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Abstract

Hereditary gelsolin (AGel) amyloidosis is a rare and often underrecognized protein
misfolding disorder caused by mutations in the gelsolin (GSN) protein, leading to its
aggregation in various tissues. Its rarity, combined with a heterogeneous and complex
clinical presentation and the multidomain, flexible nature of GSN, has impeded research into
its pathogenic mechanisms and therapeutic options. GSN comprises six homologous
domains, labeled sequentially from G1 to G6. For over 40 years, AGel amyloidosis was
exclusively linked to a systemic form, caused by D187N and D187Y mutations in the second
domain, referred to as the Finnish and Danish variants. However, since 2013, numerous
novel amyloidogenic variants have been identified in different protein regions, leading to
various clinical phenotypes, characterized by distinct molecular mechanisms. This review
examines these mutations and proposes a classification based on.molecular and clinical
features to enhance research and diagnosis. Additionally, we summarize whether elucidating
the different pathogenic mechanisms aids in identifying potential druggable targets. The lack
of information and biological models and limited efforts. 10 develop pharmacological

treatments highlight the need for further therapeutic exploration.
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1. Introduction to systemic and localized amyloidoses of hereditary or
sporadic origin

Amyloidoses, also known as protein misfolding disorders, are a heterogeneous group of
diseases caused by endogenous extracellular or intracellular proteins that can undergo a
conformational change from an unstable native state to an alternative one characterized by
antiparallel B-sheets. This conformational rearrangement stabilizes the protein, allowing it to
form soluble oligomeric structures and insoluble fibrillar complexes that can deposit and
accumulate in various tissues and/or organs, compromising their functionality [1, 2]. These
fibrillar aggregates are commonly referred to as amyloidogenic deposits. The term ‘amyloid’
is derived from the Latin 'amyloideus' and was first used in 1854 by Rudolf Virchow to
describe a small protein deposit with starch-like properties.

The classification of diseases caused by amyloidogenic proteins is based on the biochemical
nature of the protein precursor and the proteins responsible for generating deposits, thus
defining the pathology [3]. To date, 42 human amyloidogenic proteins have been identified,
each associated with a specific disease [4, 5]. All these proteins can adopt a B-fibrillar
structure and produce insoluble deposits composed of amyloid fibers with diameters ranging
from 7 to 13 nm and variable lengths. Non-fibrillar consiituents are also present in the
deposits, including glycosaminoglycans, serum amyloid protein, and, to a lesser extent,
apolipoprotein E, type IV or VI collagen, and laminin [6]. Amyloidogenic proteins are
categorized according to their origin and functional or pathological role. Some proteins form
disease-associated amyloid deposits, 'such as immunoglobulin light chains in primary
amyloidosis, transthyretin in hereditary and wild-type (WT) forms, and serum amyloid protein
A in chronic inflammatory conditions [5]. However, other proteins are involved in the
formation of functionalfibrils with specific physiological roles, such as the major basic protein
of eosinophilic granulocytes, the melanosome protein PMEL-17 in melanosome formation,
and bacterial amyloid proteins in biofilms [5]. Regardless of the protein that forms them, all
amyloidogenic .deposits are characterized by specific biochemical properties, such as
resistance to denaturing agents and proteolytic degradation [7]. Furthermore, fibrils have a
distinctive fibrillar-type ultrastructure that appears highly ordered under the electron
microscope and displays specific X-ray crystallographic diffraction patterns [8]. Dyes like
Congo Red and thioflavin T (ThT) specifically bind to this structure [7, 9], producing a
characteristic birefringence [10].

The mechanism underlying protein aggregation was first described for the amyloid B (AB)
protein, whose accumulation in the brain is considered the molecular driver of the onset and
progression of Alzheimer’s disease. It was later shown that this process, termed the ‘amyloid

cascade’, can also be generalized to other amyloidogenic proteins, suggesting that the



formation of proteotoxic species from a precursor protein and their aggregation are not
specific to a particular protein [11]. Amyloid aggregation is a complex process characterized
by equilibria among multiple transient species and competing pathways, as comprehensively
reviewed here [12]. In a much-simplified view, during the early stages of the aggregation
process, the monomers of the amyloidogenic protein begin to self-assemble, forming small,
soluble, and unstable intermediates known as oligomers (Figure 1). Hydrogen bonds can
form between amino and carbonyl groups within these soluble intermediates, leading to the
generation of chains called protofibrils [4, 13], which can subsequently assemble
longitudinally into mature fibrils, creating the amyloidogenic deposits found /in patients
suffering from amyloidosis [13, 14].

Whether oligomers, amyloid protofibrils, or fibrils are responsible for the onset and
progression of the disease remains a matter of debate [15]. The fibrillar deposits were
considered the most toxic species driving tissue and organ dysfunction for a long time. Both
pre-clinical and clinical evidence indicate that while the accumulation of aggregates in extra
or intracellular compartments alters tissue structure, the soluble oligomers, due to the
exposure of their hydrophobic domains, are responsible for the proteotoxicity [4, 13, 16, 17].
Based on the organs where fibrillar aggregates are deposited in the human body,
amyloidoses can be classified as localized ‘or systemic [5, 18]. Localized amyloidosis
remains confined to a specific area, while‘systemic amyloidosis involves a broader spread.
Among the human fibrillar amyloid praoteins, 19 are associated with systemic deposits, while
4 occur with either localized or systemic deposits [5].

Among localized amyloidoses, central amyloidosis is the most common form, characterized
by deposits in the centra! narvous system, which is also where the amyloidogenic precursor
protein is produced. This type of amyloidosis encompasses several neurodegenerative
diseases, including’/Alzheimer's disease, which is a double proteinopathy marked by deposits
of AB and hyperphosphorylated Tau; Parkinson's disease, associated with a-synuclein
aggregation; and Huntington’s disease, linked to polyQ-expanded huntingtin deposits [19]. In
systemic amyloidoses, the protein precursor is transported from the synthesis site through
the bloodstream into the extracellular compartments of various organs and/or tissues,
leading to the formation of amyloid deposits. These disorders are rare, with immunoglobulin
light chain amyloidosis and transthyretin amyloidosis (ATTR amyloidosis) having the highest
incidence in Western countries [20]. Approximately 20 proteins have been identified as
responsible for systemic amyloidosis in humans. Although they differ significantly in structure
and function, they all produce morphologically indistinguishable aggregates [21].
Amyloidoses can be further divided into hereditary and sporadic forms, with the latter
accounting for approximately 95%. Hereditary localized and systemic amyloidoses are

characterized by autosomal dominant mutations that result in the formation of mutant



proteins with a strong tendency to aggregate. This is relevant to familial Alzheimer’s disease,
which arises from mutations in amyloid precursor protein and AR, as well as in hereditary
systemic amyloidosis, which is highlighted by variants of apolipoprotein Al, apolipoprotein
All, lysozyme, fibrinogen A chain a, gelsolin (GSN) [6], and notably transthyretin (TTR) with
more than 130 different inherited genetic variants [22].

Among systemic amyloidoses, hereditary gelsolin amyloidosis (AGel) is of scientific and
clinical interest because it is caused by specific mutations in the gsn gene, which lead to the
aggregation and deposition of protein fragments. Clinical presentation is heterogeneous and
often includes peripheral neuropathy, muscle weakness, and cardiac or renal involvement
[23, 24].

Diagnosing AGel is a multifaceted process typically involving genetic testing, tissue biopsy,
and advanced imaging techniques. The GSN mutations associated with AGel can be
identified through next-generation sequencing. Histologic and histochemical analysis paired
with Congo red staining and electron microscopy are traditionally used to reveal the
characteristic apple-green birefringence and the presence of fibrils [10, 25]. Imaging
techniques, such as echocardiography or magnetic rescnance imaging, may assist in
assessing organ involvement, particularly in cases where cardiac amyloidosis is suspected
[26]. A breakthrough in amyloidosis diagnosis has emerged from laser microdissection
followed by mass spectrometry analysis of Congo red-positive areas [27—-29]. This method
also allows for the typing of amyloidosis by identifying the causative protein. Early diagnosis
through these approaches is vitai for effective management, as amyloid deposits can lead to

progressive organ dysfunction if left untreated.

2. Introduction to gelsolin structure, biochemistry and physiological activities
GSN is a calcium-dependent regulator of actin filament dynamics. The 70-kb gsn gene,
located on chromosome 9, was first sequenced by Kwiatkowski and colleagues in 1986 [30,
31]. GSN_is a well characterized and almost ubiquitous actin-binding protein, playing a
central role in cytoskeletal remodeling during cellular processes such as differentiation,
movement, and apoptosis [32]. Like other proteins in the same superfamily, GSN can sever
actin filaments while remaining attached to the resulting barbed (plus) ends, where
polymerization is favored. In this way, GSN prevents filament growth and creates more
pointed (minus) ends, facilitating depolymerization [33, 34]. Given these key activities, GSN
is involved in numerous biological processes such as cell motility and division, signal
transduction, apoptosis, transcriptional coactivation, and consequently in various
pathological conditions. These aspects of GSN have been extensively reviewed elsewhere
[35, 36].



Three isoforms of the GSN protein are expressed from the gsn gene. The cytosolic form is
an 80 kDa protein composed of 730 amino acids, while the plasma GSN is an 83 kDa
secreted isoform [34]. The secreted form is thought to sever free actin filaments in plasma,
which helps reduce viscosity and regulate inflammation [31]. Plasma GSN undergoes
cleavage of its N-terminal 27-residue signal peptide, enabling secretion through the
endoplasmic reticulum. The mature plasma form is used as a reference for residue
numbering throughout this text. The third isoform, GSN-3, is the least characterized and
appears to be specific to the central nervous system, with an N-terminus that is 11 amino
acids longer than the cytoplasmic protein [37].

All GSN isoforms consist of six homologous domains, labeled sequentially from G1 to G6
(Figure 2). This modular structure arises from two successive gene duplications of the core
GSN domain, followed by duplication of the resulting triplet. Consequently, the domains form
pairs exhibiting high sequence and structural similarity: G1 and G4, G2 and G5, and G3 and
G6 [38, 39]. All homologous domains share a GSN-like fold, comprising a five-stranded B-
sheet flanked by two a-helices. GSN contains eight calcium-binding sites: one type-2 site in
each domain and two additional type-1 sites, in G1 and G4, that facilitate actin binding [38,
40, 41].

GSN activity is regulated by various molecules and environmental factors, including Ca?,
phosphatidylinositol phosphates (PIPs), and pi |42, 43] (Figure 2). Ca?* is the primary and
most well-characterized modulator, promoting a concentration-dependent activation that
allows GSN to bind to actin filaments. in contrast, PIPs and adenosine triphosphate (ATP)
inhibit the GSN-actin interaction, releasing GSN from the barbed ends when capping is no
longer necessary, and filamant elongation is desired [44—46].

GSN adopts a compact, self-inhibited conformation in a calcium-free environment with a
tightly packed structure. Numerous crystal structures of the full-length WT and mutated GSN
have been resolved.-over the years [38, 47—49] (Table 1), revealing G1 to G5 wrapped
around G6, with the C-terminal latch binding to the G2 domain to lock the protein in this
inactive state. The type-1 sites are buried in this configuration, rendering them inaccessible
for'actin binding.

GSN senses Ca?* across a broad concentration range, likely due to the individual affinities of
its domains, which range from 0.2 to 600 uM [41, 50-52]. Small-angle X-ray scattering
(SAXS) and radiolytic protein footprinting indicate that upon ion binding, the packing of the
domains relaxes, resulting in an increased hydrodynamic radius of GSN and changes in
surface accessibility, leading to its fully active form [52, 53]. Research on other members of
the GSN superfamily suggests that the active/open conformation likely exists as an
ensemble of conformations, with the six domains no longer constrained by dynamic

equilibrium [54]. Due to its flexible conformation, Ca?*-bound active GSN has evaded high-



resolution structural characterization, and studies have concentrated on the isolated
domains or triplets in the presence of the ion. A comprehensive list of available GSN
experimental structures can be found in Table 1.

The ftriplets G1-G3 and G4-G6 exist in vivo as a product of caspase 3 [55, 56]. This is a
Ca?*-independent and irreversible activation of GSN, the fragments participate as effectors
in apoptotic processes, by severing actin filaments, proteolyzed GSN causes cell rounding,
detachment, and nuclear fragmentation. The crystallographic structures of the two halves of
GSN, specifically G1-G3 and G4-G6, bound to actin are available [38, 41]. Both halves of
GSN unwrap as the third domain releases the first domain, shifting aside to reveal the actin-
binding regions on domains G1 and G4.

GSN activation is detectable in vitro using various structural and biophysical techniques,
such as SAXS, radiolytic protein footprinting, and thermal denaturation assays. SAXS and
radiolytic protein footprinting experiments allow for the observation of the increase in GSN's
hydrodynamic radius and changes in surface accessibility, respectively, due to the relaxation

-~

and opening of the structure upon the addition of Ca?* [62, 531" Conversely, pressure and
temperature denaturation assays monitor structural melting by examining the different
behaviors in the presence or absence of Ca?* [47,/49, 57]. The compact Ca?*-free form
resembles a globular protein characterized by a single transition melting curve between
native and denatured states. In the presence of calcium, GSN unwinds, causing the domains
to behave independently, which results.in a slanting multistep profile.

