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AβPP Amyloid-β precursor protein 
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Introduction 

Amyloidosis – A historical perspective  
Amyloidosis refers to a diverse group of diseases in which proteins along 
with other components deposit as fibrillar material in tissues and organs 1. 
More than 25 different precursor proteins that form amyloid in humans have 
been described, each of which tend to form deposits in different organs, re-
sulting in distinct disease patterns 2,3. Some amyloidoses involve deposits in 
a single organ, such as the brain in Alzheimer’s disease (AD) and the pan-
creas in late-onset diabetes. Others, such as inflammatory-associated (AA) 
amyloidosis, involve deposits in multiple organs, including the liver, spleen 
and kidneys, which compromises their function 4,5.  

Although varying in etiology and site of deposition, it was initially be-
lieved that amyloid was composed of the same molecular entity 6. This as-
sumption was based on studies using light microscopy and histopathological 
dyes, such as Congo red. Amyloid-laden tissue sections of diverse specimens 
generated a distinctive optical characteristic, known as birefringence (apple-
green), when stained with Congo red and viewed with polarizing optics 7. 
The introduction of electron microscopy techniques enabled further submi-
croscopic analysis. In the late 1950s, Cohen and co-workers captured high-
resolution images of isolated amyloid material, demonstrating that deposits 
are composed of unbranched fibrils of ~10 nm in diameter, regardless of 
disease origin and site of deposition 7,8.  

With the introduction of amino-acid sequencing techniques it became ap-
parent that each amyloidosis was linked to a unique protein or peptide. In 
1971, the immunoglobulin-light chain was found to be the precursor of AL-
amyloidosis 9. AL-amyloidosis is related to bone marrow disorders, where 
the overproduction of immunoglobulin-light chains by plasma cells results in 
the systemic deposition of these proteins 10,11. Later in the same year, the 
acute-phase serum amyloid A protein (SAA) was identified to be the precur-
sor of AA-amyloidosis, a serious complication of many inflammatory disor-
ders 12. Several amyloid precursors have been identified since, and in 1984, 
Glenner and co-workers identified the amyloid-β (Aβ) peptide 13 to be the 
protein-component of amyloid in the brain of AD patients.  

Biochemical studies later demonstrated that amyloid-like fibrils could be 
generated in vitro using synthetic or purified polypeptides. It was found that 
all amyloidogenic peptides and proteins aggregated into fibrils along a 
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common pathway. Fibril formation is initiated by misfolding of the native 
protein/peptides, which then further assembles into β-rich structures of a 
highly regular nature 14. These in vitro fibrils are comparable to fibrils re-
trieved from amyloid-laden tissues, as they display Congo red-positive char-
acteristics and exhibit fibrillar morphology when viewed with electron mi-
croscopy. 

The discovery of hereditary mutations associated with familial amyloido-
sis, provided genetic evidence for the protein-misfolding hypothesis. Patho-
logical mutations are found within the gene coding for the amyloid precursor 
protein itself, or within genes coding for proteins that regulate their produc-
tion and secretion 15,16. For instance, carriers of the so-called Arctic 
Aβ mutation develop an aggressive form of AD, usually with clinical mani-
festations in the 5th decade of life, compared to late onset AD where symp-
toms do not typically present before 65 years of age 17. In vitro studies show 
that the Arctic-Aβ peptide, containing a substitution of glutamic acid (E) for 
glycine (G) at amino acid residue 22, has a much greater tendency to aggre-
gate compared with the wild-type (WT) peptide 18.  

 Taken together, the identification of disease-specific proteins and related 
familial mutations has greatly contributed to our understanding of amyloid 
diseases. This knowledge, in combination with the generation of amyloid-
like fibrils in vitro, has lead to the current view of amyloidoses as a family of 
protein misfolding diseases.  

Heparan sulfate – A common denominator in 
amyloidosis 
Although considerable effort has been devoted to study the aggregation of 
disease-specific peptides and proteins, other components consistently occur 
in the amyloid deposits, independently of the amyloid disease investigated. 
These include apolipoprotein E (ApoE), serum amyloid P (SAP) component 
and heparan sulfate proteoglycans (HSPGs) 19. This suggests that the patho-
genic process of amyloidosis is complex, driven by a multitude of interac-
tions, and not solely relying on the amyloidogenic properties of the protein.  

HSPGs are large molecules present in all tissues and are composed of a 
protein core to which HS polysaccharide side chains are attached (HSPGs 
will be further discussed later).  

Interestingly, the German physician Rudolf Virchow initially coined the 
term “amyloid” in the 1850’s when examining unusual tissue deposits seen 
in organs of patients who suffered from sustained inflammatory conditions 4. 
When he stained the deposits with an iodine solution they turned dark, be-
having in the same manner as starch or cellulose 20. Virchow therefore con-
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cluded that the deposits were composed of polysaccharides and hence gave 
them the name amyloid, meaning “starch-like” (amylon) in Greek.  

Althought the precise role of HSPGs in amyloid pathogenesis remains 
unresolved, accumulating evidence suggests that HSPGs play an important 
part in amyloid aggregation, potentially contributing to the conformational 
change of the peptides/proteins required for assembly into fibrils 21 22. The 
present thesis relates to the pathogenic implications of HS in three separate 
amyloid disorders; transthyretin (TTR)-amyloidosis, AA-amyloidos and AD. 
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Heparan sulfate and amyloidosis 

Physiological roles of HSPGs  
As mentioned previously, HSPGs consist of HS chains covalently linked to a 
core protein. HSPGs are ubiquitously expressed on cell surfaces and in the 
extracellular space; where they interact with a vast number of protein ligands 
23. These HSPG interactions influence a wide-range of physiological proc-
esses, including embryonic development, angiogenesis, lipid-metabolism 
and cell adhesion through binding of HS to various molecules such as en-
zymes, cytokines and growth factors 24.  

There are several ways in which HSPGs may exert their functions. Bind-
ing to HS may change the conformation of the protein, influencing down-
stream reactions, as in the case of heparin binding to the serine protease in-
hibitor antithrombin 25. HSPGs can also act as co-receptors, stabilizing the 
interactions between growth factors and their receptors, thereby mediating 
ligand uptake and/or influencing signaling 26. The HS moieties of proteogly-
cans may also protect growth factors from proteolytic degradation. Any sub-
sequent enzymatic cleavage of the HS chains will result in release of the 
‘stored’ growth factors 27.  

HS – A sulfated glycosaminoglycan  
Heparan sulfate belongs to the group of glycosaminoglycans (GAGs) which 
are long unbranched polysaccharides composed of repeating disaccharide 
units. One of the residues in the GAG disaccharide unit is a derivative of an 
amino-sugar (D-glucosamine, GlcN, or D-galactosamine, GalN), hence the 
name glycos-amino-glycans. The other residue is either a hexuronic acid 
(glucuronic acid, GlcA, or iduronic acid, IdoA) or a galactose unit (Gal). 
Depending on disaccharide composition, GAGs are divided into four sub-
classes: HS/heparin (GlcA/IdoA-GlcN), chondroitin sulfate (CS) /dermatan 
sulfate (DS) (GlcA/IdoA-GalN), keratan sulfate (KS) (Gal-GlcN) and 
hyaluronan (GlcA-GlcN). All classes of GAGs (except hyaluronan) are co-
valently linked to a core protein in the form of a proteoglycan and are sul-
fated at specific positions along the polysaccharide chain (Fig. 1).  
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Fig. 1. Disaccharide structure of glycosaminoglycans. The disaccharide composition 
of HS (a), CS/DS (b), KS (c) and hyaluronan (d) is shown. R represents -H or -SO3

-, 
R’ represents -COCH3 or -SO3

-. The hexauronic acids can be either GlcA (carboxyl 
groups oriented ‘upwards’) or IdoA (carboxyl groups oriented ‘downwards’). The 
HS and DS structures contain disaccharides with one or more IdoA.  

The GAG fine structure is determined by the distribution of SO3
- groups and 

the orientation of carboxyl groups along the polysaccharide chain 28. These 
substituents give the GAGs an overall negative charge that facilitates inter-
actions with positively charged peptide domains in protein ligands through 
electrostatic forces. As the distribution of SO3

- groups for a given GAG var-
ies between tissue and organs, a large structural diversity is obtained, result-
ing in a vast number of potential interacting proteins. These include 
morphogens, growth factors, enzymes/enzyme inhibitors, and extracellular 
matrix proteins 29-31.  

As all GAGs display an overall negative charge, they should all, at least 
in theory, bind amyloid proteins, and thereby facilitate their aggregation into 
fibrils. According to the literature however, the main type of GAG in amy-
loid deposits is HS 22,32. The reason for this is unclear, but it has been sug-
gested that amyloid proteins bind specifically to HS through interactions 
determined by a unique structure of the polysaccharide 4. An alternative pos-
sibility may relate to a more general effect of differences in sulfation degree 
between the different GAGs 31. In contrast to CS and DS, HS is known to 
possess patches of heavily sulfated regions, known as N-sulfated domains (to 
be discussed later) that are essential for protein binding. Thus, CS and DS 
may not interact with certain proteins due to their more uniform distribution 
of SO3

- groups. A certain degree of research bias regarding detection tools 
(e.g. antibodies) may also be explain the high incidence of HS studies related 
to amyloid diseases. In fact, in a report investigating the presence of GAGs 
in patients suffering from a familial form of TTR-amyloidosis, CS was 
found to be the primary deposited GAG component 33. Nevertheless, the 
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numerous reports of HS as a co-deposited component in various amyloidoses 
warrant studies investigating the molecular basis of these findings.    

