
The term amyloidosis encompasses a heterogeneous 
group of inherited or sporadic disorders characterized by 
the progressive aggregation of amyloid protein into various 
body tissues [1]. Abnormal amyloid deposition in the cornea 
leads to lattice corneal dystrophy (LCD; OMIM 122200), an 
eye-limited genetic disorder caused by dominant mutations 
in the TGFBI gene (Gene ID: 7045; OMIM 601692) located 
at chromosome 5q31 [2-4]. Familial amyloidosis of the 
Finnish type (FAF; OMIM 105120), also known as Meretoja 
syndrome or hereditary gelsolin amyloidosis, is a systemic 
form of LCD that also affects cranial nerves and skin [5]. 
This disease was first described by Jouko Meretoja 50 years 
ago [6] and is one of the most common inherited diseases in 
Finland where approximately 1,000 individuals are known 
to be affected [7]. However, the disorder is not exclusive to 

Finnish heritage, and FAF has been reported in patients from 
distinct ethnicities [8-24].

FAF is caused by recurrent mutations in gelsolin (GSN, 
Gene ID: 2934; OMIM 137350), a gene located at 9q33.2 and 
encoding for an actin-binding protein involved in cytoplasmic 
actin regulation and organization. Of note, all patients with 
FAF analyzed to date have been demonstrated to carry similar 
mutations at aspartic acid (Asp) residue 187 (corresponding to 
residue 214 in the currently used gene transcript) of the GSN 
protein. The most common mutation (known as Finnish type) 
leads to an Asp to asparagine (Asn) substitution at residue 
214 of the protein (p.Asp214Asn) and is associated with 
typical clinical presentation and complete penetrance. The 
p.Asp214Asn variant has been identified in Finnish, Amer-
ican, Dutch, British, Portuguese, Spanish, German, Swedish, 
Iranian, and Japanese pedigrees [10,13,16,17,19,23]. The 
Danish type GSN mutation leads to a tyrosine replacement, 
p.Asp214Tyr. It has been described in Danish, Czech, French, 
Brazilian, and Korean families, and it is associated with an 
earlier age of onset and with more severe bulbar dysfunction 
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GSN c.1631T>G transversion, predicting a novel p.Met544Arg mutation. All in silico tools indicated that p.Met544Arg 
is deleterious for GSN functionality or stability.
Conclusions: The results expand the molecular spectrum of GSN-linked systemic amyloidosis. The novel p.Met544Arg 
pathogenic variant is predicted to affect gelsolin function, presumably by impairing a potential calcium-sensitive, actin-
binding region.
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when compared with subjects carrying the Finnish variant 
[7,15,22,25]. The p.Asp214Asn or Tyr replacement eventually 
leads to the release, polymerization, and deposition of the 
abnormal degradation of GSN protein throughout the body 
[5].

The clinical triad of FAF includes progressive bilateral 
facial paralysis, loose skin (cutis laxa), and lattice corneal 
dystrophy [7]. In heterozygous patients, clinical manifesta-
tions usually appear in early adulthood, toward the third or 
fourth decade of life. The earliest finding is LCD, character-
ized by amyloid deposition, recurrent corneal erosions, and 
progressive visual impairment. GSN homozygous patients 
with FAF present earlier onset and greater severity of clinical 
findings, and can develop a severe nephrotic syndrome 
[22,26,27].

Although it is currently clear that FAF is not associated 
with allelic heterogeneity, molecular analysis of additional 
pedigrees is warranted as it could allow for the expansion 
of the genetic spectrum leading to the disease. In addition, 
identification of novel mutations would permit a better geno-
type–phenotype correlation. In this work, we describe the 
results of clinical, histopathological, and genetic analyses of 
a Mexican FAF pedigree carrying a novel causal mutation in 
GSN. The results expand the spectrum of GSN defects leading 
to hereditary systemic amyloidosis.

METHODS

Clinical examination: Five members of a Mexican mestizo 
family were ascertained for a study which was approved 
by the institutional ethics committee at the Institute of 
Ophthalmology Conde de Valenciana (Mexico City, Mexico). 
Research protocols adhered to the ARVO Statement on 
Human Subjects and the tenets of the Declaration of Helsinki. 
All participants gave written informed consent prior to inclu-
sion in the study. Examination included best-corrected visual 
acuity determination, slit-lamp inspection, biomicroscopy, 
funduscopy, and applanation tonometry. Systemic anomalies 
were investigated by a geneticist. Clinical photographs of the 
cornea were obtained in all participants.