Recently, cryo-electron microscopy has resolved the structure of the GSN:actin capping
complex [58] (Figure 2). This structure once again demonstrates the intrinsic plasticity of

GSN, as it can wrap arouna the actin filament by extending the long G3-G4 linker.

3. GSN mutations and mechanisms underlying AGel amyloidosis

AGel amyloidosis was first described in Finland in 1969 [59] and consequently named
familial amyloidosis Finnish-type (FAF). For a long time, the disease was associated only
with two substitutions of the same residue (D187N/Y) and was believed to be geographically
restricted to endemic areas in northern Europe. AGel amyloidosis is very rare, and its clinical
presentation is complex and heterogeneous, likely remaining undiagnosed for years.
Recently, there has been an increased awareness of this class of disease, broader use of
genetic tests, and advancements in diagnostic tools [29] that have shown AGel amyloidosis
is present worldwide, even in families without Finnish ancestors [60—62]. Since 2013, many
novel mutations have been identified (Figure 3 and Table 2) as responsible for the disease,
which is sometimes characterized by an alternative presentation of symptoms. All single-

point mutations causing AGel amyloidosis lead to a gain-of-toxic function phenotype,



resulting from the extracellular deposition of GSN protein in an insoluble beta-pleated sheet
conformation.

By reviewing the literature, we here propose a tentative classification of the known
amyloidogenic mutations based on a combination of clinical and molecular features of AGel
amyloidosis: i) a systemic form, caused by D187N and D187Y mutations in the second
domain, respectively known as the Finnish- and Danish-variant; ii) mutations that although
hosted by the G2 domain cause a kidney localized form of the disease; iii) a sporadic form,
caused by WT GSN deposits surrounding a sellar glioma of the hypophysis; iv) variants
carrying mutations at the interface between domains G4:G5; and v) frame-shift mutations

responsible for an Alzheimer’s disease-like phenotype.

3.1 The systemic Finnish and Danish forms

The first identified and better characterized AGel mutations are"D187N/Y (numbering
according to the mature plasma protein), hosted by the G2 domain [59, 63] (Table 2). In
these patients, amyloid fibrils are systemically deposited-in.the-walls of blood vessels and
perineural sheaths, giving rise to a slowly progressive . neurological deterioration mainly
characterized by a triad of clinical manifestations: corneal lattice dystrophy, cutis laxa, and
sensory polyneuropathy [23]. These manifestations are caused by the abnormal deposition
of GSN amyloid fragments in various tissues. The earliest symptom is typically corneal
lattice dystrophy in the third or fourth decades of life [64], which occurs when GSN amyloid
accumulates in the peripheral cornea in a lace-like pattern, as well as in the associated
nerves. Amyloid deposits along large nerve fibers lead to neurological involvement, which
generally appears later in the disease, initially affecting the facial nerves, followed by
involvement of other cranial nerves such as trigeminal, glossopharyngeal, and hypoglossal
nerves. Patients often present with a combination of symptoms, including facial nerve palsy,
mild polyneuropathy,-hearing loss, ataxia, dysarthria, and orthostatic hypotension [65]. As
the disease progresses, cutis laxa develops. This condition results from the deposition of
GSN amyloid in the basement membrane of the dermis, which disrupts the dermal
architecture and impairs the normal function of collagen and elastin fibers. Nearly all organs
are affected to some extent. In fact, although AGel amyloidosis predominantly involves the
nerves, amyloid deposits have been found in 80% of organs, primarily in the heart, kidney,
soft tissue (i.e., carpal tunnel syndrome and breast masses are common), lung, liver, and
pancreas, confirming AGel as a systemic disease. Despite the progression of the disease
and organ involvement, individuals with AGel amyloidosis typically have a normal life
expectancy [24].

AGel patients' tissues from the peripheral and central nervous systems [66] contain amyloid

fibrils composed of a 71-residue fragment of GSN, specifically amino acids 173-243 [67].



Analysis of the D187N/Y amyloidogenic variants revealed an aberrant proteolytic cleavage at
position R172|A173 of G2, usually covered by the G3 domain, by an “alpha-gelsolinase”,
later identified as the furin protease [68]. Furin produces a 68 kDa C-terminal fragment
(C68), which is secreted in the extracellular space where it undergoes a second cleavage,
giving the amyloidogenic peptides [69, 70].

Biophysical characterization of the variants showed that D187N/Y substitutions do not
induce large changes in the calcium-free full-length GSN structure and do not affect its
physiological activity [48, 49]. The thermal stability of the mutated full-length proteins is
almost similar to that of the WT (Table 3), suggesting that the mutated full-length protein is
as stable as the WT both in the presence and in the absence of calcium. When tested for
their propensity to aggregate using thioflavin T, a fluorogenic dye specific for the detection of
amyloid-like structures, D187N/Y full-length do not show any propensity to aggregate [48,
49]. When tested in furin proteolysis assays, the mutated proteins show an increased
susceptibility to the cleavage [48, 49].

Studies on the isolated G2 domains revealed more biophysical insights. Structural
investigation of the molecular causes of the aberrant cleavage shows that D187 belongs to
the cluster of residues involved in the chelation of the calcium ion and substitution to N and
Y prevents Ca?* binding to the domain [68, 71, 72]. In G2, calcium is hexacoordinated by
G186, D187, E209 and D259 residues and twe water molecules. D187 contributes one
carboxyl oxygen to the binding of Ca?*, whereas the other carboxyl-oxygen forms a
hydrogen bond with the side chain of K166 [72, 73]. Substitutions of D187 to N or Y cause a
loss of the ability to form charge=charge interactions or potential hydrogen bonds with
partner residues Q164, K165, and N184 in the core of G2 cluster.

According to the proposed mechanism (Figure 4), the impairment of the physiological
conformational changes during the calcium activation in the Golgi apparatus cause an
increased destabilization of the second domain, as suggested by the strong destabilization
of the protein ' measured in both chemical and thermal denaturation studies [71, 74, 75]. The
consequent increased conformational flexibility causes the exposure of a furin protease
cleavage site (169-RVVR|A-173), which is then targeted during secretion in the trans-Golgi
environment. In addition, the D187N/Y mutation also disrupts the interaction between G2
and G3 [48]. Domain G3 sterically protects the furin cleavage site, and a FAF-like molecular
phenotype can be obtained by mutating this domain. The cleavage product is named C68, a
truncated C-terminal protease-sensitive 68 kDa portion that, when transferred to the
extracellular matrix, is further processed by matrix metalloproteases, eventually producing
the 8 and 5 kDa fragments, composed of the residues A173-M243 and A173-R225,
respectively. These macromolecules are amyloid-prone as they possess a highly

amyloidogenic sequence spanning residues 182 to 192 [76] or 187 to 193 [77]. The isolated



G2 domain itself also has a strong tendency to aggregate [78, 79], while the WT GSN in the

full-length form has a weak tendency to aggregate under physiological conditions [47, 75].

3.2 Novel G2 variants with kidney-localized deposition

The first two AGel variants identified, which do not involve D187 substitutions, are N184K
and G167R [80, 81] (Table 2). Patients with these substitutions exhibit a rare form of renal
amyloidosis, characterized by severe kidney complications that may progress to end-stage
renal disease. This condition results from the deposition of GSN amyloid in the glomeruli
[82]. No additional clinical features typical of GSN amyloidosis were observed. Although both
residues do not directly coordinate calcium, N184 stabilizes the cluster through hydrogen
bonds with G186 and D187. Notably, G167 does not directly interact with the cluster
residues. Both substitutions maintain the ability to bind Ca?* and preserve the overall cluster
geometry, challenging the previous dogma. Like D187N/Y, the thermodynamic stability and
three-dimensional structures of the full-length N184K protein are only slightly impacted by
the substitutions [48, 49]. In the isolated G2 domain context, the N184K variant displays an
even greater local thermodynamic destabilization, leading to increased conformational
flexibility [78]. Regarding G167R, the larger arginine side chain disrupts the Ca?* binding
cluster by destabilizing the D259 residue and the main-chain conformation, enhancing
flexibility of the G2-G3 domains [48, 49]. In both instances, such destabilization triggers the
same furin-dependent proteolytic cascade, resulting in the deposition of 8 and 5 kDa
amyloidogenic fragments. Interestingly, the G167R substitution has also been shown to
promote the dimerization cf the (G2 domain through a unique domain swap mechanism,
where the B1-strand of another monomer replaces the N-terminal f1-strand of one monomer
[57]. Dimerization was' also observed for the full-length G167R protein; however, high-
resolution structural data are not yet available to confirm the nature of this assembly. As a
possible consequence, the full-length G167R protein is less stable than the other G2
substitutions. 'In_systemic AGel caused by D187Y/N, the disease arises solely from the
exported isoform of the protein, while the full-length mutant protein is not intrinsically
amyloidogenic. Indeed, only the 5 kDa and 8 kDa fragments are found in fibrillar tangles [76,
83]. Laser microdissection and mass spectrometry analysis of deposits in patients carrying
the G167R substitution reveal GSN fragments that do not correspond exclusively to the
canonical 5 kDa and 8 kDa fragments [80]. This may indicate that the full-length protein
could also aggregate through the domain swap mechanism. Both N184K and G167R
mutations have been shown to increase GSN susceptibility to furin proteolysis [48, 57, 78],
suggesting that the same proteolytic pathway described for D187N/Y may be responsible for

the amyloid deposition occurring in patients affected by these variants.
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The reason why these variants lead to localized, rather than systemic, amyloid deposition
remains unclear. Under comparable conditions, the N184K mutation exhibits a lower
aggregation propensity than D187N [78], suggesting that higher local protein
concentrations—such as those found in the kidney—may be necessary to trigger deposition.
The G167R variant is cleaved by furin after A172, generating 5 and 8 kDa fragments similar
to the WT, which are presumably less amyloidogenic than those produced by canonical
mutations. Thus, both renal-associated mutants may represent less aggressive forms of
AGel amyloidosis compared to D187N, due to their reduced propensity of their fragments to

form amyloid.

3.3 G4G5 variants, a novel hotspot of amyloidogenicity

For a long time, the furin-dependent pathway was considered the only triggering mechanism
for forming GSN pathological deposition in AGel. Since 2018, several hew mutations falling
far from the G2 domain have been discovered, suggesting a possible alternative aggregation
mechanism (Figure 4 and Table 2). Five novel mutations lie at the interface between
domains G4 and G5, namely A551P, Y447H/N, E553K, M517R, and W466R. Patients
carrying G4-G5-linked mutations present heterogencous clinical pictures, including some
characteristic features of AGel amyloidosis such as corneal lattice dystrophy and
neurological symptoms.

A single patient carrying the A551P mutaiion [84] has been described so far, and his clinical
features are further complicated by the concomitant presence of mutated (V1221) ATTR
deposits. However, the two causative proteins seem to deposit in different organs with
aggregated GSN found soigly in aspirated abdominal fat and biopsy of the gastrointestinal
tract. No typical signs of AGel amyloidosis were reported. Overall, A551P substitution seems
to cause an asymptomatic amyloidosis or a very mild form of AGel at the latest. Mild is also
the phenotype linked.to the Y447H/N mutation. Of the two Y744H carriers described [85], the
father was.reported to be asymptomatic, whereas the daughter only suffered from mild
carpal tunnel syndrome along with amyloid deposits in breast tissue. Y447 substitution in
Asn as well does not show any classical AGel features. The amyloidosis results by the dual
aggregation of the GSN and wild type ATTR proteins in the heart but in two different
anatomic compartments (vasculature for GSN and interstitium for ATTR [86]). The E553K
and M517R variants are associated with more severe phenotypes similar to those caused by
D187N-mutated GSN, with the E553K carrying patient also exhibiting cardiac involvement
[87]. The W466R variant [88] was identified in the G4 domain, causing the formation of
corneal amyloid deposits. Immunohistochemical studies demonstrate the presence of the C-
terminal portion of GSN, once again suggesting the deposition of the protein in its full-length

form.
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Mass spectrometry of amyloid deposits is a crucial analysis linking clinical and molecular
phenotypes of novel forms of AGel amyloidosis. Unfortunately, this diagnostic test is not
always performed, and the complete data is rarely presented in clinical reports. Mass
spectrometric data for a patient with the A551P mutation are available [84]. As seen in the
case of G167R [81], it identified portions spanning the entire protein rather than the expected
8 and 5 kDa fragments, suggesting a potential alternative mechanism of aggregation. A
similar analysis was also conducted on the amyloid deposits from patients with Y447H/N
[85], once again revealing several regions of the full-length protein.

As expected, unlike the variants in the G2 domain, none of the M517R, A551P, and E553K
novel variants were susceptible to furin cleavage [47] (Table 3). The full-length proteins’
structure and stability are affected by the substitutions to a different extent, with A551P
having the mildest effect, and M517R and E553K being strongly destabilized (Table 3). In
particular, E553K undergoes denaturation already at physiological temperature. Moreover, in
contrast with all the other variants, E553K can sever actin’s filaments even without calcium,
suggesting a compromised compactness of the inactive state of GSN. Analysis of the
crystallographic and simulated models suggests three different effects of the substitutions in
the region of interest. They all lay within or near the two parallel B-strands (residues 517—-
520 and 549-553), constituting the interface ‘between G4 and G5 domains. The alanine
substitution with proline at position 551, known as a B-breaker residue, causes a distortion of
the B-strand and the loss of one H-band with M517. The glutamic acid to lysine substitution
at position 553 causes local rearrangements due to charge repulsion. As for M517R,
introducing a charged and bulky residue destroys the cluster of interaction with the
neighboring hydrophobic residues within the sulphur-aromatic motif (S-=, [89]), which
appears to play a significant role in the stability of the G4 domain. Molecular dynamic
simulations hint at"an _acquired increased dynamicity in the G4:G5 regions of all three
variants to a different.extent, with M517R having the most severe phenotype.

