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Simple Summary: Gelsolin amyloidosis is a rare autosomal dominant genetic disease, which typi-
cally affects the cornea, skin and sometimes other organ systems and is caused by mutations in a
gene coding for gelsolin protein (GSN). We describe a novel mutation of GSN gene, p.Glu580Lys,
associated with gelsolin amyloidosis in six members of a two-generation family, who exhibited lattice
corneal dystrophy, loose facial skin and irregular heart rhythm. In one patient we reported optic
nerve impairment, which is possibly a novel feature associated with gelsolin amyloidosis.

Abstract: Gelsolin amyloidosis typically presents with corneal lattice dystrophy and is most fre-
quently associated with pathogenic GSN variant p.Asp214Asn. Here we report clinical and histopatho-
logical features of gelsolin amyloidosis associated with a novel GSN variant p.Glu580Lys. We studied
DNA samples of seven members of a two-generation family. Exome sequencing was performed in the
proband, and targeted Sanger sequencing in the others. The heterozygous GSN variant p.Glu580Lys
was identified in six patients. The patients exhibited corneal dystrophy (5/6), loose skin (5/6) and/or
heart arrhythmia (3/6) and one presented with bilateral optic neuropathy. The impact of the mutation
on the protein structure was evaluated in silico. The substitution is located in the fifth domain of
gelsolin protein, homologous to the second domain harboring the most common pathogenic vari-
ant p.Asp214Asn. Structural investigation revealed that the mutation might affect protein folding.
Histopathological analysis showed amyloid deposits in the skin. The p.Glu580Lys is associated with
corneal dystrophy, strengthening the association of the fifth domain of gelsolin protein with the
typical amyloidosis phenotype. Furthermore, optic neuropathy may be related to the disease and is
essential to identify before discussing corneal transplantation.

Keywords: gelsolin amyloidosis; Meretoja syndrome; lattice corneal dystrophy; optic neuropathy;
GSN; cutis laxa; heart arrhythmia; optical coherence tomography
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1. Introduction

Gelsolin amyloidosis (also known as AGel, familial amyloidosis of Finnish type or
Meretoja syndrome) is a form of autosomal dominant systemic amyloidosis associated
with pathogenic mutations in the GSN gene, encoding the multidomain protein gelsolin [1].
Gelsolin is an actin-binding protein involved in cell movement, cytokinesis, and apoptosis.
It consist of six homologous domains, G1-G6. At resting intracellular Ca ion levels,
the arrangement of the domains cover the actin-binding sites. With elevation of Ca(2+)
concentration the structure of domains’ complex changes and allows actin binding [2].

Only a few hundred cases of patients with gelsolin amyloidosis have been described
in the literature, mostly of Finnish origin harboring the pathogenic variant p.Asp214Asn
in the domain G2 [3]. For a long time, gelsolin amyloidosis has been associated with only
mutations of the residue 214, the aforementioned p.Asp214Asn and p.Asp214Tyr, also
known as the Danish variant [4,5]. Both mutations were shown to compromise calcium
binding [6,7].

Most frequently reported clinical features include lattice corneal dystrophy, loose skin
(cutis laxa), and cranial nerve involvement, most frequently of the facial and trigeminal
nerves [3,8]. Other reported features include carpal tunnel syndrome, proteinuria and renal
failure, heart arrhythmia and atrioventricular block [9]. Among the ocular signs, dry eye,
Meibomian gland insufficiency, photophobia, early onset cataract, and secondary open
angle glaucoma have been reported [10]. Autopsy examination of the eyes of patients
with gelsolin amyloidosis revealed ocular amyloid deposits in the conjunctiva, sclera,
perineurium of the ciliary nerves, walls of the ciliary vessels, optic nerve sheaths, stroma
of the ciliary body and along the choriocapillaris [11,12]. In recent years, cases harboring
mutations of other residues of the GSN have also been reported. These substitutions reside
in other domains of the protein and, in some cases, their clinical presentation diverge from
the classical one [13-18]. Here we report clinical and histopathological features of gelsolin
amyloidosis associated with a novel GSN variant ¢.1738G>A (p.Glu580Lys) and review
phenotypes associated with all known GSN variants to date.

2. Results
2.1. Clinical Presentation

The proband (II-1) was a 63-year old Caucasian woman, who had been followed due
to lattice corneal dystrophy since the age of 56. At the age of 60, her visual acuities were
200/200 on the right eye (RE) and 20/200 on the left eye (LE) and she was awaiting LE
corneal transplantation. At the age of 63, she presented with a 3-week history of blurred
vision on her RE that occurred five days after knee surgery, following which she had a
period of hypotension. Her best corrected visual acuity on the RE was 20/200, there was
a reduction of her color vision, and positive relative afferent pupillary defect (RAPD).
Goldmann kinetic perimetry demonstrated bilateral constriction of the visual fields with
absent isopters V1 and V2 but no localized scotoma (Supplementary Figure S1A). Slit lamp
examination revealed bilateral linear white stromal corneal deposits (Figure 1A,C) and
mild lens opacities, bilaterally tortuous retinal vessels, optic disc edema on RE and pale
optic disc on the LE (Figure 2A). She had loose facial skin (cutis laxa) with most notable
dermatochalasis of the upper and lower eyelids (Figure 3). Family history revealed that
her late mother and three siblings, who were living abroad, had similar corneal problems
and facial appearance; and her daughter also had corneal problems (Figure 1B,D, Table 1).
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Figure 1. Slit lamp pictures (A,B) and the anterior segment optical coherence tomography (C,D) of the patients II-1 and

III-1. The lines c and d mark the location of the optical coherence tomography (OCT) scans. Note the thick anterior and
midstromal filaments on the OCT.