Skin histopathological analysis: Eyelid skin tissue was 
obtained during a surgical procedure for blepharochalasis 
in individual II-5 (Figure 1). The tissue samples were fixed 
in 10% buffer formaldehyde, dehydrated, and embedded in 
paraffin. Hematoxylin and eosin and Congo red stains were 
performed in 0.4-µm-thick sections. A Zeiss Axio Imager 
Z2 (Carl Zeiss Microscopy GmbH, Jena, Germany) research 
microscope with the ApoTome.2 digital system was used for 
the microscopic examination.

Molecular analysis: Genomic DNA was extracted from blood 
leukocytes of the index case and from four available first-
degree relatives with the QIAamp DNA Blood kit (Qiagen, 
Hilden, following the manufacturer’s instructions. For PCR 
amplification of GSN exons 4 and 12 each 25 μl reaction 
contained 1X buffer, 200 ng of genomic DNA, 0.2 mM of 
each deoxynucleotide triphosphate, 2U Taq polymerase, 1 

Figure 1. Genealogy of the affected 
family. Solid symbols indicate 
affected subjects. Arrow indicates 
the proband.
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mM of forward and reverse primers, and 1.5 mM of MgCl2. 
PCR temperature program included 30 cycles of denaturation 
at 97 °C for 1 min, annealing at 60 °C for 1 min, and exten-
sion at 72 °C for 1 min. Sanger sequencing was performed 
with the BigDye Terminator Cycle Sequencing kit (Applied 
Biosystems, Foster City, CA), adding about 15 ng of template 
DNA in each reaction and using a temperature program that 
included 25 cycles of denaturation at 97 °C for 30 s, annealing 
at 50 °C for 15 s, and extension at 60 °C for 4 min. Samples 
were analyzed in a 3130 Genetic Analyzer (Applied Biosys-
tems). Mutant and wild type (NM_000177.4; NP_000168.1) 
GSN sequence traces were manually compared. In addition, 
four healthy relatives (individuals II-1, II-9, II-10, and III-3 in 
Figure 1) were genotyped as indicated.

Next-generation sequencing: Next-generation sequencing 
(NGS) library preparation and enrichment were performed 
using the Illumina TruSight One Inherited Disease Panel 
(Illumina, San Diego, CA). Briefly, DNA was enzymatically 
fragmented and purified. Index adaptors were ligated to 

the 5′ and 3′ ends for subsequent amplification. Amplified 
fragments were hybridized to the Illumina TruSight One 
Inherited Disease Panel that enables the enrichment of 4,811 
genes associated with monogenic diseases. The captured 
library was then purified, reamplified, and subsequently 
sequenced on a MiSeq platform (Illumina) using a MiSeq 
V3 Reagent Kit. Sequence reads were mapped to the refer-
ence human genome using Burrows-Wheeler aligner (BWA), 
and variant calling was performed using the GATK Unified 
Genotyper [28,29]. The allele frequency of the variants was 
annotated with public single nucleotide polymorphisms 
(SNP) databases (Single Nucleotide Polymorphism Database 
[dbSNP], 1000 Genomes, ESP6500SI, ExAC, and Genome 
Aggregation Database [gnomAD Browser]) and with data 
from more than 200 in-house exomes. Variants with an allele 
frequency greater than or equal to 0.1% of the genomes in the 
1000 Genomes project or greater than or equal to 0.1% of the 
exomes included in NHLBI ESP and ExAC were excluded 
[30]. Variants that were considered pathogenic, possibly 
pathogenic, or disease-associated according to HGMD or 

Figure 2. Phenotypic appearance of FAF affected subjects. Clinical images of subjects II-2 (A), II-5 (B), and II-6 (C). Cutis laxa, drooping 
eyelids, and hyperpigmented skin are evident.

Figure 3. Slit-lamp photographs of affected subjects II-2, II-5, and II-6. Multiple central and peripheral lattice-pattern lines and thin dots 
with centripetal distribution are evident at the subepithelium and anterior corneal stroma. On retroillumination, branching refractile lines 
were evident in all three patients. A: Right eye. B: Left eye.
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resulted in a frameshift, in-frame indel, stop codon change, 
missense mutation, or splicing-site variant were retained.

