR V30M patients appear not to develop a more aggressive disease than heterozygous ones
[12]. Genetic factors alone do not explain all the process for amyloid formation and other fac-
tors should be taken in consideration. These questions point to the involvement of multiple
factors in ATTR development. Moreover, several studies described structural transient states
[13,14,15] during fibrillation that under the correct circumstances, do not further convert into
amyloid fibrils [16,17].

Proteome analysis in different biological samples is being increasingly used for clinical diag-
nosis and identification of protein biomarkers for the disease onset of various pathologies.
2-DE is still a promising research area for markers discovery [18]: the most important advan-
tage of plasma proteomics is the prospect of a noninvasive and easy sampling system of diagno-
sis, which might reduce the need of any kind of biopsy. The practical utility of 2-DE for studies
of the high abundance plasma proteome has been substantial. Because the first dimension of
the procedure (isoelectric focusing) is exquisitely sensitive to molecular charge and the second
dimension (SDS electrophoresis) is sensitive to polypeptide length, 2-DE is very effective at
revealing genetic variants (about one-third of which differ in net charge from wild type (WT),
proteolytic cleavages, and variations in sialic acid content [19].

In this work we evaluated the plasma proteome of ATTR individuals in relation to control
individuals. We observed that several proteins were differentially expressed, namely extracellu-
lar chaperones, in agreement to what was previously observed in other amyloid diseases. More-
over we also observed increased proteolytic activity in ATTR plasma.

Methods
Plasma Collection

Blood samples from control individuals, ATTR patients (three females each, age range 26-33
years) and patients subjected to liver transplantation, both domino liver transplantation (DLT)
and cadaveric donor liver transplantation (OLT) (four females each, age range 32-41 years)
were collected by venous puncture to citrate containing tubes centrifuged at 1,800 g for 5 min
at 4°C and the collected plasma was immediately frozen at -80°C until further analysis. All
patients gave informed written consent and the protocol was approved according to EEC ethic
rules and the Helsinki protocol. This study was approved by the Ethics committee of the Curry
de Cabral Hospital.
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Polyacrylamide Gel Electrophoresis. Plasma proteins were separated by SDS-PAGE
(12%), in mini-gel format (7x7 cm Tetra system from Bio-Rad). Twenty micrograms of plasma
protein were loaded per lane. Protein concentration was determined by the Bradford protein
assay, using bovine serum albumin (BSA) as a standard (Bio-Rad). Samples were diluted 10
fold in MilliQ water and mixed with reduction buffer (62.5 mM Tris-HCI, pH 6.8, 20% (v/v)
Glycerol, 2% (w/v) SDS, 5% (v/v) -mercaptoetanol). Prior to electrophoresis, samples were
heated at 100°C for 5 min. Protein bands were stained with Coomassie brilliant blue R-250.

Two Dimensional Electrophoresis

Samples containing 350 pg of plasma protein were used for IEF (isoelectric focusing) using
immobiline dry strips of 13 cm, respectively, with a non linear pH gradient from 3 to 11 [20,
21] (Amersham Biosciences). After IEF separation, proteins were reduced and alkylated in the
dry strip. Second dimension SDS-PAGE was performed using 12% acrylamide/bysacrylamide,
following general procedures. Protein spots were stained with Coomassie brilliant blue R-250.

Image analysis

Gels images were acquired using the IMAGE SCANER (Amersham Biosciences) and the 2-DE
gel images were exported to the Samespots Analysis software program (Nonlinear Dynamics).
This software compares computer images of 2-DE gels to determine differential protein expres-
sion and accurately identifies increased or decreased proteins on the basis of spots staining
intensity. When spots were detected, the original gel image was normalized by a filtration pro-
cedure and then the 3-D Gaussian spots were created. After spot detection in gels, a match set
was generated and a standard gel image as a master map, made by merging the Gaussian
images of each ATTR patients. This set was matched to the protein spots from healthy subjects
primary gels. The protein spots in a comparison set of gels were quantitatively, qualitatively,
and statistically analyzed.

Western Blotting

For western blot analysis, proteins were transferred from the gel to PVDF membranes (Milli-
pore) and stained with Ponceau S to monitor protein transfer. Membranes were blocked over-
night at 4°C with TBS (10 mM Tris-HCI, 150 mM NaCl, pH 7.5) containing 5% skimmed
milk. Afterwards, the membranes were incubated overnight at 4°C with the primary antibody
used in TBS-T (TBS Buffer with 0.1% Tween 20) containing 1% skimmed milk. Antibodies
used were: anti human TTR polyclonal antibody (DAKO) at a dilution of 1:5000, anti-fibrino-
gen (Calbiochem) at a dilution of 1:10000, e C-reactive protein (Santa Cruz Biotechnology) at a
dilution of 1:500, Vitamin D-binding protein (DBP) (Santa Cruz Biotechnology) at a dilution
of 1:500, Alpha-2-Macroglobulin (Santa Cruz Biotechnology) at a dilution of 1:500 and 1 anti-
trypsin (Santa Cruz Biotechnology) at a dilution of 1:500.

Membranes were washed three times for 10 min each with TBS-T and incubated for 1 h at
room temperature with anti-rabbit IgG (Roche) (at 1:10000 dilution) and anti-mouse IgG
(Roche) (at 1:10000 dilution), for TTR and fibrinogen. Immunoreactivity was detected with
Pierce ecl western blotting substrate, following the manufacturer’s instructions (Pierce). Each
dried blot was scanned at 600 dpi (dots per inch) and saved as a TIFF file. Image analysis was
performed using the public domain Image] program (National Institutes of Health, and avail-
able at http://rsb.info.nih.gov/ij/), using the “Gel Analysis” functions. Background correction
was done using a “rolling ball” method with a radius of 4 times the width of a band. The result
of the analysis is a value for each band which is proportional to the Integrated Density Value
(IDV) of that band.
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In Gel Protein Digestion

Protein bands were manually excised from the gels and digested using trypsin as described [22,
23]. Briefly, gel protein bands were washed in milliQ water, distained in 50% acetonitrile (ACN
and subsequently with 100% ACN. Cys residues were reduced with 10 mM DTT and alkylated
with 50 mM iodoacetamide. Gel pieces were dried by centrifugation under vacuum and rehy-
drated in digestion buffer containing 50 mM NH,HCOj; and 6.7 ng/pL of trypsin (modified
porcine trypsin, proteomics grade, Promega) at 4°C. After 30 min the supernatant was
removed and discarded and 20 pL of 50 mM NH,HCO; were added. Digestions were allowed
to proceed at 37°C overnight (16-18 hours). After digestion, the remaining supernatant was
removed and stored at -20°C.

Mass Spectrometry

To identify target proteins, a MALDI-TOF/TOF 4800 plus mass spectrometer (Applied Biosys-
tems, Foster City, CA, USA) was used, as previously described [24]. Desalting and concentra-
tion of tryptic peptides was carried out with home-made chromatographic microcolumns
using GELoader tips packed with POROS R2 (Applied Biosystems, Foster City, CA, USA). The
peptides were directly eluted from the micro columns onto the MALDI plate using o-ciano-
4-hydroxycinnamic acid (5 mg.ml’l) in 50% (v/v) CH3CN with 0.1% (v/v) formic acid.

