Chapter 21
Familial Amyloidotic Polyneuropathy
and Transthyretin

Takamura Nagasaka

Abstract There has been much progress in our understanding of transthyretin
(TTR)-related amyloidosis including familial amyloidotic polyneuropathy (FAP),
senile systemic amyloidosis and its related disorders from many clinical and experi-
mental aspects. FAP is an inherited severe systemic amyloidosis caused by mutated
TTR, and characterized by amyloid deposition mainly in the peripheral nervous sys-
tem and the heart. Liver transplantation is the only available treatment for the disease.
FAP is now recognized not to be a rare disease, and to have many variations based on
genetical and biochemical variations of TTR. This chapter covers the recent advances
in the clinical and pathological aspects of, and therapeutic approaches to FAP, and
the trend as to the molecular pathogenesis of TTR.
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21.1 Introduction

The representative clinical syndromes associated with transthyretin (TTR) aggrega-
tion are the familial amyloidotic polyneuropathies (FAP), cardiomyopathies (FAC),
and senile systemic amyloidosis (SSA). FAP is an autosomal dominant inherited
disease characterized by amyloid deposition in various organs. FAP, Portuguese type
variant I (FAP type I), was first described by Corino de Andrade in 1952 (Andrade
1952). The disease originated in northern Portugal, but is now found all over the
world as a result of the Portuguese expeditions of the fifteenth century, by Magellan.
Most patient clusters are now observed in Portugal, Sweden, and Japan (Saraiva
etal. 1983). The genetic defect in the kindreds from northern Portugal, i.e. heterozy-
gosity for a valine-to-methionine single amino acid substitution at residue 30 of
TTR (Val30Met), has been reported (Saraiva et al. 1984). TTRVal30Met is the most
common variant of TTR, and more than 100 other amino acid substitutions of vari-
ant TTR, including ones in cases without pathological findings, have been reported
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elsewhere (Benson and Kincaid 2007; Connors et al. 2003; Saraiva 2001; Sekijima
et al. 2001). Genetic differences lead to heterogeneity of clinical manifestations due
to the variant deposition in amyloid fibrils. Recent studies focused on the TTR gene
and protein have provided insights into the pathogenesis of TTR amyloidosis. Based
on these several lines of research, a new approach has been tried to establish a funda-
mental therapy. This chapter provides a brief overview of TTR-related amyloidosis,
especially FAP.

21.2 Structure, Function and Genetics of TTR

21.2.1 Structure and Function of TTR

TTR was previously known as prealbumin because of its detection as a compo-
nent that migrated ahead of albumin in an electrical field in cerebrospinal fluid
(CSF) and serum. In 1981, the International Union of Biochemists adopted the name
‘transthyretin’ instead of prealbumin. The name ‘transthyretin’ comes from the trans-
port properties of the protein, which binds both thyroxine (T4) and retinol-binding
protein (RBP) (Raz and Goodman 1969). Its expression occurs during embryonic
development and throughout life, but TTR evidently is not essential for life because
mice that have had the TTR gene inactivated show no abnormalities in development,
although the levels of serum retinol, RBP, and thyroid hormone are significantly
depressed (Episkopou et al. 1993). In a member of an FAP lineage, the amyloid is
not formed until adulthood, although a variant TTR is present in the serum from
the time of birth (Harats et al. 1989). TTR is also known as a negative acute-phase
protein. The serum TTR concentration is reduced in acute and choronic inflamma-
tion or during malnutrition as a result of decreased transcription in response to the
inflammatory cytokines interleukin 6, interleukin 1 and TNFa, and mediation by
hepatocyte nuclear factor 3o (Ingenbleek and Young 1994). In recent studies have
focused on the relationship between TTR and B-amyloid (AP) as a pathogenesis of
Alzheimer’s disease (AD). Reduced TTR levels in the CSF of AD patients were re-
ported (Serot et al. 1997). Several in vitro evidences that TTR binds to A resulting
in reducing AP concentration, aggregation and neurotoxication, were demonstrated
(Buxbaum et al. 2008; Du and Murphy 2010; Li et al. 2011; Liu and Murphy 2006;
Schwarzman et al. 2004).

TTR is mainly synthesized in the liver, choroid plexus of the brain, retinal pigment
epithelium, pancreas and visceral yolk sac endoderm (Cavallaro et al. 1990; Herbert
etal. 1986; Jacobsson et al. 1989). The TTR protein normally circulates in the plasma
as asoluble protein having a tetrameric structure (Blake et al. 1974). The liver appears
to be responsible for almost all the circulating TTR tetramers that aggregate in tissues
other than the brain and eyes, since TTR does not cross the blood-brain barrier. As for
the brain, the choroid plexus is able to secrete highly destabilized TTR tetramers into
the CSF due to the preventional mechanism comprising that the high concentration of
T4 in this tissue can bind and stabilize the TTR variants close to the site of secretion
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into the extracellular space (Gambetti and Russo 1998; Hammarstrom et al. 2003b;
Hurxhman Babbes et al. 2008; Sekijima et al. 2003, 2005). TTR in CSF is also
secreted into the eyes by the infiltrating retinal pigment epithelium, a monolayer of
cells with tight junctions that serves as a blood barrier for the retina (Pfeffer et al.
2004). TTR mRNA was detected by RT-PCR in the dorsal root ganglia (DRG) and
cauda equina of humans and rodents, and not in the sural nerve, lumbar plexus or
sympathetic ganglia in humans, or in the sciatic nerve in rodents (Murakami et al.
2008). However, whether TTR gene is expressed in DRG or not is unclear (Sousa
and Saraiva 2008; Murakami et al. 2010). The most prominent organ of amyloid
deposition is not necessarily a site for degradation. The liver, kidney, muscle and
skin are thought to be the major sites of TTR degradation in the rat (Makover et al.
1988), although the site of catabolic processing has not been well defined in the
human.

Native TTR, a tetrameric protein of four identical subunits of 14 kDa (Costa et al.
1978), is composed of 127-amino acid residues (Hamilton and Benson 2001; Pras
et al. 1983) after cleavage of a 20-amino acid signal peptide (Mita et al. 1984;
Whitehead et al. 1984), and is a very prominent plasma protein (2040 mg/dl) that
has a plasma residence time of only 1-2 days (Benson et al. 1996). The TTR tetramer
exhibits two different dimer-dimer interfaces (Blake et al. 1974, 1978), and contains
two identical T4-binding sites located in a channel at the center of the molecule. Each
T4 binding site is characterized by an inner binding cavity and a larger outer binding
one (Hornberg et al. 2000; Klabunde et al. 2000). The outer binding cavity, the in-
terface between the outer and inner binding sites, and the inner cavity include pairs
of symmetric hydrophobic concave subsites referred to as halogen-binding pockets,
wherein the iodine atoms of T4 exist (Wojtczak et al. 1996). The two binding sites
exhibit negative cooperativity, which is due to an allosteric effect resulting from the
occupancy of the first binding site. TTR in the plasma transports about 15 % of the
total T4 (Schreiber et al. 1990; Kassem et al. 2006). In the CSF, TTR is the main T4
transporter, and may contribute to the transport of serum T4 across the blood-brain
and blood-choroid plexus CSF barriers. Meanwhile, the four binding sites for RBP
are located on the surface of a TTR molecule. The ratio RBP:TTR in plasma is around
0.3 in healthy individuals. The secondary structure of TTR predominantly comprises
B-sheet, with each monomer consisting of eight B-strands (A-H), and a short a-helix
between strands E and F (Blake et al. 1978). The p-strands are organized into a
wedge-shaped B-barrel, which is formed by two antiparallel four stranded p-sheets
containing the DAGH strands (inner sheets; wrapped around a central channel) and
CBEF strands (outer sheets; forming the external surface of the tetramer), respec-
tively. Two monomeric units are related by a non-crystallographic 2-fold axis and join
edge-to-edge to form a dimer stabilized by extensive anitiparallel hydrogen-bonding
between the two adjacent H (residues Ser115-Thr123) strands and F (residues Ala91-
Ala97) strands of each monomer. There are five main-chain-main-chain hydrogen
bonds between the adjacent H strands, while the two F strands more widely are sep-
arated, as a result, only two hydrogen bonds (between Glu89 and Val94) are formed
directly through the main-chain interactions. Two dimers assemble into a tetramer
through their opposing inner B-sheets with the hydrophobic interactions between the
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A-B and G-H loops (Yang et al. 2003). The inner sheets that wrap around a central
channel are about 8 A in diameter and 50 A in length and contain the two binding sites
for T4 (Blake and Oatley 1977; Hamilton and Benson 2001). The channel can be di-
vided into three pairs of regions along it, starting from the center: (1) the hydrophilic
center formed by the hydroxyl groups of Ser112, Ser115, Ser117, and Thr119, (2) the
hydrophobic patch comprising the side chains of Leul7, Thr106, Ala108, Leull0,
and Vall21, and (3) the charged entrance including Lys15, Glu54, and His56. The
side-chains of Leul10, Ser115, and Ser117 cause a constriction, narrowing the chan-
nel around the middle (Lei et al. 2004). The overall three-dimensional struture of
TTR has been maintained throughout vertebrate evolution, and the T4-binding sites
are preserved in all species as to the amino-acid sequences.