In silico analyses for pathogenicity and protein stability: In 
silico prediction programs, such as Polymorphism Pheno-
typing v2 (PolyPhen-2) [31], Sorting Intolerant From Tolerant 
(SIFT) [32], MutationTaster [33], and Protein Variation Effect 
Analyzer (PROVEAN) [34], were employed for variant 
pathogenicity prediction. Additionally, the DUET, Site 
Directed Mutator (SDM), and Cologne University Protein 

Stability Analysis Tool (CUPSAT) servers were used to 
predict the effect of the identified amino acid replacement 
on protein stability. DUET is an integrated computational 
approach for predicting effects of missense mutations on 
protein stability [35]. CUPSAT is a predictive tool that uses 
amino acid-atom potentials and torsion angle distribution to 
assess the amino acid environment of the mutation site [36]. 
SDM is a computational method that analyzes the variation 
of amino acid replacements occurring in a specific structural 

Figure 4. Slit-lamp photographs of subjects III-1 and III-2. Incipient corneal changes corresponding to lattice lines are observed predomi-
nantly in the right eye of both subjects. A: Right eye. B: Left eye.
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environment that are tolerated within the family of homolo-
gous proteins of known three-dimensional (3D) structures 
and converts them into substitution probability tables [37]. 
Protein stability predictions were performed using the crystal 
structure of calcium-free human gelsolin (available at RCSB).

RESULTS

Clinical assessment: Five affected family members in two 
generations (three siblings and two sons of the proband) 
were identified (Figure 1). The affected subjects had a long 
history of visual impairment and foreign body sensation 
in both eyes. The proband (subject II-5, Figure 1), was a 
59-year-old woman who had consulted for decreased vision 
over the previous 20 years and drooping eyelids. At examina-
tion, cutis laxa and bilateral blepharochalasis were evident. 
She had a history of carpal tunnel syndrome, peripheral 
neuropathy, hypothyroidism, cardiac valvulopathy, and two 
surgical procedures for blepharochalasis correction. Subject 
II-2 was a 66-year-old man with a history of lumbar radicu-
lopathy (L3, L4), moderate hearing loss, and facial cutis laxa 
with hyperpigmented drooping eyelids. Subject II-6 was a 
58-year-old man with ischemic heart disease and arrhythmia 
who had complained of mild, progressive loss of vision over 
the previous 5 years. Facial characteristic features of FAF 
such as cutis laxa and masklike facies were evident in this 
patient. Figure 2 shows the facial appearance of subjects 
II-5, II-2, and II-6. On slit-lamp corneal examination, all 

three affected patients exhibited bilateral subepithelial haze 
with pronounced central and peripheral lattice-pattern lines 
involving the visual axis (Figure 3A–F) which are typical 
LCD features. Corneal surface irregularities were evident in 
the central cornea.

The physical examination of the younger subjects III-1 
(aged 46 years) and III-2 (aged 40 years) was unremark-
able with no evidence of facial skin anomalies or systemic 
symptoms. However, the examination of the cornea disclosed 
subtle changes consisting of bilateral, thin branching refrac-
tile, whitish lines and dots located subepithelially and at the 
anterior stroma in the central and peripheral corneas in both 
subjects (Figure 4). No epithelial erosions were observed, and 
Descemet’s membrane and endothelium were healthy in all 
examined individuals from this pedigree.

Histopathological analysis: Histological sections stained with 
hematoxylin and eosin and Congo red showed thin eyelid skin 
with mild orthokeratotic hyperkeratosis with papillomatosis, 
mild inf lammatory infiltrate composed of perivascular 
lymphocytes in the superficial dermis, and focally pigmen-
tary incontinence. Hair follicles and dermal appendices 
appeared normal. The Congo red stain showed abundant 
deposition of amyloid material in the basement membranes 
of hair follicles and in blood vessel walls (Figure 5A,B).