A lI-1 optic nerve edema RE

S

B 1I-1 follow-up

Figure 2. Fundus images of the patient II-1 (A,B) and III-1 (C). Note the optic nerve edema (white
arrow) and vascular tortuosity on presentation in patient II-1 (A) which resolved on follow-up
7 weeks later (B). The circles placed in the middle represent the thickness of the peripapillary retinal
nerve fiber layer where the average thickness of each sector is noted with number in micrometers.
The ganglion cell layer thickness in the macula is shown on the side of each fundus image. The
different colors represent the comparison of measured thickness with the normative data (with the
red color representing thickness observed in less than 1% of the population (see color coded legend
placed at the top right corner of the figure)). N/A = not available.

Extensive evaluation was performed due to the right eye acute optic nerve edema.
Optical coherence tomography (OCT) of the RE showed thickening of the retinal nerve fiber
layer (RNFL) around the optic nerve and thinning of the ganglion cell layer in the macula,
while OCT of the LE showed thinning of the RNFL around the optic nerve (Figure 2A). The
LE macular OCT showed no gross abnormality but was of too poor quality for quantitative
analysis due to the corneal opacities. Fluorescein angiography revealed leakage from the
RE optic disc (Supplementary Figure S1B). Laboratory work-up showed normal complete
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blood count and moderately increased erythrocyte sedimentation rate (ESR) (64 mm/h) and
C-reactive protein (CRP) (10 mg/L). Renal function tests displayed normal creatinine and
glomerular filtration rate values. Giant cell arteritis was excluded with the ultrasound of the
temporal arteries (Supplementary Figure S1C) and the absence of other clinical symptoms
such as headache or jaw claudication. Computed tomography of the brain excluded
compressive lesions but showed multiple calcifications in the brain nuclei (Supplementary
Figure S1D), suggesting possible Morbus Fahr (primary familial brain calcification) or
neurocysticercosis. The latter was excluded with negative serology for Taenia solium.
Serology tests for Treponema pallidum, Lyme disease, and Toxoplasma gondii were also
negative. Expanding intracranial lesions were excluded with the MRI of the brain, however,
white matter punctate lesions were detected in the frontal lobes. On follow-up exam after
7 weeks, the visual acuity was counting fingers at 1 m RE and 20/125 LE, and there was
bilateral atrophy of the optic nerve (Figure 2B). Neurological examination revealed signs
of mild sensory ataxia and symptoms suggestive of carpal tunnel syndrome (CTS). She
is awaiting neurophysiology studies to help localize the lesion responsible for sensory
ataxia and to confirm the diagnosis of CTS. No cranial nerve involvement other than optic
neuropathy was documented.

All-1 before upper eyelid blepharoplasty B II-1 after upper eyelid b]e'phérbplasty

Figure 3. The facial appearance of the patient II-1 before (A) and after (B) the upper eyelid blepharoplasty. Note the loose

skin (cutis laxa) of the upper and lower eyelids, characteristic for gelsolin amyloidosis.

The proband’s daughter (III-1) presented at the emergency ophthalmology department
complaining of blurred vision and retrobulbar pain on her LE at the age of 40, when lattice
corneal dystrophy was first observed. Six years later, after receiving her mother’s genetic
results, we invited her for an ophthalmological examination and genetic testing. At that
time, she complained of glare and dry eye sensation as well as little, short lines in visual
field of both eyes. Visual acuity was 20/25 on her RE and 20/20 on her LE. Octopus G2 top
static perimetry revealed centrally decreased sensitivity bilaterally. There was no obvious
dermatochalasis or other skin laxity, while bilateral corneal lattice dystrophy was seen
on the slit lamp (Figure 1B,D). OCT of the optic nerve head was normal, however, the
ganglion cell layer was thinned on the macular OCT (Figure 2C). Magnetic resonance
imaging revealed left frontal focal cortical encephalomalacia due to a traumatic head
injury she suffered 20 years prior. Neurological examination showed blepharospasm,
oromandibular dystonia and torticollis to the right with '"no-no’ type tremor of the head. In
addition, increased muscle tone in the right leg, brisk tendon reflexes and bilateral extensor
plantar response were noted and attributed to the old injury. No cranial nerve involvement
was observed.

Four affected relatives who lived abroad (aged 39-72 years) filled out a questionnaire
regarding their medical history (Supplementary File S1). All reported skin laxity (Supple-
mentary Figure S2), three reported corneal lattice dystrophy, three had heart arrhythmia
treated with implantable cardioverter defibrillator and two reported renal involvement.
None of them reported cranial palsy. The clinical presentation of all studied family mem-
bers is summarized in Table 1.
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Table 1. The clinical presentation of the studied family members.

Clinical Presentation

ID Sex DOB (Age) Genotype Corneal Lattice . Cranial Heart .
Dystrophy Loose Skin Neuropathy Arrhythmia Renal Involvement Other Phenotypic Features
. cataract, brain calcifications,
-1+ F 1956 (64 y) c.1738G>A +(diagnosed at 56 y)  +(dermatochalasis) +(optic - sensory ataxia, carpal tunnel
Y Glu580L & y th Y P
(p-Glu ys) neuropathy) syndrome, white matter lesions
1I-2 F 1948 (72'y) (pCG117355;¢s) +(diagnosed at 50 y)  +(not specified) - ICD (63 y) - diabetes mellitus, insomnia
1738G>A urolithiasis, renal angina pectoris, coronary
1I-3 F 1951 (69 y) < +(diagnosed at44y) +(dermatochalasis) - ICD (65y) cysts (diagnosed at angioplasty and stenting
(p-Glu580Lys) 40y) (50 y), hypertension
11-8 M 1954 (66 y) (pcézjggz)zés) +(diagnosed at 60 y)  +(not specified) - ICD (62 y) - cataract, open angle glaucoma
. torticollis, tremor with sensory
1 c.1738G>A +(diagnosed at ) ) ) ) .
-1 F 1974 (46 y) (p.Glu580Lys) 40 years) tic, blePharospasm, .
oromandibular dystonia
c.1738G>A . urolithiasis
I1-3 M 1981 (39 y) (p-Glu580Lys) - +(dermatochalasis) - - (diagnosed at 28 y)
hypertension, dilated
-5 F 1939 (81 y) Wild type ) ) ) } ) cardiomyopathy, aortic valve

stenosis with mechanical
valve replacement

* The individuals marked with an asterisk (mother and daughter) were examined at the University Medical Centre Ljubljana while others filled out a questionnaire regarding their medical history.
ICD = implantable cardioverter defibrillator.
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2.2. Molecular Analysis