21.2.2 Genetics of TTR

The complete sequence of TTR was determined by direct amino acid sequence anal-
ysis (Kanda et al. 1974), and TTR-specific cDNA clones were isolated from an
adult human liver cDNA library (Mita et al. 1984; Wallace et al. 1985). The human
TTR gene has been shown to be localized to chromosome 18 (Wallace et al. 1985;
Whitehead et al. 1984), and identified at 18p11.1-q12.3 (Jinno et al. 1986). It spans
approximately 7 kb and has four exons; exon 1 encodes a single peptide of 20 amino
acid residues and only the first three residues of the mature protein, and exon 2 codes
for amino acid residues 447, exon 3 for residues 4892, and exon 4 for residues
93-127 (Sasaki et al. 1985; Tsuzuki et al. 1985). No mutation has been detected for
exon 1 and most abundantly for exon 3 (Ando et al. 2005). Although the majority of
the mutations of TTR are single, a trinucleotide deletion in exon 4, resulting in the
loss of one of two valines at position 121 or 122, has been reported (Uemichi et al.
1997). TTR Asp99Asn is predicted to be a non-pathogenic benign mutation with WT
properties (Groenning et al. 2011). The most affected individuals are heterozygous
for a pathogenic mutation, and express both normal and variant TTR. A few cases
of homozygosity as to the Val30Met mutation have been reported, and it has been
demonstrated that the age of onset and the progression of symptoms are the same
as in heterozygous patients (Holmgren et al. 1988, 1992, 1994; Skare et al. 1990;
Yoshinaga et al. 1992). Polymorphisms have been also investigated, it being found
that one polymorphic site in C1QA (rs172378) and one in C1QC (rs9434) as well as
thee2 allele are correlated with the age of onset (Dardiotis et al. 2009).

21.2.3 Animal Models

While no reproduction model of the neuropathology seen in FAP has been reported,
a few transgenic models involving variant human TTR have been used for eluci-
dating the elementary pathogenesis (Buxbaum 2009). Recently, these models are
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also being utilized to investigate the therapeutic effects. Initially, transgenic mice
carrying and expressing the human WT TTR (Yamamura et al. 1987) and the hu-
man mutant amyloidgenic TTR Val30Met were developed (Wakasugi et al. 1987). It
was demonstrated in the mice that amyloid deposition, the deposits containing TTR
and mouse serum amyloid P-component, started in the gastrointestinal tract, car-
diovascular system, and kidneys 6 months after birth, and extended to various other
organs and tissues with advancing age similar to observed in human autopsy cases
of FAP, except for the absence of amyloid in the choroids plexus, and peripheral and
autonomic nervous systems (Yi et al. 1991). The significant roles in TTR-derived
amyloid deposition of the serum amyloid P-component level and the intestinal flora
have been demonstrated in a transgenic mouse model of FAP (Murakami et al. 1992;
Noguchi et al. 2002). In comparison, the differences in the effects of different ge-
netic regions or length have been examined. There is evidence that 3 kbp of the
upstream sequence of the TTR gene contains positive elements required for choroid
plexus expression that are distinct from those utilized by hepatocytes, and that it may
also contain negative elements that function to suppress transcription in other brain
cell types (Yan et al. 1990). An experiment involving a transgenic mouse model of
homozygous FAP showed that the introduction of the human TTR mutant gene (6.0-
hMet30) carrying a null mutation at the endogenous ttr locus (ttr-/-) significantly
depressed the serum levels of T4 and RBP (Kohno et al. 1997). Transgenic mouse
lines carrying the human mutant TTR gene containing 6.0 kb (6.0-hMet30) of the
upstream region have been expressed in the yolk sac, liver, and choroid plexus, where
the mouse endogenous TTR gene is also expressed, in contrast, expression of the
0.6-hMet30 gene is restricted to the yolk sac and liver. These results suggest that
the 6-kb upstream sequence contains the cis-elements required for developmental,
tissue-specific, and quantitatively normal expression (Nagata et al. 1995). In the
same transgenic mouse lines, the expression levels of the 6.0-hMet30 gene in the
liver and serum were the same as in man and about 10 times higher than those of the
0.6-hMet30 gene. The amyloid deposition started earlier and was more extensive in
6.0-hMet30 than 0.6-hMet30 mice, suggesting that the serum levels of human mutant
TTR are correlated with the occurrence and degree of amyloid deposition, to some
extent (Takaoka et al. 1997). It was demonstrated that heterotetramers composed of
murine and human TTR subunits imposes kinetic stability, preventing dissociation
and subsequent amyloidogenesis (Reixach et al. 2008). A report has suggested the
importance of environmental factors at onset such that the specific pathogen-free
conditions under maintaining the transgenic mice at 30 °C can completely prevent
amyloid deposition (Inoue et al. 2008). An examination concerning WT TTR has
been reported, that is, TTR knock mice have been described as having a defect in
neuronal regeneration in response to injury, and an abnormal ratio of proliferating to
apoptotic cells in the subventricular region of the adult brain (Fleming et al. 2007;
Richardson et al. 2007). Recently, Val30 tetramer instability was observed in a trans-
genic model developed to ‘knock in” human TTR into the murine TTR locus, that is
the expression levels of human TTR mRNA and protein in the livers of homozygous
human TTR mice were about twice those in heterozygous mouse/human TTR mice,
however, the serum human TTR levels in the homozugous mice were much lower
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than those in the heterozygous mice due to unstable Val30 tetramers (Zhao et al.
2008). Other than murine models, Drosophila is also useful for studies of TTR-
associated amyloid diseases (Berg et al. 2009). While, these findings are elementary,
the transgenic models of the TTR amyloidoses have provided interesting insights
into the pathogenesis of TTR FAP.

21.3 Molecular Pathogenesis of TTR

21.3.1 Mechanism of TTR Amyloidogenesis

Although in vitro data cannot reflect the in vivo dynamics of fibrillogenesis precisely,
because amyloid fibrils are influenced by universal components such as proteogly-
cans (Snow et al. 1987) and the P component (Prelli et al. 1985) that affect in vivo
fibril turnover and dyanamics, several recent experimental approaches to explain the
mechanism uderlying fibril formation for TTR will more than compensate for this
shortcome. Formerly, extensive f-sheet structure was proved to have amyloidgenic
potential. On X-ray analysis, a slight conformational change of the crystal structure
of variant TTR was demonstrated (Terry et al. 1993), including distortion of the
T4-binding cavity, resulting in a decreased affinity for T4 (Hamilton et al. 1993).
Regarding the mechanism underlying initiation of the aggregation of WT and several
variants of TTR, amyloid fibril formation might be triggered by tetramer dissocia-
tion into a compact non-native monomer with low conformational stability, which
results in non-fibrillar TTR aggregates or partially unfolded monomeric species that
can subsequently self-assemble into profibrils and mature amyloid fibrils (Colon and
Kelly 1992; Lai et al. 1996, 1997; Hammarstrom et al. 2003a; Jiang et al. 2001;
Quintas et al. 1997, 1999, 2001; Schneider et al. 2001). The folded monomer that re-
sults from the process of dissociation must subsequently undergo partial denaturation
to misassemble into aggregate structures, including amyloid fibrils. The monomeric
amyloidogenic intermediate undergoes self-assembly into a ladder of quaternary
structural intermediates for the formation of WT, Val30Met, and Leu55Pro TTR
amyloid fibrils (Lashuel et al. 1998). TTR most likely disassembles and forms amy-
loid when its ligands are released to the target organs (White and Kelly 2001). It
was proposed that monomers are the building block of fibrils, in vitro, composed of
multiple elementary protofilaments, which contain two twisted B-sheets and com-
prise a single vertical stack of structurally modifed TTR monomers (Cardoso et al.
2002; Inouye et al. 1998; Quintas et al. 2001). In vivo studies have revealed that TTR
might be deposited in a non-fibrillar or pre-fibrillar form in the nerves prior to major
nerve fiber degeneration in the early stages of FAP (Sousa et al. 2001a). N-terminally
truncated dimers can also form amyloid fibrils after limited proteolysis (Schormann
et al. 1998).

A correlation between amyloidogenesis and the thermodynamic stability of TTR
variants (Sekijima et al. 2003; Shnyrov et al. 2000; Quintas et al. 2001), or high sus-
ceptibility to water infiltration (Ferrao-Gonzales et al. 2003) has been demonstrated.
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In vitro studies under acidic conditions demonstrated that TTR amyloidogenesis
is accelerated (Colon and Kelly 1992; Gustavsson et al. 1991), variant TTR has
been found to form fibrils faster than WT TTR (Jiang et al. 2001; McCutchen et al.
1993), and the kinetics of denaturation are much faster for monomeric TTR than for
tetrameric TTR. Synchrotron diffraction studies suggested a model of the protofil-
ament of the FAP amyloid fibril exhibiting a cross-sheet helix structure (Blake and
Serpell 1996). Studies on the unit of TTR amyloid fibrils suggested a TTR dimer
containing at least one mutant subunit (Serga et al. 2001), intermediate species are
also pB-sheets (Cardoso et al. 2002), a-sheet may represent a significant transient
conformation during amyloidogenesis (Armen et al. 2004), one of the two B-sheets
becomes disrupted, and a-sheet structure forms in the other sheet under acidic con-
ditions. Regarding fibril growth, the TTR dimer can still form amyloid fibrils after
chemical cross-linking, and the subunit interfaces in amyloid fibrils are similar to
the natural dimeric interchain association of native TTR (Serga et al. 2001). STEM
mass-per-length measurements showed that the modified monomer is the unit be-
ing added to a growing fibril (Cardoso et al. 2002). For misassembly or aggregation
reactions before fibrile elongation, nucleated polymerization is often required in non-
TTR amyloidogenesis (Jarrett and Lansbury 1993; Masters et al. 1985; Powers and
Powers 2008). While, it has been shown that TTR aggregation may be a nucleation-
independent process (Hammarstrom et al. 2003a, b; Hurshman Babbes et al. 2008),
and a process in which the highest energy native monomer forms lower-energy poly-
meric aggregates (Hurshman Babbes et al. 2004). Destabilized TTR variants in the
serum are degraded by the endoplasmic reticulum (ER) quality control system, i.e.,
ER-associated degradation (ERAD), of hepatic cells. The ERAD prevents severe
early onset systemic amyloidosis by keeping the concentrations of these variants in
serum low (Sekijima et al. 2005). Consequently, this quality control system takes
part in determination of the severity of the disease. It was demonstrated that tether-
ing two TTR subunits whose quaternary interface defines the T4 binding site reduces
tetramer dissociation (Foss et al. 2005).