Y447H/N and W466R substitutions in the G4 domain are the most recently identified
variants; no in vitro studies of these variants are currently available [85, 88]. However, both
substituted residues fall in the same S-= motif of which M517R is part (Figure 3, G4:G5
inset), suggesting that these substitutions may have a similar impact on the biophysical
features of the protein. Adding a negative or positive charge could lead to a distortion of the
close secondary structures, thus destabilizing the interface between these two domains,
triggering the same aggregation mechanism of the above-mentioned variants.

As a result of the instability of the interface between G4:G5, the three characterized variants
A551P, E553K, and M517R are endowed with the tendency to aggregate as amyloid
deposits, even in their unproteolysed full-length form. In contrast to what happens with the
G2 variants, incubating the mutated proteins A551P, E553K, and M517R in the absence of
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calcium leads to an increase in the Thioflavin T fluorescence over time. This suggests that
the acquired flexibility of the mutants exposes one or more unidentified aggregation-prone

sequences that are otherwise buried in the WT protein [47].

3.4 Frame-shift mutations with an Alzheimer’s disease-like phenotype

To date, three frameshift (FS) mutations have been associated to an Alzheimer’s disease
(AD)-like amyloidosis; a phenotype never observed for any AGel missense mutations
reported so far. These FS variants are associated with cerebral lesions and do not present
the clinical features typically observed in AGel amyloidosis [90-92]. When translated, the
frameshift variants result in truncated proteins with altered sequences: the ¢.100dupG
produces an 11 kDa fragment, A34fs; the c.8 35del a 10 kDa fragment, P3fs; and the
mutant ¢.1036delA a 53 kDa protein, K346fs. The translated A34fs fragment accumulates in
the brain, leading to the development of multiple cerebral cavernous malformations and
associated hemorrhagic lesions [90]. The K346fs and P3fs mutations were identified during
a genetic screening of patients with diagnosed with AD,-aimed at detecting amyloidogenic
proteins, such as GSN, cystatin C, transthyretin, and integral membrane protein 2B. The
GSN K346fs and P3fs frameshifts were found in5 AD’s patients, however no known
pathogenic protein deposition was observed, thus their role in the pathogenesis of AD is yet
unclear. Both variants are associated with“cogniiive decline and psychiatric symptoms and
do not exhibit systemic AGel features. P3fs is characterized by a late-onset, more severe
phenotype aggravated by perscnality changes and multisystem involvement affecting the
eyes, skin, and thyroid. Patient carrying the K346fs mutation exhibited brain atrophy and AB
protein deposition was observed in bilateral cerebral cortex and subcortical nuclei [92].

A biochemical characterization of the three frameshift variants is missing, and we here used
Alphafold 3 [93] for some molecular insights (Figure 5). The two shorter variants are
predicted to be disordered, while the P346fs mutation may not significantly affect the first two
domains and a portion of G3, which might still be structured. However, a long stretch of the
P346fs protein is predicted to be disordered with hydrophobic, potentially aggregation-prone,
sequences exposed to the solvent. The mutants’ propensity to aggregate was also
investigated in silico using AMYLPRED2 [94]. Compared to the full-length WT GSN, no new
amyloidogenic sequences were found in the K346fs mutant. However, sequences with a
significant consensus have been detected in both short mutants, indicating that they may be
amyloidogenic.

Several studies have highlighted a correlation between GSN and Alzheimer’s disease,
demonstrating that GSN binds to the AP peptide, hampers its aggregation, and delays
disease progression by protecting cells from apoptosis and ROS. It has also been suggested

that decreased plasma GSN levels could serve as a biomarker for Alzheimer's disease and
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its progression. In the context of AD and AP aggregation, the truncated frameshift mutant
proteins may not be translated, and the resulting loss of function could impair GSN-mediated

cellular protection [92].

3.5 Other mutations and a sporadic form of AGel

Two recently discovered mutations, P432R and L538P [95, 96], remain unclassified as they
are located outside the classical hotspots, the G2 Ca?* binding site and at the interface
between domains G4 and G5. Neither P432R in the G4 domain nor L538P in the G5.domain
has been characterized in vitro. Although P432 is situated at the interface between G3 and
G4, it does not directly participate in the interactions between these two domains. Instead, it
is exposed to the surface of the protein. The substitution of proline with arginine not only
increases the size and bulk of the side chain but may also disrupt the secondary structure of
the a-helix and alter the charge of the protein's electrostatic interactions at the interface. The
patient with the P432R mutation, a male of African descent, presented with an atypical
clinical profile that included fevers, skin rash, polyneuropathy, and anemia [95].

The patients in whom GSN carries the L538P substitution exhibit reticular corneal dystrophy
and carpal tunnel syndrome, but no relevant dermatological symptoms [96]. L538 lays in the
middle of the B-sheet constituting the G5 domain and, the substitution with a proline, with its
rigid, cyclic structure can introduce a kink in the polypeptide chain and disrupts the
secondary structure of the (-sheet, where leucine might stabilize the overall fold. The

change can then interfere with the overall protein flexibility.

Although we believe AGe! amyloidosis should be considered a hereditary disease, there is a
single report of an acquired form of the disease in which amyloid deposits of the WT protein
were found surrounding a pituicytoma, a brain tumor originating from the pituitary gland [97].
In this Chinese patient, the deposition of GSN forms a solid sellar mass with suprasellar
extension. Sequencing of the gsn gene failed to identify any mutation but typing of the
amyloidosis was performed by the robust proteomic analysis of the ex vivo aggregates.
Moreover, such analysis identified GSN fragments not limited to 5 and 8kDa fragments but
spanning the whole sequence, similarly to aforementioned variants. Under harsh conditions,
such as acidic pH, WT GSN shows mild amyloidogenic potential ([78] and unpublished data
from authors). Additionally, GSN is overexpressed in few cancers [98-102] and its
fragmentation observed in melanomas [103, 104]. This raises a compelling, yet untested,
hypothesis: that abnormal accumulation of the WT protein, even in the absence of

mutations, might be sufficient to drive its aggregation under certain pathological conditions.
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At the time of writing, two novel possibly-pathogenic variants of GSN have been described:
G248S (c.823G>A, p.Gly275Ser), [105] and D737H (author numbering scheme: ¢.2245G>C,
p.Asp749His) [106]. In both clinical reports, Agel is discussed and in the latter even
considered for the diagnosis, but patients are very young compared to standard onset of
Agel amyloidosis and no amyloid deposits have been observed in any tissue. Although
mutations in gelsolin are mainly associated with the amyloidosis, due to the multifunctional
role of the protein may lead to other diseases. Indeed, the patient associated with G248S
only presented sever pruritis and burning sensations, whereas the D737H carrier was mainly

affected by nephropathy and thrombotic microangiopathy.

4. Investigation on therapeutic approaches

Currently, patient management does not address the underlying biochemical mechanisms
driving the pathology but instead focuses primarily on symptom relief through multiple
surgeries and invasive interventions. For this reason, the search for therapeutic compounds
capable of disrupting the biochemical pathway leading to'misfolded GSN deposition should
be considered a priority.

The two defining features of all AGel forms are the accumulation of amyloidogenic deposits
in various tissues and the lack of pharmacological tfreatments capable of blocking or slowing
disease progression. Several strategies have been explored to inhibit amyloid formation,
including rescuing mutant GSN misfolding using structural chaperones, reducing the
production of amyloid precursor proteins/fragments with anti-aggregants, or employing
disaggregating molecules io promote the clearance of pre-existing aggregates (Figure 6a).
Conversely, inhibiting the  proteases involved (furin and one or more matrix
metalloproteinases) isnot a viable option due to their essential physiological roles in human
cells and the potential for significant side effects [107, 108].

Most investigational-"therapeutic approaches target the aggregation of amyloidogenic
fragments;-however, these strategies may be ineffective for variants characterized by
proteolysis-independent mechanisms. Other approaches focus on stabilizing the protein to
prevent misfolding and proteolytic events, which may also be variant-specific. Although
stabilizing the protein in its monomer conformation can reduce the formation of new disease-
relevant structures [12], this approach might increase intracellular protein concentration,
impairing cellular homeostasis. In addition, other processes, such as those regulated by
molecular chaperones and autophagy, which help in preventing aggregation, may be
affected. The clearance of accumulated monomeric protein may be compromised, allowing
the formation of unstable, toxic oligomers. This scenario is much more complicated in the

case of GNS, whose aggregation process has not been thoroughly characterized, and
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proteolytic processes on different domains can form amyloidogenic peptides, rendering the
design of anti-aggregation compounds very challenging.

The fibrillogenic process — i.e., the aggregation of misfolded proteins into oligomeric
conformations, which subsequently form higher-order fibrils and plaques— has been
extensively studied to prevent deposit formation. Historically, amyloid plaques were
considered the primary drivers of pathogenesis. However, over time, it has become evident
that the main pathological agents are small, soluble, and cytotoxic oligomers capable of
initiating degenerative cascades, rather than mature fibrils, which are also toxic but to a
lesser extent. Small molecules, short B-sheet breaker peptides/peptidomimetics, and
antibodies targeting amyloid fibrils and amyloid-like aggregates can interfere with the
amyloid aggregation process. In this context, an effective anti-aggregation. compound should
not selectively inhibit fibril elongation while allowing the accumulation of highly toxic soluble
oligomers [109-112].

The approaches aimed at reducing the GSN amyloid burden are here reviewed, classifying
them according to the nature of the molecules involved, ‘including small molecules,

peptidomimetics, and biologics, such as anti- and nano-bodies (Figure 6b).

4.1 Small molecules with anti-aggregating activity

Curcumin and emetine, two bioactive molecules selected through virtual screening, exhibited
distinct effects on GSN aggregation [113]. Curcumin promoted aggregation into higher-order
structures, leading to the formation of larger fibrils, whereas emetine blocked aggregation at
the oligomeric stage, preventing the formation of mature fibrils.

Since GSN assembly is initiated by stacking interactions between F183 and F189, molecular
dynamics (MD) simulations indicate that curcumin can establish a strong triplanar stacking
interaction with the protein. Moreover, curcumin is planar and symmetrical enough to interact
with two GSN~ molecules simultaneously. This spatial arrangement results in extended
hydrophobic. surfaces that accelerate multipolar GSN assembly into fibrils. Conversely,
emetine 'has_been found to form hydrogen-bonding interactions with the terminal S182 of
GSN _through its bulky isoquinoline ring. As a result, only one end of GSN remains
accessible for assembly, leading to the formation of oligomers whose further extension into
fibrillar structures is sterically hindered.

The same authors later proposed encapsulating curcumin and emetine in poly(lactic-co-
glycolic) acid nanoparticles to enhance their effectiveness and bioavailability [114].
Nanoparticles enabled lower compound concentrations to achieve a faster and more potent
modulatory effect. When encapsulated in nanoparticles, curcumin accelerated fibrillation,
while emetine halted aggregation and induced the formation of non-fibrillar aggregates. The

aggregates formed in the presence of nanoparticles exhibited reduced toxicity compared to
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untreated GSN fibrils, as demonstrated by cytoxicity studies on the human neuroblastome
cells (SH-SY5Y).

More recently, plant-derived cytokinins, such as kinetin and trans-zeatin, have emerged as a
new class of small-molecule modulators of GSN aggregation [115]. Unlike curcumin, which
enhances fibril formation, or emetine, which stabilizes oligomeric species, cytokinins
primarily act as disaggregation promoters. Biophysical and mass spectrometry studies
demonstrated that these compounds form non-covalent 1:1 complexes with GSN-derived
peptides and their pathogenic variants, inhibiting fibril formation and partially reversing pre-
formed aggregates. Molecular docking analyses suggested that cytokinin activity arises from
a combination of hydrogen bonding and aromatic -1 interactions between the adenine
core and key residues within the amyloidogenic region, including phenylalanine and tyrosine.
Notably, trans-zeatin displayed greater efficacy than kinetin and ' reduced aggregate-
associated cytotoxicity, highlighting the importance of the N6-substituent in modulating
inhibitory potency.

Two other small molecules, the methylene blue and the. polyphenol (-)-epigallocatechin
gallate, known to be active against tau and AB amyloidosis, were evaluated for their ability to
inhibit the aggregation of various peptides containing the GSN amyloidogenic sequence
CFILDL [77]. The study demonstrated that both compounds act as dual-function inhibitors,
preventing the aggregation of GSN peptides and promoting the disaggregation of pre-formed
fibrils. Notably, both inhibitors effectively reduced the aggregation, with 1Cs, values ranging
from 2 to 13 yM. However, their precise mode of action was not fully elucidated. The authors
proposed that their inhibitory mechanism involves both the oxidation of cysteine residues
within GSN amyloidogenic peptides and hydrophobic or T—T interactions with aromatic
amino acids, such as phenylalanine 183, present in the hydrophobic CFILDL sequence.