HS structure – Implications for protein binding 
The marked structural variability of HS is generated through a stringent in-
terplay between 11 different enzymes (excluding isoforms), which act in 
sequential mode 31. The process occurs in the Golgi compartment and uses 
UDP-linked sugars together with the sulfate donor 3’-phosphoadenosine-5’-
phosphosulfate (PAPS) as substrates. PAPS is produced in the cytosol from 
adenosine triphosphate (ATP) and inorganic sulfate, and is imported to the 
Golgi compartment via PAPS-transporters. Availability of PAPS is of im-
portance for HS biosynthesis and the PAPS-transporters are therefore be-
lieved to have a regulatory role in HS biosynthesis 34.    

The transfer of xylose to a specific serine residue of the core protein initi-
ates the biosynthesis. Attachment of two galactose residues by galactosyl-
transferases I and II, and GlcA by glucuronosyltransferase I completes the 
formation of the core protein linkage tetrasaccharide 
(GlcAβ1,3Galβ1,3Galβ1,4Xyl). The HS chain is thereafter polymerized 
through the action of EXT1 and EXT2 glycosyltransfereases, generating a 
backbone of alternating GlcNAcα1,4 and GlcAβ1,4 units 35. The first poly-
mer-modifying enzyme is the glucosaminyl N-deacetylase/N-sulfotransferase 
(NDST) that replaces the acetyl group in N-acetylglucosamine residues with 
a sulfate group. The NDST enzyme modifies certain regions of the chain 
resulting in the generation of N-sulfated domains (or sequences), referred to 
as NS-domains. The HS polymer is then further modified, mainly in the N-
sulfated domains, through C-5 epimerization of GlcA to IdoA, O-sulfation at 
C-3 and C-6 of GlcN, and O-sulfation at C-2 of IdoA and GlcA.  

Although single NS-domains often are sufficient for ligand binding, mul-
tiple binding sites in a HS-chain are required for certain protein interactions. 
These ‘composite’ sites are composed of short NS-domains separated by N-
acetylated disaccharide units, known as SAS-domains 28. Recently, HS was 
shown to promote clustering of receptor protein tyrosine phosphatase sigma, 
which mediates extension of sensory neurons, an effect related to the SAS-
domains of the polysaccharide 36. A similar clustering effect may be ex-
pected for amyloid proteins, where SAS-domains of HS provide multiple 
interaction points along the chain, and thereby provide a scaffold for protein 
aggregation.  
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HSPGs in amyloidosis 
HSPGs are divided into three classes according to the protein core location: 
intracellular HSPGs, serglycin; cell surface associated HSPGs, syndecan and 
glypican; and ECM HSPGs, perlecan, agrin and collagen XVIII 37-39 (Fig. 2).  

 
 
Fig. 2. HS and heparin proteoglycans. Agrin (a) and perlecan (b) are found in the 
extracellular matrix, whereas glypicans (c) and syndecans (d) are bound to the cell 
membrane. Serglycin (e) is found in the granules of mast cells and is the only pro-
teoglycan that has heparin moieties attached to its core protein. 

Serglycin is found in the granules of connective-tissue mast cells and has a 
highly sulfated variant of HS attached to its core protein, referred to as hepa-
rin. Given the structural similarities between HS and heparin and the fact 
that heparin is relatively inexpensive to produce, this polysaccharide is often 
used as a HS-analog in protein binding experiments 20.   

The cell associated syndecans and glypicans are ubiquitous components 
of cell membranes. The syndecans, a family with four isoforms, are trans-
membrane proteins to which both HS- and CS-chains can be attached. The 
highly regulated expression profiles of syndecans observed during embry-
onic development are distinct from the expression in adult tissues, suggest-
ing an active role of syndecans in cell differentiation and tissue organization 
40. The glypicans are anchored to the plasma membrane via a glycosylphos-
phatidylinositol linkage. They are expressed in more or less all tissues, with 
some notable specific characteristics during embryonic development 41. Glia 
cell-associated glypican-1 and syndecan-3 have been found in proximity of 
Aβ40-positive neuritic deposits, suggesting that these proteoglycans are the 
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primary source of HS in AD-pathology 42. The extracellular matrix PG agrin 
is mainly expressed in the kidney and the brain, while perlecan is omnipres-
ent in nearly all basement membranes and connective tissues 43. Aβ has been 
found to recognize HS-moieties of perlecan, which accelerated its aggrega-
tion into fibrils 44. Perlecans have also been associated with AA-amyloid 
formation in mice 45. Interestingly, Kisilevsky and co-workers found that the 
perlecan gene expression was increased in spleen prior to the appearance of 
amyloid 46, supporting a role of the proteoglycan in the earliest stages of 
fibrillogenesis 21.  

HS promotes fibrillization of amyloid proteins  
Evidence shows that the molecular length of HS/heparin is critical for aggre-
gation of different types of amyloid, including TTR and islet amyloid poly-
peptide (IAPP) 47,48. It is believed that HS structures provide a scaffold for 
the assembly of amyloid peptides, thereby promoting their polymerization 
into fibrillar structures. In line with these findings, HS structures that pro-
mote efficient SAA aggregation in vivo must be of a certain minimum length 
49.  

This concept has lead to the development of low molecular weight HS-
mimetics, designed to interfere with interactions between amyloid proteins 
and HSPGs, leading to the attenuation of protein fibrillization. Such com-
pounds have been demonstrated to reduce the AA amyloid-load both in 
mouse models 50 and in clinical trials (Eprodisate) 51. Although this approach 
aims at precluding HS-mediated fibrillization of soluble SAA, the current 
concept does not address the issue of how SAA is dissociated from HDL, a 
process believed to be a critical event in AA-amyloidosis. 

Implications of histidines in HS binding 
In addition to the basic lysine and arginine residues, an essential amino acid 
for certain HS interactions is histidine. In free solution, histidine has a pI of 
∼6.5 and is therefore uncharged under normal physiological conditions. 
However, at a lower pH (e.g. under conditions of ischemia or inflammation), 
the side chain becomes protonated resulting in an extra positive charge of the 
peptide or protein, which facilitates potential interactions with the negatively 
charged HS-chain.  

Several histidine-dependent HS-binding motifs have been identified on 
amyloidogenic proteins, including Aβ,  prion protein,  IAPP, β-2-
microglobulin and SAA 4,52. Interestingly, numerous non-amyloidogenic 
protein-HS interactions are also pH-dependent, suggesting that histidines 
may be more commonly involved in HS-binding peptides than previously 
recognized. Examples of proteins interacting with HS in a pH-dependent 
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manner include the histidine-rich glycoprotein 53, mast cell tryptase 54 and 
insulin-like growth factor-binding protein-2 55.  

Transthyretin amyloidosis 
Transthyretin 
Transthyretin (TTR) is a homotetrameric protein present in blood and cere-
brospinal fluid (CSF). It is composed of four identical subunits (14 kDa) 56 
and has two well-established functions, the transport of retinol (Vitamin A) 
and thyroxine in blood, and thyroxine in CSF 57. The transport of thyroxine is 
mediated by direct interaction, whereas the transport of vitamin A occurs via 
a retinol-binding protein 58. The blood circulating TTR is predominantly 
produced and secreted by the liver, whereas the epithelial cells of the choroid 
plexus are the major source of CSF-TTR 59.  

Transthyretin was first identified in the 1940’s and was originally referred 
to as prealbumin, since it migrated ahead of albumin on electrophoresis gels 
58. The present name reflects its dual physiological role as a transporter of 
thyroxine and retinol, hence transthyretin. In addition to its well-established 
role as a carrier protein, studies have also implicated TTR in other physio-
logical functions, such as the development and regeneration of the nervous 
system 60,61. For example, TTR knockout mice have a decreased regenerative 
capacity after sciatic nerve crush when compared to wild-type littermates 62. 
An additional study, conducted a few years later in the same laboratory, rein-
forced this finding, showing that local TTR delivery to the crushed sciatic 
nerves rescued the phenotype of the TTR knock out mice 63,64. The exact 
mechanism underlying the effect of TTR on neuritic outgrowth remains elu-
sive, however it is likely to be related to TTR itself, as the rescue was 
achieved in a thyroxine and retinol free medium 63. Moreover, recent re-
search has also drawn attention to the importance of TTR in neurodegenera-
tive disorders, including AD and Parkinson’s disease. Several reports have 
found that the level of CSF-TTR is reduced in patients with AD, although 
some report conflicting results 65. Whether the altered levels of TTR are a 
cause or a consequence of AD is unclear; further studies are needed to ex-
plore the basis of this correlation 64. Taken together, these studies indicate a 
far more diverse role of TTR than initially believed. 

Sporadic and familial forms of transthyretin amyloidosis 
In addition to its role in normal physiology, TTR is the main amyloid-fibrils 
constituent in several distinct clinical forms of amyloidosis. The amyloi-
dogenesis is initiated by the destabilization of the homotetrameric structure, 
resulting in the release of monomeric subunits, which then can undergo par-
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tial misfolding and assemble into amyloid fibrils 66 67. The protein subunits 
are arranged in a β-sheet conformation that runs perpendicular to the fibril 
axis 68.  