MS experiments were performed in positive reflectron mode for monoisotopic peptide mass
determination. The mass spectrometer was externally calibrated using a mixture of des-Arg-
Bradykinin (904.468 Da), angiotensin 1 (1296.685 Da), Glu-Fibrinopeptide B (1570.677 Da),
ACTH (1-17) (2093.087 Da), and ACTH (18-39) (2465.199) (4700 Calibration Mix, Applied
Biosystems, Foster City, CA, USA). MS spectra was collected in a result-independent acquisi-
tion mode, typically using 1000 laser shots per spectra and a fixed laser intensity of 3000 V. For
tandem experiments, fifteen of the strongest precursors were selected for MS/MS, the weakest
precursors being fragmented first. MS/MS analyses were performed using CID (Collision
Induced Dissociation) with 1 kV collision energy and 1 x 10° torr air pressure. 2000 laser shots
were collected for each MS/MS spectrum using a fixed laser intensity of 4000V. Raw data were
generated by the 4000 Series Explorer Software v3.0 RC1 (Applied Biosystems, Foster City, CA,
USA) and tryptic peptide contaminant m/z peaks resulting from trypsin autodigestion
(842.508 Da; 1045.564 Da; 2211.108 Da; 2225.119 Da) were excluded when generating the pep-
tide mass list used for comparison with the theoretical tryptic digest. Proteins were identified
by the GPS explorer (Applied Biosystem) and further confirmed using the ProteinPilot soft-
ware (Applied Biosystem).

TTR quantification was performed as described [25, 26], briefly samples were desalted and
concentrated using reverse phase

Poros R2 (Applied Biosystems) and eluted directly to the MALDI target AnchorChip (Bru-
kerDaltonics, Bremen, Germany) with the appropriated matrix, according to the manufacturer
procedure. Matrix solution of o-cyano-4-hydroxycinnamic acid (CHCA; Fluka) was prepared
at a concentration of 10 pg/pL in 50% ACN with 0.1% TFA. Peptide mixtures were analyzed by
MALDI-FTICR-MS in a Bruker Apex Ultra, Apollo II combi-source (Bruker Daltonics, Bre-
men, Germany), with a 7 Tesla magnet (Magnex corporation, Oxford UK). Monoisotopic pep-
tide masses were determined using the SNAP 2 algorithm in Data Analysis software version 3.4
(BrukerDaltonics). External calibration was performed by using the BSA tryptic digest spec-
trum, processed and analyzed with Biotools 3.1 (BrukerDaltonics, Bremen, Germany).
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Proteolytic activity

In order to evaluate the proteolytic content in human plasma from healthy subjects and ATTR
patients, a Pierce Fluorescent Protease Assay Kit was used, according to the manufacturer’s
instructions. Briefly, the fluorescence measures were carried out with a Fluorolog-3 (Horiba
Jobin Yvon) in a quartz cuvette with 0.5 cm optical path, with standard fluorescein excitation/
emission filters (485/538 nm) and for the calibration trypsin was the general protease chose.
Human plasma samples were diluted 100 x times in TBS (25 mM Tris, 0.15 M NaCl, pH 7.2),
trypsin standards and casein solution were also prepared in this buffer. All samples and stan-
dards were incubated with the substrate at room temperature for 20 min. The estimate of pro-
tease concentration in the sample was calculated by a linear regression with the trypsin
standards and then divided by the total protein amount used on the assay (ug protease/ug pro-
tein). To evaluate a putative cryptic activity of TTR we incubated plasma samples with poly-
clonal antibody anti-TTR. Considering a maximum TTR concentration in plasma of 0.45 g/L
[27], samples were incubated with the same molar ratio of anti-TTR antibody for 1- 2h at
room temperature with stirring at 300 rpm. Protein concentration was determined by the
Bradford protein assay, using BSA as standard (Bio-Rad).

Results
Clinical and Biochemical data

All subjects are heterozygous carriers for the V30M mutation except the controls and DLT
individuals that do not bear any known TTR mutation. ATTR individuals at the time of sample
collection and ATTR transplanted individual at the time of transplantation showed peripheral
polyneuropathy or autonomic polyneuropathy without signs of amyloid deposition [28].

All studied TTR mutation carriers or sequential liver transplanted patients were heterozy-
gous. To validate samples for the future work the differential TTR forms in the plasma were
characterized and relatively quantified as previously described (S1 Fig) [25, 26].

We separated plasma proteins by SDS-PAGE and excised TTR protein band. In the control
and OLT MALDI-FTICR mass spectra, two peptides sequences of WT TTR were found, one
with m/z 1366.759 corresponding to the sequence GSPAINVAVHVER and a peptide with m/z
1494.853 corresponding to the sequence with a trypsin miss cleavage. The MALDI-FTICR
mass spectra of the TTR tryptic map obtained for the ATTR and DLT samples patients with
a V30M substitution presents an additional peptide, not observed in the control and OLT
mass spectra at m/z 1398.732, corresponding to the 32.056 Da mass shift resulting from the
V30M substitution. Hence, this peptide corresponds to the mutant peptide with the sequence
GSPAINVAMHVEFR, characteristic of the TTRV30M variant. The presence of a methionine
residue in this peptide sequence is further confirmed by the observation of a peak with a 17.002
Da mass increment from the mutant peptide (m/z 1414.726, which corresponds to the oxida-
tion of the methionine thioester. We also observed a third peptide (m/z 1526.826) related to
the same sequence, but with a trypsin miss cleavage (GSPAINVAMHVFRK). The peptide
characteristic of WT TTR (1366.759 sequence GSPAINVAVHVFR) is clearly observed in the
sample of ATTR and DLT individuals, as well as the peptide characteristic of V30M TTR vari-
ant (S1 Fig) (S1 Table). This confirmed at the proteome level that all subjects are heterozygous
carriers for the V30M mutation except the controls and OLT individuals that do not bear any
known TTR mutation. As previously described [29], we performed a relative quantification of
both TTR forms in circulation by using the relative intensity of the peak with m/z of 1366.7556
(WT TTR) to a TTR peptide present in all mass spectra acquired (such as the peak of
1394.6178 m/z).
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2-DE plasma proteomic profile of ATTR patients

Plasma proteins from controls and ATTR were separated by 2-D PAGE and analyzed with the
SameSpots image analysis software. Fig 1 A represents a standard gel image obtained by the use
of the SameSpots analysis software, combining the Gaussian images of each gel. This latter was
used as a reference master map for comparison of each 2-DE gel image from ATTR and con-
trols, in the search of differentially expressed plasma proteins. The protein spot patterns were
reproducible among individuals within a study group. Principal component analysis (PCA)
revealed that control individuals show a marked difference from ATTR patients. We observed
clusters of 3 replicates in each group, each cluster corresponding to one individual, with the
three assays corresponding to the three experimental replicates performed (Fig 1B). Similarity
between 2-D PAGE gels was very high, since 95% of spots were detected in 80% of gels from
individual samples. An ANOVA analysis with a cutoff at 1.5 (p < 0.05) revealed 42 differen-
tially expressed spots (Table 1) between ATTR and control individuals, as shown in Fig 1C.
Table 1 contains informations of the identified proteins, including their accession number,
matched peptides as well as theoretical and experimental molecular weight.