The toxicity associated with amyloid aggregation can also be countered by accelerating the
process. To this end; oxidized phospholipid 1-palmitoyl-2-(90-oxononanoyl)-sn-glycero-3-
phosphocholine (PoxnoPC) has been reported to enhance GSN aggregation in a
concentration-dependent manner [116]. Since nucleation is affected only when the
concentration of PoxnoPC promotes the formation of micelles, it is suggested that the water-
membrane interface can play a role in GSN aggregation, similar to other amyloidogenic

systems.

4.2 Peptidomimetics

Our group has recently developed anti-aggregating peptidomimetics following a previously
applied strategy to two other amyloidogenic proteins, AR and human islet amyloid
polypeptide aggregation [117-119]. A set of peptide mimics containing a piperidine-
pyrrolidine scaffold proved capable of interfering with the aggregation of the 5 and 8 kDa
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fragments produced by the furin-dependent proteolysis of the G2-linked variants, which are
the most common and widespread [79]. These molecules were designed based on the
sequence of the GSN amyloidogenic core (residues 182-SFNNGDCFILD-192), which
triggers the aggregation of the fragments, and the sequence of the flanking B-strand (194-
GNNIHQWCGSN-204). These peptidomimetics interfere with the aggregation of the
amyloidogenic core sequence and the isolated D187N-mutated G2 domain at promising
concentrations by acting as molecular tweezers that sequester the amyloidogenic core.
These compounds represent an innovative strategy to interfere with GSN aggregation by
mimicking the interactions between peptide sequences and preventing fibril-formation.
Furthermore, once the triggering amyloidogenic sequence is known, this approach could
work for any GSN amyloidogenic proteins, such as the variants at the interface between the
G4 and G5 domains.

4.3 Biologics

Several Camelidae species express a unique class of antibodies composed solely of heavy
chains. These antibodies can be engineered into nanobodies (Nbs), i.e., single heavy-chain
variable domains, which are fully functional even in the absence of a light chain. These Nbs
represent the smallest intact antigen-binding fraament of a heavy-chain immunoglobulin and
are versatile tools for fundamental research, diagnosis and treatment [120, 121].

A library of GSN-specific Nbs was developed by injecting human recombinant GSN into a
llama, each binding to different epitopes on the protein surface [122]. Furthermore, the Nbs
can distinguish between the various conformational states of GSN, including its free form,
the calcium-activated state, and the actin-bound configuration. This specificity makes them
valuable tools for addressing key biological questions and elucidating the biochemical
mechanisms underlying structural transitions and interactions within cellular contexts.

One of these Nbs, Nb11, recognizes the epitope in the G2 domain (G137-L247). The crystal
structures of G2 WT and D187N mutant in complex with Nb11 (PDB codes 4S10 and 6H1F,
respectively) 'show that Nb11 binds an extended area including the B5-loop-a2 region
(residues 230-234, 238-245) and the loop-B4 stretch (residues 193-198). Despite being
distant from the furin binding site, Nb11 protects both the full-length and isolated G2 domain
from furin proteolysis in vitro and in vivo assays, being active in the trans-Golgi network of
human cells and transgenic GSN amyloidosis/Nb double-positive mice [123, 124]. Structural
analysis of crystallographic B-factors and MD simulations of Nb11 with the G2 pathological
variants show a gain in structural stabilization propagating through the C-terminus and the
a2 helix of the variants’ structures. The characterization of Nb11 shows that it works as a

pharmacological chaperone, thermodynamically stabilizing all the G2 variants, reverting the
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misfolding effect of the substitutions and counteracting their proteotoxicity both in vitro and in
vivo [71, 124, 125].

The same authors generated a second generation of GSN Nbs (FAF-Nb) by immunizing
llamas with the 8 kDa fragment and the G2 domain, harboring the substitution D187N [123].
FAF-Nb specifically binds the mutated C68 GSN fragment by recognizing an epitope unique
to mutant GSN and more accessible in the C68 degradation product. These Nbs shield the
C68 amyloid precursor protein from proteolysis by membrane-type 1 matrix
metalloproteinase, thus preventing the formation of the 8 kDa peptide [123]. A very thorough
summary on the two generations of Nbs was written by Verhelle and Gettemans in 2016
[126]. A bispecific Nb was then developed to simultaneously shield mutant plasma GSN from
intracellular furin and extracellular membrane-type 1 matrix metalloproteinase activity [127].
In addition to acting as chaperones, Nbs and antibodies can counteract amyloidogenic
deposition by targeting the aberrant amyloidogenic 8 kDa fragment(A173-A242). Leimu et
al. [128] generated a panel of high-affinity antigen-binding antibody fragments (Fab) by
phage display that recognize different epitopes of the 8 kDa fragments in the amyloidogenic
sequence and the flanking regions. Three of these Fabs bind and inhibit the amyloid
formation in vitro at a stoichiometric ratio 1:1 [128].

Their high specificity, stability, versatility,, and ease of engineering to optimize
pharmacokinetic properties provide antibodies, Fabs, and Nbs a distinct advantage in
diagnostic or clinical applications and targeted therapeutic approaches. They can serve as
noninvasive imaging probes to identify diseased tissues and circulating pathological
proteins. Notable examples of @ntibodies currently in clinical trials include aducanumab and
lecanemab, which targei AB in patients with Alzheimer’s disease [129]. However, the large
size of antibodies and Nbs may hinder their ability to penetrate cells effectively. This
indicates that developing smaller drug-like molecules or peptides that retain nanobodies'

protective, or chaperone-like functions could provide a more efficient therapeutic alternative.

5. Pre-clinical models of AGel

In vitro and in vivo models replicating the clinical features seen in patients are essential for
clarifying the mechanisms underlying AGel and conducting preclinical pharmacological
studies. However, similar to other rare systemic amyloidoses, limited efforts have been
made to develop affordable models for AGel.

To investigate whether the mutations associated with FAF-type AGel can be processed in
vitro to produce amyloidogenic fragments, monkey kidney fibroblast-like COS-1 cells were
engineered to express D187N- or D187Y-mutated human GSN [62]. Mutant forms were
homogeneously distributed throughout the cytoplasm and were subjected to abnormal
proteolysis in vitro, resulting in the secretion of an aberrant 68 kDa carboxyterminal fragment
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into the culture medium. This resulted in intracellular partially aggregated deposits. No
additional in vitro models and no induced pluripotent stem cells have been developed to
create cellular models of AGel variants relevant to humans [130]. More recently, a
pharmacological study investigated the protective effect of curcumin and emetine
encapsulated into poly lactic-co-glycolic acid (PLGA) nanoparticles against the toxicity
induced in human SH-SY5Y neuroblastoma cells by fibrillar aggregates of the recombinant 8
kDa GSN amyloidogenic peptide [114]. The 24-hour exposure to aggregates reduced the
cell viability by about 60%. Nanoparticles containing curcumin and emetine, which are
effective in inhibiting GSN aggregation, reduced this toxicity, indicating that proteotoxicity is
linked to the fibrillation process.

The availability of in vivo models is restricted, too. The only transgenic animal currently

available is a mouse developed to study FAF-type AGel, in which human D187N-mutated
GSN was expressed under the control of a muscle-specific promoter. This approach enabled
an accurate reproduction of the proteolytic cascade leading to the formation of the 8 and 5
kDa amyloidogenic fragments, reflecting the pathological process observed in FAF patients
[114]. One of the most significant aspects of this model. is the iocalization of amyloid
aggregation, which, despite the presence of full-length proiein and the C68 fragment in the
blood, occurs exclusively in muscle tissues synthesizing the mutant GSN. Furthermore, mice
homozygous for the D187N mutation exhibited a progressive loss of muscle strength and a
decline in cellular proteostasis, accompanied by intracellular accumulation of amyloidogenic
proteins, phenomena also seen in sporadic inclusion body myopathy (sIBM) in humans
[131]. Despite its usefulness, the model has some limitations. Although it successfully
reproduces the proteolytic cascade and local amyloid deposition, it remains unclear whether
it fully replicates all clinical manifestations of FAF, such as peripheral neuropathy, cutis laxa,
or corneal dystrophy observed in patients [132]. Utilizing a muscle-specific promoter restricts
the synthesis of the mutant protein to this tissue. In contrast, in human pathology, the mutant
GSN is expressed in several organs [133], which may diminish the model's ability to
represent ~the. <disease's multisystem manifestations. Additionally, species-specific
differences _between mice and humans could affect disease progression and response to
potential treatments. GSN metabolism and proteostasis regulation may not perfectly overlap
between the two species. Despite these concerns, this transgenic mouse model serves as a
crucial tool for studying the pathogenetic mechanisms of FAF and evaluating potential
therapeutic strategies, including inhibition of furin and membrane-type 1 matrix
metalloproteinase, which trigger GSN cleavage, utilization of proteostasis regulators, and
antagonism of interactions between amyloidogenic fragments and glycosaminoglycans.

No new transgenic strains have been developed as AGel models, and alternative methods

have been used to study the toxicity of the various GSN variants.
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Caenorhabditis elegans has recently been utilized as an animal model to investigate the
proteotoxic effects of WT and mutated GSN. This nematode is commonly used in
developmental biology and genetics due to its transparency, short life cycle, and ease of
genetic manipulation. Furthermore, it serves as a well-established experimental system for
studying amyloidogenic diseases because of its capacity to recognize the proteotoxic
assemblies of misfolded proteins [134—136]. This recognition is indicated by a dysfunction of
the feeding behavior, particularly the pharyngeal contraction, measurable by the frequency
of pharyngeal pumping [137].

Studies were performed to evaluate whether the presence of mutations in the G2 domain of
GSN can affect its proteotoxic effect. The G2-mutated variants significantly reduced
pharyngeal contraction frequency, with more pronounced effects for the N184K mutation
than for the G167R and D187N variants [71]. Pharyngeal impairment was persistent over
time, suggesting lasting structural damage. Furthermore, the toxicity of the variants was
dose-dependent and correlated with the conformational state of the protein: the unstructured
form of G2 showed a more remarkable ability to inhibit pharyngeal function than the correctly
folded form. The use of Nb11, designed to stabilize the structure of the protein, neutralized
the toxicity of the G2 variants in nematodes, restoring nainial pharyngeal function in both the
short and long term [71].

The proteotoxicity of the new G4:G5 variants of amyloidogenic GSN was also investigated
[47] by treating worms with WT GSN and mutant variants (D187N, A551P, E553K, and
M517R) in the presence or absence of calcium, and after prolonged incubations under
conditions mimicking the aggregation process. The results showed a clear correlation
between protein destabilization and toxicity, with a reduction in pharyngeal function
proportional to the ability of the variants to aggregate. In particular, the M517R mutation was
the most toxic, inducing a reduction in pharyngeal function of up to 37% in the first hours
after exposure.-Toxicity increased over time for some variants, suggesting a role of structural
destabilization .in-the progression of cell damage. Additional experiments showed that
proteotoxicity was dependent on the conformational state of the proteins: treatment with high
temperatures abolished the toxic effect, indicating that recognition by C. elegans depends on
the three-dimensional structure of the proteins rather than their mere presence. These
results suggest that the aggregation of the G4:G5 variants may follow an alternative,
proteolysis-independent mechanism to the classical GSN variants, opening new
perspectives in the study of pathogenesis and the search for potential therapeutic targets.

C. elegans was employed in a subsequent study as a rapid and inexpensive system for
preclinically evaluating the potential activity of compounds to protect against GSN toxicity.
This would provide a helpful platform for testing new pharmacological strategies against

AGel, particularly in the absence of animal models. Specifically, the ability of previously
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described peptidomimetics to counteract GSN proteotoxicity was evaluated [79]. Three
peptidomimetics, LB-5, LB-6, and LB-7, were tested for their effectiveness in countering the
aggregation and toxicity of the GSN amyloidogenic core (GAC), identified in systematic
studies as spanning residues 182 to 192. LB-5 and LB-6 efficiently inhibited the aggregation
of the GAC at sub-stoichiometric concentrations and were also effective in vivo in C.
elegans, counteracting proteotoxicity. In contrast, LB-7 failed to alleviate the harmful effects
of the aggregates and worsened the nematode's condition. These data indicate that LB-5
and LB-6 peptides, although at micromolar concentrations, counteract the toxicity of either

the fibrils or some soluble species in equilibrium with the amyloids.

6. Future trends

In the last decade, AGel amyloidosis has evolved from a disease linked to only a few
mutations in specific areas of northern Europe to a condition characterized by diverse clinical
symptoms and associated with several mutations that can lead to amino acid substitutions in
various protein domains. Although it remains a very rare disease, AGe! has thus transformed
into an amyloidosis that may appear in multiple regions arcund the world, making diagnosis
challenging were it not for the advancements in recerit years in next-generation sequencing
(including whole exome sequencing and whole. genome sequencing). Identifying the
underlying triggers and mechanisms related tc new mutations underscores the vital role of
laser microdissection and mass spectrometry analysis of amyloid deposits in patients with
Agel [27-29]. This approach coinbines the precision of laser microdissection, which enables
the isolation of specific tissue regions containing amyloid plaques, with the sensitivity of
mass spectrometry to detect.and characterize the proteins and peptides present in these
deposits. This will be relevant for examining the molecular composition of amyloid, gaining
insights into the pathophysiology of the specific amyloid-related variant, and also contributing
to identifying biomarkers useful for the rapid diagnosis of AGel.

As is often.the case with most systemic amyloidoses, even for AGel, the diagnosis frequently
arrives late, after physicians have ruled out a series of more common pathologies. Timely
diagnosis 'is complicated by the lack of a clear description of the various symptoms
associated with the different AGel variants linked to specific mutations. This is partly due to
the small number of patients with the same mutation.