As the released subunits may reassemble into the original tetrameric 
structure, the initial dissociation event does not automatically result in amy-
loid formation. The likelihood monomer misfolding and the subsequent ag-
gregation increase if the tetramer-monomer equilibrium is shifted towards 
the monomeric state. Several factors are known to decrease the thermody-
namic stability of the tetrameric structure (e.g. low pH and high tempera-
ture), resulting in an increased pool of monomers 16.  

The amino-acid sequence of TTR also influences the tetramer-monomer 
equilibrium. Over 100 amino-acid point mutations have been linked to he-
reditary forms of TTR amyloidoses 69, all of which increase the risk of fibril 
formation by destabilizing the tetrameric structure. In fact, the thermody-
namic and kinetic stability of different TTR mutants are in direct correlation 
with their amyloidogenic potential 70. Familial forms of TTR amyloidosis are 
often lethal and death usually occurs 10-15 years after the appearance of the 
first symptoms 1 (e.g. sensory loss in the lower limbs and/or cardiac ar-
rhythmia) 71. 

The relatively stable WT TTR protein is also associated with amyloidosis, 
despite its low intrinsic tendency to dissociate. A scheme illustrating the 
pathway of TTR amyloid formation is shown in Figure 3.  
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Fig. 3. The conversion of soluble TTR into amyloid fibrils. Ribbon diagram of the 
TTR crystal structure (PDB accession code 3DO4 72), with the monomer subunits 
individually colored. (I) Tetramer dissociation leads to the release of monomeric 
subunits. (II) Partial misfolding of the released monomers facilitates their aggrega-
tion into non-native oligomers and amyloid fibrils. The subunits in amyloid fibrils 
are arranged perpendicular to the fibril axis (enlarged). Pathological mutations asso-
ciated with TTR amyloidosis promote fibril formation by destabilizing the tetramer 
structure. 

Depending on the amino acid sequence, TTR preferentially deposit in certain 
tissues and organs. Although the correlation is not complete, fibrils derived 
from WT TTR deposit predominantly in the myocardium of elderly indi-
viduals, thereby compromising cardiac function 73. Individuals with WT 
TTR cardiac amyloidosis may also carry amyloid in other organs, including 
liver and lungs 74. This condition is therefore referred to as senile systemic 
amyloidosis (SSA) 3.  

Variant-sequences of TTR-amyloidosis display a wide range of tissue 
deposition patterns. Of the more than 100 mutations, each is typically re-
stricted to a single family, with characteristic disease patterns and age of 
onset 3. Although peripheral neuropathy and cardiac involvement are among 
the most common presentations, some variants present as pure cardiomy-
opathies, while others are more common in the meningeal layers in the brain 
20. For example, the most prevalent mutation, with the substitution of valine 
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(V) to methionine (M) at amino acid 30 75, forms amyloid predominantly in 
the peripheral nervous system and the gastrointestinal tract, although cardiac 
involvement may also be observed. Carriers of this mutation are found in 
endemic areas in Sweden, Portugal and Japan 76. Other mutant variants of 
TTR cause exclusively cardiac amyloidosis, such as the V122I mutation, 
which is found in approximately 4% of the African American population 77. 
This mutation results in TTR amyloid infiltration in the myocardium, leading 
to restricted cardiomyopathies and arrhythmias in affected patients 3.  

Although the clinical manifestations often are overlapping, mutant-related 
TTR amyloidosis is separated into familial amyloid polyneuropathy (FAP) 
and familial amyloid cardiomyopathy (FAC), depending on the primary site 
of deposition.  

AA-amyloidosis 
Serum amyloid A and inflammation 
Serum amyloid A (SAA) is a circulating apolipoprotein associated with the 
high-density lipoprotein (HDL) fraction in plasma 78. SAA is a major acute-
phase reactant and is synthesized primarily by the hepatocytes under the 
regulation of cytokines, including interleukin 1, interleukin 6 and tumor ne-
crosis factor. During inflammation, plasma level of SAA is markedly ele-
vated and may reach levels 1000 times higher than normal. As a result of 
this, and concomitant changes of plasma composition during the acute-phase 
response, the HDL plasma fraction undergoes extensive remodeling. The 
major apolipoprotein constituent of HDL under normal conditions, apolipo-
protein A-I (ApoA-I), is substantially reduced and replaced with SAA 79. 
The inflammation-associated lipoprotein is denominated acute-phase HDL 
(or HDL-SAA). 

For as yet unknown reasons, the SAA dissociates from HDL and becomes 
aggregated and deposited along with other molecules including HSPGs in 
several organs, causing AA-amyloidosis. 80. The development of the disease 
is a progressive process, often associated with persistent or recurring acute 
inflammation such as rheumatoid arthritis and familial Mediterranean fever 
81. Amyloid fibrils derived from the N-terminal fragments of SAA initially 
appear in the perifollicular region of the spleen followed by deposits in the 
liver and kidneys 82. Compared to other amyloid conditions, such as AD and 
islet amyloid in patients with type II diabetes, AA-amyloidosis is relatively 
rare, but often severe due to failure of affected organs. Although the spleen, 
liver and the adrenal glands are commonly infiltrated by amyloid, the main 
cause of lethality is due to end-stage renal failure 83. AA-amyloidosis may 
have varying etiology, but consistently high circulating SAA levels are nec-
essary, but not sufficient, for development for the disease. It is currently 
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unclear why only a small fraction of patients with sustained inflammation 
develop this form of amyloidosis.  

Induction of Serum amyloid A aggregation 
AA-amyloidosis can be induced in mice by intravenous injection of amyloid 
fibrils (also known as amyloid enhancing factor, AEF) in combination with 
inflammatory stimulation by subcutaneous injection of silver nitrate. This 
cause AA-amyloid deposition usually within 24 hours 84. Whereas the pre-
cise role of AEF is still unknown, it has been suggested that the addition of 
an amyloid “seed” shortens the time of amyloid induction by eliminating the 
lag phase preceding endogenous generation of fibrils 85. Due to the rapid 
development of amyloidosis this mouse model has been a useful tool to elu-
cidate the mechanism behind amyloid deposition.  

In addition to sustained high levels of SAA and administration of amyloid 
fibrils, studies have demonstrated a dependence on HS for AA-amyloid 
deposition. The glycosaminoglycan has been found to temporally and ana-
tomically co-deposit with AA fibrils in tissue 86,87. In vitro studies have 
shown that a synthetic 27-mer peptide corresponding to an HS-binding site, 
previously identified in the SAA C-terminus, was highly effective at pre-
venting AA-amyloidosis in cell culture 88. Further, a peptide motif in SAA 
has also been shown to interact with HS, leading to HDL-SAA aggregation 
under mild acidic conditions 52. Taken together, several lines of evidence 
suggest that HS is required for the aggregation of HDL-SAA and the assem-
bly of SAA into amyloid fibrils.  

Alzheimer’s disease  
The Aβ hypothesis   
The pathogenesis of AD is associated with the accumulation and deposition 
of Aβ in the brain, resulting in neuronal loss and dementia. Aβ is enzymati-
cally derived from the Aβ precursor protein (AβPP) by β-secretase and γ-
secretase cleavage, generating peptides of mainly 40-42 amino-acid residues 
in length 89.  

In line with observations in other amyloid disorders, additional compo-
nents to Aβ such as HSPGs are commonly found within the deposits 90. This 
is particularly evident for Aβ40 in which HS accumulates around the center 
of the neuritic plaques, whereas it is largely absent in Aβ42 diffuse deposits 
42,91. Despite numerous studies on Aβ-related pathoglogy, the relevance of 
Aβ in non-disease states is unclear. Several roles have been postulated, in-
cluding an antimicrobial agent 92, an antioxidant for lipoproteins 93, and as an 
enhancer of neuronal survival when provided in modest concentrations 94.  
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Apart from the obvious link between Aβ and AD based on pathological 
findings, Aβ has also been connected to disease based on genetic premises. 
In particular, individuals with Down’s syndrome, who carry an extra copy of 
chromosome 21 on which the AβPP gene resides, consistently develop AD-
symptoms early in life. This chromosome 21 trisomy leads to an increased 
Aβ production and provides a direct correlation between elevated Aβ levels 
and dementia 65. Although ample evidence favors an Aβ centered hypothesis 
in AD, the exact mechanism by which Aβ contributes to neuronal loss and 
dementia is unknown.     

Late onset-AD 
The most prominent genetic determinant for an individual to develop late-
onset AD is the ApoE genotype. Individuals carrying the Ε4-allele of ApoE 
are at greater risk of developing the disease compared with Ε2 and Ε3 carri-
ers 95. Exploring the mechanism of this relationship is of particular impor-
tance given the number of people suffering from late-onset AD. In fact, late-
onset AD constitutes more than 99% of the total number of AD cases 96.  

Studies of late onset AD patients implicate defective Aβ clearance, rather 
than overproduction, as responsible for Aβ accumulation 97. This finding 
may be related to ApoE, as the efficiency of Aβ clearance from brain inter-
stitial fluid is altered in an ApoE-allele dependent manner. In fact, transgenic 
mice expressing human ApoE4 had higher levels of Aβ in the interstitial 
fluid compared with littermates expressing E2 or E3 98. 