We observed that the protein spot presenting the higher variation between the two groups
(3.6 fold-spot 4596) was WT TTR, in agreement with our previous observation that wild type
TTR corresponds to around 60% of the pool of circulating TTR in ATTR individuals [21].
Both TTR variants were identified in spot 4597 in ATTR individuals, and only WT TTR was
identified in this spot in control individuals, however this spot volume did not change between
the two groups. Moreover, TTR presents a higher heterogeneity in ATTR patients since several
PTMs were described for mutant, [30, 31].

Western blot analysis, from SDS-PAGE and 2DE that revealed that TTR bands in 1D elec-
trophoresis and spots in 2D electrophoresis are more heterogeneous in ATTR individuals (Fig
1D and 1E).

The presence of N-glycosylated forms of TTR, as described in the literature, can certainly
contribute for the heterogeneity in the 2DE, since the proteins glycoforms are usually present
as 'trains’ of spots in the first dimension, differing also in their molecular weight [32].

Several proteins, previously described as extracellular chaperones overrepresented in ATTR
plasma. In recent years, a substantial body of evidence leads to the suggestion that certain
acute-phase components including fibrinogen [33], alpha 2 macroglobulin (AAG) [34] and
haptoglobin [35] possess chaperone action being able to inhibit in a dose-dependent manner
stress-induced aggregation of a number of unrelated target proteins. Clusterin, an ubiquitous
extracellular mammalian—but not an acute phase protein—also displays a well-characterized
chaperone function [36]. It was also described that alpha 1 anti-trypsin (AAT), which we also
observed overrepresented, might exhibit chaperone like activity, preventing aggregation of AR
peptides and related amyloidogenic proteins [37].

The vitamin D binding protein was overrepresented in the plasma of ATTR individuals and
that alpha-trypsin inhibitor heavy chain was under expressed. The similar result was recently
obtained for the differential proteome of serum of Alzheimer individuals [38].

We previously observed that fibrinogen expression is increased in ATTR patients [39] and
this result was confirmed in this work, in which several spots of fibrinogen were over expressed
in ATTR patients. Since most TTR is produced by the liver, the progression of the disease can
be halted by OLT, which leads to the disappearance of the V30M TTR form of the transplant
recipient [40]. To obviate the shortage of livers available for transplantation, DLT was intro-
duced in which a liver from a ATTR patient is transplanted to a patient with liver failure. DLT
introduces mutated TTR variants in circulation, increasing the risk of ATTR development. To
evaluate if DLT individuals presented the same increased levels of the proteins observed in
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variation (p<0.05) and a minimal fold variation of 1.5. These spots were excised, tryptic digested and proteins identified by MS/MS analysis. Average
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clearly observed. C- 2D image analysis of four protein spots and normalized volumes, shown as examples. D-Over expression of western blot analysis of
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Fig 2. Extracellular Chaperones are overrepresented in DLT individuals—SDS-PAGE analysis of
plasma proteins from four individuals after orthotic liver transplantation (OLT) and four individuals
after domino transplantation (DLT) and Western blot to detect TTR, Fibrinogen, Alpha 1 anti-trypsin
(ITl), Vitamin D binding protein (VBP), alpha 2 microglobolin and C-reactive protein (CRP). Molecular
weight markers are represented on the left hand of the figure and included in the western blots as blue
markers.

doi:10.1371/journal.pone.0125392.g002
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Heathy ATTR
[ Spot [ identification [ T.MW (Da) [ Gel MW (Da) | %seq [ Pep. ]
[ 2397 | Serum albumin | 69.3 [ 70 | 49 [ 32 ]

-

MKWVTFISLL FLFSSAYSRG VFRRDAHKSE VAHRFKDLGE ENFKALVLIA
51 FAQYLQQCPF EDHVKLVNEV TEFAKTCVAD ESAENCDKSL HTLFGDKLCT
101 VATLRETYGE MADCCAKQEP ERNECFLQHK DDNPNLPRLV RPEVDVMCTA
151 FHDNEETFLK KYLYEIARRH PYFYAPELLF FAKRYKAAFT ECCQAADKAA
201 CLLPKLDELR DEGKASSAKQ RLKCASLOKF GERAFKAWAV ARLSQRFPKA
251 EFAEVSKLVT DLTKVHTECC HGDLLECADD RADLAKYICE NQODSISSKLK
301 ECCEKPLLEK SHCIAEVEND EMPADLPSLA ADFVESKDVC KNYAEAKDVF
351 LGMFLYEYAR RHPDYSVVLL LRLAKTYETT LEKCCAAADP HECYAKVFDE
401 FKPLVEEPON LIKQNCELFE QLGEYKFQONA LLVRYTKKVP QVSTPTLVEV
451 SRNLGKVGSK CCKHPEAKRM PCAEDYLSVV LNQLCVLHEK TPVSDRVTKC
501 CTESLVNRRP CFSALEVDET YVPKEFNAET FTFHADICTL SEKERQIKKQ
551 TALVELVKHK PKATKEQLKA VMDDFAAFVE KCCKADDKET CFAEEGKKLV
601 AASQAALGL

[ Spot [ identification [ T.MW (Da) [ Gel MW (Da) | %seq [ Pep. |
3288 | Serum albumin | 69.3 | 38 | 20 I |

-

MKWVTFISLL FLFSSAYSRG VFRRDAHKSE VAHRFKDLGE ENFKALVLIA

51 FAQYLQQCPF EDHVKLVNEV TEFAKTCVAD ESAENCDKSL HTLFGDKLCT
101 VATLRETYGE MADCCAKQEP ERNECFLQHK DDNPNLPRLV RPEVDVMCTA
151 FHDNEETFLK KYLYEIARRH PYFYAPELLF FAKRYKAAFT ECCQAADKAA
201 CLLPKLDELR DEGKASSAKQ RLKCASLQKF GERAFKAWAV ARLSQRFPKA
251 EFAEVSKLVT DLTKVHTECC HGDLLECADD RADLAKYICE NQDSISSKLK
301 ECCEKPLLEK SHCIAEVEND EMPADLPSLA ADFVESKDVC KNYAEAKDVF
351 LGMFLYEYAR RHPDYSVVLL LRLAKTYETT LEKCCAAADP HECYAKVEDE
401 FKPLVEEPON LIKQNCELFE QLGEYKFQONA LLVRYTKKVP QVSTPTLVEV
451 SRNLGKVGSK CCKHPEAKRM PCAEDYLSVV LNQLCVLHEK TPVSDRVTKC
501 CTESLVNRRP CFSALEVDET YVPKEFNAET FTFHADICTL SEKERQIKKQ
551 TALVELVKHK PKATKEQLKA VMDDFAAFVE KCCKADDKET CFAEEGKKLV
601 AASQAALGL

[ Spot [ identification [ T.MW (Da) [ Gel MW (Da) | %seq [ Pep. |
[ 4370 | Serum albumin [ 69.3 [ 15 8 [4