To further complicate the situation, there is a lack of in vitro preclinical models, including a
shortage of relevant 2D and 3D cellular models and organoids expressing the mutated forms
of the protein, which can significantly contribute to elucidating the mechanisms underlying
proteotoxicity and identifying druggable targets with high affinity. Together with the lack of
transgenic animal models, both invertebrates and vertebrates, this hinders the development

of effective pharmacological treatments capable of reducing aggregate toxicity. Furthermore,
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the lack of animal models impedes the evaluation of the drug's toxicity and safety profile,
making it difficult to predict how effectively its protective effects will translate to Agel patients.
Recently, treatments based on small interfering RNA and antisense oligonucleotides have
been proposed for variant ATTR polyneuropathy and have been shown to produce symptom
relief, functional improvement, and prolong patients’ survival [138]. However, these
therapies require long-term, repeated administration to maintain TTR knockdown. To
overcome this problem, new clinical studies are ongoing to evaluate the efficacy of CRISPR—
Cas9 in silencing the TTR gene [139]. The lack of in vivo models resembling GSN
aggregation and proteotoxicity mechanisms remains a central limitation in/assessing
whether molecular-based and gene-editing strategies may be effective for Agel.

Even the mouse model that expresses D187N-mutated GSN appears to be underutilized. No
further works have been published since 2020 utilizing it for in-depth studies on the
mechanisms underlying the pathology or for preclinical studies. Indeed, the lack of funding
for studying a rare disease like AGel does not facilitate this type of research, which requires
substantial investments and extended timeframes to yield-results. Developing a simpler and
less expensive model could greatly help in this context.

Our group is making significant efforts to develop a new iri vivo AGel animal model using C.
elegans as a complementary system for studying GSIN aggregation and toxicity. This work
aims to bridge the gap between the molecular events observed in vitro and patients' clinical
and pathological changes. Utilizing this invertebrate nematode is cost-effective and avoids
the legislative limitations and ethical concerns associated with mammals. We rely on the fact
that the genome of C. elegans encodes three GSN-related proteins: flightless-1, villin-like
protein, and gelsolin-1 (GSNL-1) [140]. Notably, gene expression analysis has shown that
GSNL-1 mRNA is highly enriched in the body muscles of nematodes, suggesting a specific
role in regulating the actin cytoskeleton structure in striated muscle. Moreover, the gsnl-1
gene encodes.an unconventional protein with four G domains. Importantly, the G1 and G2
domains of GSNL-1 have sequences similar to their human counterparts and exhibit
comparable calcium-dependent activity on actin filaments [141]. C. elegans also expresses
an ortholog of human furin, KPC-1, which possesses serine-type endopeptidase and
signaling receptor binding activities, and is mainly involved in several neuronal processes
and protein processing [142]. With these premises, we have recently generated two new
transgenic C. elegans strains expressing the WT or D187N-mutated, and secreted mature
form of human GSN in the body-wall muscle cells. These strains, which still require thorough
genotypic and phenotypic characterization, will be critical in clarifying whether the worm’s
furin can process the human protein to form amyloidogenic fragments and understanding the

relationship between their aggregation, localization, and proteotoxic effects. This new data
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could pave the way for developing additional animal models expressing other mutated forms
of human GSN to elucidate how each mutation is associated with specific mechanisms.

Another critical point, especially for patients, is the development of new therapeutic
approaches aimed not only at containing the symptoms of the disease but also at curing it. In
this regard, providing a better description of the physiological activity of GSN and a more
detailed structural characterization of the proteins in its various variants is a priority for

identifying druggable targets.

24



Declarations
Funding

We acknowledge financial support under the National Recovery and Resilience Plan
(NRRP), Mission 4, Component 2, Investment 1.1, Call for tender No. 104 published on
2.2.2022 by the Italian Ministry of University and Research (MUR), funded by the European
Union — NextGenerationEU — Project Title “Novel Approaches to Gelsolin Amyloidosis
Treatment — NAGAT” — CUP B53D23015890006.

This work was also supported by Fondazione Telethon ETS-Italy (Grant no. GMR24T1097).
Ethics approval and consent to participate

Not applicable.

Consent to publish

Not applicable.

Availability of Data and Material

Not applicable.

Competing interests

The authors have no.relevant financial or non-financial interests to disclose

Author information

Institute of Biophysics, National Research Council, Via Alfonso Corti 12, 20133
Milano, Italy

Michela Bollati, Loic Girois, Matteo de Rosa

Department of Molecular Biochemistry and Pharmacology, Istituto di Ricerche
Farmacologiche Mario Negri IRCCS, Via Mario Negri 2, 20156, Milano, Italy.

Carmina Natale, Andrea Conz, Luisa Diomede

25



Department of Pharmaceutical Science, University of Milano, via Golgi 19, 20133

Milano, Italy
Kaliroi Peqini and Sara Pellegrino
Department of Chemistry, University of Milano, via Golgi 19, 20133 Milano, Italy

Stefano Pieraccini

Author Contributions

Conceptualization: Michela Bollati, Luisa Diomede and Matteo de Rosa; Literature Search:
Michela Bollati, Luisa Diomede, Matteo de Rosa, Sara Pellegrino, Loic:Girois, Andrea Conz;
original draft: Michela Bollati, Luisa Diomede, Matteo de Rosa, Sara Pellegrino, Loic Girois,

Andrea Conz; Writing — review, and editing: all authors.

Declaration of generative Al and Al-assisted technologies in the writing process

During the preparation of this work,.the authors used ChatGPT (OpenAl) and Grammarly
(2024) to assist with improving the/laniguage and readability of the text. After using these
tools, the authors reviewed arnd-edited the content as needed and take full responsibility for

the content of the publication.

26



REFERENCES

10.

11.

12.

13.

Blancas-Mejia LM, Ramirez-Alvarado M (2013) Systemic amyloidoses. Annu Rev
Biochem 82:745-774. https://doi.org/10.1146/annurev-biochem-072611-130030

Chiti F, Dobson CM (2006) Protein misfolding, functional amyloid, and human disease.
Annu Rev Biochem 75:333-366.
https://doi.org/10.1146/annurev.biochem.75.101304.123901

Merlini G, Seldin DC, Gertz MA (2011) Amyloidosis: pathogenesis and new therapeutic
options. J Clin Oncol Off J Am Soc Clin Oncol 29:1924-1933.
https://doi.org/10.1200/JC0.2010.32.2271

Chiti F, Dobson CM (2017) Protein Misfolding, Amyloid Formation, and Human Disease:
A Summary of Progress Over the Last Decade. Annu Rev Biochem 86:27-68.
https://doi.org/10.1146/annurev-biochem-061516-045115

Buxbaum JN, Eisenberg DS, Fandrich M, et al (2024) Amyloid nomenclature 2024:
update, novel proteins, and recommendations by the International Society of
Amyloidosis (ISA) Nomenclature Committee. Amyloid Int J Exp Clin Investig Off J Int
Soc Amyloidosis 31:249-256. https://doi.org/10.1080/13506129.2024.2405948

Lachmann HJ, Goodman HJB, Gilbertson JA, et al (2007) Natural history and outcome in
systemic AA amyloidosis. N Engl J Med 356:2361-2371.
https://doi.org/10.1056/NEJMo0a070265

Soto C (2003) Unfolding the role ¢f protein misfolding in neurodegenerative diseases.
Nat Rev Neurosci 4:49—-60. https://doi.org/10.1038/nrn1007

Sunde M, Blake C (1997) The structure of amyloid fibrils by electron microscopy and X-
ray diffraction. Adv Froiein.Chem 50:123-159. https://doi.org/10.1016/s0065-
3233(08)60320-4

Howie AJ, Brewer DB(2009) Optical properties of amyloid stained by Congo red: history
and mechanisms. Micron Oxf Engl 1993 40:285-301.
https://doi.org/10.1016/j.micron.2008.10.002

Merlini'G, Bellotti V (2003) Molecular mechanisms of amyloidosis. N Engl J Med
349:583-596. https://doi.org/10.1056/NEJMra023144

Salomons FA, Menéndez-Benito V, Béttcher C, et al (2009) Selective accumulation of
aggregation-prone proteasome substrates in response to proteotoxic stress. Mol Cell
Biol 29:1774-1785. https://doi.org/10.1128/MCB.01485-08

Herrera MG, Ciccone L, Moleiro LH, et al (2025) Endogenous A and Exogenous Wheat
Gluten Nanostructures: Understanding Peptide Self-Assembly in Disease. ACS Nano
19:30688-30719. https://doi.org/10.1021/acsnano.5¢c01662

Knowles TPJ, Vendruscolo M, Dobson CM (2014) The amyloid state and its association
with protein misfolding diseases. Nat Rev Mol Cell Biol 15:384-396.
https://doi.org/10.1038/nrm3810

27



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Siddigi OK, Ruberg FL (2018) Cardiac amyloidosis: An update on pathophysiology,
diagnosis, and treatment. Trends Cardiovasc Med 28:10-21.
https://doi.org/10.1016/j.tcm.2017.07.004

Nuvolone M, Merlini G (2017) Systemic amyloidosis: novel therapies and role of
biomarkers. Nephrol Dial Transplant Off Publ Eur Dial Transpl Assoc - Eur Ren Assoc
32:770-780. https://doi.org/10.1093/ndt/gfw305

Gandy S, Simon AJ, Steele JW, et al (2010) Days to criterion as an indicator of toxicity
associated with human Alzheimer amyloid-beta oligomers. Ann Neurol 68:220-230.
https://doi.org/10.1002/ana.22052

Sengupta U, Nilson AN, Kayed R (2016) The Role of Amyloid-g Oligomers in Toxicity,
Propagation, and Immunotherapy. EBioMedicine 6:42—49.
https://doi.org/10.1016/j.ebiom.2016.03.035

Casanova S, Donini U, Zucchelli P, et al (1992) Immunohistochemical distinction
between amyloidosis and fibrillar glomerulopathy. Am J Clin Pathol 97:787—795.
https://doi.org/10.1093/ajcp/97.6.787

Buhl J, Storkel S (1988) Involvement of the Central Nervous System and its Coverings in
Different Forms of Amyloidosis. Alzheimer Dis Assoc Disord 2:409

Nienhuis HLA, Bijzet J, Hazenberg BPC (2016) The Prevalence and Management of
Systemic Amyloidosis in Western Countries. Kidney Dis Basel Switz 2:10-19.
https://doi.org/10.1159/000444206

Rambaran RN, Serpell LC (2008) Amyloid fibrils. Prion 2:112-117

Ruberg FL, Maurer MS (2024) Cardiac Amyloidosis Due to Transthyretin Protein: A
Review. JAMA 331:778. https://doi.org/10.1001/jama.2024.0442

Nikoskinen T, Schmidt E-K, Strbian D, et al (2015) Natural course of Finnish gelsolin
amyloidosis. Ann Med 47:506—511. https://doi.org/10.3109/07853890.2015.1075063

Schmidt E-K, Atula.S, Tanskanen M, et al (2016) Causes of death and life span in
Finnish gelsolin. amyloidosis. Ann Med 48:352—-358.
https://doi.org/10.1080/07853890.2016.1177197

Howie AJ, Brewer DB, Howell D, Jones AP (2008) Physical basis of colors seen in
Congo red-stained amyloid in polarized light. Lab Investig J Tech Methods Pathol
88:232-242. https://doi.org/10.1038/labinvest.3700714

Sofowora GG, Gil K (2025) Imaging in the Diagnosis of Cardiac Amyloidosis. Semin
Roentgenol. https://doi.org/10.1053/j.r0.2025.02.005

Sethi §, Vrana JA, Theis JD, Dogan A (2013) Mass spectrometry based proteomics in
the diagnosis of kidney disease: Curr Opin Nephrol Hypertens 22:273-280.
https://doi.org/10.1097/MNH.0b013e32835fe37¢c

Vrana JA, Gamez JD, Madden BJ, et al (2009) Classification of amyloidosis by laser
microdissection and mass spectrometry—based proteomic analysis in clinical biopsy
specimens. Blood 114:4957—-4959. https://doi.org/10.1182/blood-2009-07-230722

28



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Sethi S, Vrana JA, Theis JD, et al (2012) Laser microdissection and mass spectrometry—
based proteomics aids the diagnosis and typing of renal amyloidosis. Kidney Int
82:226-234. https://doi.org/10.1038/ki.2012.108

Kwiatkowski DJ, Mehl R, Izumo S, et al (1988) Muscle is the major source of plasma
gelsolin. J Biol Chem 263:8239-8243

Kwiatkowski DJ, Stossel TP, Orkin SH, et al (1986) Plasma and cytoplasmic gelsolins
are encoded by a single gene and contain a duplicated actin-binding domain. Nature
323:455-458. https://doi.org/10.1038/323455a0

Yin HL, Stossel TP (1979) Control of cytoplasmic actin gel-sol transformation by
gelsolin, a calcium-dependent regulatory protein. Nature 281:583-586.
https://doi.org/10.1038/281583a0

Nag S, Larsson M, Robinson RC, Burtnick LD (2013) Gelsolin: The tail of a molecular
gymnast. Cytoskeleton 70:360-384. https://doi.org/10.1002/cm.21117.