Aβ is normally produced by neurons in the brain and cleared through ef-
flux into the peripheral circulation as well as through their degradation by 
proteases and cellular action (e.g. microglia) within the brain. Maintaining 
proper homeostasis of Aβ levels is shown to be critical to maintain cognitive 
stability 99. An interesting study showed a rapid turnover of Aβ in hu-
mans, where the fractional production and clearance rate was found to be 8 
% per hour in CSF 96. Thus, even a slight impairment of Aβ clearance will 
result in increased concentration and ultimately in accumulation and deposi-
tion of Aβ in the brain 99.  

ApoE is produced predominately by astrocytes and is associated with 
HDL-like particles in the brain. The HDL-ApoE complex facilitates the 
transport and delivery of cholesterol and lipids to neurons via members of 
the low-density lipoprotein receptor family (LRP) and low-density lipopro-
tein receptor related protein 1 (LRP1) 100. The LRP1-receptor also partakes 
in cellular up-take of Aβ 101, indicating it may be a common denominator in 
ApoE-cholesterol metabolism and Aβ turnover.  Other known mediators of 
Aβ clearance are HSPGs 101,102, suggesting that efficient Aβ uptake is de-
pendent on both LRP1 and HSPGs. This event may occur either independ-
ently or through co-operative action.  
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Taken together, since ApoE and Aβ are internalized through common 
routes, one may speculate that ApoE has the ability to modulate 
Aβ clearance. The reduced Aβ clearance of the ApoE4-isoform may relate to 
this effect.  
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Present Investigations 

Paper I  

Heparan sulfate/heparin promotes transthyretin fibrillization through 
selective binding to a basic motif in the protein   

As discussed in the introduction, over 100 amino-acid mutations of TTR 
have been linked to hereditary forms of TTR amyloidosis103. Multiple studies 
have been undertaken to investigate the molecular properties of these 
mutants, exploring their amyloidogenic propensity in vitro and in vivo. The 
single site TTR mutations induce early-onset amyloidosis by destabilizing 
the tetrameric structure104. The released monomeric subunits then undergo 
partial misfolding and assembles into fibrillar structures 105.   

In contrast, information regarding pro-amyloidogenic factors in sporadic 
TTR amyloidosis is scarce. Sporadic amyloidosis is caused by the deposition 
of the relatively stable wild-type (WT) protein, resulting in amyloid 
infiltration predominantly in the myocardium of elderly. Given the role of 
HS in a number of amyloid-related diseases, this study aimed to investigate 
whether HS is an important component in the pathogenesis of WT TTR 
amyloidosis. 

We stained myocardial sections from a 70 year old patient suffereing 
from cardiomyopathy with Congo red and sulfated Alcian blue. The Congo 
red-red stained tissue displayed characteristic apple-green birefringence 
when viewed under polorized light demonstrating amyloid deposition in the 
specimen. An adjacent section was stained with sulfated Alcain blue, 
revealing a pattern that copied the Congo red staining, indicating co-
deposition of amyloid with sulfated glycosaminoglycans (Fig. 1 A-B). 
Further, immunohistochemistry with  TTR- and HS-specific antibodies 
demonstrated co-deposition of HS with TTR in the cardiomyopathic heart 
(Fig. 1 C-E), suggesting interactions between HS and TTR that are relevant 
to this amyloidois.      

Studies have established that TTR aggregation is initiated by tetramer 
dissociation, a process promoted under acidic conditions 106. Thus, to 
investigate the role of HS in TTR aggregation we incubated recombinant 
WT TTR with HS or heparin in acidic buffer (pH 2.7 and pH 5.0). Addition 
of HS/heparin preparations revealed that the glycosaminoglycans greatly 
promoted fibrillization in a manner that correlated with the sulfation degree 
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and the length of the polysaccahride chains (Fig. 2 A-D). Through studies 
with TTR-derived peptides we found that the effect was exerted through a 
basic motif in the protein (Fig. 5). This motif shows similarities with the 
HS/heparin binding motifs previously identified in SAA and Aβ 4,52. Binding 
analysis and a review of the available crystal structure(s) (Fig. S8) indicated 
that the motif is embedded in the native form of TTR, requiring tetramer 
dissociation for efficient interaction with HS and heparin (Fig. 5 and S5). 
Further, application of a transgenic Drosophila model overexpressing TTR 
demonstrated that TTR aggregation in vivo was dependent on HS/heparin 
(Fig. 6 and S7).    

In summary, study I demonstrates that HS/heparin mediates TTR 
fibrillization and contributes to the deposition of WT TTR amyloid in the 
cardiomyopathic heart. To this end, our results showing that a motif in WT 
TTR binds effectively to HS may contribute to the understanding why WT 
protein forms amyloid despite its well-demonstrated thermodynamic stability 
104.  

Paper II  

Heparan sulfate/heparin mediates transthyretin internalization 

HSPGs regulate the cellular up-take of various growth factors and morpho-
gens. HSPGs have also been shown to mediate the internalization of Aβ and 
SAA 102,107. The present study aimed to investigate whether HS is also 
involved in the internalization of TTR, an amyloid-associated protein 
normally responsible for transporting thyroxine and retinol in blood and 
cerebrospinal fluid.   

Study I showed that TTR interacts with HS through a basic motif embed-
ded within the homotetrameric (native) structure of the protein. Thus, the 
recombinant TTR was briefly incubated under acidic conditions to promote 
dissociation of the native structure, thereby facilitating potential interactions 
with cellular HS. The dissociated protein was incubated with cultures of WT 
Chinese hamster overy (CHO-WT) and HS-deficient cells (CHO-677). The 
results revealed substantial uptake of TTR in the CHO-WT cells compared 
to that of the HS-deficient cells (Fig. 1). Immunocytochemical analysis 
identifed a perinuclear distribution of TTR in CHO-WT cells, as confirmed 
by confocal laser scanning microscopy. 3D-analysis of the confocal image 
suggested that the TTR immunosignal was in fact embedded in the 
peripheral surface of the nucleus (Fig. 2). To investigate if the state of TTR 
is critical for the cellular uptake we incubated aggregated TTR with CHO-
WT and HS-deficient cells. None of the cell lines displayed TTR up-take; 
however, aggregated TTR appeared to reside on the surface of the CHO-WT 
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cells (Fig. 3). The result indicates that aggregated TTR associates with the 
cells in an HS-dependent manner, although the interaction does not induce 
internalization. Accordingly, binding studies employing a nitrocellulose-
filter assay revealed that heparin interacted with aggregated TTR (Fig. 4), in 
addition to the basic motif exposed on dissociated protein. The observation 
that aggregated, or oligomers of TTR, interacts with HS/heparin is in 
agreement with a recent report 108. The concept that HS/heparin is capable of 
binding to different conformations of TTR is in accordance with studies 
conducted on HS and Aβ 109. 

In conclusion, study II demonstrates that HS mediates internalization of 
TTR, an effect likely exerted through the motif exposed on the dissociated 
protein (study I). We suggest that dissociation of the homotetrameric 
structure is a prerequisite for TTR internalization. This dissociation-event is 
previoulsy known to be the intial step in TTR fibrillization. The observation 
that TTR, or fragments thereof, were directed to the perinuclear region of the 
cells is to our knowledge a novel finding.   

Paper III  

Heparan sulfate/heparin-HDL interaction dissociates serum amyloid A 
(SAA) from HDL-SAA complex leading to SAA aggregation  

During longstanding inflammatory conditions, circulating levels of the 
acute-phase protein SAA become substantially elevated. SAA is normally 
associated with HDL, but can under unclear circumstances form insoluble 
amyloid fibrils that deposit predominantly in the liver, spleen and kidneys, 
causing AA-amyloidosis 80. Although a sustained increase in circulating 
SAA is a prerequisite for the disease, only a proportion of the patients with 
persistent inflammatory conditions develop this form of amyloidosis 110. 
Thus, factors other than circulating SAA concentration must be critical for 
the generation of amyloid. Our lab previously showed that transgenic mice 
overexpressing human heparanase, a HS degrading enzyme, are resistant to 
experimental induction of AA-amyloidosis 49. Organs of the transgenic mice 
with high heparanase expression selectively escaped amyloid deposition, 
demonstrating a decisive role for HS in the pathogenesis. The present study 
aimed to investigate the molecular basis for this finding.  

We found that heparin efficiently promoted the formation of amyloid fi-
brils when incubated with HDLs isolated from inflamed mouse plasma at 
mildly acidic condition, an effect likely exerted through a pH-sensitive motif 
on SAA 52. This conversion of SAA, from a lipid-associated protein to an 
amyloid structure, is considered to be a central issue in the pathogenesis of 
AA-amyloidosis. We therefore investigated if HS/heparin interactions with 
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HDL-SAA influenced the stability of the lipoprotein. Experiments based on 
surface plasmon resonance (SPR) revealed that HS/heparin structures ex-
ceeding 12-14 sugar units in length were required to induce dissociation of 
SAA from HDL-SAA at mild acidic conditions (Fig. 5 and S6). Further, the 
SPR-data indicated that repeated HS/heparin injections over HDL-SAA gen-
erated step-wise dissociation of SAA. In spite of this gradual removal, the 
SPR-curves indicated that each consecutive interaction of (excess) heparin 
with HDL-SAA resulted in complete saturation of all binding sites of HDL-
SAA (Fig. 5 A). These findings suggest that an additional HDL-associated 
component is involved to which heparin binds, and which then limits the 
dissociation process. Since ApoA-I is the other major protein constituent of 
HDL-SAA, we considered whether simultaneous binding of HS/heparin to 
this apolipoprotein and to SAA might be required for SAA-dissociation. 
Accordingly, HS was found to bind normal HDL particles abundant in 
ApoA-I. This interaction was only observed at mild acidic pH, consistent 
with the condition at which HS/heparin-mediated SAA displacement oc-
curred. Furthermore, molecular modeling revealed that the combined length 
of a putative binding motif involving both SAA and ApoA-I corresponded to 
that of a HS/heparin 12-mer, in accord with the concept that a structure ex-
ceeding 12-14 sugar units is required to induce efficient displacement of 
SAA.  