Biochemical studies have shown that several amyloidogenic mutations alter pro-
tein stability, causing the aggregation and formation of amyloid fibrils (Kelly 1998).
TTR amyloid fibrils could be formed from tetramers linked by disulfide bridges
through oxidative modification of the thiol residue on the Cys10 of TTR as disulfide
bond formation occurs in homozygous and heterozygous patients with the Val30Met
mutation (Nakanishi et al. 2010; Terry et al. 1993; Thylén et al. 1993). It has also
been shown that a mutation at Cys10Arg also has amyloidogenic potential (Uemichi
et al. 1992). It was indicated that structural modification of TTR Glu54Gly and TTR
Glu54Lys may sufficiently alter tetramer stability and T, binding (Miyata et al. 2010).
FAP with Leu55Pro TTR has been focused on as the most aggressive form of the
disease. The Leu55Pro TTR monomer undergoes substantial structural changes rel-
ative to fluctuations observed in the WT TTR and Val30Met TTR monomers (Yang
et al. 2003). The Leu55Pro mutation results in profound conformational changes
relative to Val30Met (Lei et al. 2004). Structural studies involving X-ray diffraction
on TTR Leu55Pro revealed that monomers are the building block of the amyloid
structure (Sebastido et al. 1998). The TTR Val30Met, WT TTR and TTR Leu55Pro
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denaturation pathways show that both TTR variants form protofilaments at physio-
logical pH (Lashuel et al. 1998, 1999). This condition was also demonstrated using
TTR transgenic mice (Sousa et al. 2002; Teng et al. 2001). Experimentaly, the L55P
variant subunit exchange occurs via dimers, but the WT TTR exchange via both
monomers and dimmers (Keetch et al. 2005). The report also revealed that the rate
of dissociation of WT TTR increases in the presence of TTR Leu55Pro, which leads
to acceleration of the formation of hybrid tetramers. The in vitro assembly properties
of both WT TTR fibrils produced through acidification and TTR Leu55Pro fibrils
assembled at physiological pH reflected similar morphological features and dimen-
sions (Cardoso et al. 2002). Foguel et al. (2003) showed the existence of packing
defects in the fibril core indicating a source of non-fibrillar protein. Several studies
revealed the contribution of WT TTR to amyloid deposition in the hearts of FAP
patients (Yazaki et al. 2000). Studies on WT TTR have shown that increased tem-
perature or hydrostatic pressure can cause the formation of amyloidogenic species
(Chung et al. 2001; Ferrao-Gonzales et al. 2003).

TTR fibrilogenesis is complicated in vivo, because almost all individuals suffer-
ing from FAP are heterozygous, co-expressing both WT and variant proteins in the
liver (Murakami et al. 1992; Saraiva et al. 1990; Thylén et al. 1993). In heterozy-
gous patients with Val30Met FAP, WT and Val30Met TTR are present in ratios of
2:1 and 1:2 in plasma and amyloid fibrils, respectively (Dwulet and Benson 1984).
A compound heterozygous family in Portugal that expressed both Val30Met and
Thr119Met TTR with no or very mild symptoms of FAP in the kindred has been
reported (Coelho et al. 1993). TTR tetrameric structural stability in patients with
the TTR Thr119Met or TTR Val30Met/TTRThr119Met genes was shown by semi-
denaturing isoelectric focusing (Alves et al. 1997). The inclusion of Thrl119Met
subunits in disease-associated tetramers kinetically prevents tetramer dissociation
substantially, reducing the susceptibility of amyloidogenesis by a process referred
to as interallelic trans-supression (Hammarstrom et al. 2001, 2003a). TTR stability
with the TTR Val30Met/TTR Argl104His mutation has also been reported (Almeida
2000). Urea denaturation studies demonstrated that Val122Ile TTR exhibits a desta-
bilized quaternary structure and a stable tertiary structure, Leu5S5Pro TTR an unstable
quaternary and tertiary structure, Val30Met TTR a stable quaternary structure but an
unstable tertiary structure, and the Ara25Thr TTR a drastically destabilized quater-
nary and tertiary structure (Hurshman Babbes et al. 2008). The stability differences
among the disease-associated TTR variants highlight the complexity and hetero-
geneity of TTR amyloid disease. Metal ions including Zn>* may also enhance the
amyloidogenesis in FAP (Palmieri et al. 2010).

It was demonstrated that increased glycation of fibrinogen (da Costa et al. 2011)
and loss of functional albumin (Kugimiya et al. 2011) triggers acceleration of TTR
amyloid fiibrile formation in FAP.

Recently, several simulation studies involving engineered mutations have been
carried out to investigate amyloidogenesis. The destabilized variant TTR are as fol-
lows; one with destabilization of the AB loop through substitution of Tyr78Phe
(Redondo et al. 2000a), mutations Asp18Asn and Leul 10Ara (Redondo et al. 2000b),
highly amyloidogenic triple D-strand mutant Gly53Ser/Glu54 Asp/Leu55Ser, which
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resulted in conformational changes in the CD loop, D-strand and the DE loop,
designated as the B-silp (Eneqvist et al. 2000), amyloidogenic double mutant
Phe87Met/Leul 10Met (Hurshman Babbes et al. 2004), WT TTR, and the TTR
Tyr116Ser monomer affecting the binding of T4 inducing amyloidogenesis (Banerjee
et al. 2010). On the other hand, the stabilizing variant TTR, insufficient for amy-
loid fibril formation, are as follows; ones with mutations Ser117Cys and Glu92Cys,
and the dimer/tetramer interactions (Redondo et al. 2000b), and the Phe87Met/
Leul10Met TTR variant (Jiang et al. 2001).

21.3.2 TTR-Induced Neurotoxicity

Although the precise mechanism underlying neurotoxicity of TTR is unknown, a
population of unstable, heterogeneous amyloid oligomers and protofibrils is recog-
nized to be mainly responsible for amyloid cytotoxicity. As for the pathogenesis of
peripheral nerve disturbances in FAP, various theories, such as local compression
by aggregated amyloid, ischemia, neurotoxicity and apoptosis have been presented.
Length-dependent impairment of the peripheral nerves was explained by multifocal
endoneurial deposits of amyloid (Said 2003). Schwann cell pathology, i.e., segmen-
tal degeneration, onion bulb formation and myelin-axonal disproportion, was absent
and evidence of regeneration was not obtained (Toyooka et al. 1995). On the other
hand, atypical findings have been reported; preferential loss of axons in large myeli-
nated fibers (Misu et al. 1999), significant myelin damage (Sobue et al. 1990), and
independent correlation between fiber loss and size (Yamada et al. 1984). Lesions
in the dorsal root ganglia neurons (DRG) or Schwann cells have also been proposed
to explain axonal and neuronal loss (Sousa and Saraiva 2003). It has been reported
that TTR mRNA was detected in the DRG and cauda equina, but not in the sural
nerves, lumbar plexus or sympathetic ganglia on RT-PCR, it being concluded that
TTR synthesis in the DRG may be important for the development of neuropathy
(Murakami et al. 2008).

Toxic species of variant TTR have been identified in vitro, as well as in vivo in TTR
transgenic mice and in ex vivo explants from FAP patients (Andersson et al. 2002;
Reixach et al. 2004; Sousa et al. 2001a, 2002). Formerly, similar to other amyloids,
mature TTR amyloid fibrils were thought to have a cytotoxic effect, having highly
organized, insoluble structures that become resistant to proteolysis. Above all, mu-
tant TTR have been shown to be toxic to cells in culture (Hou et al. 2005; Sousa et al.
2001a). In the last decade, one of the subjects of research on amyloid toxicity has been
the small oligomeric TTR aggregates, i.e., non-fibrillar and not mature fibrils, formed
mainly in the fibrillogenesis pathway (Bucciantini et al. 2002). The Ser112Ile variant
TTR was shown to exist as a dimer having a nonnative tertiary structure that leads
to spherical aggregates that induce cell death at physiological pH (Matsubara et al.
2005). The toxic nature of the aggregates was evidenced by their ability to induce
the expression of oxidative stress and inflammation-related molecules in neuronal
cells including many cytokines, e.g. tumor necrosis factor a(TNFa), interleukin-1gb
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(IL-1Bb), nuclear transcription factor kB (NF«kB) and macrophage-colony stimu-
lating factor (MCSF), and a relationship with the cellular receptors for advanced
glycation end-products (RAGE), driving them into apoptotic pathways (Sousa et al.
2001b). The engagement of RAGE by a ligand triggers activation of key cell sig-
naling pathways, thereby reprogramming cellular properties (Huttunen et al. 1999;
Lander et al. 1997; Yan et al. 1994). It has been reported that activation of RAGE
leads to endoplasmic reticulum stress, activation of ERK1/2 and caspase-dependent
apoptosis (Monteiro et al. 2006). IL-10 expression increases after fibril deposition in
FAP nerves (Sousa et al. 2005). These studies represented the desire to understand
the involvement of inflammatory activity and apotosis via cytokines and RAGE in
the pathophysiological changes in FAP. On the other hand, ultrastractural and histo-
chemical study by using autopsy tissues and cultured cell lines revealed that neither
TTR amyloid fibrils nor prefibrillar aggregates derectly induced apoptosis (Misumi
etal. 2012).

Several cell toxic events induced by membrane affinity and calcium influx are ob-
vious. There is evidence that misfolded TTR mediate their toxic effects by binding
directly to lipid-rich areas of the plasma membrane, with the resulting disruption of
membrane integrity and cell impairment (Hou et al. 2005; Subasinghe et al. 2003).
Recently, it was suggested that TTR aggregation into oligomers disrupting intracel-
lular calcium influx by increasing the permeability of the plasma membrane may
contribute to the pathophysiology of FAP (Hou et al. 2007). A study also suggested
that activation of transient receptor potential M8 channels by Leu55Pro TTR in cul-
tured DRG neurons results in the subsequent opening of voltage-sensitive sodium
and calcium channels (Gasperini et al. 2011). On the other hand, evidence has been
presented that the mechanism underlying neurotoxicity in amyloidoses is the con-
formation of the aggregated protein itself, rather than its amyloidogenic amino acid
variant that results in altered membrane permeability to calcium (Bucciantini et al.
2002).

