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Abstract

Intracellular or extracellular deposition of highly ordered fibrillar aggregates is a characteristic of protein misfolding
diseases. Proteins can aggregate alone in vitro; however, deposits of fibrillar aggregates in vivo contain a number of
proteinaceous and non-protein components in addition to the major protein that forms the aggregates. These components are
thought to play critical roles in the pathology of protein misfolding diseases. Among these components, glycosaminoglycans
(GAGs), which are heteropolysaccharides that occur in all mammalian tissues, are modified by sulfation that determines
specific interactions between GAGs and their protein ligands. This review summarizes our current understanding of how
sulfated GAGs contribute to the pathology of protein misfolding diseases, with a particular focus on amyloidosis.

» A. Introduction

20

21

Proteins usually exist in properly folded native states that are
biologically active. A single polypeptide can adopt an

22 astronomical number of possible conformations, and the driving
»; force for protein folding is the search for a conformation with

lower free energy than the current conformation (1). When a

s protein fails to maintain its native conformation or when the
, folding process is prone to error, the protein begins to aggregate.
7 Protein aggregation is a common feature of all proteins, and

protein aggregates are even more stable than are proteins in the

20 native state (2). Therefore, protein misfolding and protein
30 aggregation cause a broad range of diseases called protein
31 misfolding diseases or protein conformational diseases (3), in
2 which insoluble protein aggregates deposit in or around organs

s such as the liver, spleen, and brain (4-6). More than 50 human

ks

disecases have been reportedly associated with deposition of

35 protein aggregates (7).

Protein misfolding diseases are largely grouped into the

37 following categories: first, conditions with neurodegenerative

3 polyglutamine expansion diseases

features in which protein aggregation occurs in the brain [e.g.,
including Huntington’s
disease and spinocerebellar ataxias; diseases with o-synuclein
inclusions such as Parkinson’s disease; prion diseases; and

> Alzheimer’s disease (AD) with amyloid B (AP) deposits and tau
s tangles] (7, 8). The second category comprises systemic or

localized amyloidoses in which intractable thread-like amyloid

s fibrils deposit in a single tissue or organ or multiple tissues and
, organs. Such protein aggregates include those of light chains of
7 immunoglobulins in AL amyloidosis; serum amyloid protein A

=

50 systemic
s1 amyloidosis; and islet amyloid polypeptide in type 2 diabetes (7).
s In addition, tumor protein p53 (TP53, best known as p53), which

s (SAA) in AA amyloidosis; B,-microglobulin in dialysis-related

amyloidosis; apolipoproteins A-I, A-1I, A-IV, C-1I, and C-III in
amyloidoses; transthyretin (TTR) in ATTR

53 1s mutated in more than 50% of human cancer cases, misfolds and

73
=

forms p53 aggregates in human cancer tissues and in vitro (9).

ss p53 aggregates have certain characteristics of amyloid such as a

o

, cross-f structure and binding affinity for amyloidophilic dyes

57 (10). p53 is now listed in Amyloid Nomenclature 2020 as an

o
3

amyloid fibril protein (11).

s B. Amyloidosis

The term “amyloid” was first introduced by Virchow in
1854 (12). Because he believed that the white waxy deposits in

> organs in chronic inflammatory diseases were carbohydrates, he
> named the deposits “amyloid,” derived from the Latin amylum

and Greek amylon, which mean starch. Today, the deposits are

s known to be proteinaceous, as Friedrich and Kekule (13) showed.
» Although amyloidogenic proteins do not share any sequences,
7 nor are they structurally homologous, different types of amyloid

do share certain characteristics in common, including a cross-§
structure and specific binding to amyloidophilic dyes including

70 thioflavin and Congo red (14, 15). Another common feature of
71 in vivo amyloid deposits in almost all types of amyloidosis is the
72 presence of sulfated glycosaminoglycans (GAGs). Although

73 amyloidogenic proteins can aggregate by themselves in vitro, in

)
IS

vivo amyloid deposits contain many protein and non-protein

75 components in addition to the amyloidogenic proteins. TTR

76 fibrils that are deposited in vivo may be different from those that



77 are formed by the same TTR protein in vitro (16). Chemically

110

75 synthesized AP is at least 100 times less bioactive in inducing
70 cerebral amyloidosis in recipient mice compared with AP

aggregates derived from brains of AD model mice (17). These
findings clearly suggest the presence of unidentified in vivo
cofactors of amyloid deposition and propagation in addition to

3 proteins that form amyloid. Snow and colleagues reported that

many types of amyloid deposits in tissues contained GAGs (18-

s 21), and GAGs have now been recognized as common non-
, protein components of amyloid deposits in systemic and
7 localized amyloidoses (reviewed in (22)).