Exome sequencing in the proband revealed a novel heterozygous variant ¢.1738G>A
(p-Glu580Lys) in the GSN gene (NM_000177.5, Supplementary Figure S3). The variant
is absent from the controls (GnomAD. Available online: GnomAD.broadinstitute.org
(accessed on 5 June 2020)) and the majority of in silico predictors indicate its damaging effect
(including MetaSVM, REVEL and CADD meta-predictors). Family genetic studies revealed
the presence of the GSN variant in five relatives and confirmed the co-segregation of the
variant with the disease status. Based on the ACMG guidelines for variant classification [19],
adapted in accordance with ACGS recommendations (Association for Clinical Genomic
Science. Available online: https://www.acgs.uk.com/quality/best-practice-guidelines/
(accessed on 16 December 2020)), we classified the variant as likely pathogenic. The
evidence for this classification was based on variant’s absence in the general population
(PM2), strong segregation evidence (PP1_STR), theoretical predictions of pathogenicity
(PP3), the results of a protein modeling study performed for this variant (PM1_SUP) and
the consistency of the finding with the clinical presentation observed in the patients with
this variant (PP4).

To evaluate the impact of the mutation on the structure of the protein, we built an in
silico model of the p.Glu580Lys variant (Figure 4). The p.Glu580 residue belongs to the
G5 protein domain and locates at the interface between this and the fourth domain. In
the wild-type protein, it plays a crucial role for the maintenance of the G4-G5 interaction,
forming a salt-bridge with p.Arg564 and H-bonds with other residues of the G4. According
to the model, in the p.Glu580Lys variant, the mutated residue is not able to maintain most
of these interactions, with a significant loss of connectivity and stability. Moreover, the Glu
to Lys substitution leads to a local inversion of the charge, from negatively to positively
charged, in an area of the protein where other positively charged residues cluster, likely
causing electrostatic repulsion.

wild-type

Figure 4. The impact of the mutation on the structure of the protein. Gelsolin protein is organized in 6 homologous

domains, labeled G1 to G6 and uniquely colored in the figure. The p.Glu580Lys substitution locates at the G4-G5 interface,

highlighted by the frame. A close-up view of this area in the wild-type and mutated protein is reported in the insets, where

residue 580 and those interacting are represented as sticks and labeled. Electrostatic interactions and H-bonds are displayed

as dashed lines; positively and negatively charged residues are marked by a blue (+) and red (—) symbol, respectively.
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2.3. Pathological Findings

Epidermis and dermis of the eyelid skin were atrophic. There was prominent amyloid
deposition (Figure 5) around hair follicles; sebaceous and eccrine glands, multifocally at
the epidermal basal membrane, within vessel walls (small arteries, arterioles and focally
venules), within skeletal muscle cells (predominantly at the level of sarcolemma) and
focally around collagen fibers. The amyloid deposits showed positivity for Congo red
stain (Figure 5A-D) including characteristic green birefringence and were highlighted by
thioflavin T stain (Figure 5E,F). Electron microscopic examination showed 6—10 nm thick
fibrillary deposits, characteristic of amyloid (Figure 5). Congo red and thioflavin T stain
did not show amyloid deposition in the lens tissue (anterior capsule, lens epithelial cells or
fragments of the lens cortex).

ATND P

Figure 5. Histopathological analysis of the right upper eyelid blepharoplasty specimen of the patient
II-1. A Congo red stain shows amyloid deposition at the basal membrane of a hair follicle (1) and
a sebaceous gland (2), within a vessel wall (3) and within a skeletal muscle cell (4) (A). Higher
magnifications showing amyloid deposition within a skeletal muscle cell (B) (higher magnification
of the area depicted in (A), around a sebaceous gland (C) and within vessel walls of a small artery
and arterioles (D). Amyloid deposits highlighted by thioflavin T stain around a sebaceous gland (E)
and within vessel walls (F). Areas in (E) and (F) correspond to (C) and (D), respectively. Electron
microscopy (G) shows amyloid fibrils within the vessel wall, beneath an endothelial cell (upper right).
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2.4. Review of the Phenotypes Associated with GSN Mutations

Ten GSN mutations, including ours, and their associated phenotypes are summarized
in Table 2 and their location in GSN protein is shown in Figure 6. The typical pheno-
type was also originally described in families harboring the common pathogenic variant
p-Asp214Asn, its hallmark being corneal lattice dystrophy. This symptom was observed in
association with three other pathogenic variants, namely p.Asp214Tyr, p.Met544Arg and
p-Glu580Lys (present report). All these substitutions reside either in the second domain of
the protein or at the interface between the fourth and fifth protein domains. Five other GSN
mutations were described in association with other phenotypes, such as renal amyloidosis
(p-Gly194Arg and p.Asn211Lys), dermatomyositis (p.Pro459Arg) and seizures (p.Ala7fs).