=

MKWVTFISLL FLFSSAYSRG VFRRDAHKSE VAHRFKDLGE ENFKALVLIA

51 FAQYLQQCPF EDHVKLVNEV TEFAKTCVAD ESAENCDKSL HTLFGDKLCT
101 VATLRETYGE MADCCAKQEP ERNECFLQHK DDNPNLPRLV RPEVDVMCTA
151 FHDNEETFLK KYLYEIARRH PYFYAPELLF FAKRYKAAFT ECCQAADKAA
201 CLLPKLDELR DEGKASSAKQ RLKCASLQKF GERAFKAWAV ARLSQRFPKA
251 EFAEVSKLVT DLTKVHTECC HGDLLECADD RADLAKYICE NQDSISSKLK
301 ECCEKPLLEK SHCIAEVEND EMPADLPSLA ADFVESKDVC KNYAEAKDVF
351 LGMFLYEYAR RHPDYSVVLL LRLAKTYETT LEKCCAAADP HECYAKVFDE
401 FKPLVEEPQN LIKQNCELFE QLGEYKFQNA LLVRYTKKVP QVSTPTLVEV
451 SRNLGKVGSK CCKHPEAKRM PCAEDYLSVV LNQLCVLHEK TPVSDRVTKC
501 CTESLVNRRP CFSALEVDET YVPKEFNAET FTFHADICTL SEKERQIKKQ
551 TALVELVKHK PKATKEQLKA VMDDFAAFVE KCCKADDKET CFAEEGKKLV
601 AASQAALGL

Fig 3. Plasma from ATTR individuals presents a higher proteolytic activity. A- Proteolytic activity of
control and ATTR plasma measured by fluorescent protease assay kit. B-Sequence coverage obtained for
three spots identified as albumin with decreased molecular weight.

doi:10.1371/journal.pone.0125392.g003
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ATTR individuals we collected samples of individuals that were subjected to OLT and DLT
and monitored expression of fibrinogen, Vitamin D binding protein, Alpha 2 macroglobolin
and alpha 1 anti-trypsin by western blot analysis. As shown in Fig 2, these proteins are also
found to be overrepresented in DLT individuals, but not in OLT individuals. TTR and the C-
reactive protein, a prototypic acute phase protein, levels do not present any significative differ-
ence between DLT and OLT individuals.

Altogether our observations strength the hypothesis that extracellular chaperones are over-
represented to cope with misfolded protein clearance, as previously suggested in Alzheimer dis-
ease [41] and ATTR [39].

ATTR individuals present higher plasma proteolytic activity

A striking observation in 2DE of plasma from ATTR relatively to controls is the presence of a
large set of proteins with a lower apparent molecular weight than it’s predicted value, which
could indicate the presence of proteolytic fragments. For the majority of these cases we
observed a decrease in sequence coverage for proteins identified by mass spectrometry and
these proteins were identified at a lower molecular weight than the theoretical one (Fig 3B).
We can observe the same protein in several spots with decreasing molecular mass. Take for
example serum albumin which was detected in the spots 2205, 3177 and 4796 with approxi-
mate molecular weight of 70 kDa, 40 kDa and 15 kDa, respectively. Also fibrinogen alpha
chain was detected in several spots of decreasing mass (spots 2391, 2653 and 4461 with respec-
tive molecular masses of 70, 50 and 15 kDa). These observations made us question about a
higher proteolytic activity in the plasma of ATTR individuals. We tested this hypothesis by
measuring the proteolysis of casein in our plasma samples and, as shown in Fig 2C, we
observed a significant increase in the proteolytic activity in the plasma of ATTR patients with a
p-value for the t-test of 9.2583E "%,

TTR has also been established as a cryptic protease, and since one of the proteins found dif-
ferentially represented in the plasma of ATTR patients was APO-AI known to be its substrate
[42] we evaluated the possibility of this increase in the proteolytic activity in ATTR plasma due
to a differential TTR cryptic protease activity. We measured the proteolytic activity in the
plasma in the presence of anti TTR polyclonal antibody. No differences were observed in the
proteolytic content in the plasma of both control and ATTR individuals (data not shown). Pro-
teasomes have also been detected in normal human blood plasma and designated circulating
proteasomes; these have a comparatively low specific activity, a distinct pattern of subtypes and
their exact origin is still enigmatic [43].

Incubation of plasma with MG132, to evaluate if the proteolysis observed was due to a
higher activity of the circulating proteasome, also presented no differences in the proteolytic
content in the plasma of both control and ATTR individuals (data not shown).

Discussion

The major problem associated with the 2-DE analysis of plasma is the presence of abundant
proteins, such as albumin and the wide dynamic range in abundance of other proteins as well
as the tremendous heterogeneity of its predominant glycoproteins. Abundant proteins in the
sample may interfere with the detection of less abundant proteins of interest and for this reason
preclearance methods to deplete the most abundant plasma proteins have become widespread
[44]. However, it has been reported that albumin removal is associated also with the removal of
some other proteins that might be important as well [45]. For this reason, in this work, we
chose not to remove any protein prior to 2-DE analysis. In our case we evaluate the plasma
proteome of ATTR patients relatively to healthy individuals. ATTR patients used in this study
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are all heterozygous for TTR mutation (V30M). We previously reported that ATTR individu-
al’s present around 40% less WT TTR relatively to control individuals [26, 29]. In fact we
observed the spot that presents the higher variation between the two groups (3.6 fold) was
identified as TTR, validating the experiment.

Several extracellular chaperones, as clusterin, haptoglobin and alpha2M were found to be
overrepresented. All these extracellular chaperones have the ability to bind misfolded proteins
and thereby inhibit inappropriate protein-protein interactions, preventing aggregation and
maintaining proteins in solution. They demonstrate the ability to influence amyloid formation
in vitro [46,47] and are found colocalized with clinical amyloid deposits in vivo. The amyloid
condition associated to ATTR results from the accumulation of a protein prone to form amy-
loid fibers, and so chaperones and other elements of proteostasis may be overwhelmed by the
larger amount of non native protein present in the extracellular space. We may speculate that
these chaperones are overrepresented in ATTR plasma to overcome the larger amount of a pro-
tein prone to form amyloid fibers, and act collectively. Some of these chaperones were found
overrepresented in several other amyloid diseases, as clusterin in Alzheimer [48, 49]. This
hypothesis is supported by the overexpression of Vitamin D Binding Protein and the under
expression of IHRP as was found in the plasma of Alzheimer s patients. Altogether these data
point to sticking similarities between amyloid diseases.

Similarly to the extracellular molecular chaperone HP, AMG and clusterin, AAT and other
serpin proteins have also been found to be associated with pathological protein deposits in vari-
ous diseases [50-52]. It has been proposed that such deposits represent the failed attempts of
molecular chaperones to maintain the solubility of misfolded proteins and peptides under dis-
ease specific conditions of high molar substrate excess [46, 53]. Previous reports have indicated
that AAT can inhibit the formation of amyloid fibrils [54]. AAG and AAT has also been identi-
fied as the aggregation inhibitor of the amyloidogenic human alpha-atrial natriuretic peptide
[55]. In another study, albumin, AAT, and immunoglobulins at physiological plasma concen-
trations showed to be potent inhibitors of amyloid beta-peptide (Ab) polymerization [56].
Curiously, we also observed albumin and several Iggs differentially expressed and these extra-
cellular chaperones have been described as overrepresented in several conformational diseases
[57]. It was suggested that this overexpression counteracted the presence of a protein prone to
form amyloid diseases.