: C. GAGs

GAGs are long, linear non-branched polysaccharide chains
that are widely expressed in the body. Major GAGs exist as types
of proteoglycans in which one or more GAG chains are

> covalently attached to a core protein. GAGs consist of repeating
3 disaccharide units and can be modified by N- and O-sulfation and

epimerization, which provide the structural diversity of GAG

s chains. On the basis of the structures of the repeating disaccharide
; units, GAGs can be divided into several classes including
7 hyaluronic acid; heparan sulfate (HS) and heparin; chondroitin
; sulfate and dermatan sulfate; and keratan sulfate. The structural

diversity of GAGs is quite important for the specific type of
binding of GAGs and its protein ligands, because protein ligands
bind to GAGs via electrostatic interactions between the positive

> charges of the residues of the ligands and the negative charges of
s the sulfate and carboxyl groups of the GAG chains. Thus, that

disease-associated aggregate-prone proteins such as AP, tau, and

s prion contain similar cationic motifs that may be involved in
» binding to the negative charges of GAGs is noteworthy (23-25).
7 Although amyloidogenic proteins do not share any obvious
s structural or sequence homologies, a GAG-binding property may

be a feature common to all amyloidogenic proteins.

C-1. GAGs as Cofactors of Protein Aggregation

and Amyloid Formation
Proteins can aggregate by themselves in vitro. In addition to

s an aging-related decrease in the protein quality control system

that may trigger protein aggregation in sporadic amyloidoses (26),

s several extrinsic factors including high protein concentrations,
, elevated temperature, and amino acid substitutions can enhance
7 the aggregation tendency of proteins. Components of in vivo

amyloid deposits are also thought to be crucial for protein
aggregation. Among GAGs, HS and heparin, which is a structural
analogue of highly sulfated domains of HS (HS S-domains),

reportedly  facilitate amyloid formation by various

> amyloidogenic proteins associated with neuropathic and non-
23 neuropathic amyloidoses (22, 27) . For a protein to aggregate, it

must be at least partially unfolded. HS and heparin can accelerate

s the conformational conversion of a protein from its native state
, to an unfolded and amyloidogenic monomer (28). HS and
7 heparin also act as a scaffold for aggregation by increasing the

local protein concentration and changing the conformation or
orientation of protein molecules (29). As expected from the fact
that the patterns and degrees of sulfation modification of GAGs
are critical for specific interactions of GAGs and their protein

13

140

168

169

ss [-IdoA(2-OS03)-GIeNSO;(6-0OS05)-],
so docking site for specific interactions between HS and its ligands

22 ligands, sulfation modification is a critical determinant of the
33 enhancement of protein aggregation by GAGs. Sulfated moieties
3+ of GAGs including HS and heparin reportedly promote amyloid
35 aggregation and deposition by electrostatically interacting with
s amyloidogenic proteins and peptides including AP, TTR, SAA,

7 immunoglobulin light chain, mutant apolipoprotein A-I, and

s PrP¢ (30-37).

w C-2. GAGs as Cell Surface Receptors for Protein

Aggregates

GAGs at the cell surface may act as receptors for protein
> aggregates that cells can then internalize. For example, HS is a
s primary receptor for PrPS° at the cell surface (38-41) and is
essential for conversion of PrP€ to its pathogenic form PrPS¢ after
s PrPC internalization. We previously showed that HS at the cell
, surface mediated cellular uptake of AP, TTR fibrils, and tumor
7 suppressor p53 fibrils (35, 42-44); this finding supports cell-
; surface GAGs, especially HS, serving as common receptors for
protein aggregates. The fates of internalized amyloidogenic

so proteins or aggregates depend on the types of cells that are
s1 involved and the types of protein aggregates. HS may mediate
s> the cytotoxicity of protein aggregates (35, 43, 45), cellular
s3 degradation (42), and propagation of aggregates (44, 46).

s D. HS S-domains and the Extracellular Sulfatases
ss Sulfs
56 The highly sulfated domains of HS, i.e., the HS S-domains

7 mentioned above, consist of clusters of a trisulfated disaccharide,
and are a selective

(47, 48). A unique characteristic of these HS S-domains is post-
synthetic degradation by the extracellular endosulfatases Sulf-1

»» and Sulf-2. Unlike other intracellular sulfatases, Sulf-1 and Sulf-

s 2 catalyze selective 6-O-desulfation of HS S-domains on the cell
surface (49). Thus, HS S-domains are GAG subdomains that can

s be selectively and post-synthetically modified at cell surfaces.