2 2 2 )
2 3 & I 8
= e b ~
: 3 g 8 8
E 9 o = <
a e Q Q Q Reported variants
@ ClinVar pathogenic
\/ @ ClinVar likely pathogenic
[ @ ClinVar VUS
GSN
NM_000177
I T T T T T T T 1
Protein length 100 200 300 400 500 600 700
GSN domains

D Gelsoln S1-like [:J Gelsoln S4-like
r Gelsoln S2-like Gelsoln S5-like
|| Gelsoln S2-like [] Gelsoln S5-like

Figure 6. GSN variants with their location in the GSN protein and their pathogenicity designation according to the ClinVar
database (Available online: ncbi.nlm.nih.gov/clinvar/ (accessed on 5 December 2020)). The phenotypes that were reported
in association with these variants are listed in Table 2. Note the mutation p.Trp493GlyfsTer17 that was designated as likely

pathogenic but not yet described in patients in the literature.
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Table 2. GSN mutations and associated phenotypes.

Mature Plasma

Base Change Amino Acid Protein Numbering GIX;{E{:D (E]’I(ﬂyghteIIlD Corneal Lattice Other Clinical Referen Prl‘(zc?]{igtilﬂnin Protein Desta- S“Stcellz’ ﬁl_'i)Iillity Molecular
(NM_000177.4) Change (Devoid of the 27-aa Pro Dystrophy Features eterence ote ona bilization 0 rurn, Reference
Signal Peptide) Frequency P06396) (G1-6) Proteolysis
i , brai Feng et al.
¢.100dupG p-Ala34fs p-AlaZfs 0 / not reported se1zi.;rseiznsram 201% [13] / N/A N/A
580G>A p.Glyl94Arg p.Glyl67Arg 0.000039 ({;ﬁﬁgﬁ}é not reported renal involvement S G2 + + Boni 2018
c.633C>A p-Asn211Lys p-Asnl84Lys 0 (g;ze;gg not reported renal involvement Ef;(l))leia[f’;t]al. G2 + + Boni 2016
cutis laxa, cranial Meretoja, Ann
Probably neuropathy, heart ol G2
#
c.640G>A p-Asp214Asn+ p-Asp187Asn 0.000007 damaging yes arthythmia, renal ?gfr:g[??e)]s (Ca-binding site) + + Isaacson 1999
involvement
Probably cutis laxa, cranial de la Chapelle G2
c.640G>T p-Asp214Tyr p-Aspl87Tyr 0 damaging yes neuropathy et al. 1992 [20] (Ca-binding site) + + Isaacson 1999
. . dermatomyositis Oregel et al.
¢.1375C>G p-Pro459Arg p-Pro432Arg 0.000004 Possibly damaging not reported —likey 20%8 [16] G4 N/A N/A
Probably cutis laxa, peripheral Cabral-Macias G4 (G4-G5
c1631T>G pMet5ddArg p-Met517Arg 0 damaging yes neuropathy et al. 2020 [17] interface) N/A N/A
ClinVar ID:
Probably 4?3%971 htt’t_p Sl:/ /
c.1476del p-Trp493GlyfsTerl7 p-Trp466fsTerl7 0 damaging (GERP N/A N/A ]::hvgg‘n/cd:ﬁ\?r / G4 N/A N/A
score 5.25) (accessed on 5
December 2020)
Probabl cardiac involvement Sridharan et al. G5 (G4:G5
¢.1732G>C p-Ala578Pro p-Ala551Pro 0 damagin}:g not reported (addltlior?%lTrlrQ\)utatlon 2018 [18] inté rface) N/A N/A
cutis laxa, cranial
neuropathy .
c.1738G>A p-Glu580Lys p-Glu553Lys 0 g;z‘;lﬁé yes including the optic This report ?r?té?fifz)s N/A N/A

nerve, cardiac
involvement

# the most frequent pathogenic variant. * domain nomenclature is from Burtnick et al. 1997. N/A = not available.
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3. Discussion

This study reports clinical and histopathological features of a novel mutation in
GSN, p.Glu580Lys. Histopathological analysis revealed amyloid deposition in the hair
follicles; sebaceous and eccrine glands, multifocally at the epidermal basal membrane,
within vessel walls, within skeletal muscle cells and focally around collagen fibers. Some
clinical characteristics of the six affected members of a two-generation family were typical
of gelsolin amyloidosis, with the most frequent features being corneal lattice dystrophy,
cutis laxa and heart arrhythmia. Contrary to the typical phenotype, facial nerve palsy was
not frequent and the proband exhibited consecutive optic neuropathy, not yet reported in
gelsolin amyloidosis.

3.1. Optic Nerve Involvement

Optic neuropathy has not yet been reported as a feature of gelsolin amyloidosis but
was a prominent clinical feature in the patient II-1, who presented to the Eye Hospital at the
age of 63 years with optic nerve edema and contralateral optic nerve atrophy. The extensive
evaluation excluded frequent infectious and autoimmune diseases, giant cell arteritis and
compressive brain lesions. Considering the sudden onset and non-progressive nature, the
cause was likely ischemia, although the constricted visual field was not typical. The optic
nerve atrophy on the other eye suggested a similar prior event on the LE, possibly unnoticed
due to the opacities in the cornea. On the other hand, optic neuropathy could also result
from amyloid deposition of optic nerve sheaths, however, the infiltrative pathogenesis
would suggest a more gradual visual deterioration.

Optic neuropathy or other optic nerve involvement has not been previously reported
in association with gelsolin amyloidosis, however, bilateral consecutive anterior ischemic
optic neuropathy has been documented in patients with the sporadic light-chain amyloi-
dosis [21,22]. The possible amyloid mechanisms underlying optic nerve edema include
direct optic nerve infiltration with amyloid or amyloid deposition in the arterial walls
perfusing the optic nerve, causing stenosis and reduced adaptability to systemic blood
pressure changes. Previous histopathological studies in GSN patients have indeed shown
deposition of gelsolin fragments with amyloidogenic properties in the optic nerve sheaths,
the walls of ciliary vessels and along the choriocapillaris [9,11,12]. The combination of
symptoms and signs with sudden visual deterioration, which is atypical for infiltrative
neuropathy, and the absence of the altitudinal visual field defect typical for ischemic optic
neuropathy suggest a combination of both mechanisms—infiltrative and ischemic.