Taken together, paper III suggests that simultaneous binding of 
HS/heparin to two apolipoproteins on HDL-SAA (SAA and ApoA-I) in-
duces separation of SAA from the lipoprotein. Our result points to a novel 
role for HS/heparin in AA-amyloidosis in which a critical length is required 
for separation of SAA from HDL, an event prerequisite to amyloid forma-
tion. This proposal is consistent with earlier in vivo findings 49,50 and intro-
duces a novel mechanistic concept in inflammatory (AA) amyloidosis. 

Paper IV   
Apolipoprotein E promotes cell-association of amyloid-β  through 
heparan sulfate and low-density lipoprotein receptor-related protein 1 
dependent pathway 

An impaired clearance of soluble Aβ  may lead to  parenchymal- and 
vasculature deposits in the brain, a typical feature of AD. The most powerful 
genetic factors associated with late-onset AD involve the isoforms of ApoE, 
as carriers of ApoE4 possess greater risk compared with carriers of E3 and 
E2, respectively. In vitro studies point to a beneficial role for ApoE in 
Aβ clearance since it promotes uptake by endothelial cells 98, a feature that 
may relate to the ApoE isoform-specific risk of developing AD. Althought 
the pathway of ApoE-mediated Aβ clearance is unknown, several cell-
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surface receptors, including HSPGs and LRP1 are implicated in 
Aβ internalization 101,102,111. Since these receptors are also mediators of ApoE 
uptake, we investigated whether promotion of Aβ clearance by ApoE might 
be facilitated by interactions with HS and LRP1.   

To ascertain the relevance of studying interactions between Aβ, ApoE, 
HSPGs and LRP1 in the context of AD we performed a qualitative 
immunohistochemical study. Hippocampal sections of elderly individuals 
with Down’s syndrome, all confirmed as ApoE3 homozygotes, were stained 
with relevant antibodies. Codistribution of ΑpoE, HS and LRPI in 
Aβ-positive microvascular structures throughout the AD-afflicted hippo-
campus were observed (Fig. 1).  We speculated that this might be a result of 
an impaired Aβ transport through the endothelial lining, resulting in conges-
tion of Aβ in the vasculature. Using Chinese hamster ovary (CHO) cell lines 
deficient in either HS (CHO pgsD-677) or LRP1 (CHO 13-5-1) we investi-
gated whether cellular uptake of Aβ depended on these cell-surface compo-
nents. Aβ peptide was added to the different cell models, either with or 
without ApoE3, derived from human plasma. The presence of cell-associated 
Aβ was analyzed with an Aβ-specific ELISA. We found that ApoE greatly 
increased the association of Aβ to the cells, in a HS- and LRP1-dependent 
manner. HS-proteoglycan seemed to have a profound effect on the levels of 
cell-associated Aβ, as both HS-deficient cells displayed very low levels of 
Aβ regardless of the presence or absence of ApoE (Fig. 3). 

Paper IV demonstrates that ApoE can increase cell-associated Aβ, 
through an interaction which is primarily mediated by cell-surface HS. This  
ApoE-Aβ-HS interaction likely promotes Aβ clearance in the brain. 
Whenever unbalanced, it is conceivable that this may contribute to the 
pathology of AD.   
 
 



 29 

General discussions   

A conspicuous phenomenon in amyloid disorders, including the disorders 
that are the subject of this thesis (TTR-amyloidosis, AA-amyloidosis and 
AD), is the deposition of disease-related peptides and proteins in specific 
organs. Another interesting issue is the relationship between amyloid deposi-
tion and the degeneration of organ function. This section aims to provide an 
overview of the varied roles of HS with regard to these questions.  

Deposition patterns in amyloidosis 
As previously discussed, the TTR protein gives rise to several distinct clini-
cal forms of amyloidosis. Peculiarly, even the same amyloidogenic mutation 
may have varying disease manifestations. Patients with the V30M mutation 
can be divided into two phenotypic groups, with differences both in age-of-
onset and disease severity 112,113. According to the “misfolding hypothesis” 
the fibrillogenesis is strictly dependent on the amyloidogenic property of the 
proteins itself. Given the diverse clinical manifestations of TTR amyloidosis 
however; the pathogenic process likely involves additional components 114.   

The phenotypic differences may be due to TTR interactions with different 
receptors and co-receptors on different cells. Mutations or polymorphisms in 
TTR may lead to increased or decreased affinities for these receptors/co-
receptors, which may account for the different sites of amyloid formation. 
Likewise, if these receptors/co-receptors are differentially expressed be-
tween individuals, this may account for differences in age-of onset etc. 20.   

TTR internalization can be mediated by megalin, a member of the LDL-
receptor protein (LRP) family 62,115, and HSPGs have been hypothesized to 
act in concert with LRPs 116. Hence, it is possible that cell-surface HS medi-
ates uptake of TTR (paper II) through a receptor dependent pathway (e.g. 
megalin). If so, a fine balance between TTR’s affinity to HS and megalin, or 
related receptors, would be required for efficient uptake. Any disturbance or 
impairment of this balance may cause inefficient uptake, increasing the risk 
of TTR accumulating. The deposition of WT TTR amyloid along with HS in 
the cardiomyopathic tissue of elderly patients may be due to such an effect 
(paper I). An age-related increase of HS sulfation degree (as seen in the aorta 
117) may result in increased affinity of TTR to HS, accompanied with a re-
duced TTR-receptor affinity.  
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The combined results in paper II and I indicate separate outcomes of HS 
and TTR interaction, resulting in either internalization or fibrillization, re-
spectively. Both processes are likely initiated by interactions of cell-surface 
HS with subunits of TTR, indicating a point of divergence of HS-TTR inter-
actions. A scheme illustrating the dual pathways of TTR-HS interactions is 
shown in Figure 4.  

Study I showed that a peptide, comprising the pathological V30M muta-
tion, had a decreased affinity for HS/heparin compared with WT peptide. 
This may indicate a reduced affinity of V30M-TTR to cells, which could 
result in a decreased internalization and clearance of the mutant protein. The 
findings that WT and V30M peptides display differences in affinity for 
HS/heparin may provide some insight for the yet poorly understood phe-
nomenon of different tissue-specific deposition of V30M and WT TTR.  

 
 

Figure 4. HS and TTR interactions on cell-surface: internalization or fibrillization. 
(I) Tetramer dissociation (promoted by acidic pH) leads to the release of monomeric 
subunits, exposing the otherwise cryptic HS-binding motif on TTR. (II) Mild acidic 
conditions “activate” the motif and facilitate TTR interaction with cell-surface HS. 
The initial TTR-HS interaction may differentiate into two separate pathways (III-
IV). (III) HS acts as a co-receptor and mediates internalization of TTR through 
TTR-related receptors (e.g. megalin 63,115). (IV) If the internalization process is un-
balanced (e.g. due to an increased sulfation degree of HS structures seen in the aorta 
of elderly), this interaction may result in TTR fibrillization on the cell surface.     
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Amyloid and cell death 
At present, the major toxic species in AD is conceived to be pre-fibrillar 
multimers of Aβ rather than mature amyloid fibrils 118,119. The underlying 
mechanism of toxicity is still debated but several mechanisms have been 
proposed, including oxidative stress and mitochondrial dysfunction 120. In 
agreement with this notion, pre-fibrillar multimers of TTR have been shown 
to induce cell death 121.  

Although amyloidogenic intermediates have been suggested as the main 
toxic species in AD, this does not exclude the possibility of other mecha-
nisms by which cell death occurs. In a recent study by Misumi et al, neither 
TTR amyloid fibrils nor prefibrillar TTR aggregates affected the cell viabil-
ity 122. Instead, studies have shown that amyloid fibrils of TTR and AA-type 
increase the expression of basement membrane components, including colla-
gen IV, laminin and fibronectin and HSPGs 123-125. These micro-changes 
contribute to additional amyloid formation, thereby creating a positive feed-
back loop reaction 123. In fact, in the advanced stages of TTR cardiac amy-
loidosis, the amyloid affects the entire cardiomyocyte circumference 123. This 
is in line with our examination of the TTR amyloidogenic heart, showing an 
amyloid ‘lattice’ around what seemingly appears as the confines of the car-
diomyocytes (Paper I, Fig. 1A). The inability of the CHO-K1 cells to inter-
nalize aggregates of TTR provides further proof of an extracellular deposi-
tion mechanism (Paper II, Fig. 3). Hence, the cell death in TTR amyloidosis 
may be due to the physical confinement of amyloid, rather than a cause of 
acute toxicity 122.  