DLT using grafts from ATTR patients was first performed in 1995 [58] and more than 400
domino transplant procedures had been carried out by the end of 2005, according to the Famil-
ial Amyloidotic Polyneuropathy World Transplant Registry. The age of onset in ATTR Portu-
guese patients, where TTR shows a substitution of methionine by valine at position 30, ranges
from the late 20s to early 40s. It was, therefore, expected that liver grafts explanted from ATTR
patients would function in recipients without formation of amyloid fibrils for a long period.
However, several recent reports [59, 60] indicate that amyloid deposition or ATTR symptoms
appear in domino recipients much sooner than in ATTR individuals. Our observation that
some extracellular chaperones are overrepresented in individuals that were transplanted with a
sequential liver, starting from that point on to produce mutated TTR makes it highly plausible
that the increased levels of these chaperones is a response to additional request of extracellular
chaperone activities under these pathological conditions [39]. Human fibrinogen specifically
interacts with and suppresses aggregation of a wide spectrum of stressed proteins [61]. It was
proposed that human fibrinogen can interact with prefibrillar species during the fibril forma-
tion process, redirecting the aggregation process. It is also interesting to note that high levels of
human fibrinogen are also related to both Alzheimer’s disease, vascular dementia [62] and
ATTR [39]. The same can be speculated to all the others extracellular chaperones observed to
be overrepresented, as clusterin, that was previously implicated in fibrillogenesis and
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extracellular misfolded protein clearance in Alzheimer disease [63] and its overexpression was
described to have possible protective role in transthyretin deposition in ATTR [57], although
significantly lower levels of circulating clusterin were associated with amyloid deposition in the
heart in ATTR, is what appears to reflect a unique difference in amyloidosis pathology, depen-
dent on organ involvement [64]. In SSA, amyloid fibers present a high percentage of ATTR
fragments starting at position 46, 49 and 52, with the presence of a widely variable proportion
of full length TTR [65]. There is still some controversy in knowing if the proteolytic cleavage
occurs before or after the fibers formation, but according to our results is seems likely that it
occurs already in the bloodstream, before fiber formation [66].

We believe that the overexpression of extracellular chaperone is a hallmark of conforma-
tional diseases and that in the future the most effective therapies for these diseases will be based
on preventive approaches rather than downstream solutions. Moreover these common features
hold great potential to be used as biomarkers for amyloid diseases.

Supporting Information

S1 Fig. Relative quantification of TTR variants n the plasma. A-Schematic representation of
the methodology. B- Peptide mass fingerprint of the TTR protein band after tryptic digest from
plasma. The ion 1366.759 is present in control, ATTR, OLT and DLT individuals. This corre-
sponds to the peptide with the sequence GSPAINVAVHVEFR. The ion 1398.732 is present only
in ATTR and DLT individuals. This ion corresponds to the peptide with the sequence
GSPAINVAMHVER.

(EPS)

S2 Fig. Original uncropped and unadjusted blots.
(EPS)

S1 Table. Sequence coverage for TTR in the plasma of Control, ATTR individuals orthotro-
pic liver transplantation (OLT) individuals and domino liver transplantation (DLT) indi-
viduals. Unicode sp|P02766| without 20 amino acids of the signal peptide.

(DOCX)

Acknowledgments

The authors acknowledge Nurse Margarida, from Hospital de Curry Cabral, Lisboa, Portugal,
for her outstanding cooperation in this work regarding sample collection. Work was supported
by grants SFRH/BPD/41037/2007 (R.A.G.) and 1F/00359/2014 (G.C), PEst-OE/QUI/UI0612/
2011, PTDC/QUI/123060/2010 and REDE/1501/REM/2005 from the Fundagéo para a Ciéncia
e a Tecnologia, and also by the 2011 Junior Research grant from the amyloidosis foundation.

Author Contributions

Conceived and designed the experiments: GC APF CC. Performed the experiments: GC CRS
RR SG RAG. Analyzed the data: AF RAG. Contributed reagents/materials/analysis tools: AVC
EM EB. Wrote the paper: GC CC.

References

1. Andrade C. A peculiar form of peripheral neuropathy; familiar atypical generalized amyloidosis with
special involvement of the peripheral nerves. Brain 1952; 75(3):408-27. PMID: 12978172

2. Saraiva MJ, Birken S, Costa PP, Goodman DS. Amyloid fibril protein in familial amyloidotic polyneuro-
pathy, Portuguese type. Definition of molecular abnormality in transthyretin (prealbumin). J Clin Invest.
1984; 74(1):104-19. PMID: 6736244

PLOS ONE | DOI:10.1371/journal.pone.0125392 July 6, 2015 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125392.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125392.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125392.s003
http://www.ncbi.nlm.nih.gov/pubmed/12978172
http://www.ncbi.nlm.nih.gov/pubmed/6736244

@’PLOS ‘ ONE

Tranthyretin Amyloidosis Plasma Proteome

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Quintas A, Vaz DC, Cardoso |, Saraiva MJ, Brito RM (2001) Tetramer dissociation and monomer partial
unfolding precedes protofibril formation in amyloidogenic transthyretin variants. J Biol Chem 276:
27207-27213. PMID: 11306576

Hyung SJ, Deroo S, Robinson CV. Retinol and Retinol-Binding Protein Stabilize Transthyretin via For-
mation of Retinol Transport Complex. ACS Chem Biol. 2010; 17; 5(12):1137—-46 doi: 10.1021/
cb100144v PMID: 20845945

Furtado A, Tomb L, Oliveira FJ, Furtado E, Viana J, Perdigoto R. Sequential Liver Transplantation.
Transplantation Proceedings 1997; 29: 467-466 PMID: 9123085

Ross CA, Poirier MA. Protein aggregation and neurodegenerative disease. Nat Med. 2004; 10 Suppl:
S10-7. PMID: 15272267

Westermark P, Sletten K, Johansson B, Cornwell GG IlI. Fibril in senilesystemic amyloidosis is derived
from normal transthyretin. Proc Natl Acad Sci U S A 1990 87: 2843-2845. PMID: 2320592

Kitchens WH. Domino liver transplantation: indications, techniques, and outcomes. Transplant Rev
(Orlando). 2011 Oct; 25(4):167-77

Holmgren G, Hellman U, Lundgren HE, Sandgren O, Suhr OB. Impact of homozygosity for an amyloido-
genic transthyretin mutation on phenotype and long term outcome. J Med Genet 2005; 42: 953-956
PMID: 15930086

Holmgren G, Wikstrom L, Lundgren HE, Suhr OB. Discordant penetrance of the trait for familial amyloi-
dotic polyneuropathy in two pairs of monozygotic twins. Journal of Internal Medicine 2004; 256: 453—
456. PMID: 15485482

Munar-Ques M, Pedrosa JL, Coelho T, Gusmao L, Seruca R, Amorim A. et al. Two pairs of proven
monozygotic twins discordant for familial amyloid neuropathy (FAP) TTR Met 30. J Med Genet 1999;
36: 629-632 PMID: 10465115

Ikeda S, Nakano T, Yanagisawa N, Nakazato M, Tsukagoshi H. Asymptomatic homozygous gene car-
rier in a family with type | familial amyloid polyneuropathy. Eur Neurol 1992; 32:308-313 PMID:
1490495

Varshney A, Ahmad B, Rabbani G, Kumar V, Yadav S, Khan RH. Acid induced unfolding of dideca-
meric keyhole limpet hemocyanin: detection and characterizations of decameric and tetrameric inter-
mediate states. Amino Acids. 2010 Aug; 39 (3): 899-910. doi: 10.1007/s00726-010-0524-4 PMID:
20213446