This case illustrates the importance of optic nerve evaluation in patients with lattice
corneal dystrophy, especially in those awaiting corneal transplant surgery. If the media
are too opaque for reliable optic nerve evaluation on the slit lamp, OCT can be used to
measure RNFL and macular GCL thickness. Interestingly, the brain lesions in our patient
also remained unexplained and may be associated with the syndrome. We suggest that
MRI is performed in patients with this syndrome to determine whether the occurrence of
such lesions is more frequent.

3.2. Pathogenetic Mechanisms and Genotype-Phenotype Correlations

Gelsolin is a relatively large protein which harbors six homologous domains, se-
quentially named G1 to G6 [23]. GSN originated by multiple gene duplication events,
duplication of a triplet being the most recent. As a consequence, all gelsolin domains
are homologue but highest sequence and structural similarity is observed between these
couples: G1 and G4, G2 and G5, G3 and G6 [23]. For decades, G2, which hosts the classic
p-Asp214Asn or p.Asp214Tyr mutations, was thought to be the only domain associated
with gelsolin amyloidosis. Residue number 214 is a part of a cluster of amino acids chelat-
ing a calcium ion. Both mutations of this residue compromise calcium binding [6,7], leading
to a destabilization of the protein that becomes susceptible to aberrant proteolysis. These
mutations increase the conformational flexibility of G2 and, as a consequence, the exposure
of a stretch of the domain that is aberrantly cleaved by furin and matrix-metalloproteases
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with these proteolytic events leading to the production of amyloidogenic peptides [6,24,25].
Recently described mutations in G4 [16,17] and G5 domains [18], however, suggest an alter-
native and furin-independent pathway of gelsolin aggregation. The in silico model of the
p-Glu580Lys variant predicts a net loss of connectivity and electrostatic repulsion caused
by the Lys substitution, which might cause protein destabilization and misfolding, which
are features often associated to pathological aggregation and aberrant proteolysis [26].

In recent years, several GSN mutations have been discovered and reported in patients
with typical and atypical clinical presentations (Table 2). The classic phenotype that has
originally been described in the large families with p.Asp214Asn mutation [3] has pre-
viously been observed only in patients harboring another mutation of the same residue
(p-Asp214Tyr) [20] suggesting that the residue was phenotype-specific. This has been
challenged by a recent publication of Cabral-Macias et al. in 2020, of a novel mutation
p-Met544Arg, located in the G4:G5 interface, also causing a typical gelsolin phenotype,
including the pathognomonic corneal lattice dystrophy [17]. The mutation p.Glu580Lys
described in the present study is also located in the G4:G5 interface and associated with the
typical phenotype and supports the observation that mutations at various locations are able
to produce classic phenotype of gelsolin amyloidosis and a common pathogenetic pathway.
Reports of cases harboring other missense mutations in the domains G2 (p.Gly194Arg,
p-Asn211Lys), G4 (p.Pro459Arg) and the G4:G5 interface (p.Ala578Pro) described more
localized phenotypes including only renal, skin and/or heart disease without corneal
lattice dystrophy [13-18]. These clinical presentations were still within the classic pheno-
typic spectrum and most reports included only a small number of cases, therefore, further
studies are needed to conclude whether they cause identical or a limited/overlapping
phenotype. The disease pathogenesis may also differ. For example, two of the mutations in
the G2 domain, p.Gly194Arg and p.Asn211Lys, do not impair calcium binding [24,25] and
patients carrying these mutations only present with renal complications [14,15]. Neverthe-
less, in comparison to missense mutations mentioned above, the frame-shifting mutation
p-Ala34fs produced a notably different phenotype with none of the classic features but
with severe brain involvement including seizures and brain lesions [13], possibly related to
haploinsufficiency. These observations suggest that more basic research and clinical studies
are required to decipher and ultimately cure this rare yet disabling disease.

4. Materials and Methods
4.1. Patients

Seven members of a two-generation family originating from Herzegovina region of
Bosna and Herzegovina were ascertained for the study (pedigree shown in Figure 7). The
proband and her daughter (II-1 and III-1) underwent a detailed ophthalmological exam
while five relatives, who were unavailable for examination due to living abroad, filled
out a clinical questionnaire regarding their medical history (Supplementary File S1) and
provided saliva samples for genetic analysis.

All participants signed a written informed consent prior to examination.

e
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3

Figure 7. Three-generation family tree of seven members, six of them affected, is presented. Proband is indicated with an

arrow. The genotypes of a

vailable family members are subscribed indicating the cosegregation of the identified GSN variant

with the phenotypic features.
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4.2. Clinical Examination

Clinical examination in the patients II-1 and III-1 included visual acuity, visual field
(manual Goldmann kinetic perimetry (Haag Streit, Berne, Switzerland) or Octopus static
perimetry (Octopus 101, program G2, Interzeag AG, Schlieren, Switzerland), slit lamp
examination, optical coherence imaging of the macula and the optic nerve (swept source
optical coherence tomography; SS-OCT; Triton'™, Topcon, Tokyo, Japan), and neurological
exam. The patient II-1 also underwent an additional work-up due to acute optic nerve
edema (described in detail in Results).