Protection against amyloid deposition or cytotoxicity has been demonstrated.
In our study on sural nerves, amyloid deposits were found to be surrounded by
a long process of fibroblasts that may play a role in preventing amyloid toxicity
(Nagasaka et al. 2009). Induction of heat shock proteins (HSP), HSP27 and 70,
heat shock factor 1, and aB-crystallin (HspBS5), by the extracellular TTR deposits in
FAP tissues indicates a protective effect of anti-apoptotic and chaperone properties
(Magalhaes et al. 2010). Many types of toxic amyloid other than that in FAP are well
known and these proteins may help us understand the TTR-induced neurotoxicity or
pathogenesis of FAP.

21.4 Tissue-specific Pattern of TTR Deposition

The molecular basis of the susceptibility of certain tissues is not fully understood.
Deformation of the amyloid structure, a conformational change or a host tissue mech-
anism in a variant form of TTR, and interaction between an amyloid and its receptor
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may contribute to the pathogenesis. Cell-specific secretion efficiency differences
could also be an important parameter for the tissue specificity of FAP (Hurshman
et al. 2004; Sekijima et al. 2003).

To determine the site of amyloid deposition, it would be valuable to reveal why
TTR is not deposited in the liver, which is the major site of TTR synthesis. An
investigation involving transgenic mice of human TTR amyloidosis also revealed
the sparing of liver deposition (Teng et al. 2001). One of the lines of evidence is that
the binding of RBP, which is secreted by hepatocyte, may stabilize the TTR tetramer
sufficiently in the liver (White and kelly 2001). Some TTR variants that are highly
unstable as to thermodynamics cause a late-onset central nervous system-selective
amyloidosis (CNSA) with a low concentration in the blood (Hammarstrom et al.
2003b; Sekijima et al. 2003). As to proteostatic differencies, cultured choroid plexus
cells appear to be more permissive secretors of highly destabilized, misfolding-
prone TTR variants than cultured murine hepatocytes, allowing initiation of CNSA
(Sekijima et al. 2005). Binding of cysteine and homocysteine with TTR may alter
the structure and characteristics of serum TTR, and may facilitate TTR denaturation
and deposition more than free TTR (Hanyu et al. 2009).

Other than the protein nature of TTR for amyloidogenesis, factors of deposition
sites such as extracellular matrix (ECM) components have been thought to influence
the efficiency of amyloidogenesis (Suk et al. 2006). Amyloid deposits, composed
mainly of variant and/or WT TTR and universal amyloid-associated molecules in-
cluding serum amyloid P component (SAP) (Pepys et al. 1994), apolipoprotein E
(Gallo et al. 1994), and ECM-related components such as proteoglycans (Lyon et al.
1991) and matrix metalloproteinase (MMP)-9 (Sousa et al. 2004) commonly occur
in the endoneurium (Sobue et al. 1990), in which ECM is abundant (Dubovy et al.
2002). Two genes related to ECM remodeling, biglycan and neutrophil gelatinase-
associated lipocalin (NGAL), are overexpressed, and MMP-9, which exists as a
complex with NGAL, is increased in FAP. Biglycan, NGAL, and MMP-9 are tran-
scriptionally up-regulated by NF-kB, which is activated in FAP nerves (Sousa et al.
2004). Although, MMP-9 degrades TTR aggregates and fibrils in vitro, TTR fibrils
became resistant to MMP-9 proteolysis in the presence of SAP (Sousa et al. 2005).
In TTR-related cardiac amyloidosis, it has been demonstrated that a relationship
between TTR and ECM proteolytic activation through MMP and tissue inhibitors
of metalloproteinase (TIMPs) may play an important role in the pathogenesis
(Biolo et al. 2008). Regarding the basement membrane (BM), TTR amyloid fib-
rils are firstly formed at the BM, followed by further amyloid deposition due to
the expression of BM components such as collagen IV, laminin, and fibronectin, as
found using autopsy cardiac tissues from patients with FAP and a smooth muscle cell
line (Misumi et al. 2009). Glycoasaminoglycans (GAGs) including heparan sulfate
(HS), dermatan sulfate, ketaran sulfate, and chondroitin sulfate are highly sulfated
linear polysaccharides prevalent in the ECM, and commonly found in association
with amyloid deposits including TTR amyloid in vivo. A report revealed that TTR
can bind to HS proteoglycan perlecan; a large multidomain proteoglycan that binds
to and cross-links many ECM and cell-surface components, and consists of three
heparan sulphate chains linked to a large core protein (Iozzo et al. 1994), with the
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binding probably mediated by a core protein, not a protein-glycosaminoglycan in-
teraction (Smeland et al. 1997). A report has also revealed that HS can promote
fibrillogenesis by binding to amyloid precursors (Ancsin 2003). A recent in vitro
study revealed that sulfated GAGs, especially heparin, accelerate TTR aggregation
through quaternary structural conversion based on a mechanism in which the sulfate
groups comprising GAGs interact primarily with TTR proteotoxic oligomers through
electrostatic interactions, facilitating the formation of less toxic amyloid aggregates.
This model raises the possibility that GAGs may play a protective role in human
amyloid diseases (Bourgault et al. 2011). Molecular chaperones, including the ex-
tracellular protein clusterin, are proteins that assist in the maintenance of proteostasis
with stabilizing non-native protein conformations, thereby preventing aggregation.
In patients with familial TTR, senile systemic, and Ig light chain amyloidosis, the as-
sociation of clusterin with extracellular myocardial amyloid deposits and decreased
serum clusterin concentrations revealed the amyloidogenic properties of clusterin
(Greene et al. 2011).

21.5 TTR-Related FAP

Several types of amyloidoses related to mutant forms of TTR are recognized, in-
cluding FAP, FAC, and CNSA. These amyloidoses can appear as early as the second
decade of life. A common age-related amyloidosis associated with WT TTR is called
senile systemic amyloidosis (SSA, see below for further details).

21.5.1 Familial Amyloidotic Polyneuropathy

Classically, FAP has been classified into four types according to ethnic origin,
differing amyloid proteins and patterns of neuropathy; FAP type I (Portuguese,
Japanese, and Swedish type) and FAP type II (Indiana/Swiss and Maryland/German
type) are associated with TTR. Several TTR mutations associated with FAP type 11
with the LeuS8HisTTR, in the Maryland/German kindred (Nichols et al. 1989b),
11e84SerTTR, in the Indiana/Swiss kindred (Nichols et al. 1989a; Wallace et al.
1988), and Lys70Asn TTR in an FAP pedigree of German ancestry residing in New
Jersey (Izumoto et al. 1992), have been reported. Clinically, FAP type Il is a systemic
disease characterized by carpal tunnel syndrome (CTS), followed by a generalized
polyneuropathy developing with vitreous opacity, and death due to myocardial im-
pairment. However, it is inappropriate to classify FAP into type I or II because of the
diversity of its symptoms with various TTR mutations, and it has been designated as
a TTR-related amyloidosis recently. FAP types III (Iowa type) and IV (Finnish type)
involve apolipoplotein Al and gelsolin, respectively. Although several phenotypes
showing correlation with the mutant or WT TTR variation are known at present, an
outline of the clinical manifestations of TTR-related FAP has already been presented
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the perspicuous report of Andrade in 1952. The hallmarks of the disease are it is in-
herited, with onset in the second or third decade, an unremitting course to death due
to cachexia and infection an average of 7—10 years later, and a characteristic pattern
of symptoms; paresis, early impairment of thermal and pain sensibilities, and an-
hidrosis in the lower limbs. Concomitant symptoms are nausea, vomiting, abdominal
pain, and sexual and sphincter disorders. A unique feature is the dissociated sensory
loss. Andrade found that the various sensation modalities were lost in the following
order: temperature, pain, touch, and, finally, joint position. On postmortem exam-
ination, amyloid deposits are found in large amounts in the kidneys and peripheral
nerves, and to a lesser extent in other organs (Dyck and Lambert 1969). TTR-related
FAP patients have been confirmed in more than 30 countries. Among several TTR
mutations, only a few including Val30Met are present in extended kindreds and mul-
tiple loci, which are prominent in northern Portugal, northern Sweden, and Japan,
although many have been found in single individuals or families (Andrade 1952;
Benson and Cohen 1977; Holmgren et al. 1988; Tawara et al. 1983). Penetrance
differences have been explained by that there may be variations in either the nuclear
or mitochondrial genomes (Soares et al. 2005). The penetrance of the Val30Met
TTR mutation shows considerable variation between families and localities; above
80 % in Portugal and Japan, and much lower in Sweden. The mean Val30Met TTR
carrier frequency in counties in northern Sweden is 1.5 % (Holmgren et al. 1994).
As for FAP with non-Val30Met TTR, the Ile84Ser mutation in an Indiana/Swiss kin-
dred was reported to exhibit essentially 100 % penetrance by age 50. The Thr60Ala
mutation is prominent in the United States, but originated in northern Ireland and
is now distributed in many countries with families of Irish descent (Benson et al.
1987). Leu58His is also frequently found in the United States in families originating
in Germany (Goebel et al. 1997; Nichols et al. 1989b). Genotype-phenotype corre-
lations remain largely unknown in spite of several intensive investigations (Connors
et al. 2003; Nakazato et al. 1989; Saraiva 2001). The complexity is increased normal
allelic variants in individuals of various ethnic backgrounds (Connors et al. 2003).