Rabbani G, Ahmad E, Zaidi N, Fatima S, Khan RH. pH-Induced molten globule state of Rhizopus
niveus lipase is more resistant against thermal and chemical denaturation than its native state. Cell Bio-
chem Biophys. 2012 Apr; 62(3):487-99. doi: 10.1007/s12013-011-9335-9 PMID: 22215307

Rabbani G, Ahmad E, Zaidi N, Khan RH. pH-dependent conformational transitions in conalbumin (ovo-
transferrin), a metalloproteinase from hen egg white. Cell Biochem Biophys. 2011 Dec; 61(3):551-60
doi: 10.1007/s12013-011-9237-x PMID: 21833676

Baskakov IV, Bocharova OV. In vitro conversion of mammalian prion protein into amyloid fibrils displays
unusual features. Biochemistry 2005: 44, 2339-2348. PMID: 15709746

Sorgjerd K, Klingstedt T, Lindgren M, Kagedal K, Hammarstrom P. Prefibrillar transthyretin oligomers
and cold stored native tetrameric transthyretin are cytotoxic in cell culture. Biochem Biophys Res
Comm 2008; 377:1072-1078. doi: 10.1016/j.bbrc.2008.10.121 PMID: 18983977

Kume H, Muraoka S, Kuga T, Adachi J, Narumi R, Watanabe S, et al. Discovery of Colorectal Cancer

Biomarker Candidates by Membrane Proteomic Analysis and Subsequent Verification using Selected
Reaction Monitoring (SRM) and Tissue Microarray (TMA) Analysis. Mol Cell Proteomics. 2014 Jun; 13
(6):1471-84 doi: 10.1074/mcp.M113.037093 PMID: 24687888

Rosenblum BB, Neel JV, Hanash SM. Two-dimensional electrophoresis of plasma polypeptides
reveals "high" heterozygosity indices. Proc Natl Acad Sci U S A. 1983 Aug; 80(16):5002—6. PMID:
6576372

Weiss W, Gorg A. High-resolution two-dimensional electrophoresis. Methods Mol Biol 2009; 564: 13—
32 doi: 10.1007/978-1-60761-157-8_2 PMID: 19544015

Campos A, da Costa G, Coelho AV, Fevereiro P. Identification of bacterial protein markers and enolase
as a plant response protein to infection of Olea europaea L. subsp. europaea by Pseudomonas savas-
tanoi pv savastanoi. European Journal of Plant Pathology. Eur J Plant Pathol 2009; 125:603-616

Lamy E, Da Costa G, Santos R, Capela e Silva F, Potes J, Pereira A, et al. Sales Baptista, E. Effect of
condensed tannin ingestion in sheep and goat parotid saliva proteome. Journal of Animal Physiology
and Animal Nutrition. 2011 95 (3) PP. 304—31 doi: 10.1111/j.1439-0396.2010.01055.x PMID:
20880287

Lamy E, Graca G, da Costa G, Franco C, Capela e Silva F, Sales Baptista E, et al. Changes in mice
whole saliva soluble proteome induced by tannin-enriched diets. Proteome Sci. 2010; 8(1):65

PLOS ONE | DOI:10.1371/journal.pone.0125392 July 6, 2015 15/17


http://www.ncbi.nlm.nih.gov/pubmed/11306576
http://dx.doi.org/10.1021/cb100144v
http://dx.doi.org/10.1021/cb100144v
http://www.ncbi.nlm.nih.gov/pubmed/20845945
http://www.ncbi.nlm.nih.gov/pubmed/9123085
http://www.ncbi.nlm.nih.gov/pubmed/15272267
http://www.ncbi.nlm.nih.gov/pubmed/2320592
http://www.ncbi.nlm.nih.gov/pubmed/15930086
http://www.ncbi.nlm.nih.gov/pubmed/15485482
http://www.ncbi.nlm.nih.gov/pubmed/10465115
http://www.ncbi.nlm.nih.gov/pubmed/1490495
http://dx.doi.org/10.1007/s00726-010-0524-4
http://www.ncbi.nlm.nih.gov/pubmed/20213446
http://dx.doi.org/10.1007/s12013-011-9335-9
http://www.ncbi.nlm.nih.gov/pubmed/22215307
http://dx.doi.org/10.1007/s12013-011-9237-x
http://www.ncbi.nlm.nih.gov/pubmed/21833676
http://www.ncbi.nlm.nih.gov/pubmed/15709746
http://dx.doi.org/10.1016/j.bbrc.2008.10.121
http://www.ncbi.nlm.nih.gov/pubmed/18983977
http://dx.doi.org/10.1074/mcp.M113.037093
http://www.ncbi.nlm.nih.gov/pubmed/24687888
http://www.ncbi.nlm.nih.gov/pubmed/6576372
http://dx.doi.org/10.1007/978-1-60761-157-8_2
http://www.ncbi.nlm.nih.gov/pubmed/19544015
http://dx.doi.org/10.1111/j.1439-0396.2010.01055.x
http://www.ncbi.nlm.nih.gov/pubmed/20880287

@’PLOS ‘ ONE

Tranthyretin Amyloidosis Plasma Proteome

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44.

Guerreiro A, da Costa G, Gomes RA, Ribeiro-Silva R, Gilberto S, Mateus E, et al. Alpha-Synucleinoligo-
mer formation in saliva: A biomarker for Familial Amyloidotic Polyneuropathy. Amyloid. 2012, 19
(2):74-80 doi: 10.3109/13506129.2012.668500 PMID: 22591216

da Costa G, Gomes R, Correia CF, Freire A, Monteiro E, Martins A, et al. Identification and quantitative
analysis of human transthyretin variants in human plasma by Fourier transform ion-cyclotron resonance
mass spectrometry. Amyloid 2009; 16: 201-207 doi: 10.3109/13506120903421561 PMID: 19922331

da Costa G, Guerreiro A, Correia CF, Gomes RJ, Freire A, Monteiro E, et al. A non-invasive method
based on saliva to characterize transthyretin in familial amyloidotic polyneuropathy patients using FT-
ICR high-resolution MS. Proteomics Clin Appl 2010; 4: 674—678 PMID: 21179887

Purkey H, Dorrell M, Kelly JW. Evaluating the binding selectivity of transthyretin amyloid fibril inhibitors
in blood plasma. Proc Natl Acad Sci U S A. 2001 May 8; 98(10): 5566—-5571 PMID: 11344299

Monteiro E, Freire A, Barroso E. Familial amyloid polyneuropathy and liver transplantation. J Hepatol
2004; 41:188-194. PMID: 15288465

Ribeiro-Silva C, Gilberto S, Gomes RA, Mateus E, Monteiro E, Barroso E, et al. The relative amounts of
plasma transthyretin forms in familial transthyretin amyloidosis: a quantitative analysis by Fourier trans-
form ion-cyclotron resonance mass spectrometry. Amyloid. 2011; 18(4):191-199 doi: 10.3109/
13506129.2011.614295 PMID: 22080762

Lim A, Prokaeva T, McComb ME, Connors LH, Skinner M, Costello CE. Identification of S-sulfonation
and S-thiolation of a novel transthyretin Phe33Cys variant from a patient diagnosed with familial trans-
thyretin amyloidosis. Protein Sci. 2003; 12(8):1775-1785. PMID: 12876326

Nepomuceno Al, Mason CJ, Muddiman DC, Bergen HR 3rd, Zeldenrust SR. Detection of genetic vari-
ants of transthyretin by liquid chromatography-dual electrospray ionization fourier-transform ion-cyclo-
tron-resonance mass spectrometry. Clin Chem. 2004; 50(9):1535-43. PMID: 15205369