4.3. Genetic and Bioinformatic Analysis

Genetic analyses were performed in seven family members. Genomic DNA was
extracted from blood or saliva samples according to the standard procedure. Sequencing of
the defined clinical target was performed using next-generation sequencing on the isolated
DNA sample of the proband, while in other family members, segregation analysis of
identified variant was carried out using Sanger sequencing. Briefly, the fragmentation and
enrichment of the isolated DNA sample were performed according to the Illumina Nextera
Coding Exome capture protocol (Illumina, USA), with subsequent sequencing on Illumina
NextSeq 550 in 2 x 100 cycles. After duplicates were removed, the alignment of reads
to UCSC hg19 reference assembly was done using BWA algorithm (v0.6.3) and variant
calling was done using GATK framework (v2.8). Only variants exceeding the quality
score of 30.0 and depth of 5 were used for down-stream analyses. Variant annotation was
performed using ANNOVAR and snpEff algorithms, with pathogenicity predictions in
dbNSFPv2 database. Reference gene models and transcript sequences are based on RefSeq
database. Structural variants were assessed using CONIFER v0.2.2 algorithm. Variants with
population frequency exceeding 1% in gnomAD, synonymous variants, intronic variants
and variants outside the clinical target were filtered out during analyses. An in-house
pipeline was used for bioinformatic analyses of exome sequencing data, in accordance with
GATK best practice recommendations [27]. The interpretation of sequence variants was
based on ACMG/AMP standards and guidelines [19]. Sequencing the DNA sample, we
reached median coverage of 67x and covered over 99.9% targeted regions with minimum
10x depth of coverage [28]. Segregation analysis in the family members was performed
using targeted Sanger sequencing. Primer sequences are available upon request.

4.4. In Silico Analysis

The impact of the novel mutation on the structure of the gelsolin protein was evaluated
in silico. Structure of the p.Glu580Lys was obtained by in silico mutagenesis of the wild-
type protein (pdb id 3FFN [29], followed by energy minimization to resolve unfavorable
interactions and clashes [30]. PYMOL (the PyMOL Molecular Graphics System, Version
2.0 Schrodinger, LLC.) was used for the analysis of the interactions and preparation of
the figure.

4.5. Pathological Analysis

Eyelid skin tissue was obtained during blepharoplasty for upper eyelid dermatochala-
sis (performed by B.D.-O., Figure 3) and lens tissue was obtained during cataract surgery
(performed by V.P.) of the patient II-1. The tissue samples were fixed in formalin and
embedded in paraffin. Hematoxylin and eosin, Congo red and thioflavin T stains were
performed. Electron microscopic examination of the skin sample was performed on the
formalin-fixed tissue.

Congo red staining was performed automatically in Ventana Benchmark Special Stains
stainer with Congo Red Staining Kit (Ventana Medical Systems Inc., Tucson, AZ, USA). For
thioflavin T staining, slides were incubated in 1% working solution of thioflavin T for 7 min
(Sigma Aldrich, Darmstadt, Germany), rinsed in deionized water and then kept in 1%
CH3COOH for 20 min. Afterwards, the slides were rinsed and coverslipped directly from
deionized water with Dako Fluorescence Mounting Medium (DAKO, Glostrup, Denmark).
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4.6. Review of the Literature

Studies reporting GSN mutations accessible in the PubMed database in the period
from 1969-2020 were reviewed. The nomenclature of the reported mutations was anno-
tated according to the originally transcribed and the cleaved plasma protein [31] to avoid
confusion in the nomenclature. The phenotypes were evaluated in order to determine
whether they included the typical corneal lattice dystrophy and/or other clinical features.

Research protocols adhered to the tenets of the Declaration of Helsinki. The informed
consent was acquired from the patients.

5. Conclusions

The novel GSN variant p.Glu580Lys is associated with the typical gelsolin amy-
loidosis phenotype, including its hallmark, the corneal lattice dystrophy. Furthermore,
optic neuropathy may be associated with the disease and is important to identify before
corneal transplantation.

Although the novel pathogenic variant shares a similar clinical picture to FAF, the
underlying molecular mechanism might be different. Glu580Lys mutation, as many others
reviewed in this manuscript, localizes far from the second domain and unlikely leads to
its destabilization and the exposure of the aberrant furin cleavage site. Recent molecular
studies [28] suggested an alternative, proteolysis-independent mechanism, but they await
in vivo validation.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-0
067/22/3/1084/s1, Figure S1: A. Goldmann visual field of the patient II-1 showing concentric
bilateral constriction of the visual fields, with non-detectable isopters V1 and V2. B. The fluorescein
angiography of patient II-1. There were normal vessel filling times with leakage of contrast from the
right optic disc in the late phase. C. The CT of the head of patient II-1 showing diffuse calcifications
of the nucleus pallidum and nucleus caudatus. D. Ultrasound of the temporal arteries: On the
main, frontal and parietal branch of temporal artery no halo sign was seen and the compression
sign was negative. Thickness of intima-media complex on frontal branch of temporal artery was
0.024 cm. Figure S2: Next generation sequencing revealing a novel heterozygous variant c.1738G>A
(p.Glu580Lys) in the GSN gene in the proband. Figure S3: Loose skin (cutis laxa) in patients II-1 (A,
F), II-2 (B), II-3 (C), II-8 (D) and II-5 (E). Note that all affected family members shown on the picture
(II-1, I1-2, 1I-3, 1I-8) exhibit lower lid dermatochalasis, whereas the family member II-5 carrying the
wild type of GSN gene does not. File S1: Questionnaire.
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Abbreviations

GSN  Gelsolin gene

RE Right eye

LE Left eye

OCT  Optical coherence tomography
RNFL  Retinal nerve fiber layer

ID Identity document

DOB  Date of birth

N/A  Not available

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Solomon, ].P,; Page, L.].; Balch, W.E.; Kelly, ] W. Gelsolin amyloidosis: Genetics, biochemistry, pathology and possible strategies
for therapeutic intervention. Crit. Rev. Biochem. Mol. Biol. 2012, 47, 282-296. [CrossRef] [PubMed]