21.5.2 Clinical Symptoms

FAP usually presents as a peripheral neuropathy including autonomic failure. The
neuropathy usually starts with small-fiber dysfunction in the lower extremities with
a lack of thermal sensation being an early feature, like the neuropathy of diabetes
mellitus. Walking difficulty, weakness, and cardiac or gastrointestinal manifestations
are less common at onset. Dysesthesia in the distal parts of the four extremites may
be prominent with or without varying degrees of pain. The level of sensory symp-
toms slowly progresses from the disatal to the proximal parts of the four extremities
bilaterally. Motor function tends to be relatively preserved until the sensory manifes-
tations have advanced considerably. Muscular atrophy is remarkable compared with
motor weakness (Benson and Cohen 1977). Autonomic neuropathy tends to occur
relatively early in the course, and results in orthostatic hypotension, gastrointestinal
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motility problems (constipation alternating with diarrhea, attacks of nausea and vom-
iting, and delayed gastric emptying), anhidrosis, urinary retention or incontinence,
and sexual impotence. Mortality is dependent on complications such as pneumo-
nia, leg ulcers, malnutrition due to gastrointestinal tract dysfunction, and cardiac
involvement including restricted cardiomyopathy, cardiac arrhythmias (atrial fibril-
lation, atrial ventricular block, and sinus exit blockage). Carpal tunnel syndrome
(CTS) is often an early feature. The eyes are one of the sites of amyloid deposition.
Vitreous opacity is much more common, being seen with approximately 20 % of TTR
mutations. This symptom is a part of the oculoleptomeningeal syndrome of amyloid
deposition and amyloidotic cardiomyopathy without leptomeningeal involvement
(described below). Deposition of amyloid TTR in the vitreous has been found in
at least one individual with intact WT TTR genes without systemic involvement
(Barouch et al. 2004).

It is unclear whether the molecular mechanism is due to the position of the TTR
mutation, although no correlation between the severity and quantity of variant TTR
has been proposed (Nakazato et al. 1992; Saraiva 2001). Some FAP cases with a
progressive course have been reported. Jacobson et al. (1992) reported a type of FAP
with TTR Leu55Pro, early-onset, and rapidly progressive amyloidosis with severe
cardiac involvement. In that study, four of seven autopsy proven cases showed heavy
amyloid deposition limited to the blood vessels and nerves in the heart, the thy-
roid, blood vessels, peripheral nerves, and the gastrointestinal tract. Biochemically,
several lines of evidence of severe amyloidogenicity of TTR Leu55Pro have been
reported (Keetch et al. 2005; McCutchen et al. 1993; Sebastido et al. 1998). Variant
TTRGIu54Lys was reported to be an aggressive form of FAP (Togashi et al. 1999).
Alternatively, TTR Arg104His was found to induce structural alterations leading to an
increase the stability of the tetramer in compound heterozygotes for TTR Val30Met
in a study of mild-type FAP with TTR Val30Met/Arg104His (Almeida et al. 2000).
These characteristics are very similar to those found in compound heterozygotic car-
riers of TTR Val30Met/Thr119Met. TTR Asp99Asn in a Danish kindred has been
reported to be a non-pathogenic benign mutation with WT properties (Groenning
et al. 2011). These findings emphasize that a specific mutation is important for the
severity of FAP.

The heart and kidneys are the main sites of amyloid deposition other than periph-
eral nerves in FAP. It has been reported that serious cardiac amyloidosis is commonly
seen in patients with FAP of the non-Val30Met TTR type (Ikeda et al. 2002). Car-
diomyopathy is a prominent feature in patients with the Asp45, I1e50, Lys59, Ala60,
Leu68, Ser84, and GIn89 variants among FAP ones. An FAP patient with TTR
Val30Met who primarily developed amyloid cardiomyopathy, with less amyloid
polyneuropathy, has also been reported (Nakamura et al. 1999). A report pointed
out that autonomic denervation may contribute to the maintenance and progression
of cardiomyopathy, because of the lower norepinephrine contents in myocardial
bioptic specimens from FAP Val30Met patients (Fiori et al. 1994). The detection
of subclinical cardiac involvement may facilitate the diagnosis of late-onset FAP
Val30Met in patients without a family history of the disease (Koike et al. 2011). A
large amount of amyloid in the kidneys has been observed in almost all cases of
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the progressive form of FAP (Jacobson et al. 1992), and the common form of FAP
Val30Met. The combination of severe cardiac involvement and mild deposition in
the kidneys was reported in an autopsy case of FAP Ser50Ile, Glu54 Lys (Nagasaka
et al. 2009; Sakashita et al. 2001). The severity might not be necessarily attributed
to both the kidneys and heart. Endocrinologically, the pituitary, thyroid and adrenal
gland can be affected in FAP. Impairment of the hypothalamic-pituitary function in
FAP patients; abnormal growth hormone and prolactin regulation in the thyrotropin-
releasing hormone test, has been reported (Olofsson et al. 1991). Olofsson et al. also
showed no abnormality of the thyroid function, and subclinical adrenal insufficiency
in the short ACTH-stimulation test and on measurement of dehydroepiandrosterone
(Olofsson et al. 1989). A significant amyloid content in the thyroid gland has been
detected (Nakazato et al. 1989). The endocrine system may help explain the lack of
correlation between amyloid deposition and the function of the amyloidogenic or-
gans. In the gastrointestinal tract, causable evidence of severe disturbance in motility
and absorption, i.e., the amyloid deposition in the nerves leading to loss of neural
control (Yoshimatsu et al. 1998), and the impairment of the neuroendocrine system
including the secretion of serotonin and cholecystokinin/gastrin, and the immunore-
active cell content in endocrine cells (El-Salhy et al. 1994), has been reported. In
the pancreas, amyloid deposits are more prominent in the inner nerves than in the
Langerhans islets (Ando et al. 1991). Excessive secretion of insulin in 75-g OGTT,
which may reflect the abnormality of nerve regulation in the pancreatic endocrine
system, with amyloid deposition has been observed (Nagasaka et al. 2009). The
spleen and hepatic parenchyma do not have amyloid deposits. Muscular involve-
ment is an infrequent feature (Prashantha et al. 2010). In the spinal cord, minimal to
moderate myelinated fiber loss has been observed in the posterior columns in early-
and late-onset FAP TTR Val30Met (Koike et al. 2004).

21.5.3 FAP TTR Val30Met

FAP with Val30Met TTR is the most common FAP-related mutation present in 5,000—
10,000 symptomatic patients, and exhibits an extensive distribution in more than 15
countries in the world. In Portugal, over 500 kindreds had been identified, con-
stituting the largest focus of FAP Val30Met worldwide (Saraiva 2001). The second
largest focus is northern Sweden, where more than 350 families have been diagnosed
(Holmgren et al. 1994). In Japan, the first case with FAP TTR Val30Met in a focus
of patients in a southwest district was reported in 1968 (Araki et al. 1968), and more
than 25 variant TTR have been reported (Ando et al. 2005; Araki and Ando 2010;
Ikeda et al. 2002). The disease has became widely known, FAP TTR Val30Met is
now prevalent in areas other than those seen within conventional endemic foci (Koike
etal. 2011). Differences in clinical manifestations between races were found for FAP
TTR Val30Met, that is, Swedish patients appeared to develop vitreous opacity later
and more frequently compared with Japanese patients (Kawaji et al. 2010a). As
for the onset of polyneuropathy, there is a similar age difference in the report. Many
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differences are also present as to the disease course. FAP with Val30MetTTR is asso-
ciated with late-onset clinical disease (mean age, 55-60 years), and exhibits less than
50 % penetrance in northern Sweden (Hellman et al. 2008; Holmgren et al. 1994), in
contrast, with early-onset (mean age, 30-35 years) and much higher penetrance in
northern Portugal (Coelho et al. 1994). In Japanese families with late onset at ages
over 50 years, the neuropathy shows a male preponderance, low penetrance, little
relationship to endemic foci, sensorimotor symptoms beginning distally in the lower
extremities with disturbance of both superficial and deep sensation, and relatively
mild autonomic symptoms. In contrast, families with early onset show concentra-
tion in endemic foci, predominant loss of superficial sensation, severe autonomic
dysfunction, and atrioventricular nodal blockage requiring pacemaker implantation
(Koike et al. 2002). Underlying pathologic features of peripheral nerves and heart in
regard to the clinical differences has also been reported (Koike et al. 2004). These
differencies, other than mutant TTR, are important for the pathogenesis as to clinical
genetics.

21.5.4 Familial Amyloid Cardiomyopathy

FAC, which is characterized by prominent cardiomyopathy and the absence of
polyneuropathy, is associated with the apparently preferential amyloid deposition
of some TTR mutants in the heart causing congestive heart failure. The diagnosis
of FAC can be made by means of endomyocardial biopsy (Jacobson et al. 2011).
Three TTR mutations, the Ala45Thr, Leul11Met and Val122lle ones, are associated
predominantly with FAC. Val1221Ile FAC, which is found in approximately 3—4 % of
African Americans and causes late-onset restrictive cardiomyopathy, originated on
the west coast of Africa, and its clinical penetrance is thought to be high (Afolabi
et al. 2000; Jacobson et al. 1997; Yamashita et al. 2005). Amyloidotic cardiomy-
opathy without leptomeningeal involvement is also associated with vitreous opacity
(Falls et al. 1955).

21.5.5 Central Nervous System-selective Amyloidosis

CNSA, leptomeningeal amyloidosis or meningocerebrovascular amyloidosis is a
form of hereditary TTR amyloidosis characterized by primary involvement of the
central nervous system. The clinical features include seizures, stroke-like episodes,
dementia, psychomotor deterioration, hydrocephalus, spinal cord infarction, and
variable amyloid deposition in the vitreous humor. Pathologically, amyloid is de-
tected in the walls of leptomeningeal vessels and surrounding connective tissue
structures, and in the pia arachnoid and subpial region, which leads to cerebral infarc-
tion and, in later stages, cerebral hemorrhage (Blevins et al. 2003; Goren et al. 1980).
Several mutations of TTR genes (e.g., Leul2Pro, Asp18Gly, Ala25Thr, Val30Gly,
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Ala36Pro, Gly53Glu, Gly53Ala, Phe64Ser, Tyr69His, or Tyr114Cys) have been
reported to be associated with this phenotype (Blevins et al. 2003; Connors et al.
2003; Hagiwara et al. 2009; Uemichi et al. 1999). Mild systemic amyloidosis may
also be a complication. Familial oculoleptomeningeal amyloidosis (FOLMA) is lep-
tomeningeal amyloidosis in association with vitreous amyloid deposits (Petersen
et al. 1997).