Sun HQ, Yamamoto M, Mejillano M, Yin HL (1999) Gelsolin, a Multifunctional Actin
Regulatory Protein. J Biol Chem 274:33179-33182.
https://doi.org/10.1074/jbc.274.47.33179

Feldt J, Schicht M, Garreis F, et al (2018) Structure, regulation and related diseases of
the actin-binding protein gelsolin. Expert Rev Mol Med 20:e7.
https://doi.org/10.1017/erm.2018.7

Li GH, Arora PD, Chen Y, et al (2012) Multifunctional roles of gelsolin in health and
diseases. Med Res Rev 32:999-1025. rittps://doi.org/10.1002/med.20231

Vouyiouklis DA, Brophy PJ (1997) A Novel Gelsolin Isoform Expressed by
Oligodendrocytes in the Central Nervous System. J Neurochem 69:995-1005.
https://doi.org/10.1046/j.1471-4159.1997.69030995.x

Nag S, Ma Q, Wang H, et al (2009) Ca?* binding by domain 2 plays a critical role in the
activation and stabilization of gelsolin. Proc Natl Acad Sci 106:13713—13718.
https://doi.org/10.1073/pnas.0812374106

Burtnick LD, Koepf EK, Grimes J, et al (1997) The Crystal Structure of Plasma Gelsolin:
Implications for-Actin Severing, Capping, and Nucleation. Cell 90:661-670.
https://doi.org/10.1016/S0092-8674(00)80527-9

McLaughlin PJ, Gooch JT, Mannherz H-G, Weeds AG (1993) Structure of gelsolin
segment 1-actin complex and the mechanism of filament severing. Nature 364:685—
692. https://doi.org/10.1038/364685a0

Choe H, Burtnick LD, Mejillano M, et al (2002) The Calcium Activation of Gelsolin:
Insights from the 3A Structure of the G4—G6/Actin Complex. J Mol Biol 324:691-702.
https://doi.org/10.1016/S0022-2836(02)01131-2

Garg R, Peddada N, Sagar A, et al (2011) Visual Insight into How Low pH Alone Can
Induce Actin-severing Ability in Gelsolin under Calcium-free Conditions. J Biol Chem
286:20387-20397. https://doi.org/10.1074/jbc.M111.236943

29



43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Patel VB, Zhabyeyev P, Chen X, et al (2018) PI3Ka-regulated gelsolin activity is a critical
determinant of cardiac cytoskeletal remodeling and heart disease. Nat Commun
9:5390. https://doi.org/10.1038/s41467-018-07812-8

Janmey PA, Matsudaira PT (1988) Functional comparison of villin and gelsolin. Effects
of Ca2+, KCI, and polyphosphoinositides. J Biol Chem 263:16738-16743

Janmey PA, Stossel TP (1987) Modulation of gelsolin function by phosphatidylinositol
4,5-bisphosphate. Nature 325:362—364. https://doi.org/10.1038/325362a0

Szatmari D, Xue B, Kannan B, et al (2018) ATP competes with PIP2 for binding to
gelsolin. PLOS ONE 13:0201826. https://doi.org/10.1371/journal.pone.0201826

Bollati M, Diomede L, Giorgino T, et al (2021) A novel hotspot of gelsolin-instability
triggers an alternative mechanism of amyloid aggregation. Comput Struct Biotechnol J
19:6355—-6365. https://doi.org/10.1016/j.csbj.2021.11.025

Zorgati H, Larsson M, Ren W, et al (2019) The role of gelsolin domain 3/in familial
amyloidosis (Finnish type). Proc Natl Acad Sci 116:13958—-13963.
https://doi.org/10.1073/pnas.1902189116

De Rosa M, Barbiroli A, Boni F, et al (2020) The structure of N184K amyloidogenic
variant of gelsolin highlights the role of the H-bond 'network for protein stability and
aggregation properties. Eur Biophys J 49:11-19. https://doi.org/10.1007/s00249-019-
01409-9

Khaitlina S, Hinssen H (2002) Ca-dependent binding of actin to gelsolin. FEBS Lett
521:14-18. https://doi.org/10.1016/S0014-5793(02)02657-1

. Zapun A, Grammatyka S, Déral G, Veinet T (2000) Calcium-dependent conformational

stability of modules 1 and 2 of huimian gelsolin. Biochem J 350:873-881.
https://doi.org/10.1042/5j3500873

Ashish, Paine MS, Perivman PB, et al (2007) Global Structure Changes Associated with
Ca2+ Activation oi Full-length Human Plasma Gelsolin. J Biol Chem 282:25884—
25892. https://doi.org/10.1074/jbc.M702446200

Kiselar JG, Janmey PA, Aimo SC, Chance MR (2003) Structural Analysis of Gelsolin
Using Synchrotron Protein Footprinting. Mol Cell Proteomics 2:1120-1132.
https://doi.org/10.1074/mcp.M300068-MCP200

Chumnarnsilpa S, Robinson RC, Grimes JM, Leyrat C (2015) Calcium-controlled
conformational choreography in the N-terminal half of adseverin. Nat Commun
6:8254. https://doi.org/10.1038/ncomms9254

Geng Y-J, Azuma T, Tang JX, et al (1998) Caspase-3-induced gelsolin fragmentation
contributes to actin cytoskeletal collapse, nucleolysis, and apoptosis of vascular
smooth muscle cells exposed to proinflammatory cytokines. Eur J Cell Biol 77:294—
302. https://doi.org/10.1016/S0171-9335(98)80088-5

Kothakota S, Azuma T, Reinhard C, et al (1997) Caspase-3-Generated Fragment of
Gelsolin: Effector of Morphological Change in Apoptosis. Science 278:294—-298.
https://doi.org/10.1126/science.278.5336.294

30



57.

58.

59.

60.

61

62.

63.

64.

65.

66.

67.

68.

69.

70.

Boni F, Milani M, Barbiroli A, et al (2018) Gelsolin pathogenic Gly167Arg mutation
promotes domain-swap dimerization of the protein. Hum Mol Genet 27:53-65.
https://doi.org/10.1093/hmg/ddx383

Barrie KR, Rebowski G, Dominguez R (2025) Mechanism of actin filament severing and
capping by gelsolin. Nat Struct Mol Biol 32:237-242. https://doi.org/10.1038/s41594-
024-01412-5

Meretoja J (1969) Familial systemic paramyloidosis with lattice dystrophy of the cornea,
progressive cranial neuropathy, skin changes and various internal symptoms. A
previously unrecognized heritable syndrome. Ann Clin Res 1:314-324

Sagnelli A, Piscosquito G, Di Bella D, et al (2017) Hereditary gelsolin amyloidosis ( HGA
): a neglected cause of bilateral progressive or recurrent facial palsy. J/Peripher Nerv
Syst 22:59-63. https://doi.org/10.1111/jns.12200

. Wang S, Li D, Xu J, et al (2024) Gelsolin amyloidosis associated with the p.D214N

gelsolin gene mutation in a Chinese family. Kidney Res Clin Pract 43:693—696.
https://doi.org/10.23876/j.krcp.24.130

Paunio T, Sunada Y, Kiuru S, et al (1995) Haplotype analysis in gelsoiin-related
amyloidosis reveals independent origin of identical mutation (G654A) of gelsolin in
Finland and Japan. Hum Mutat 6:60-65. https://doi.org/10.1002/humu.1380060112

De La Chapelle A, Tolvanen R, Boysen G, et al((1992) Gelsolin—derived familial
amyloidosis caused by asparagine or tyrosine substitution for aspartic acid at residue
187. Nat Genet 2:157-160. https://doi.org/10.1038/ng1092-157

Kiuru-Enari S, Haltia M (2013) Herediiary geisolin amyloidosis. In: Handbook of Clinical
Neurology. Elsevier, pp 659—-6851

Solomon JP, Page LJ, Balch WE, Kelly JW (2012) Gelsolin amyloidosis: genetics,
biochemistry, pathology end possible strategies for therapeutic intervention. Crit Rev
Biochem Mol Bioi 47:2562-296. https://doi.org/10.3109/10409238.2012.661401

Hiltunen T, Kiuru S;' Hongell V, et al (1991) Finnish type of familial amyloidosis:
cosegregation.of Asp187----Asn mutation of gelsolin with the disease in three large
families. Am J Hum Genet 49:522-528

Maury CP (1991) Gelsolin-related amyloidosis. Identification of the amyloid protein in
Finnish hereditary amyloidosis as a fragment of variant gelsolin. J Clin Invest
87:1195-1199. https://doi.org/10.1172/JCI1115118

Chen C-D (2001) Furin initiates gelsolin familial amyloidosis in the Golgi through a defect
in Ca2+ stabilization. EMBO J 20:6277-6287.
https://doi.org/10.1093/emb0j/20.22.6277

Paunlo T, Kangas H, Kalkklnen N, et al (1994) Toward understanding the pathogenic
mechanisms in gelsolin-related amyloidosis: in vitro expression reveals an abnormal
gelsolin fragment. Hum Mol Genet 3:2223-2229.
https://doi.org/10.1093/hmg/3.12.2223

Kiuru S (1998) Gelsolin-related familial amyloidosis, Finnish type (FAF), and its variants
found worldwide. Amyloid 5:55—-66. https://doi.org/10.3109/13506129809007291

31



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Giorgino T, Mattioni D, Hassan A, et al (2019) Nanobody interaction unveils structure,
dynamics and proteotoxicity of the Finnish-type amyloidogenic gelsolin variant.
Biochim Biophys Acta BBA - Mol Basis Dis 1865:648-660.
https://doi.org/10.1016/j.bbadis.2019.01.010

Kazmirski SL, Isaacson RL, An C, et al (2002) Loss of a metal-binding site in gelsolin
leads to familial amyloidosis—Finnish type. Nat Struct Biol 9:112-116.
https://doi.org/10.1038/nsb745

Bollati M, Scalone E, Boni F, et al (2019) High-resolution crystal structure of gelsolin
domain 2 in complex with the physiological calcium ion. Biochem Biophys Res
Commun 518:94-99. https://doi.org/10.1016/j.bbrc.2019.08.013

Ratnaswamy G, Huff ME, Su Al, et al (2001) Destabilization of Ca?* -free‘gelsolin may
not be responsible for proteolysis in Familial Amyloidosis of Finnish Type. Proc Natl
Acad Sci 98:2334-2339. https://doi.org/10.1073/pnas.041452598

Srivastava A, Singh J, Singh Yadav SP, et al (2018) The Gelsolin Pathogenic D187N

Mutant Exhibits Altered Conformational Stability and Forms Amyloidogenic Oligomers.

Biochemistry 57:2359-2372. https://doi.org/10.1021/acs.biochem.8b00039

Maury CP, Nurmiaho-Lassila EL, Rossi H (1994) Amyloid fibril formation in gelsolin-
derived amyloidosis. Definition of the amyloidogenic region and evidence of
accelerated amyloid formation of mutant Asn-187 and Tyr-167 gelsolin peptides. Lab
Investig J Tech Methods Pathol 70:558-564

Ahmad M, Esposto J, Golec C, et al (2021) Aqgregation of gelsolin wild-type and
G167K/R, N184K, and D187N/Y mutant peptides and inhibition. Mol Cell Biochem
476:2393-2408. https://doi.org/10.1007/s11010-021-04085-6

Boni F, Milani M, Porcari R, et al (20916) Molecular basis of a novel renal amyloidosis
due to N184K gelsolin variant. Sci Rep 6:33463. https://doi.org/10.1038/srep33463

Bollati M, Peqini K, Barone L, et al (2022) Rational Design of a Peptidomimetic Inhibitor
of Gelsolin Amyloid-Aggregation. Int J Mol Sci 23:13973.
https://doi.org/10.3390/ijms232213973

Sethi S, Theis/JD, Quint P, et al (2013) Renal Amyloidosis Associated With a Novel
Sequence Variant of Gelsolin. Am J Kidney Dis 61:161-166.
https://doi.org/10.1053/j.ajkd.2012.07.016

Efebera YA, Sturm A, Baack EC, et al (2014) Novel gelsolin variant as the cause of
nephrotic syndrome and renal amyloidosis in a large kindred. Amyloid 21:110-112.
https://doi.org/10.3109/13506129.2014.891502

Sethi S, Dasari S, Amin MdS, et al (2017) Clinical, biopsy, and mass spectrometry
findings of renal gelsolin amyloidosis. Kidney Int 91:964-971.
https://doi.org/10.1016/j.kint.2016.11.017

Solomon JP, Yonemoto IT, Murray AN, et al (2009) The 8 and 5 kDa Fragments of
Plasma Gelsolin Form Amyloid Fibrils by a Nucleated Polymerization Mechanism,
while the 68 kDa Fragment Is Not Amyloidogenic. Biochemistry 48:11370-11380.
https://doi.org/10.1021/bi901368e

32



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Sridharan M, Highsmith WE, Kurtin PJ, et al (2018) A Patient With Hereditary ATTR and
a Novel AGel p.Ala578Pro Amyloidosis. Mayo Clin Proc 93:1678-1682.
https://doi.org/10.1016/j.mayocp.2018.06.016

Mendelson L, Prokaeva T, Lau KHV, et al (2023) Hereditary gelsolin amyloidosis: a rare
cause of cranial, peripheral and autonomic neuropathies linked to D187N and Y447H
substitutions. Amyloid 30:357-363. https://doi.org/10.1080/13506129.2023.2204999