Choe, H.; Burtnick, L.D.; Mejillano, M.; Yin, H.L.; Robinson, R.C.; Choe, S. The calcium activation of gelsolin: Insights from the
3A structure of the G4-G6/actin complex. . Mol. Biol. 2002, 324, 691-702. [CrossRef]

Meretoja, J. 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. 1969, 1, 314-324. [PubMed]

de la Chapelle, A.; Tolvanen, R.; Boysen, G.; Santavy, J.; Bleeker-Wagemakers, L.; Maury, C.P.; Kere, . Gelsolin-derived familial
amyloidosis caused by asparagine or tyrosine substitution for aspartic acid at residue 187. Nat. Genet. 1992, 2, 157-160. [CrossRef]
Maury, C.P; Liljestrom, M.; Boysen, G.; Tornroth, T.; de la Chapelle, A.; Nurmiaho-Lassila, E.L. Danish type gelsolin related
amyloidosis: 654G-T mutation is associated with a disease pathogenetically and clinically similar to that caused by the 654G-A
mutation (familial amyloidosis of the Finnish type). J. Clin. Pathol. 2000, 53, 95-99. [CrossRef]

Giorgino, T.; Mattioni, D.; Hassan, A.; Milani, M.; Mastrangelo, E.; Barbiroli, A.; Verhelle, A.; Gettemans, ].; Barzago, M.M.;
Diomede, L.; et al. Nanobody interaction unveils structure, dynamics and proteotoxicity of the Finnish-type amyloidogenic
gelsolin variant. Biochim. Biophys. Acta Mol.r Basis Dis. 2019, 1865, 648-660. [CrossRef]

Zorgati, H.; Larsson, M.; Ren, W.; Sim, A.Y.L.; Gettemans, J.; Grimes, ].M.; Li, W.; Robinson, R.C. The role of gelsolin domain 3 in
familial amyloidosis (Finnish type). Proc. Natl. Acad. Sci. USA 2019, 116, 13958-13963. [CrossRef]

Kiuru, S. Familial amyloidosis of the Finnish type (FAF) A clinical study of 30 patients. Acta Neurol. Scand. 1992, 86, 346-353.
[CrossRef]

Dammacco, R.; Merlini, G.; Lisch, W.; Kivela, T.T.; Giancipoli, E.; Vacca, A.; Dammacco, F. Amyloidosis and Ocular Involvement:
An Overview. Semin. Ophthalmol. 2020, 35, 7-26. [CrossRef]

Casal, I.; Monteiro, S.; Abreu, C.; Neves, M.; Oliveira, L.; Beirao, M. Meretoja’s Syndrome: Lattice Corneal Dystrophy, Gelsolin
Type. Case Rep. Med. 2017, 2017, 2843417. [CrossRef]

Kivela, T.; Tarkkanen, A.; Frangione, B.; Ghiso, J.; Haltia, M. Ocular amyloid deposition in familial amyloidosis, Finnish: An
analysis of native and variant gelsolin in Meretoja’s syndrome. Investig. Ophthalmol. Vis. Sci. 1994, 35, 3759-3769.

Carrwik, C.; Stenevi, U. Lattice corneal dystrophy, gelsolin type (Meretoja’s syndrome). Acta Ophthalmol. 2009, 87, 813-819.
[CrossRef]

Feng, X.; Zhu, H.; Zhao, T.; Hou, Y.; Liu, J. A new heterozygous G duplicate in exonl (c.100dupG) of gelsolin gene causes Finnish
gelsolin amyloidosis in a Chinese family. Brain Behav. 2018, 8, e01151. [CrossRef]

Sethi, S.; Theis, ].D.; Quint, P.; Maierhofer, W.; Kurtin, PJ.; Dogan, A.; Highsmith, E.W. Renal amyloidosis associated with a novel
sequence variant of gelsolin. Am. J. Kidney Dis. 2013, 61, 161-166. [CrossRef]

Efebera, Y.A.; Sturm, A.; Baack, E.C.; Hofmeister, C.C.; Satoskar, A.; Nadasdy, T.; Nadasdy, G.; Benson, D.M.; Gillmore, ].D.;
Hawkins, PN.; et al. Novel gelsolin variant as the cause of nephrotic syndrome and renal amyloidosis in a large kindred. Amyloid
2014, 21, 110-112. [CrossRef]

Oregel, K.Z.; Shouse, G.P,; Oster, C.; Martinez, F.; Wang, J.; Rosenzweig, M.; Deisch, ] K.; Chen, C.S.; Nagaraj, G. Atypical
Presentation of Gelsolin Amyloidosis in a Man of African Descent with a Novel Mutation in the Gelsolin Gene. Am. J. Case Rep.
2018, 19, 374-381. [CrossRef]

Cabral-Macias, J.; Garcia-Montafio, L.A.; Pérezpefia-Diazconti, M.; Aguilar, M.C.; Garcia, G.; Vencedor-Meraz, C.I.; Graue-
Hernandez, E.O.; Chacén-Camacho, O.E; Zenteno, ]J.C. Clinical, histopathological, and in silico pathogenicity analyses in a
pedigree with familial amyloidosis of the Finnish type (Meretoja syndrome) caused by a novel gelsolin mutation. Mol. Vis. 2020,
26, 345-354.