 32 

Acknowledgements  

Avslutningsvis vill jag tacka alla som bidragit till denna avhandling. Då ett 
väldigt stort antal personer har varit inblandade i arbetet i någon form, finner 
jag det nästintill omöjligt att försöka lista alla vid namn. Därför tänker jag, 
och jag hoppas ni ursäktar, bara nämna de som har varit mest centrala för 
arbetet. Er andra hoppas jag får tillfälle att tacka i ett annat sammanhang.   

Först och främst vill jag tacka mina handledare. Jin-Ping Li, min huvudhan-
dledare, som med stor kraft och engagemang hjälpt till att utveckla och driva 
projekten framåt. Ulf Lindahl, min bihandledare, som alltid bidrar med klara 
analyser och uppmuntrande kommentarer.  

I would also like to thank Bob Kisilevsky who has been a great mentor and a 
never-ending source of inspiration. Ett stort tack även till Lena Kjellén, min 
examinator, som genom inte bara gjort uppföljning av arbetets gång utan 
även gett stort personligt stöd. Jag vill även tacka Paul O’Callaghan som 
bidragit med oräkneliga uppslag, synpunkter, granskningar av manuskript 
etc., etc.  

Jag vill också rikta ett tack till alla medförfattare för ett väldigt bra samar-
bete, särskilt John B. Ancsin, Erik Hermansson, Paul O’Callaghan och 
Wimal Ubhayasekera. Till sist vill jag också tacka Jin-Ping, Ulf, Paul, 
Lena, Andrew Hamilton och Anna Eriksson för de synpunkter och kom-
mentarer jag har fått på Kappan.  
 



 33 

References 

1. Merlini, G. & Bellotti, V. Molecular mechanisms of amyloidosis. N 
Engl J Med 349, 583-596 (2003). 

2. Westermark, P., et al. A primer of amyloid nomenclature. Amyloid 14, 
179-183 (2007). 

3. Jacobson, D.R., Ittmann, M., Buxbaum, J.N., Wieczorek, R. & 
Gorevic, P.D. Transthyretin Ile 122 and cardiac amyloidosis in 
African-Americans. 2 case reports. Tex Heart Inst J 24, 45-52 (1997). 

4. Ancsin, J.B. Amyloidogenesis: historical and modern observations 
point to heparan sulfate proteoglycans as a major culprit. Amyloid 10, 
67-79 (2003). 

5. Westermark, P. Aspects on human amyloid forms and their fibril 
polypeptides. Febs J 272, 5942-5949 (2005). 

6. Westermark, P. The pathogenesis of amyloidosis: understanding 
general principles. Am J Pathol 152, 1125-1127 (1998). 

7. Sipe, J.D. & Cohen, A.S. Review: history of the amyloid fibril. J 
Struct Biol 130, 88-98 (2000). 

8. Cohen, A.S. & Calkins, E. Electron microscopic observations on a 
fibrous component in amyloid of diverse origins. Nature 183, 1202-
1203 (1959). 

9. Glenner, G.G., Terry, W., Harada, M., Isersky, C. & Page, D. 
Amyloid fibril proteins: proof of homology with immunoglobulin 
light chains by sequence analyses. Science 172, 1150-1151 (1971). 

10. Merlini, G., Seldin, D.C. & Gertz, M.A. Amyloidosis: pathogenesis 
and new therapeutic options. J Clin Oncol 29, 1924-1933 (2011). 

11. Wechalekar, A.D., Hawkins, P.N. & Gillmore, J.D. Perspectives in 
treatment of AL amyloidosis. Br J Haematol 140, 365-377 (2008). 

12. Benditt, E.P., Eriksen, N., Hermodson, M.A. & Ericsson, L.H. The 
major proteins of human and monkey amyloid substance: Common 
properties including unusual N-terminal amino acid sequences. FEBS 
Lett 19, 169-173 (1971). 

13. Glenner, G.G. & Wong, C.W. Alzheimer's disease: initial report of the 
purification and characterization of a novel cerebrovascular amyloid 
protein. Biochem Biophys Res Commun 120, 885-890 (1984). 

14. Dobson, C.M. Protein aggregation and its consequences for human 
disease. Protein Pept Lett 13, 219-227 (2006). 



 34 

15. Sinha, S. & Lieberburg, I. Cellular mechanisms of beta-amyloid 
production and secretion. Proc Natl Acad Sci U S A 96, 11049-11053 
(1999). 

16. Kelly, J.W., et al. Transthyretin quaternary and tertiary structural 
changes facilitate misassembly into amyloid. Adv Protein Chem 50, 
161-181 (1997). 

17. Basun, H., et al. Clinical and neuropathological features of the arctic 
APP gene mutation causing early-onset Alzheimer disease. Arch 
Neurol 65, 499-505 (2008). 

18. Nilsberth, C., et al. The 'Arctic' APP mutation (E693G) causes 
Alzheimer's disease by enhanced Abeta protofibril formation. Nat 
Neurosci 4, 887-893 (2001). 

19. Kisilevsky, R. The relation of proteoglycans, serum amyloid P and 
apo E to amyloidosis current status, 2000. Amyloid 7, 23-25 (2000). 

20. Kisilevsky, R. Review: amyloidogenesis-unquestioned answers and 
unanswered questions. J Struct Biol 130, 99-108 (2000). 

21. Kisilevsky, R., Ancsin, J.B., Szarek, W.A. & Petanceska, S. Heparan 
sulfate as a therapeutic target in amyloidogenesis: prospects and 
possible complications. Amyloid 14, 21-32 (2007). 

22. van Horssen, J., Wesseling, P., van den Heuvel, L.P., de Waal, R.M. 
& Verbeek, M.M. Heparan sulphate proteoglycans in Alzheimer's 
disease and amyloid-related disorders. Lancet Neurol 2, 482-492 
(2003). 

23. Kjellen, L. & Lindahl, U. Proteoglycans: structures and interactions. 
Annu Rev Biochem 60, 443-475 (1991). 

24. Esko, J.D. & Selleck, S.B. Order out of chaos: assembly of ligand 
binding sites in heparan sulfate. Annu Rev Biochem 71, 435-471 (2002). 

25. Petitou, M. [From heparin to synthetic antithrombotic oligosaccharides]. 
Bull Acad Natl Med 187, 47-56; discussion 56-47 (2003). 

26. Bishop, J.R., Schuksz, M. & Esko, J.D. Heparan sulphate 
proteoglycans fine-tune mammalian physiology. Nature 446, 1030-
1037 (2007). 

27. Escobar Galvis, M.L., et al. Transgenic or tumor-induced expression 
of heparanase upregulates sulfation of heparan sulfate. Nat Chem Biol 
3, 773-778 (2007). 

28. Kreuger, J., Spillmann, D., Li, J.P. & Lindahl, U. Interactions between 
heparan sulfate and proteins: the concept of specificity. J Cell Biol 
174, 323-327 (2006). 

29. Nandini, C.D. & Sugahara, K. Role of the sulfation pattern of 
chondroitin sulfate in its biological activities and in the binding of 
growth factors. Adv Pharmacol 53, 253-279 (2006). 

30. Tumova, S., Woods, A. & Couchman, J.R. Heparan sulfate chains 
from glypican and syndecans bind the Hep II domain of fibronectin 
similarly despite minor structural differences. J Biol Chem 275, 9410-
9417 (2000). 



 35 

31. Lindahl, U. & Li, J.P. Interactions between heparan sulfate and 
proteins-design and functional implications. Int Rev Cell Mol Biol 
276, 105-159 (2009). 

32. Zhang, X. & Li, J.P. Heparan sulfate proteoglycans in amyloidosis. 
Prog Mol Biol Transl Sci 93, 309-334 (2010). 

33. Magnus, J.H., Stenstad, T., Kolset, S.O. & Husby, G. 
Glycosaminoglycans in extracts of cardiac amyloid fibrils from 
familial amyloid cardiomyopathy of Danish origin related to variant 
transthyretin Met 111. Scand J Immunol 34, 63-69 (1991). 

34. Goda, E., et al. Identification and characterization of a novel 
Drosophila 3'-phosphoadenosine 5'-phosphosulfate transporter. J Biol 
Chem 281, 28508-28517 (2006). 

35. Busse, M. & Kusche-Gullberg, M. In vitro polymerization of heparan 
sulfate backbone by the EXT proteins. J Biol Chem 278, 41333-41337 
(2003). 

36. Coles, C.H., et al. Proteoglycan-specific molecular switch for 
RPTPsigma clustering and neuronal extension. Science 332, 484-488 
(2011). 

37. Halfter, W., Dong, S., Schurer, B. & Cole, G.J. Collagen XVIII is a 
basement membrane heparan sulfate proteoglycan. J Biol Chem 273, 
25404-25412 (1998). 

38. Bernfield, M., et al. Functions of cell surface heparan sulfate 
proteoglycans. Annu Rev Biochem 68, 729-777 (1999). 

39. Iozzo, R.V. Basement membrane proteoglycans: from cellar to ceiling. 
Nat Rev Mol Cell Biol 6, 646-656 (2005). 

40. Salmivirta, M. & Jalkanen, M. Syndecan family of cell surface 
proteoglycans: developmentally regulated receptors for extracellular 
effector molecules. Experientia 51, 863-872 (1995). 

41. Fransson, L.A., et al. Novel aspects of glypican glycobiology. Cell 
Mol Life Sci 61, 1016-1024 (2004). 

42. O'Callaghan, P., et al. Heparan sulfate accumulation with Abeta 
deposits in Alzheimer's disease and Tg2576 mice is contributed by 
glial cells. Brain Pathol 18, 548-561 (2008). 