Theis JL, Dasari S, Theis JD, et al (2025) First Reported Case of Dual Hereditary
Gelsolin and Transthyretin Wild-Type Cardiac Amyloidosis in a Man in his late 40s.
Mayo Clin Proc Innov Qual Outcomes 9:100648.
https://doi.org/10.1016/j.mayocpiqo.2025.100648

Potr¢ M, Volk M, De Rosa M, et al (2021) Clinical and Histopathological Features of
Gelsolin Amyloidosis Associated with a Novel GSN Variant p.Glu580Lys. Int J Mol Sci
22:1084. https://doi.org/10.3390/ijms22031084

Mullany S, Souzeau E, Klebe S, et al (2021) A novel GSN variant outside the G2
calcium-binding domain associated with Amyloidosis of the Finnish type. Hum Mutat
42:818-826. https://doi.org/10.1002/humu.24214

Reid KSC, Lindley PF, Thornton JM (1985) Sulphur-aromatic.interactions in proteins.
FEBS Lett 190:209-213. https://doi.org/10.1016/0014-5793(85)81285-0

Feng X, Zhu H, Zhao T, et al (2018) A new heterozvgous G duplicate in exon1
(c.100dupG) of gelsolin gene causes Finnish gelsolin amyloidosis in a Chinese family.
Brain Behav 8:e01151. https://doi.org/10.1002/brb3.1151

Jiang Y, Jiao B, Liao X, et al (2020) Analyses Mutations in GSN, CST3, TTR, and ITM2B
Genes in Chinese Patients With Alzheimer’s Disease. Front Aging Neurosci
12:581524. https://doi.org/10.3383/fnagi.2020.581524

Jiang Y, Wan M, Xiao X, et al(2023) GSN gene frameshift mutations in Alzheimer’s
disease. J Neuroi Neurosurg Psychiatry 94:436—-447. https://doi.org/10.1136/jnnp-
2022-330465

Abramson J, Adler J, Dunger J, et al (2024) Accurate structure prediction of biomolecular
interactions/with AlphaFold 3. Nature 630:493-500. https://doi.org/10.1038/s41586-
024-07487-w

Tsolis’AC, Papandreou NC, Iconomidou VA, Hamodrakas SJ (2013) A Consensus
Method for the Prediction of ‘Aggregation-Prone’ Peptides in Globular Proteins. PLoS
ONE 8:54175. https://doi.org/10.1371/journal.pone.0054175

Oregel KZ, Shouse GP, Oster C, et al (2018) Atypical Presentation of Gelsolin
Amyloidosis in a Man of African Descent with a Novel Mutation in the Gelsolin Gene.
Am J Case Rep 19:374-381. https://doi.org/10.12659/AJCR.907550

Roldan-Sevilla A, Gallego-Delgado M, Lista-Araujo MT, et al (2025) Clinical and genetic
features of AGel amyloidosis caused by novel gelsolin variant and its impact on
cardiac function and conduction disorders. Amyloid 32:90-92.
https://doi.org/10.1080/13506129.2024.2441784

Ida CM, Yan X, Jentoft ME, et al (2013) Pituicytoma with Gelsolin Amyloid Deposition.
Endocr Pathol 24:149-155. https://doi.org/10.1007/s12022-013-9254-y

33



98. Thompson CC, Ashcroft FJ, Patel S, et al (2007) Pancreatic cancer cells overexpress
gelsolin family-capping proteins, which contribute to their cell motility. Gut 56:95-106.
https://doi.org/10.1136/gut.2005.083691

99. Hsieh C, Wang Y (2022) Emerging roles of plasma gelsolin in tumorigenesis and
modulating the tumor microenvironment. Kaohsiung J Med Sci 38:819-825.
https://doi.org/10.1002/kjm2.12578

100. Liao C-J, Wu T-l, Huang Y-H, et al (2011) Overexpression of gelsolin in human
cervical carcinoma and its clinicopathological significance. Gynecol Oncol 120:135—
144. https://doi.org/10.1016/j.ygyno.2010.10.005

101. Shieh D-B, Godleski J, Herndon JE, et al (1999) Cell motility as a prognostic factor in
Stage | nonsmall cell lung carcinoma: The role of gelsolin expression. Cancer 85:47—
57. https://doi.org/10.1002/(SIC1)1097-0142(19990101)85:1%253C47 zAlD-
CNCR7%253E3.0.CO;2-L

102. Rao J, Seligson D, Visapaa H, et al (2002) Tissue microarray analysis of cytoskeletal
actin-associated biomarkers gelsolin and E-cadherin in urothelial carcinoma. Cancer
95:1247-1257. https://doi.org/10.1002/cncr.10823

103. Furukawa H, Fujita H, Kokubu I, et al (2002) Identification.of a novel gelsolin truncate
in the vertical and metastatic phase malignant melanomes: Melanoma Res 12:523—
528. https://doi.org/10.1097/00008390-200212000-00001

104. Fujita H, Okada F, Hamada J, et al (2001).Gelsolin functions as a metasatsis
suppressor in B16-BL6 mouse melanomea cells and requirement of the carboxyl-
terminus for its effect. Int J Cancer 93:773-780. https://doi.org/10.1002/ijc.1413

105. Dansereau B, Wang LH, Ma M (2024) Hereditary neuropathic itch caused by gelsolin
mutation. J Neurol Sci 463:1231385. https://doi.org/10.1016/j.jns.2024.123139

106. Liang H, Zheng H, Lin J, Lin K (2025) A novel heterozygous mutation in the gelsolin
gene causes Finnishi geisolin amyloidosis associated with nephropathy and thrombotic
microangiopathy. Arch Med Sci. https://doi.org/10.5114/aoms/202433

107. Roebroek AJM; Umans L, Pauli IGL, et al (1998) Failure of ventral closure and axial
rotation in embryos lacking the proprotein convertase Furin. Development 125:4863—
4876. https://doi.org/10.1242/dev.125.24.4863

108. Murphy G,"Nagase H (2008) Progress in matrix metalloproteinase research. Mol
Aspects Med 29:290-308. https://doi.org/10.1016/j.mam.2008.05.002

109. ~Aguzzi A, O’Connor T (2010) Protein aggregation diseases: pathogenicity and
therapeutic perspectives. Nat Rev Drug Discov 9:237-248.
https://doi.org/10.1038/nrd3050

110. Schenk D, Basi GS, Pangalos MN (2012) Treatment Strategies Targeting Amyloid -
Protein. Cold Spring Harb Perspect Med 2:a006387-a006387.
https://doi.org/10.1101/cshperspect.a006387

111. Sandberg A, Luheshi LM, Séllvander S, et al (2010) Stabilization of neurotoxic

Alzheimer amyloid-$ oligomers by protein engineering. Proc Natl Acad Sci
107:15595-15600. https://doi.org/10.1073/pnas.1001740107

34



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Habchi J, Chia S, Limbocker R, et al (2017) Systematic development of small
molecules to inhibit specific microscopic steps of AB42 aggregation in Alzheimer’s
disease. Proc Natl Acad Sci 114:. https://doi.org/10.1073/pnas.1615613114

Arya P, Srivastava A, Vasaikar SV, et al (2014) Selective Interception of Gelsolin
Amyloidogenic Stretch Results in Conformationally Distinct Aggregates with Reduced
Toxicity. ACS Chem Neurosci 5:982—-992. https://doi.org/10.1021/cn500002v

Srivastava A, Arya P, Goel S, et al (2015) Gelsolin Amyloidogenesis Is Effectively
Modulated by Curcumin and Emetine Conjugated PLGA Nanoparticles. PLOS ONE
10:e0127011. https://doi.org/10.1371/journal.pone.0127011

Seneviratne D, Stock N, Lewis T, et al (2025) Plant Hormone Cytokinin as
Aggregation Modulator of Gelsolin Amyloidosis. J Pept Sci 31:e70057.
https://doi.org/10.1002/psc.70057

Mahalka AK, Maury CPJ, Kinnunen PKJ (2011) 1-Palmitoyl-2-(9'-0xononanoyl)- sn -
glycero-3-phosphocholine, an Oxidized Phospholipid, Accelerates Finnish Type
Familial Gelsolin Amyloidosis in Vitro. Biochemistry 50:4877-4889.
https://doi.org/10.1021/bi200195s

Pellegrino S, Tonali N, Erba E, et al (2017) 3-Hairpin.mimics containing a piperidine—
pyrrolidine scaffold modulate the B-amyloid aggregation process preserving the
monomer species. Chem Sci 8:1295-1302. https://doi.org/10.1039/C6SC03176E

Lesma J, Bizet F, Berardet C, et al (2021)B-Hairrin Peptide Mimics Decrease Human
Islet Amyloid Polypeptide (hIAPP) Aggregation. Front Cell Dev Biol 9:729001.
https://doi.org/10.3389/fcell.2021.72900 1

Tonali N, Kaffy J, Soulier J-L, et al (2018) Structure-activity relationships of B-hairpin
mimics as modulators of amyloid 5-peptide aggregation. Eur J Med Chem 154:280—
293. https://doi.org/10.1016/i.eymech.2018.05.018

Gettemans J, De DobbelaerB (2021) Transforming nanobodies into high-precision
tools for protein function analysis. Am J Physiol-Cell Physiol 320:C195-C215.
https://doi.org/10.1152/ajpcell.00435.2020

Van Audenhoyve |, Gettemans J (2016) Nanobodies as Versatile Tools to Understand,
Diagnose; Visualize and Treat Cancer. EBioMedicine 8:40—-48.
https://doi.org/10.1016/j.ebiom.2016.04.028

Van Den Abbeele A, De Clercqg S, De Ganck A, et al (2010) A llama-derived gelsolin
single-domain antibody blocks gelsolin—G-actin interaction. Cell Mol Life Sci 67:1519—
1535. https://doi.org/10.1007/s00018-010-0266-1

Van Overbeke W, Verhelle A, Everaert |, et al (2014) Chaperone Nanobodies Protect
Gelsolin Against MT1-MMP Degradation and Alleviate Amyloid Burden in the Gelsolin
Amyloidosis Mouse Model. Mol Ther 22:1768-1778.
https://doi.org/10.1038/mt.2014.132

Van Overbeke W, Wongsantichon J, Everaert |, et al (2015) An ER-directed gelsolin
nanobody targets the first step in amyloid formation in a gelsolin amyloidosis mouse
model. Hum Mol Genet 24:2492—-2507. https://doi.org/10.1093/hmg/ddv010

35



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Verhelle A, Van Overbeke W, Peleman C, et al (2016) Non-Invasive Imaging of
Amyloid Deposits in a Mouse Model of AGel Using 99mTc-Modified Nanobodies and
SPECT/CT. Mol Imaging Biol 18:887—-897. https://doi.org/10.1007/s11307-016-0960-y

Verhelle A, Gettemans J (2016) A Nanobody-Based Approach to Amyloid Diseases,
the Gelsolin Case Study. In: Fernandez-Escamilla AM (ed) Exploring New Findings on
Amyloidosis. InTech

Verhelle A, Nair N, Everaert |, et al (2017) AAV9 delivered bispecific nanobody
attenuates amyloid burden in the gelsolin amyloidosis mouse model. Hum Mol Genet
26:3030-3030. https://doi.org/10.1093/hmg/ddx207

Leimu L, Holm P, Gaciarz A, et al (2024) Epitope-specific antibody fragments block
aggregation of AGelD187N, an aberrant peptide in gelsolin amyloidosis. J Biol Chem
300:107507. https://doi.org/10.1016/j.jbc.2024.107507

Linse S, Scheidt T, Bernfur K, et al (2020) Kinetic fingerprints differentiate the
mechanisms of action of anti-AB antibodies. Nat Struct Mol Biol 27:1125-1133.
https://doi.org/10.1038/s41594-020-0505-6

Kangas H (1996) In vitro expression analysis shows that the secretory form of gelsolin
is the sole source of amyloid in gelsolin-related amyloidosis. Hum Mol Genet 5:1237—-
1243. https://doi.org/10.1093/hmg/5.9.1237

Page LJ, Suk JY, Bazhenova L, et al (2009) Secretion of amyloidogenic gelsolin
progressively compromises protein homeostasis leading to the intracellular
aggregation of proteins. Proc Natl Acad Sci U'S A 106:11125-11130.
https://doi.org/10.1073/pnas.0811753106

Cabral-Macias J, Garcia-Montaio LA, Pérezpena-Diazconti M, et al (2020) Clinical,
histopathological, and in silico paitiogenicity analyses in a pedigree with familial
amyloidosis of the Finnish.iype (Meretoja syndrome) caused by a novel gelsolin
mutation. Mol Vis 26.345--354

GSN protein expression summary - The Human Protein Atlas.
https://www.proteinatlas.org/ENSG00000148180-GSN. Accessed 21 May 2025

Stravalaci M, Bastone A, Beeg M, et al (2012) Specific recognition of biologically
active amyloid-f3 oligomers by a new surface plasmon resonance-based immunoassay
and an in vivo assay in Caenorhabditis elegans. J Biol Chem 287:27796-27805.
https://doi.org/10.1074/jbc.M111.334979

Zeinolabediny Y, Caccuri F, Colombo L, et al (2017) HIV-1 matrix protein p17
misfolding forms toxic amyloidogenic assemblies that induce neurocognitive disorders.
Sci Rep 7:10313. https://doi.org/10.1038/s41598-017-10875-0

Diomede L, Rognoni P, Lavatelli F, et al (2014) A Caenorhabditis elegans-based
assay recognizes immunoglobulin light chains causing heart amyloidosis. Blood
123:3543-3552. https://doi.org/10.1182/blood-2013-10-525634