, These Sulfs have now been well established as regulating many

7 signaling pathways of growth factors (47, 50-55). In the next

section, we discuss the roles of HS S-domains in amyloidosis
based on our current findings.

» D-1. HS S-domains and Amyloidosis

71 By using the phage-derived antibody that specifically
72 recognizes HS S-domains (56), we demonstrated that HS S-
73 domains accumulated in tissue amyloid deposits of patients with
7# AD or ATTR amyloidosis (35, 57). We also showed that
75 enhancement of TTR aggregation by HS required HS S-domains,
76 which strongly suggested that HS S-domains serve as scaffolding

7 for TTR aggregation. By using Chinese hamster ovary cells

75 whose HS S-domains were eliminated by means of the stable
70 expression of human Sulf-2 (58), we also showed that HS S-

domains mediated the cytotoxicity of protein aggregates by
acting as docking sites for protein aggregates and HS (35, 43).
> p53 mutant cancers have been reported as constituting a novel
s class of protein misfolding diseases (11), and p53 aggregates are
thought to propagate from one cell to neighboring cells, as other



155 protein aggregates do (26). We recently demonstrated that HS S- 233 8.
15 domains are a component of p53 amyloid deposits in p53 mutant > -
137 ovarian cancer (44). We also showed that release of p53 fibrils ( i(l)
1ss by p53 mutant cancer cells depended on cell GAGs. HS S- . 5.
19 domain-mediated cellular uptake of cancer cell-derived p53 = 2:¢ 13.
10 fibrils was required for subsequent release of the fibrils. The p53 2%

11 fibrils taken up by the cells disrupted the apoptotic function of ** 14
192 wild-type p53 in recipient cells. Our findings thus suggest an i] 15
103 important role of HS S-domains as a mediator of amyloidosis ,,, 16

10+ pathology (Fig. 1). These results also suggest that enzymatic 24 17.
s remodeling of HS S-domains by Sulfs is a potential strategy for 245 18.

16 targeting multiple processes related to amyloidosis including ** 1%

197 formation, cytotoxicity, and prion-like behavior of protein L g(l)

108 aggregates (46, 59). 249 22.

250 23.

i E. Concluding Remarks - 2‘5‘
In this paper, we reviewed recent our current understanding

201 of the involvement of GAGs in protein misfolding diseases. GAG 4 26.

202 synthesis and modification are strictly regulated in each tissue 255

205 and organ. Analysis of the expression profiles of the enzymes that 25 27-
204 are involved in the synthesis and extracellular remodeling of >’ gz

258 .
205 GAGs in protein misfolding diseases constitutes a future 54

206 challenge. Because the locations of GAGs in tissues and organs ., 31.

207 depend on core proteins, identification of the core proteins of 261 32.
20: proteoglycans in various amyloid deposits is also necessary. 262 ;31

263 .

264 35.
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Fig. 1. Functional implications of HS S-domains in the pathology of amyloidosis. HS S-domains cause an increase in local concentrations of
native monomers and/or facilitate partial misfolding and formation of amyloidogenic monomers, thereby acting as scaffolds for aggregation (A). If
native monomers do not interact with HS S-domains, these domains can enhance fibril formation by interacting with amyloidogenic oligomers and
intermediates (35). HS S-domains act as receptors for protein aggregates (B, C). The fates of the internalized protein aggregates and recipient cells
will depend on the types of amyloids and types of cells. Amyloid fibrils can be toxic to cells (B). For example, after being internalized by cells,
protein aggregates may be degraded by lysosomes or may overwhelm lysosomes, which eventually leads to lysosomal dysfunction (43, 60). Cancer
cells release p53 aggregates in a sulfated GAG-dependent manner (C). Recipient cells take up p53 aggregates via the HS S-domains, and p53
aggregates may be re-released to propagate or may interfere with the functions of wild-type p53, possibly by recruiting wild-type p53 proteins (44,
46).
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