Teixeira AC, Saraiva MJ. Presence of N-glycosylated transthyretin in plasma of V30M carriers in famil-
ial amyloidotic polyneuropathy: an escape from ERAD. J Cell Mol Med. 2013 Mar; 17(3):429-35 doi:
10.1111/jcmm.12024 PMID: 23387326

TangH, FuY, Zhan S, Luo Y. Alpha (E) C, the C-terminal extension of fibrinogen, has chaperone-like
activity. Biochemistry. 2009; 48(18):3967-76. doi: 10.1021/bi900015n PMID: 19284787

French K, Yerbury JJ, Wilson MR. Protease activation of alpha 2-macroglobulin modulates a chaper-
one-like action with broad specificity. Biochemistry 2008; 29; 47(4):1176-85. doi: 10.1021/bi701976f
PMID: 18171086

Yerbury JJ, Rybchyn MS, Easterbrook-Smith SB, Henriques C, Wilson MR. The acute phase protein
haptoglobin is a mammalian extracellular chaperone with an action similar to clusterin. Biochemistry.
2005; 44(32):10914-25. PMID: 16086594

Wyatt A, Yerbury J, Poon S, Dabbs R, Wilson M. The chaperone action of clusterin and its putative role
in quality control of extracellular protein folding. Adv. Cancer Res. 2009; 104:89—114. doi: 10.1016/
S0065-230X(09)04006-8 PMID: 19878774

Zsila F. Inhibition of heat- and chemical-induced aggregation of various proteins reveals chaperone-like
activity of the acute-phase component and serine protease inhibitor human alpha(1)-antitrypsin. Bio-
chem Biophys Res Commun. 2010; 393(2):242—7. doi: 10.1016/j.bbrc.2010.01.110 PMID: 20117085

Liao PC, Yu L, Kuo CC, Lin C, Kuo YM. Proteomics analysis of plasma for potential biomarkers in the
diagnosis of Alzheimer's disease. Proteomics Clin Appl. 2007 May; 1(5):506—12 doi: 10.1002/prca.
200600684 PMID: 21136702

da Costa G, Gomes RA, Guerreiro A, Mateus E, Monteiro E, Barroso E, et al. Beyond Genetic Factors
in Familial Amyloidotic Polyneuropathy: Protein Glycation and the Loss of Fibrinogen's Chaperone
Activity PLOS ONE 2011 6(10): 24850 doi: 10.1371/journal.pone.0024850 PMID: 22053176

Marin-Gémez LM, Gémez-Bravo MA, Barrera-Pulido L, Bernal-Bellido C, Alamo-Martinez JM, Suarez-
Artacho G, et al. Outcomes of domino liver transplantation: a single institution's experience. Transplant
Proc. 2010 Mar; 42(2):644—6 doi: 10.1016/j.transproceed.2010.02.012 PMID: 20304213

Narayan P, Orte A, Clarke RW, Bolognesi B, Hook S, Ganzinger KA, et al. The extracellular chaperone
clusterin sequesters oligomeric forms of the amyloid-B(1-40) peptide. Nat Struct Mol Biol. 2011; 19
(1):79-83 doi: 10.1038/nsmb.2191 PMID: 22179788

Liz MA, Faro CJ, Saraiva MJ, Sousa MM. Transthyretin, a new cryptic protease. J Biol Chem. 2004
May 14; 279(20):21431-8 PMID: 15033978

Sixt SU, Dahimann B. Extracellular, circulating proteasomes and ubiquitin—Incidence and relevance,
Biochimica et Biophysica Acta (BBA)—Molecular Basis of Disease, 2008 1782, 12, 817-823 doi: 10.
1016/j.bbadis.2008.06.005 PMID: 18602990

Fountoulakis M, Juranville JF, Jiang L, Avila D, Roder D, Jakob P, et al. Depletion of the high-abun-
dance plasma proteins. Amino Acids 2004; 27:249-259 PMID: 15592754

PLOS ONE | DOI:10.1371/journal.pone.0125392 July 6, 2015 16/17


http://dx.doi.org/10.3109/13506129.2012.668500
http://www.ncbi.nlm.nih.gov/pubmed/22591216
http://dx.doi.org/10.3109/13506120903421561
http://www.ncbi.nlm.nih.gov/pubmed/19922331
http://www.ncbi.nlm.nih.gov/pubmed/21179887
http://www.ncbi.nlm.nih.gov/pubmed/11344299
http://www.ncbi.nlm.nih.gov/pubmed/15288465
http://dx.doi.org/10.3109/13506129.2011.614295
http://dx.doi.org/10.3109/13506129.2011.614295
http://www.ncbi.nlm.nih.gov/pubmed/22080762
http://www.ncbi.nlm.nih.gov/pubmed/12876326
http://www.ncbi.nlm.nih.gov/pubmed/15205369
http://dx.doi.org/10.1111/jcmm.12024
http://www.ncbi.nlm.nih.gov/pubmed/23387326
http://dx.doi.org/10.1021/bi900015n
http://www.ncbi.nlm.nih.gov/pubmed/19284787
http://dx.doi.org/10.1021/bi701976f
http://www.ncbi.nlm.nih.gov/pubmed/18171086
http://www.ncbi.nlm.nih.gov/pubmed/16086594
http://dx.doi.org/10.1016/S0065-230X(09)04006-8
http://dx.doi.org/10.1016/S0065-230X(09)04006-8
http://www.ncbi.nlm.nih.gov/pubmed/19878774
http://dx.doi.org/10.1016/j.bbrc.2010.01.110
http://www.ncbi.nlm.nih.gov/pubmed/20117085
http://dx.doi.org/10.1002/prca.200600684
http://dx.doi.org/10.1002/prca.200600684
http://www.ncbi.nlm.nih.gov/pubmed/21136702
http://dx.doi.org/10.1371/journal.pone.0024850
http://www.ncbi.nlm.nih.gov/pubmed/22053176
http://dx.doi.org/10.1016/j.transproceed.2010.02.012
http://www.ncbi.nlm.nih.gov/pubmed/20304213
http://dx.doi.org/10.1038/nsmb.2191
http://www.ncbi.nlm.nih.gov/pubmed/22179788
http://www.ncbi.nlm.nih.gov/pubmed/15033978
http://dx.doi.org/10.1016/j.bbadis.2008.06.005
http://dx.doi.org/10.1016/j.bbadis.2008.06.005
http://www.ncbi.nlm.nih.gov/pubmed/18602990
http://www.ncbi.nlm.nih.gov/pubmed/15592754

@’PLOS ‘ ONE

Tranthyretin Amyloidosis Plasma Proteome

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Karsan A, Eigl BJ, Flibotte S, Gelmon K, Switzer P, Hassell P, et al. Analytical and preanalytical biases
in serum proteomic pattern analysis for breast cancer diagnosis. Clin Chem 2005; 51:1525-1528.
PMID: 15951319

Yerbury JJ, Poon S, Meehan S, Thompson B, Kumita JR, Dobson CM, et al. The extracellular chaper-
one clusterin influences amyloid formation and toxicity by interacting with prefibrillar structures. FASEB
J.2007; 21(10):2312—22 PMID: 17412999