Natale C, Barzago MM, Diomede L (2020) Caenorhabditis elegans Models to

Investigate the Mechanisms Underlying Tau Toxicity in Tauopathies. Brain Sci 10:838.
https://doi.org/10.3390/brainsci10110838

36



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Aimo A, Castiglione V, Rapezzi C, et al (2022) RNA-targeting and gene editing
therapies for transthyretin amyloidosis. Nat Rev Cardiol 19:655—-667.
https://doi.org/10.1038/s41569-022-00683-z

Gillmore JD, Gane E, Taubel J, et al (2025) Nexiguran Ziclumeran Gene Editing in
Hereditary ATTR with Polyneuropathy. N Engl J Med. 393(14):1375-1386.
https://doi.org/10.1056/NEJMo0a2510209

Klaavuniemi T, Yamashiro S, Ono S (2008) Caenorhabditis elegans gelsolin-like
protein 1 is a novel actin filament-severing protein with four gelsolin-like repeats. J Biol
Chem 283:26071-26080. https://doi.org/10.1074/jbc.M803618200

Hung WL, Wang Y, Chitturi J, Zhen M (2014) A Caenorhabditis elegans
developmental decision requires insulin signaling-mediated neuron-intestine
communication. Dev Camb Engl 141:1767-1779. https://doi.org/10.1242/dev.103846

indigo Why C.elegans? C. Elegans Research Company | C. Elegans as a Model
Organism. In: Magnit. Biosci. https://magnitudebiosciences.com/why-c-elegans/.
Accessed 21 May 2025

Badmalia MD, Sharma P, Yadav SPS, et al (2018) Bonsai Gelsolin Survives Heat
Induced Denaturation by Forming B-Amyloids which Leach-Out Functional Monomer.
Sci Rep 8:12602. https://doi.org/10.1038/s41598-018-30951-3

Vorobiev S, Strokopytov B, Drubin DG, et al (2003).7The structure of nonvertebrate
actin: Implications for the ATP hydrolytic mechanism. Proc Natl Acad Sci 100:5760—
5765. https://doi.org/10.1073/pnas.0832273100

Dawson JF, Sablin EP, Spudich JA, Fletterick RJ (2003) Structure of an F-actin Trimer
Disrupted by Gelsolin and Implicaticns for the Mechanism of Severing. J Biol Chem
278:1229-1238. https://doi.org/10.1074/jbc.M209160200

Grintsevich EE, Ge P, Sawaya MR, et al (2017) Catastrophic disassembly of actin
filaments via Mical-njediated oxidation. Nat Commun 8:2183.
https://doi.org/10.1038/s41467-017-02357-8

Takeda S, Fujiwaral; Sugimoto Y, et al (2020) Novel inter-domain Ca2+-binding site
in the gelsolin.superfamily protein fragmin. J Muscle Res Cell Motil 41:153-162.
https://doi.org/10.1007/s10974-019-09571-5

Chumnarnsilpa S, Loonchanta A, Xue B, et al (2006) Calcium lon Exchange in
Crystalline Gelsolin. J Mol Biol 357:773-782.
https://doi.org/10.1016/j.jmb.2006.01.026

Narayan K, Chumnarnsilpa S, Choe H, et al (2003) Activation in isolation: exposure of
the actin-binding site in the C-terminal half of gelsolin does not require actin'. FEBS
Lett 552:82-85. https://doi.org/10.1016/S0014-5793(03)00933-5

37



Legend to the figures

Figure 1. Molecular events underlying amyloid aggregation. All amyloidoses stem from a
misfolding event that eludes chaperone-assisted refolding and degradation. The misfolded
protein exposes aggregation-prone regions that drive the formation of nuclei of aggregation,
yet soluble oligomers already characterized by a ss-structure. Oligomers grow .into longer
fibers that are eventually deposited and decorated by other proteins characterizing-amyloid
aggregates. The kinetic of amyloid aggregation is characterized by a first lag phase due to
the formation of nuclei, followed by a growth phase where elongation and secondary
nucleation occur. Eventually a steady state is reached. This schematic representation is
intentionally simplified; for a comprehensive discussion of the molecular complexity of

amyloid-formation pathways, readers are referred to dedicated reviews [12]
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Figure 2. GSN structure and conformational changes required to bind, sever, and cap
filamentous actin. (a)'In the absence of calcium ions, GSN adopts a compact conformation
called the-inactive form. Activation is achieved by opening the structure, which can be
induced by Ca?*, low pH, and temperature. Opening is reverted by binding to ATP or inositol
phosphates (PIPs). In the open/active conformation, GSN can bind actin filaments (f-actin),
promoting its severing. GSN can also bind the plus (+) end of the filament (capping activity)
and prevent polymerization. GSN can potentially adopt at least four different conformations;

however, atomic models are available only for the closed/inactive (b) and the capping states

(c)
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Figure 3. Crystallographic structure of GSN in the closed/inactive conformation and cryo-EM
structure of the active form in complex with f-actin. In the inset is a close-up view of the two
regions harboring most of the amyloidogenic mutations, the G2 domain and the G4:G5
interface. The Timeline for identifying novel pathogenic mutations is color-coded according

to the hosting domain
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Figure 4. Possible molecular events [eading to the deposition of aggregated GSN. Only for
the D187N/Y GSN variants the unadarlying mechanism is well defined and is characterized by
two proteolytic events. This furin ppathway (a), named after the first proteases, is also
considered the classic one and might be shared by all G2 mutants. Alternative pathways
may include yet-to-be-identified proteases (b) or proteolysis-independent oligomerization of

the protein in a native-like conformation (c)
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Figure 5. Alphafold structure prediction of the GSN/irameshift mutants. The prediction was
calculated using the gene sequence NM_000177.5 as a reference, thus including the
peptide signal as it also hosts pathogenic mutations. The color key represents the structure
prediction confidence. (a) Structure prediction of the full-length GSN, the red tail visible is the
signal peptide. (b) Frameshift mutaint c1036delA, which has no impact on domains G1 and
G2, whereas truncates G3 which retains some structure according to the prediction. The
same orientation as in panel a.is shown. (¢) Prediction for mutant c8_ 35del. Two B strands
with low confidence are visible. (d) Prediction for the mutant c100dupG shows some a-

helices content
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Figure 6. Targets and chemical nature of investigational therapeutics. Several classes of
molecules have been investigated to target different steps of the furin-dependent pathogenic
pathway. Nanobodies (Nbs, single-domain antibodies) raised against the G2 domain
stabilize the native fold of gelsolin and prevent aberrant furin proteolysis. Other Nbs targeting
the C68 fragment protect against the subsequent proteolytic cleavage. Fragment antigen-
binding antibodies (Fabs, composed of one constant and one variable domain of each of the
heavy and the light chain), have been identified against the aggregation-prone 5 and 8 kDa
gelsolin fragments and effectively inhibit their self-aggregation. Similar anti-aggregating
activity has also been reported for several small natural compounds, including plant-derived
cytokinins.and polyphenols such as curcumin, whose structure is shown as a representative
example. In addition, rationally designed gelsolin-specific peptidomimetics have been shown

to efficiently inhibit aggregation
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Tables

Table 1. Summary of the experimental structures of human GSN.

CONSTRUCT PBD CODE | NOTES

Full-length

GSN WT 3FEN close/inactive conformation [38]

8Viz Ca?*-bound in complex with f-actin (capping).[58]

GSN D187Y 6JEH amyIOIdogenlc mutation, close/inactive
conformation [48]
amyloidogenic mutation, close/inactive

GSN D187N 6JCO, 6QBF conformation [48, 49]
amyloidogenic mutation, close/inactive

GSN G167R 6JEG, 6Q9Z conformation [48, 49]

GSN N184K 6Q9R amylmdogemc mutation, close/inactive
conformation [49]

GSN A551P 7P2B amylmdogenlc mutation, close/inactive
conformation [47]

Isolated domains

G1 57270 Ca?*-bound143]

1P8Z, 1COF, 1CO0G,

Ca?*-bound in.compiex with g-actin [144]

1D4X

1MDU Ca%*-bound in complex with f-actin [145]

5UBO in complex with Mical-oxidised g-actin [146]
G2 WT 1KCQ, 6QW3 Cd?* and Ca?*-bound [72, 73]
G2 WT 4510 CaZ*-bound in complex with Nb11 [124]
G2 D187N 6H1F F7n11]yI0|dogen|c mutation, in complex with Nb11
G2 N184K S5FAE, SFAF amyloidogenic mutation [78] Ca?*-bound
G2 G167R 5027 F5r;l]yg>;g+?goegr:3 mutation, as a domain-swap dimer
G3 6LJE, 6LJF Ca?*-bound [147]
Triplets
G1-G3 3FFK Ca?*-bound in complex with g-actin [38]

8VKH Ca?*-bound in complex with f-actin (capping) [58]
G4-G6 gim f;gf( 2FH3, Ca?*-bound and free [148, 149]

1H1V CaZ*-bound in complex with f-actin [41]

Nb11 = nanobody 11
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Table 2. Identification and clinical features of GSN amyloidogenic variants.

VARIANT SUBSTITUTION DOMAIN PHENOTYPE FIRST DESCRIPTION
G2 Systemic (cranial neuropathy and peripheral sensory polyneuropathy, corneal
D187N C.654G>A (p.D214N) (Ca binding site) dystrophy, cutis laxa), renal and heart complications at times 1969 [59]
D187Y ¢.654G>T (p.D214Y) . G? ' Systemic (cranlql aqd perlpheral neuropathy, corneal dystrophy, cutis laxa), renal 1992 [63]
(Ca binding site) and heart complications at times
N184K €.633C>A (p.N211K) G2 Renal localized 2013 [81]
G167R c.580G>A (p.G194R) G2 Renal localized 2014 [80]
G5 Patient also affected by ATTR amyloidosis. No evidence of overlapping tissue
A551P ¢.1732G>C (p.A578P) (G4: G5 interface) involvement by the 2 types, with AGel in fat aspirate and descending colon and 2018 [84]
’ ATTRYv in the heart. No clinical signs typical of AGel
E553K c.1738G>A (p.E580K) (G4 GSG;r?terface) Cutis laxa, cranial neuropathy, including the optic nerve, and cardiac involvement 2021 [87]
M517R c.1631T>G (p.M544R) (G4 G5G;ﬁterface) Corneal lattice dystrophy, cutis laxa, and facultative peripheral neuropathy 2020 [132]
W466R c.1477T>C (p.W493R) G4 Polymorphic corneal stromal opacities and other systemic ophthalmic features 2021 [88]
Y447H c.1420T>C (p.Y474H) G4 Mild bilateral carpal tunnel syndrome. Amyloid deposits in breast tissue. 2023 [85]
Patient also affected by wtATTR amyloidosis. Cardiac amyloidosis, GSN amyloid in

oAU s s the heart vasculature, ATTR in the cardiac interstitium. Carpal tunnel syndrome A
P432R c.1375C>G (p.P459R) (G3: G4Giﬁterface) Systemic atypical (fevers, skin rash, polyneuropathy, and anemia) 2018 [95]
L538P c.1613T>C (p.L511P) (G4'G5Ci;r15terface) Retinal corneal dystrophy, CTS. Deposits in both the stroma and vascular walls. 2024 [96]
WT - - Amyloid deposition in pituicytoma or tumor-associated gelsolin amyloidosis 2013 [97]
¢.100dupG pA34fs G1 iili(z;;rses, multiple cerebral cavernous malformations, and haemorrhagic brain 2018 [90]
c.8_35 del p.P3fs G1 g;ngq;glttcl)\r/r?sdysfunctlon, mild peripheral neurological symptoms, and no eye or skin 2020 [91]
¢.1036delA 0.K346fs G3 Cognitive dysfunction, personality changes, psychiatric symptoms, and symptoms 2020 [91]

in multiple body systems.

46



Table 3. Molecular features of novel pathogenic mutants. The table includes all variants that have been characterized as recombinant
proteins. A comparative value to WT between — and ++ was assigned, depending on whether the mutation reduces or enhances that particular
feature. Different experimental techniques are used under conditions that are not necessarily identical; as such, the table should only be used
as a general reference. The molecular features reported include: susceptibility to. furin cleavage, ability to bind calcium, stability measured on
the isolated domain and the full-length (FL) protein, and whether the mutation impacts one or both forms of the protein, conformational

flexibility, aggregation propensity of the full length protein, proteotoxicity, and which peptides are found in the deposits of the patients.

VARIANT | FURIN | Ca? DESTABILIZATION FLEXIBILITY | AGGREGATION | TOXICITY DEPOSITS
bindin
g DOMAIN | FL | DIFFUSION

D187N ++ - ++ = Local + = + 5/8 kDa fragments
(G2) (G2-G3) ) \

D187Y ++ - ++ = Local + = na 5/8 kDa fragments
(G2) (G2-G3)

N184K ++ = ++ = Local na na + na
(G2) X

G167R ++ = 4 + | Local/global | ++ na + 5/8 kDa, and non-canonical
(G2) L \ (G2-G3) fragments

A551P = = =/+ + Global + + + Non-canonical fragments
(G5) N X (G4-G5)

E553K = = ++ ++ | Local/global ++ ++ ++ na
(G5) (G4-G5)

M517R = = na + | Local/global ++ ++ ++ na

(G4-G5)

na =not available.
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