Sridharan, M.; Highsmith, W.E.; Kurtin, P.J.; Zimmermann, M.T.; Theis, ].D.; Dasari, S.; Dingli, D. A Patient with Hereditary
ATTR and a Novel AGel p.Ala578Pro Amyloidosis. Mayo Clin. Proc. 2018, 93, 1678-1682. [CrossRef]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef]

de la Chapelle, A.; Kere, J.; Sack, G.H.; Tolvanen, R.; Maury, C.P. Familial amyloidosis, Finnish type: G654—A mutation of the
gelsolin gene in Finnish families and an unrelated American family. Genomics 1992, 13, 898-901. [CrossRef]


http://doi.org/10.3109/10409238.2012.661401
http://www.ncbi.nlm.nih.gov/pubmed/22360545
http://doi.org/10.1016/S0022-2836(02)01131-2
http://www.ncbi.nlm.nih.gov/pubmed/4313418
http://doi.org/10.1038/ng1092-157
http://doi.org/10.1136/jcp.53.2.95
http://doi.org/10.1016/j.bbadis.2019.01.010
http://doi.org/10.1073/pnas.1902189116
http://doi.org/10.1111/j.1600-0404.1992.tb05099.x
http://doi.org/10.1080/08820538.2019.1687738
http://doi.org/10.1155/2017/2843417
http://doi.org/10.1111/j.1755-3768.2009.01686.x
http://doi.org/10.1002/brb3.1151
http://doi.org/10.1053/j.ajkd.2012.07.016
http://doi.org/10.3109/13506129.2014.891502
http://doi.org/10.12659/AJCR.907550
http://doi.org/10.1016/j.mayocp.2018.06.016
http://doi.org/10.1038/gim.2015.30
http://doi.org/10.1016/0888-7543(92)90182-R

Int. J. Mol. Sci. 2021, 22, 1084 15 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Neri, A.; Rubino, P.; Macaluso, C.; Gandolfi, S.A. Light-chain amyloidosis mimicking giant cell arteritis in a bilateral anterior
ischemic optic neuropathy case. BMC Ophthalmol. 2013, 13, 82. [CrossRef]

Kanaan, M.Z,; Lorenzi, A.R.; Thampy, N.; Pandit, R.; Dayan, M. Bilateral Non-arteritic Anterior Ischaemic Optic Neuropathy as
the Presentation of Systemic Amyloidosis. Neuro Ophthalmol. 2017, 41, 330-334. [CrossRef]

Burtnick, L.D.; Koepf, E.K.; Grimes, J.; Jones, E.Y.; Stuart, D.I.; McLaughlin, PJ.; Robinson, R.C. The crystal structure of plasma
gelsolin: Implications for actin severing, capping, and nucleation. Cell 1997, 90, 661-670. [CrossRef]

Boni, F.; Milani, M.; Porcari, R.; Barbiroli, A.; Ricagno, S.; de Rosa, M. Molecular basis of a novel renal amyloidosis due to N184K
gelsolin variant. Sci. Rep. 2016, 6, 33463. [CrossRef]

Boni, F.; Milani, M.; Barbiroli, A.; Diomede, L.; Mastrangelo, E.; de Rosa, M. Gelsolin pathogenic Gly167Arg mutation promotes
domain-swap dimerization of the protein. Hum. Mol. Genet. 2018, 27, 53—65. [CrossRef]

Stefl, S.; Nishi, H.; Petukh, M.; Panchenko, A.R.; Alexov, E. Molecular mechanisms of disease-causing missense mutations. J. Mol.
Biol. 2013, 425, 3919-3936. [CrossRef]

DePristo, M.A.; Banks, E.; Poplin, R.; Garimella, K.V.; Maguire, ].R.; Hartl, C.; Philippakis, A.A.; del Angel, G.; Rivas, M.A;
Hanna, M; et al. A framework for variation discovery and genotyping using next-generation DNA sequencing data. Nat. Genet.
2011, 43, 491-498. [CrossRef]

Meynert, A.M.; Bicknell, L.S.; Hurles, M.E.; Jackson, A.P; Taylor, M.S. Quantifying single nucleotide variant detection sensitivity
in exome sequencing. BMC Bioinform. 2013, 14, 195. [CrossRef]

Nag, S.; Ma, Q.; Wang, H.; Chumnarnsilpa, S.; Lee, W.L.; Larsson, M.; Kannan, B.; Hernandez-Valladares, M.; Burtnick, L.D.;
Robinson, R.C. Ca2+ binding by domain 2 plays a critical role in the activation and stabilization of gelsolin. Proc. Natl. Acad. Sci.
USA 2009, 106, 13713-13718. [CrossRef]

Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, ET.; de Beer, T.A.P.; Rempfer, C.; Bordoli,
L.; et al. SWISS-MODEL: Homology modelling of protein structures and complexes. Nucleic Acids Res. 2018, 46, W296-W303.
[CrossRef]

Yin, H.L.; Kwiatkowski, D.]J.; Mole, J.E.; Cole, ES. Structure and biosynthesis of cytoplasmic and secreted variants of gelsolin. J.
Biol. Chem. 1984, 259, 5271-5276. [CrossRef]


http://doi.org/10.1186/1471-2415-13-82
http://doi.org/10.1080/01658107.2017.1328604
http://doi.org/10.1016/S0092-8674(00)80527-9
http://doi.org/10.1038/srep33463
http://doi.org/10.1093/hmg/ddx383
http://doi.org/10.1016/j.jmb.2013.07.014
http://doi.org/10.1038/ng.806
http://doi.org/10.1186/1471-2105-14-195
http://doi.org/10.1073/pnas.0812374106
http://doi.org/10.1093/nar/gky427
http://doi.org/10.1016/S0021-9258(17)42985-1

	Introduction 
	Results 
	Clinical Presentation 
	Molecular Analysis 
	Pathological Findings 
	Review of the Phenotypes Associated with GSN Mutations 

	Discussion 
	Optic Nerve Involvement 
	Pathogenetic Mechanisms and Genotype-Phenotype Correlations 

	Materials and Methods 
	Patients 
	Clinical Examination 
	Genetic and Bioinformatic Analysis 
	In Silico Analysis 
	Pathological Analysis 
	Review of the Literature 

	Conclusions 
	References