Yerbury JJ, Kumita JR, Meehan S, Dobson CM, Wilson MR. alpha2-Macroglobulin and haptoglobin
suppress amyloid formation by interacting with prefibrillar protein species. J Biol Chem. 2009; 284
(7):4246-54 doi: 10.1074/jbc.M807242200 PMID: 19074141

May PC, Lampert-Etchells M, Johnson SA, Poirier J, Masters JN, Finch CE. Dynamics of gene expres-
sion for a hippocampal glycoprotein elevated in Alzheimer's disease and in response to experimental
lesions in rat. Neuron. 1990; 5(6):831-9. PMID: 1702645

Nilselid AM, Davidsson P, Nagga K, Andreasen N, Fredman P, Blennow K. Clusterin in cerebrospinal
fluid: analysis of carbohydrates and quantification of native and glycosylated forms. Neurochem Int.
2006; 48(8):718—28 PMID: 16490286

Gollin PA, Kalaria RN, Eikelenboom P, Rozemuller A, Perry G. Alpha 1-antitrypsin and alpha 1-antichy-
motrypsin are in the lesions of Alzheimer's disease. Neuro Report 1992; 3(2):201-3.

Howlett GJ, Moore KJ. Untangling the role of amyloid in atherosclerosis, Curr. Opin. Lipidol. 2006;,
17:541-547. PMID: 16960503

Donners MM, Verluyten MJ, Bouwman FG, Mariman EC, Devreese B, Vanrobaeys F, et al. Proteomic
analysis of differential protein expression in human atherosclerotic plaque progression, J. Pathol. 2005;
206:39-45 PMID: 15772986

Macario AJ, De Macario EC. Chaperonopathies by defect, excess, or mistake, Ann. N. Y. Acad. Sci.
2007; 1113; 178-191 PMID: 17483209

Janciauskiene S, Carlemalm E, Eriksson S. In vitro fibril formation from a1-antitrypsin-derived C-termi-
nal peptides, Biol. Chem. Hoppe Seyler 1995; 376: 415-423 PMID: 7576238

Torricelli C, Capurro E, Santucci A, Paffetti A, D’Ambrosio C, Scaloni A, et al. Multiple plasma proteins
control atrial natriuretic peptide (ANP) aggregation, J. Mol. Endocrinol. 2004; 33: 335-341 PMID:
15525593

Bohrmann B, Tjermberg L, Kuner P, Poli S, Levet-Trafit B, Naslund J, et al. Endogenous proteins con-
trolling amyloid beta-peptide polymerization. Possible implications for beta-amyloid formation in the
central nervous system and in peripheral tissues, J. Biol.Chem. 1999; 274: 15990-15995 PMID:
10347147

Magalhaes J, Saraiva MJ. Clusterin overexpression and its possible protective role in transthyretin
deposition in familial amyloidotic polyneuropathy. J Neuropathol Exp Neurol. 2011; 70(12):1097—106.
doi: 10.1097/NEN.0b013e31823a44f4 PMID: 22082661

Azoulay D, Samuel D, Castaing D, Adam R, Adams D, Said G, et al. Domino liver transplants for meta-
bolic disorders: experience with familial amyloidotic polyneuropathy. J Am Coll Surg 1999; 189: 584—
593 PMID: 10589595

Sousa MM, Ferrao J, Fernandes R, Guimaraes A, Geraldes JB, Perdigoto R, et al. Deposition and pas-
sage of transthyretin through the blood-nerve barrier in recipients of familial amyloid polyneuropathy liv-
ers. Lab Invest 2004; 84:865-873. PMID: 15122304

Stangou AJ, Heaton ND, Hawkins PN. Transmission of systemic transthyretin amyloidosis by means of
domino liver transplantation. N Engl J Med 2005; 352:2356. PMID: 15930432

TangH, FuY, CuiY, He Y, Zeng X, Ploplis VA, et al. Fibrinogen has chaperone-like activity. Biochem
Biophys Res Commun. 2009; 378:662—667 doi: 10.1016/j.bbrc.2008.11.112 PMID: 19059206

van Oijen M, Witteman JC, Hofman A, Koudstaal PJ, Breteler MM. Fibrinogen is associated with an
increased risk of Alzheimer disease and vascular dementia. Stroke. 2005; 36:2637—2641. PMID: 16269641

Mullan GM, McEneny J, Fuchs M, McMaster C, Todd S, McGuinness B, et al. Plasma clusterin levels
and the rs11136000 genotype in individuals with mild cognitive impairment and Alzheimer's disease.
Curr Alzheimer Res. 2013 Nov; 10(9):973-8 PMID: 24117116

Greene MJ, Sam F, Soo Hoo PT, Patel RS, Seldin DC, Connors LH. Evidence for a functional role of
the molecular chaperone clusterin in amyloidotic cardiomyopathy. Am J Pathol. 2011 Jan; 178(1):61-8.
doi: 10.1016/j.ajpath.2010.11.015 PMID: 21224044

Westermark P, Sletten K, Johansson B, Corwell GG Il. Fibril in senile systemic amyloidosis is derived
from normal transthyretin. PNAS. 1990; 87(7): 2843-2845. PMID: 2320592

Ihse E, Rapezzi C, Merlini G, Benson MD, Ando Y, Suhr OB, et al. Amyloid fibrils containing fragmented
ATTR may be the standard fibril composition in ATTR amyloidosis. Amyloid. 2013 20(3):142-50 doi:
10.3109/13506129.2013.797890 PMID: 23713495

PLOS ONE | DOI:10.1371/journal.pone.0125392 July 6, 2015 17/17


http://www.ncbi.nlm.nih.gov/pubmed/15951319
http://www.ncbi.nlm.nih.gov/pubmed/17412999
http://dx.doi.org/10.1074/jbc.M807242200
http://www.ncbi.nlm.nih.gov/pubmed/19074141
http://www.ncbi.nlm.nih.gov/pubmed/1702645
http://www.ncbi.nlm.nih.gov/pubmed/16490286
http://www.ncbi.nlm.nih.gov/pubmed/16960503
http://www.ncbi.nlm.nih.gov/pubmed/15772986
http://www.ncbi.nlm.nih.gov/pubmed/17483209
http://www.ncbi.nlm.nih.gov/pubmed/7576238
http://www.ncbi.nlm.nih.gov/pubmed/15525593
http://www.ncbi.nlm.nih.gov/pubmed/10347147
http://dx.doi.org/10.1097/NEN.0b013e31823a44f4
http://www.ncbi.nlm.nih.gov/pubmed/22082661
http://www.ncbi.nlm.nih.gov/pubmed/10589595
http://www.ncbi.nlm.nih.gov/pubmed/15122304
http://www.ncbi.nlm.nih.gov/pubmed/15930432
http://dx.doi.org/10.1016/j.bbrc.2008.11.112
http://www.ncbi.nlm.nih.gov/pubmed/19059206
http://www.ncbi.nlm.nih.gov/pubmed/16269641
http://www.ncbi.nlm.nih.gov/pubmed/24117116
http://dx.doi.org/10.1016/j.ajpath.2010.11.015
http://www.ncbi.nlm.nih.gov/pubmed/21224044
http://www.ncbi.nlm.nih.gov/pubmed/2320592
http://dx.doi.org/10.3109/13506129.2013.797890
http://www.ncbi.nlm.nih.gov/pubmed/23713495