43. Rehn, M. & Pihlajaniemi, T. Identification of three N-terminal ends of 
type XVIII collagen chains and tissue-specific differences in the 
expression of the corresponding transcripts. The longest form contains 
a novel motif homologous to rat and Drosophila frizzled proteins. J 
Biol Chem 270, 4705-4711 (1995). 

44. Castillo, G.M., Ngo, C., Cummings, J., Wight, T.N. & Snow, A.D. 
Perlecan binds to the beta-amyloid proteins (A beta) of Alzheimer's 
disease, accelerates A beta fibril formation, and maintains A beta fibril 
stability. J Neurochem 69, 2452-2465 (1997). 

45. Wien, T.N., Sorby, R., Omtvedt, L.A., Landsverk, T. & Husby, G. 
Kinetics of glycosaminoglycan deposition in splenic AA amyloidosis 
induced in mink. Scand J Immunol 60, 600-608 (2004). 



 36 

46. Ailles, L., Kisilevsky, R. & Young, I.D. Induction of perlecan gene 
expression precedes amyloid formation during experimental murine 
AA amyloidogenesis. Lab Invest 69, 443-448 (1993). 

47. Noborn, F., et al. Heparan sulfate/heparin promotes transthyretin 
fibrillization through selective binding to a basic motif in the protein. 
Proc Natl Acad Sci U S A 108, 5584-5589. 

48. Jha, S., et al. Mechanism of amylin fibrillization enhancement by 
heparin. J Biol Chem 286, 22894-22904. 

49. Li, J.P., et al. In vivo fragmentation of heparan sulfate by heparanase 
overexpression renders mice resistant to amyloid protein A 
amyloidosis. Proc Natl Acad Sci U S A 102, 6473-6477 (2005). 

50. Kisilevsky, R., et al. Arresting amyloidosis in vivo using small-
molecule anionic sulphonates or sulphates: implications for 
Alzheimer's disease. Nat Med 1, 143-148 (1995). 

51. Dember, L.M., et al. Eprodisate for the treatment of renal disease in 
AA amyloidosis. N Engl J Med 356, 2349-2360 (2007). 

52. Elimova, E., Kisilevsky, R. & Ancsin, J.B. Heparan sulfate promotes 
the aggregation of HDL-associated serum amyloid A: evidence for a 
proamyloidogenic histidine molecular switch. Faseb J 23, 3436-3448 
(2009). 

53. Borza, D.B. & Morgan, W.T. Histidine-proline-rich glycoprotein as a 
plasma pH sensor. Modulation of its interaction with 
glycosaminoglycans by ph and metals. J Biol Chem 273, 5493-5499 
(1998). 

54. Hallgren, J., Backstrom, S., Estrada, S., Thuveson, M. & Pejler, G. 
Histidines are critical for heparin-dependent activation of mast cell 
tryptase. J Immunol 173, 1868-1875 (2004). 

55. Kuang, Z., et al. Structure, dynamics and heparin binding of the C-
terminal domain of insulin-like growth factor-binding protein-2 
(IGFBP-2). J Mol Biol 364, 690-704 (2006). 

56. Blake, C.C., Geisow, M.J., Oatley, S.J., Rerat, B. & Rerat, C. 
Structure of prealbumin: secondary, tertiary and quaternary 
interactions determined by Fourier refinement at 1.8 A. J Mol Biol 
121, 339-356 (1978). 

57. Raz, A., Shiratori, T. & Goodman, D.S. Studies on the protein-protein 
and protein-ligand interactions involved in retinol transport in plasma. 
J Biol Chem 245, 1903-1912 (1970). 

58. Hamilton, J.A. & Benson, M.D. Transthyretin: a review from a 
structural perspective. Cell Mol Life Sci 58, 1491-1521 (2001). 

59. Blay, P., Nilsson, C., Owman, C., Aldred, A. & Schreiber, G. 
Transthyretin expression in the rat brain: effect of thyroid functional 
state and role in thyroxine transport. Brain Res 632, 114-120 (1993). 

60. Soprano, D.R., Herbert, J., Soprano, K.J., Schon, E.A. & Goodman, 
D.S. Demonstration of transthyretin mRNA in the brain and other 
extrahepatic tissues in the rat. J Biol Chem 260, 11793-11798 (1985). 



 37 

61. Harms, P.J., et al. Transthyretin (prealbumin) gene expression in 
choroid plexus is strongly conserved during evolution of vertebrates. 
Comp Biochem Physiol B 99, 239-249 (1991). 

62. Fleming, C.E., Saraiva, M.J. & Sousa, M.M. Transthyretin enhances 
nerve regeneration. J Neurochem 103, 831-839 (2007). 

63. Fleming, C.E., Mar, F.M., Franquinho, F., Saraiva, M.J. & Sousa, 
M.M. Transthyretin internalization by sensory neurons is megalin 
mediated and necessary for its neuritogenic activity. J Neurosci 29, 
3220-3232 (2009). 

64. Fleming, C.E., Nunes, A.F. & Sousa, M.M. Transthyretin: more than 
meets the eye. Prog Neurobiol 89, 266-276 (2009). 

65. Li, X. & Buxbaum, J.N. Transthyretin and the brain re-visited: Is 
neuronal synthesis of transthyretin protective in Alzheimer's disease? 
Mol Neurodegener 6, 79 (2011). 

66. Quintas, A., Vaz, D.C., Cardoso, I., Saraiva, M.J. & Brito, R.M. 
Tetramer dissociation and monomer partial unfolding precedes 
protofibril formation in amyloidogenic transthyretin variants. J Biol 
Chem 276, 27207-27213 (2001). 

67. Wiseman, R.L., Powers, E.T. & Kelly, J.W. Partitioning 
conformational intermediates between competing refolding and 
aggregation pathways: insights into transthyretin amyloid disease. 
Biochemistry 44, 16612-16623 (2005). 

68. Serpell, L.C., Sunde, M. & Blake, C.C. The molecular basis of 
amyloidosis. Cell Mol Life Sci 53, 871-887 (1997). 

69. Connors, L.H., Lim, A., Prokaeva, T., Roskens, V.A. & Costello, C.E. 
Tabulation of human transthyretin (TTR) variants, 2003. Amyloid 10, 
160-184 (2003). 

70. Hammarstrom, P., Jiang, X., Hurshman, A.R., Powers, E.T. & Kelly, 
J.W. Sequence-dependent denaturation energetics: A major 
determinant in amyloid disease diversity. Proc Natl Acad Sci U S A 99 
Suppl 4, 16427-16432 (2002). 

71. Sekijima, Y., et al. Serum transthyretin monomer in patients with 
familial amyloid polyneuropathy. Amyloid 8, 257-262 (2001). 

72. Cendron, L., et al. Amyloidogenic potential of transthyretin variants: 
insights from structural and computational analyses. J Biol Chem 284, 
25832-25841 (2009). 

73. Westermark, P., Sletten, K., Johansson, B. & Cornwell, G.G., 3rd. 
Fibril in senile systemic amyloidosis is derived from normal 
transthyretin. Proc Natl Acad Sci U S A 87, 2843-2845 (1990). 

74. Pitkanen, P., Westermark, P. & Cornwell, G.G., 3rd. Senile systemic 
amyloidosis. Am J Pathol 117, 391-399 (1984). 

75. Saraiva, M.J., Birken, S., Costa, P.P. & Goodman, D.S. Family studies 
of the genetic abnormality in transthyretin (prealbumin) in Portuguese 
patients with familial amyloidotic polyneuropathy. Ann N Y Acad Sci 
435, 86-100 (1984). 



 38 

76. Ando, Y., Nakamura, M. & Araki, S. Transthyretin-related familial 
amyloidotic polyneuropathy. Arch Neurol 62, 1057-1062 (2005). 

77. Jacobson, D.R., et al. Revised transthyretin Ile 122 allele frequency in 
African-Americans. Hum Genet 98, 236-238 (1996). 

78. Benditt, E.P. & Eriksen, N. Amyloid protein SAA is associated with 
high density lipoprotein from human serum. Proc Natl Acad Sci U S A 
74, 4025-4028 (1977). 

79. Tam, S.P., Kisilevsky, R. & Ancsin, J.B. Acute-phase-HDL 
remodeling by heparan sulfate generates a novel lipoprotein with 
exceptional cholesterol efflux activity from macrophages. PLoS One 
3, e3867 (2008). 

80. Westermark, G.T. & Westermark, P. Serum amyloid A and protein 
AA: molecular mechanisms of a transmissible amyloidosis. FEBS Lett 
583, 2685-2690 (2009). 

81. Gillmore, J.D., Lovat, L.B., Persey, M.R., Pepys, M.B. & Hawkins, 
P.N. Amyloid load and clinical outcome in AA amyloidosis in relation 
to circulating concentration of serum amyloid A protein. Lancet 358, 
24-29 (2001). 

82. Sponarova, J., Nystrom, S.N. & Westermark, G.T. AA-amyloidosis 
can be transferred by peripheral blood monocytes. PLoS One 3, e3308 
(2008). 

83. Lachmann, H.J., et al. Natural history and outcome in systemic AA 
amyloidosis. N Engl J Med 356, 2361-2371 (2007). 

84. Axelrad, M.A., Kisilevsky, R., Willmer, J., Chen, S.J. & Skinner, M. 
Further characterization of amyloid-enhancing factor. Lab Invest 47, 
139-146 (1982). 