21.6 Pathological Features of FAP

The systemic distribution of amyloid deposition has been revealed by histochemical,
immunohistochemical and ultrastructural studies of materials obtained by autopsy
or biopsy (Ikeda et al. 1987; Inoue et al. 1998; Nagasaka et al. 2009; Takahashi et al.
1991).

21.6.1 Sural Nerve Biopsy

The nerve pathology does not differ among FAP patients with several mutant TTR
essentially. Several reports have revealed that axonal fiber degeneration begins in
unmyelinated and small myelinated fibers, the large myelinated fibers only being af-
fected in an advanced stage. Specifically, unmyelinated fibers are severely affected.
Amyloid deposition was observed in the capillary walls and connective tissue of the
endoneurium, epineurium and perineurium (Fig. 21.1a, b) (Coimbra and Andrade
1971; Dick and Lambert 1969). Schwann cells are in contact with amyloid deposits
and some of them have been observed to present degenerative changes, including
disappearance of the basement membrane and proliferation of distorted processes
(Dick and Lambert 1969). In later stages of disease progression, severely affected
nerves exibit endoneurium contents replaced by amyloid, abundant collagen bundles,
and Schwann cells without axons and fibroblasts, only a few nerve fibers retaining
viability. In ganglia, TTR amyloid deposits are present in the stroma in close contact
with satellite cells, and a progressive loss of neurons is observed (Hanyu et al. 1989;
Hofer and Anderson 1975; Ikeda et al. 1987; Takahashi et al. 1991). In an ultrastruc-
tural study, TTR amyloid deposits were found to be very dense and disorganized,
with a hard-edged profile and surrounded by a long process of fibroblasts (Fig. 21.2a,
b). The amyloid seemed not to invade nerve fibers or Schwann cells for the most part,
but some nerve fibers or Schwann cells seemed to have been destroyed (Fig. 21.2c—f).
Amyloid fibrils from the sural nerve of patient for FAP Glu54Lys comprise rigid,
straight and nonbranching tubules with a diameter of 7 nm, and with a periodicity of
about 200 nm (Fig. 21.2g). The fibrils from the vitreous humours of patients homozy-
gous for TTRVal30Met has been shown to have a uniform width of about 130 A, and
are composed of four parallel protofilaments of 50-60 A diameter in a square-section
array (Serpell et al. 1995). The variation of the size of amyloid fibrils may be due
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Fig. 21.1 Sural nerve obtained by biopsy in FAP with Glu54LysTTR. In immunofluorescence
staining for TTR. a Amyloid deposition is seen in the endoneurium adjacent to the perineurium.
b Amyloid is detected in the perineurium

to the composition of WT and variant TTR being characterized by the mutation, or
the sites of deposition. The formation of amyloid fibrils being composed of a surface
layers and a core obtained from FAP Val30Met has been proposed morphologically
(Inoue et al. 1998). On immuno-electronmicroscopy, gold labeling-positive TTR
were observed in both pre-fibrillar and fibrillar structures along or intermingled with
collagen fibers (Fig. 21.2g—i).

21.6.2 Autopsy

On autopsy, the distribution of amyloid deposited organs differs among FAP patients
with several mutant TTR to various degrees. As an example, a comparison of the
regions of amyloid deposition between FAP Val30Met and Glu54Lys is summarized
in Table 21.1 (Nagasaka et al. 2009). The major difference between the two types
of FAP is renal involvement. Common findings are as follows. In the peripheral
nervous system, TTR fibrils are diffusely distributed in nerve trunks, plexuses, and
ganglia. The vagus nerves and celiac ganglia show extensive endoneurial and intra-
ganglionic deposition of amyloid (Ikeda et al. 1987). The cardiac muscle is atrophic
with complemental hypertrophy. Amyloid deposition is detected in the endoneurium
of cardiac nerves, and in the capillary walls and perimyofibrils in the heart. In the
cardiac conduction system, amyloid deposition is prominent in the sino-arterial node
and in the limbs of the intraventricular bundle. The kidneys are also a major site of
amyloid deposition. Other organs containing amyloid include the sympathetic nerve
trunk, vagal nerves, celiac plexus, pelvic plexus, DRG, bladder, gastrointestinal
tract, tongue, pancreas (more prominent in the nerves than Langerhans islets), lungs,
pituitary (anterior lobe), gall bladder, adrenals and muscles. Deposition limited to
blood vessels in the arachnoid, subarachnoid, and choroid plexuses, but lacking in
the parenchyma including blood vessels, is generally seen in the brain. (Ando et al.
1991; Nagasaka et al. 2009).
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Fig. 21.2 Electronmicroscopic study using sural nerve in FAP with Glu54LysTTR. (a, b, d, e, f:
Routine electronmicroscopy ¢, g, h, i: immunoelectronmicroscopy by immuno-gold labeling for
TTR). a A myelinated fiber and amyloid aggregation (asterisk) are separated by the process of
fibroblast (arrow). Bar =1 pum. b Amyloid aggregation (asterisk) is surrounded by the fibroblast.
Bar =2 pm. ¢ Fibrile aggregation is positive of TTR. Schwann cell is intact near amyloid aggrega-
tion. Bar=0.5 pm. d Schwann cell seems to be destructed near amyloid aggreagation (asterisk).
Bar =2 pm. e Ghost structure (arrow) which is covered by amyloid (asterisk) seems to be myeli-
nated fiber. Bar=1 pm. f Slightly shrinked unmyelinated nerve is seen surrounded by amyloid
fibrils (asterisk). Bar=1 pm. g The fibrils were straight, nonbranching tubules with a diameter of
7nm, and with a periodicity of about 200 nm. Bar =0.5 pwm. h Amyloid fibrils intermingled with
collagen fibers (asterisk) are seen. Bar=0.2 wm. i Pre-fibrillar amyloid (arrow head) deposited
in collagen fiber (asterisk) is seen. Bar =0.5 pm. (From Nagasaka et al. (2009), with permission
from Elsevier)

21.7 Diagnosis of FAP

The clinical course, family history, and nerve conduction study, sural nerve biopsy,
cardiac examination, including ultrasound cardiography and scintigraphy, and ge-
netic test results are helpful for diagnosis of FAP. Nerve conduction studies can
be a useful conventional tool for detecting and evaluating peripheral neuropathy
(Said et al. 1984). Reduced nerve conduction velocity, and lowered amplitudes of
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Table 21.1 Comparison of

- . Tissue Glu54Lys Val 30 Met

the region of amyloid (our case)

deposition between

FAPMet30 and FAPLys54. Heart 44 ++

The degree of amyloid Lung + _

deposition is classified into Liver — _

the following 4 grades: Kidneys - ++

— negative; + slight; Spleen — +

+-+ moderate; + + + Pancreas 44 4+

severe. (From Nagasaka Digestive tract ++ ++

et al. (2009), with permission Bladder ++ +++

from Elsevier) Adrenals ++ 4
Testis +++ +
Thyroid gland +++ 4+ 4+
Prostate +++ Unknown
Pituitary 4+ +
Skeletal muscle 4+ +
Cerebrum - _
Cerebellum - —
Arachnoid membrane + +
Choroid plexus — + 4+ +
Spinal cord _
Peripheral nerves + ++

compound muscle action potential and sensory nerve action potential, reflecting
demyelination and axonal impairment, can be observed in affected nerves. Among
the polyneuropathies, localized abnormalities such as CTS can be differentiated
with this technique. For evaluation of the heart, echocardiography is the most
useful noninvasive test for cardiac amyloidosis, i.e., for visualization of the ven-
tricular wall thickness, ventricular septal thickness, and hyperrefractile myocardial
echoes; granular sparkling appearance. Electrocardiography (ECG) shows charac-
teristic findings of cardiac amyloidosis including low voltage in the standard limb
leads and a QS pattern in the right precordial leads with or without conduction blocks.
Gadolinium-enhanced MRI of the heart can be used to identify cardiac amyloidosis
(Di Bella et al. 2010; Perugini et al. 2006). RI scintigraphy involving 123-I-iodine-
meta-iodobenzylguanidine (MIBG) is adequate for detecting cardiac sympathetic
nerve impairment. RI scintigraphy involving (99 m)Tc-(V)-dimercaptosuccinic acid,
(99 m)Tc-DPD (3,3-diphosphono-1,2-propanodicarboxylic acid) (Perugini et al.
2005), and (99 m)Tc-pyrophosphate (Ikeda 2004) has been proposed for detecting
cardiac TTR deposits. (99 m)Tc-DPD imaging is useful for distinguishing TTR from
AL amyloidosis, in which the uptake is usually less. Enhanced MRI of the brain
and spinal cord is a convenient method for evaluating CNS amyloidosis (Mitsuhashi
et al. 2004). Ophthalmologic evaluation is also useful. To confirm TTR amyloidosis,
the demonstration of amyloid deposition in biopsied tissues is essential.