85. Kisilevsky, R. & Boudreau, L. Kinetics of amyloid deposition. I. The 
effects of amyloid-enhancing factor and splenectomy. Lab Invest 48, 
53-59 (1983). 

86. Snow, A.D. & Kisilevsky, R. Temporal relationship between 
glycosaminoglycan accumulation and amyloid deposition during 
experimental amyloidosis. A histochemical study. Lab Invest 53, 37-
44 (1985). 

87. Inoue, S., Kuroiwa, M., Tan, R. & Kisilevsky, R. A high resolution 
ultrastructural comparison of isolated and in situ murine AA amyloid 
fibrils. Amyloid 5, 99-110 (1998). 

88. Elimova, E., Kisilevsky, R., Szarek, W.A. & Ancsin, J.B. 
Amyloidogenesis recapitulated in cell culture: a peptide inhibitor 
provides direct evidence for the role of heparan sulfate and suggests a 
new treatment strategy. Faseb J 18, 1749-1751 (2004). 

89. Selkoe, D.J. Alzheimer's disease: genes, proteins, and therapy. Physiol 
Rev 81, 741-766 (2001). 

90. Snow, A.D., Willmer, J. & Kisilevsky, R. Sulfated 
glycosaminoglycans: a common constituent of all amyloids? Lab 
Invest 56, 120-123 (1987). 



 39 

91. Snow, A.D., et al. The presence of heparan sulfate proteoglycans in 
the neuritic plaques and congophilic angiopathy in Alzheimer's 
disease. Am J Pathol 133, 456-463 (1988). 

92. Soscia, S.J., et al. The Alzheimer's disease-associated amyloid beta-
protein is an antimicrobial peptide. PLoS One 5, e9505 (2010). 

93. Kontush, A. Amyloid-beta: an antioxidant that becomes a pro-oxidant 
and critically contributes to Alzheimer's disease. Free Radic Biol Med 
31, 1120-1131 (2001). 

94. Whitson, J.S., Selkoe, D.J. & Cotman, C.W. Amyloid beta protein 
enhances the survival of hippocampal neurons in vitro. Science 243, 
1488-1490 (1989). 

95. Corder, E.H., et al. Gene dose of apolipoprotein E type 4 allele and 
the risk of Alzheimer's disease in late onset families. Science 261, 
921-923 (1993). 

96. Bateman, R.J., et al. Human amyloid-beta synthesis and clearance 
rates as measured in cerebrospinal fluid in vivo. Nat Med 12, 856-861 
(2006). 

97. Mawuenyega, K.G., et al. Decreased clearance of CNS beta-amyloid 
in Alzheimer's disease. Science 330, 1774 (2010). 

98. Castellano, J.M., et al. Human apoE isoforms differentially regulate 
brain amyloid-beta peptide clearance. Sci Transl Med 3, 89ra57 
(2011). 

99. Jiang, Q., et al. ApoE promotes the proteolytic degradation of Abeta. 
Neuron 58, 681-693 (2008). 

100. Bu, G. Apolipoprotein E and its receptors in Alzheimer's disease: 
pathways, pathogenesis and therapy. Nat Rev Neurosci 10, 333-344 
(2009). 

101. Kanekiyo, T., et al. Heparan sulphate proteoglycan and the low-
density lipoprotein receptor-related protein 1 constitute major 
pathways for neuronal amyloid-beta uptake. J Neurosci 31, 1644-1651 
(2011). 

102. Sandwall, E., et al. Heparan sulfate mediates amyloid-beta 
internalization and cytotoxicity. Glycobiology 20, 533-541 (2010). 

103. Buxbaum, J.N. & Reixach, N. Transthyretin: the servant of many 
masters. Cell Mol Life Sci 66, 3095-3101 (2009). 

104. Kelly, J.W., et al. Transthyretin quaternary and tertiary structural 
changes facilitate misassembly into amyloid. Adv Protein Chem 50, 
161-181 (1997). 

105. Saraiva, M.J. Transthyretin amyloidosis: a tale of weak interactions. 
FEBS Lett 498, 201-203 (2001). 

106. Lai, Z., Colon, W. & Kelly, J.W. The acid-mediated denaturation 
pathway of transthyretin yields a conformational intermediate that can 
self-assemble into amyloid. Biochemistry 35, 6470-6482 (1996). 



 40 

107. Kinkley, S.M., Bagshaw, W.L., Tam, S.P. & Kisilevsky, R. The path 
of murine serum amyloid A through peritoneal macrophages. Amyloid 
13, 123-134 (2006). 

108. Bourgault, S., Solomon, J.P., Reixach, N. & Kelly, J.W. Sulfated 
Glycosaminoglycans Accelerate Transthyretin Amyloidogenesis by 
Quaternary Structural Conversion. Biochemistry. 

109. Lindahl, B., Westling, C., Gimenez-Gallego, G., Lindahl, U. & 
Salmivirta, M. Common binding sites for beta-amyloid fibrils and 
fibroblast growth factor-2 in heparan sulfate from human cerebral 
cortex. J Biol Chem 274, 30631-30635 (1999). 

110. Lachmann, H.J., et al. Natural history and outcome in systemic AA 
amyloidosis. N Engl J Med 356, 2361-2371 (2007). 

111. Pflanzner, T., et al. LRP1 mediates bidirectional transcytosis of 
amyloid-beta across the blood-brain barrier. Neurobiol Aging 32, 2323 
e2321-2311 (2011). 

112. Koike, H., et al. Type I (transthyretin Met30) familial amyloid 
polyneuropathy in Japan: early- vs late-onset form. Arch Neurol 59, 
1771-1776 (2002). 

113. Koike, H., et al. Pathology of early- vs late-onset TTR Met30 familial 
amyloid polyneuropathy. Neurology 63, 129-138 (2004). 

114. Hou, X., Aguilar, M.I. & Small, D.H. Transthyretin and familial 
amyloidotic polyneuropathy. Recent progress in understanding the 
molecular mechanism of neurodegeneration. Febs J 274, 1637-1650 
(2007). 

115. Sousa, M.M., et al. Evidence for the role of megalin in renal uptake of 
transthyretin. J Biol Chem 275, 38176-38181 (2000). 

116. MacArthur, J.M., et al. Liver heparan sulfate proteoglycans mediate 
clearance of triglyceride-rich lipoproteins independently of LDL 
receptor family members. J Clin Invest 117, 153-164 (2007). 

117. Feyzi, E., Saldeen, T., Larsson, E., Lindahl, U. & Salmivirta, M. Age-
dependent modulation of heparan sulfate structure and function. J Biol 
Chem 273, 13395-13398 (1998). 

118. Dahlgren, K.N., et al. Oligomeric and fibrillar species of amyloid-beta 
peptides differentially affect neuronal viability. J Biol Chem 277, 
32046-32053 (2002). 

119. Deshpande, A., Mina, E., Glabe, C. & Busciglio, J. Different 
conformations of amyloid beta induce neurotoxicity by distinct 
mechanisms in human cortical neurons. J Neurosci 26, 6011-6018 
(2006). 

120. Crews, L. & Masliah, E. Molecular mechanisms of neurodegeneration 
in Alzheimer's disease. Hum Mol Genet 19, R12-20 (2010). 

121. Reixach, N., Deechongkit, S., Jiang, X., Kelly, J.W. & Buxbaum, J.N. 
Tissue damage in the amyloidoses: Transthyretin monomers and 
nonnative oligomers are the major cytotoxic species in tissue culture. 
Proc Natl Acad Sci U S A 101, 2817-2822 (2004). 



 41 

122. Misumi, Y., et al. Relationship between amyloid deposition and 
intracellular structural changes in familial amyloidotic 
polyneuropathy. Hum Pathol 43, 96-104 (2012). 

123. Misumi, Y., et al. Chain reaction of amyloid fibril formation with 
induction of basement membrane in familial amyloidotic 
polyneuropathy. J Pathol 219, 481-490 (2009). 

124. Westermark, G.T., Norling, B. & Westermark, P. Fibronectin and 
basement membrane components in renal amyloid deposits in patients 
with primary and secondary amyloidosis. Clin Exp Immunol 86, 150-
156 (1991). 

125. Woodrow, S.I., Stewart, R.J., Kisilevsky, R., Gore, J. & Young, I.D. 
Experimental AA amyloidogenesis is associated with differential 
expression of extracellular matrix genes. Amyloid 6, 22-30 (1999). 

 
 




	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Amyloidosis – A historical perspective
	Heparan sulfate – A common denominator in amyloidosis

	Heparan sulfate and amyloidosis
	Physiological roles of HSPGs
	HS – A sulfated glycosaminoglycan
	HS structure – Implications for protein binding
	HSPGs in amyloidosis
	HS promotes fibrillization of amyloid proteins
	Implications of histidines in HS binding

	Transthyretin amyloidosis
	Transthyretin
	Sporadic and familial forms of transthyretin amyloidosis

	AA-amyloidosis
	Serum amyloid A and inflammation
	Induction of Serum amyloid A aggregation

	Alzheimer’s disease
	The Aβ hypothesis
	Late onset-AD


	Present Investigations
	Paper I
	Paper II
	Paper III
	Paper IV

	General discussions
	Deposition patterns in amyloidosis
	Amyloid and cell death

	Acknowledgements
	References