Deposition of amyloid in tissues can be demonstrated by Congo red staining
of biopsy materials. With Congo red staining, amyloid deposits show characteris-
tic yellow-green birefringence under polarized light. It is ideal to show that these
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amyloid deposits are specifically immunolabeled by anti-TTR antibodies. For many
years, a rectal biopsy was the favored procedure when systemic amyloidosis was sus-
pected. Tissues suitable for biopsy include subcutaneous fatty tissue of the abdominal
wall (the capillaries are often involved in amyloidgenic TTR), skin, gastric or rectal
mucosa, sural nerve, and peritendinous fat from specimens obtained on carpal tunnel
surgery. Biopsy of an organ with impaired function, such as the heart or gastrointesti-
nal tract, has the advantage of a definitive diagnosis of some phenotype. Data have
revealed that the sensitivity of endoscopic biopsy of the gastrointestinal mucosa is
around 85 %; biopsy of a sural nerve is less sensitive because the amyloid deposition
is often patchy (Hund et al. 2001; Koike et al. 2004; Vital et al. 2004). Salivary gland
biopsy is also useful tool (Do Amaral et al. 2009; Planté-Bordeneuve et al. 2007).

Determination of whether or not a TTR variant is present is important because the
treatment options is different. Information about a TTR variant can also be of use
for other family members, ensuring early diagnosis and treatment. Clinical genet-
ical testing, including targeted mutation analysis, sequence analysis of exons, and
deletion/duplication analysis, is a siginificant method for TTR-related amyloidosis.
SELDI-TOF MS (a variation of matrix-assisted laser desorption/ionization; MALDI)
is a reliable tool for the diagnosis and investigation of the pathogenesis of FAP with
quantitative evaluation of TTR variants, in both tissues and body fluids (Ueda et al.
2009).

In sporadic (non-familial) cases of neuropathy, careful diagnosis should be made
(Ando 2010). Of 90 non-familial FAP patients with 17 different mutations of the TTR
gene including Val30Met, Ser77Tyr, Ile107Val and Ser77Phe, 18 were mistakenly
diagnosed as having chronic inflammatory demyelinating polyneuropathy (CIDP),
which was the most common diagnostic error (Planté-Bordeneuve et al. 2007). The
clinical aspects in 15 non-familial FAP patients with TTR Val30Met were reported,
including somatic neuropathy as an initial symptom in all patients, minor prevalence
of small-fiber predominant loss in peripheral nerves, and findings suggestive of
subclinical amyloidotic cardiomyopathy (Koike et al. 2011). The report also stated
that some patients were initially suspected to have CIDP. An atypical case with
FAP TTRTyr78Phe was also reported who presented with rapidly progressive axonal
motor neuropathy with subclinical signs of sensory involvement (Riboldi et al. 2011).
These data indicate that genetical examination for TTR FAP is a significant tool for
the diagnosis of patients with a progressive polyneuropathy of undetermined etiology,
especially, with autonomic dysfunction or subclinical cardiac involvement.

21.8 Therapeutic Approaches for FAP

Even now, no specific treatment for TTR amyloidosis has been proven to prevent
or cure the disease. There are various symptoms in FAP, so several conservative
therapies for orthostatic hypotension, gastro-intestinal symptoms, anemia, heart
failure, neuropathic pain, hypothyroidism, hypoglycemia, decubitus ulcers, and
vitreous opacity are needed. Araki and Ando (2010) categorized the therapies on
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the basis of the amyloid formation mechanism as follows: replacement of the vari-
ant TTR gene with a normal TTR gene (liver transplantation (LT), gene therapy),
down-regulation of TTR gene mRNA (injection of a large amont of normal TTR
(Ando et al. 1997; Ando 2005)), reduction of variant TTR levels (plasma exchange,
affinity column chromatography, TTR column chromatography, laser photo coagu-
lation (Kawaji et al. 2010b)), stabilization of the tetrameric TTR structure (NSAIDs,
Cr’* (Sato et al. 2006)), Fx-1006A, prevention of amyloid formation (the fluo-
rescent Congo red derivative (trans, trans)-1-bromo-2,5-bis-(3-hydroxycarbonyl-4-
hydroxy)styrylbenzene (BSB), antibody therapy, radical scavengers), and dissolution
of amyloid fibrils (IDOX (Sebastido et al. 2000), tetracycline). Methods for elimina-
tion of amyloidogenic TTR from the blood circulation, including plasma exchange,
affinity column chromatography, and TTR column chromatography, were concluded
not to be effective for TTR amyloidosis, because decreased serum TTR levels re-
turned to the same levels as before the treatment because of the rapid turnover of
TTR.

21.8.1 Liver Transplantation

LT is the only effective treatment for ameliorating FAP, an FAP-associated mutant
TTR/WT-TTR liver being replaced by a WI-TTR/WT-TTR secreting one, eliminat-
ing the presence of amyloidogenic mutant TTR in the blood. The first LT performed
for FAP was performed in 1990 by Holmgren et al. (Holmgren etal. 1991). Since then,
LT has widely spread, and had been performed in approximately 1,800 FAP patients
in 18 countries by the end of 2009, according to the Familial Amyloidotic Polyneu-
ropathy World Transplant Registry in Sweden (FAPWTR: http://www.fapwtr.org/).
Better results have been obtained for Val30Met FAP and much less effective ones for
non-V30M FAP, that is, 82 % 5-year survival for patients with Val30Met compared
to 61 % for patients with other TTR mutations (Benson et al. 2006; Stangou and
Hawkins 2004). LT in FAP Val30Met decreases the TTR plasma level to less than
5 % of the pre-surgical level followed by prevention of further deposition of amyloid
in most tissues (Ando et al. 1995; Herlenius et al. 2004; Holmgren et al. 1993; Stan-
gou and Hawkins 2004; Suhr et al. 2002). On peripheral neuropathy, halting of the
progression for 10 years after LT was observed for FAPVal30Met (Shimojima et al.
2008). Pathological examination showed that the rate of axonal loss of myelinated
fibers was markedly lower in transplanted patients than in non-transplanted ones
on 2 years follow-up, while autonomic dysfunction exhibited no significant change
(Adams et al. 2000). It was suggested that survival after LT may be associated with
progression of neuropathy due to deposition of WT TTR fibrils (Liepnieks et al.
2010). On the other hand, a number of limitations and problems has been recognized
for LT, including a shortage of donors, arequirement for surgery for both the recipient
and living donor, high cost, incompatibility of patients, and lifelong administration
of immunosuppressants (Sekijima et al. 2008). The most important evidence is that
the progression of the disease in many patients after LT has been obvious, and is
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hypothesized to be the result of continued amyloid fibril formation and deposition
of WT TTR after amyloid deposits have been initiated by variant TTR (Olofssoon
et al. 2002; Pomfret et al. 1998; Yazaki et al. 2000). It has also been shown that
approximately 5-10 % of recipients develop TTR amyloid deposits in several tissues
within 5-8 years after LT (Bittencourt et al. 2002; Stangou et al. 2005; Takei et al.
2007). More compelling evidence is that greater amounts of WT TTR than variant
TTR were found in amyloid deposits from patients heterozygous for a TTR muta-
tion who died more than 3 years after LT, whereas amyloid deposits from organs of
patients who did not undergo LT usually contained significantly more variant than
WT TTR (Dwulet and Benson 1986; Wallace et al. 1986; Yazaki et al. 2000). More-
over, cardiac amyloidosis often progresses in Val30Met FAP patients after LT due
to the lasting deposition of WT TTR in the heart (Herlenius et al. 2004; Hornsten
et al. 2004; Olofsson et al. 2002; Stangou and Hawkins 2004). It was also shown
that in cardiac tissue after LT, fibrils with fragmented amyloidotic TTR containes a
higer WT propotion than fibrils without (Ihse et al. 2011). Although the presence
of recipient-derived cells in transplanted livers has been reported, the effect of the
cells does not contribute to the post-transplant progression of FAP symptoms (Ohya
et al. 2010). It has also been demonstrated that progression of amyloid deposition
in the eyes and CNS, in which TTR is produced by itself and there is a barrier, e.g.,
the BBB, could not be halted by LT (Ando et al. 2004). Because of the shortage
of donors, more than 330 domino LT (the liver of an individual with familial TTR
amyloidosis can be grafted into an individual with liver cancer or end-stage liver dis-
ease) have been performed (Stangou et al. 2005). A recent report revealed that a case
developed systemic amyloidosis 8 years after domino LT received from a Val30Met
heterozygote with familial TTR amyloidosis. Subclinical cutaneous TTR deposits
have been confirmed in five other recipients of domino LT (Sousa et al. 2004). The
poor outcomes in LT individuals can be summarized as follows, poor nutritional
condition (mean body mass index, < 600), severe polyneuropathy (Norris score,
<55/81), permanent urinary incontinence, marked postural hypotension, and a fixed
pulse rate (Ikeda et al. 2003). Based on this experience, adequate requirements for
LT have been proposed.

21.8.2 Approaches Other than Liver Transplantation

Recent studies suggested new therapeutic approaches other than LT such as native
TTR tetramer kinetic stabilization through small molecule binding (e.g. diflunisal
and Fx-1006A), immune therapy, and gene therapy with small interfering RNAs, an-
tisense oligonucleotides, and single-stranded oligonucleotides (Sekijima et al. 2008).
Inhibition or slowing of amyloid fibril formation through stabilization of the native
form of the protein TTR over the dissociative transition state is a viable approach for
the treatment of FAP (Johnson et al. 2005; Simoes et al. 2010). It has been shown that,
in cerebral spinal fluid, the TTR binding T4 is in the stable tetrameric conformation,
which does not lead to detectable TTR amyloid formation in the brain. Previous work
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has shown that binding of T4 and derivatives dramatically stabilizes the native con-
formation of the TTR tetramer and consequently inhibits amyloid formation in vitro
(Miroy et al. 1996). Several compounds known to bind TTR in its T4 pocket also bind
albumin, non-steroidal anti-inflammatory drugs (NSAIDs), or agents like bromophe-
nol blue, salicylates, and furosemide, among others (Baures et al. 1998, 1999; Larsen
1972; Steinrauf et al. 1991; Stockigt et al. 1985). NSAIDs, the structure of which re-
semble the T4 one, including flufenamic acid, diflunisal, diclofenac, flurbiprofen, and
resveratrol, and structurally similar compounds has been shown to have potential as to
stabilization of the tetrameric TTR and strong inhibition of the formation of TTR amy-
loid fibrils in vitro (Almeida et al. 2004; Hammarstrom et al. 2003a; Miller et al. 2004;
Sekijima et al. 2008; Tojo et al. 2006). A study on the effect of diflunisal on familial
amyloidosis is ongoing (Clinical Trials.gov, a service of the U.S. National Institutes of
Health: http://clinicaltrials.gov/ct2/show/study/NCT00409175 last updated on Dec
16, 2010). FX-1006A (tafamidis meglumine; an amino sugar derived from sorbitol)
has completed a phase II/III clinical trial and preliminary results suggest it slows
progression of the disease (Clinical Trials.gov, a service of the U.S. National Insti-
tutes of Health: http://clinicaltrials.gov/ct2/show/study/NCT00409175 last updated
on May 25, 2011).

Small molecules of a diverse variety of scaffolds (stilbens, flavones, benzoxazoles,
tetrahydroquinolines, dihydropyridines, benzodiazepines, and phenoxazines), which
are able to bind the T4 binding sites of TTR with high affinity, are also expected
to kinetically stabilize the native quaternary structure, and thereby preclude TTR
disassembly, misfolding, and aggregation (Adamski-Werner et al. 2004; Johnson
et al. 2008a, b, 2009). These small molecules typically comprise two appropriately
substituted aromatic rings connected by hydrophobic linkers of variable chemical
composition, and usually have polar substituents on their aryl rings, which interact
with carboxyl or hydroxyl groups located in the T4 binding site (Johnson et al. 2008a).
In vivo studies involving cultured tissues have shown that such compounds reduce
amyloidogenic TTR-induced cytotoxicity in amyloid deposited cells (Reixach et al.
2004, 2006).

Other mechanisms and therapeutic approaches for stabilizing TTR have been
proposed.

A report demonstrated that clusterin prevents the amyloid fibril formation by TTR
variants under acidic conditions through stabilization of the TTR tetrameric structure
by strongly interacting with WT TTR, and TTR variants Val30Met and Leu55Pro
(Lee et al. 2009).

Another study has demonstrated that (-)-epigallocatechin-3-gallate (EGCG), the
most abundant catechin in green tea, binds to TTR, resulting in inhibition of ag-
gregation in vitro and ex vivo (Ferreira et al. 2009). Targeting the misfolding step,
CyDs (cyclodextrins), cyclic oligosaccharides composed of glucose units, various
branched B-CyDs, and GUG-B-CyD [6-0O-a-(4-O-a-D-glucuronyl)-D-glucosyl-8-
CyD] showed potent inhibition of TTR misfolding by stabilizing its conformation,
resulting in suppression of TTR amyloid formation (Jono et al. 2011). It was found
on mass spectrometry that retinol stabilizes the quaternary structure of TTR, through
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its interactions with RBP, thereby reducing the rate of TTR disassembly (Hyung et al.
2010).

Recently, anti-oxidant and apoptosis therapies have been proposed. Carvedilol,
a f-antagonist with a strong anti-oxidant effect on lipids, proteins and superoxide
production, reduces TTR deposition in a FAP mouse model (Macedo et al. 2010).
Tauroursodeoxycholic acid (TUDCA), a unique natural compound that acts as a
potent anti-apoptotic and anti-oxidant agent, reduced TTR toxic aggregates with de-
creasing apoptotic and oxidative biomarkers in a transgenic mouse model of FAP
(Macedo et al. 2008). Moreover, combined doxycyclin and TUDCA treatment sig-
nificantly lowered fibrillar TTR amyloid deposition in transgenic TTR mice models
(Cardoso et al. 2010).

Suppression of TTR expression in hepatocyte cell cultures with ribozymes has
been reported (Nakamura and Ando 2004; Propsting et al. 2000; Tanaka et al. 2001).
Instead of LT, gene therapy has been attempted to prevent the production of variant
TTR in the liver. Several studies on mice in which the TTR gene had been inactivated
indicated no ill effects due to the lack of TTR (Episkopou et al. 1993), therefore, it
could be an effective therapeutic approach due to the limitation of TTR as the amyloid
fibril precursor, followed by inhibition of production of both variant and WT TTR.
An examination demonstrated endogenous gene repair of genomic deoxyribonucleic
acid induced by single-stranded oligonucleotides in transgenic murine liver with the
murine TTR Val30Met gene (Nakamura et al. 2004). TTR antisense oligonucleotides
suppress the hepatic TTR mRNA levels and serum TTR levels in a transgenic mouse
model carrying the human TTR Ile84Ser mutation (Benson et al. 2006). Intraven-
tricular administration of TTR-specific antisense oligonucleotides into the cerebral
ventricular system in mice transgenic as to human TTR Ile84Ser significantly re-
duces the choroid human TTR mRNA levels, and TTR in choroid plexus epithelial
cells (Benson et al. 2010).

A few studies have been performed on specific therapies for TTR amyloid
cardiomyopathy. Several new chemical scaffolds, identified using a fluorescence
polarization-based high-throughput screenig assay, effectively inhibit the proteotox-
icity of Val122Ile-TTR toward human cardiomyocytes by preventing TTR tetramer
dissociation, partial unfolding, and aggregation of both WT and Val122lle-TTR
(Alhamadsheh et al. 2011).

Structure-based design of kinetic stabilizers that ameliorate the TTR amyloidoses
has been performed (Connelly et al. 2010). Ortho-trifluormethylphenyl anthranilic
acid and N-(meta-trifluoromethylphenyl) phenoxazine 4,6-dicarboxylic acid have
been discovered to be very potent and specific TTR fibril formation inhibitors
(Klabunde et al. 2000). The isosteric 3,5-dibromo-4-aminophenyl substructure binds
to the inner T4 binding pocket of TTR to protect cells from the cytotoxic ef-
fect of amyloidgenic TTR (Choi et al. 2010). Inhibition of variant TTR mRNA
expression by small interferingRNAs (siRNA) is also under investigation. 4'-Iodo-
4’'-deoxydoxorubicin (IDOX) has been reported to bind to several types of amyloid
and to lead to the catabolism of amyloid in deposits. In a multicenter clinical trial,
IDOX was administered to persons with AL amyloidosis, however, no obvious benefit
was detected.
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21.9 TTR-derived Senile Systemic Amyloidosis

SSA is a common age-related amyloidosis that involves the accumulation of WT
TTR (Westermark et al. 1990) predominantly in the heart as well as in other organs,
e.g., the lungs, kidneys and gastrointestinal tract (Westermark et al. 1979; Cornwell
et al. 1983). 10-15 % of individuals older than 65 years and one-quarter of people
aged over 85 years are affected (Tanskanen et al. 2008; Ueda et al. 2011) and find-
ings are frequently observed at autopsy. Pathologically, the TTR amyloid deposits
exhibit a patchy plaque-like shape and develop mainly inside the ventricular wall
in cases with SSA, whereas in FAP cases they develop mainly in the pericardium
and the surrounding muscle fascicles (Ueda et al. 2011). A report revealed a close
association between the presence of amyloid and the basement membrane around
myocardial cells (Sawabe et al. 2003). However, the clinicopathological features of
SSA remain to be completely elucidated. TTR in SSA is fragmented more than 90 %
in contrast with full length TTR in most hereditary amyloidosis cases with variant
TTR. From the tissues with amyloid deposits in SSA patients, a series of C-terminal
TTR fragments with N-terminals ranging from 46 to 55 amino acids in length have
been identified (Ando and Ueda 2008). A report suggested that myocardial infarc-
tion, and variations in the genes for alpha2M and tau may be associated with SSA
(Tanskanen et al. 2008). The pre-mortem diagnosis of SSA is rare in spite of the dis-
ease frequency, so it is important to develop several diagnostic methods. In addition
to routine cardiac examination, radiological evaluation, RI scintigraphy involving
(99 m)Tc-DPD for detecting cardiac amyloid deposits (Perugini et al. 2005), and
magnetic resonance imaging to detect delayed gadolinium enhancement (Perugini
et al. 2006) can lead an accurate diagnosis. Subcutaneous fat biopsies allow the de-
tection of amyloid deposits in only 20 % of SSA patients, but the detection rate on
combined biopsy evaluation of gastrointestinal tract and subcutaneous tissue sam-
ples from SSA patients is 44 % (Ueda et al. 2011). The treatment of SSA focuses
on conservative care including diuretics, etc. Also, implantation of a permanent
pacemaker (Mathew et al. 1997) and also orthotopic heart transplantation (Fuchs
et al. 2005) have been considered. Even so, as for FAP, novel treatments should be
developped.

The WT TTR protein has been shown to undergo conformational changes and
resulting fibril formation similar to amyloidogenic variants under denaturing con-
ditions (Cardoso et al. 2002). Studies on WT TTR after heat denaturation have
shown that several key changes occur during the process that are not completely
reversed on renaturation, leading to the hypothesis that these permanent confor-
mational events may promote subsequent fibrile formation (Chung et al. 2001).
Kinetic stabilization by small molecules has been shown to stabilize the WT TTR
tetramer, and to prevent or slow the formation of amyloid fibrils in vitro (Johnson
et al. 2005).
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21.10 Conclusion

In recent years, a lot of molecular biological data concerning not only TTR but the
other proteins involved in protein misfolding disease have accumulated, and thus un-
ceasing efforts of research on TTR-related amyloisosis has been continued. FAP is
now recognized not to be a rare disease, and to have many variations based on geneti-
cal and biochemical variations of TTR, although the genotype-phenotype correlation
is still unclear. Moreover, progress has been made in diagnostic procedures including
genetical approaches for the early accurate diagnosis. As for treatment, in addition
to liver transplantation, several TTR stabilizers has been applied for as the results
of fundamental molecular biological studies. The radical treatment is expected to be
established in the future.
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