Genetic findings: Direct Sanger sequencing of GSN exon 4 
in DNA from the index case was negative for the typical FAF 
p.Asp214Asn or Tyr mutation. No pathogenic variants were 

Figure 5. Histopathological findings in skin from FAF II-5 subject. A: Histological sections from the eyelid skin biopsy, stained with hema-
toxylin and eosin and Congo red, showing thin skin with mild orthokeratotic hyperkeratosis, papillomatosis, mild inflammatory infiltrate 
composed of perivascular lymphocytes in the superficial dermis and focally pigmentary incontinence. Dermal appendices appear normal. 
Congo red staining indicates amyloid deposits composed of internal degradation fragments produced during the aberrant processing in the 
hair follicles (arrows). B: Eyelid skin biopsy shows fibroconnective tissue, skeletal muscle, and vessels (arrows). The Congo red staining is 
positive in the walls of the vessels.
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observed in the remaining sequence of this exon. Due to this 
result, NGS was employed for analyzing the coding regions 
of 4,811 genes. Next-generation sequencing of the index case 
(individual II-5) provided adequate coverage of the clinical 
exome (94.9% of the targeted regions were covered at least 
20X, and 80% had at least 50X depth of coverage). After 
variant filtering, a candidate variant was identified at exon 
12 of the GSN gene (NM_000177.4: c.1631T>G; NP_000168.1: 
p.Met544Arg; chr9:121326573T>G). This variant was 
confirmed with Sanger sequencing in DNA from all available 
relatives affected with FAF (Figure 6A–C), as well as in DNA 
from the two younger individuals with mild lattice corneal 
dystrophy and no evidence of systemic disease (Figure 6). 
The novel p.Met544Arg variant was absent from the NHLBI 
Exome Variant Server, dbSNP, gnomAD Browser, and 1000 
Genomes databases (accessed in January 2019). Furthermore, 
this variant was absent in more than 200 in-house clinical 
exomes of Mexican origin. Four available healthy relatives 
(individuals II-1, II-9, II-10, and III-3 in Figure 1) were 
demonstrated to carry wild-type GSN sequences. Parametric 
linkage analysis in this family yielded a positive logarithm 
of the odds (LOD) score of 2.71 under a model of disease 

frequency of 0.0001, penetrance of 1.0, assuming no recom-
bination (θ = 0).

In silico analysis for pathogenicity and protein stability: 
Four different algorithms used in this study (SIFT, Poly-
Phen-2, MutationTaster, and PROVEAN) predicted that the 
p.Met544Arg is deleterious, possibly damaging, or disease 
causing (Figure 7A). Of note, by mapping the amino acid 
replacement to the known 3D structure of GSN (structural 
features), PolyPhen-2 and MutationTaster also predicted that 
GSN p.Met544Arg affects a potential calcium-sensitive, 
actin-binding region within the protein. Additionally, three 
different prediction tools based on changes in folding free-
energy (DUET, SDM, and CUPSAT) predicted that this 
variant reduces the structural stability of the GSN protein 
(Figure 7B). Finally, the amino acid sequence comparison 
showed that methionine 544 is strictly conserved among GSN 
proteins from numerous vertebrate species (Figure 7C).

DISCUSSION

Among approximately 50 human amyloidotic diseases that 
arise from abnormal aggregation of proteins in tissues, 
FAF is a discrete autosomal dominant condition caused by 

Figure 6. Partial Sanger sequencing of exon 12 of the GSN gene. A heterozygous T>G transversion at nucleotide 1631 was demonstrated in 
affected patients (A–D). This variant predicts the novel p.Met544Arg substitution at the GSN protein. E: A control DNA sequence is shown.
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mutations in GSN. Since the first FAF description in three 
Finnish pedigrees 50 years ago [6], several dozens of patients 
from diverse countries have been recognized. Many of the 
studied patients had no Finnish ancestors, suggesting multiple 
FAF founders. The disease has genetic homogeneity, as all 
molecularly analyzed patients carry either p.Asp214Asn or 
p.Asp214Tyr GSN pathogenic variants reviewed in [38]. The 
identification of additional pathogenic GSN alleles is impor-
tant for expanding the current knowledge of the genetic basis 
of human amyloidosis and for improving genotype–pheno-
type correlations. Previously, our group of work described 
a sporadic FAF case from Mexico that carried the common 
p.Asp214Asn variant in GSN [39].

In this work, we describe a Mexican FAF pedigree 
carrying a novel heterozygous p.Met544Arg GSN muta-
tion. To the best of our knowledge, this is the third known 
FAF-causing GSN allele, and its identification indicates that 
defects outside GSN residue 214 can also result in systemic 
amyloidosis. In this family, a homogeneous phenotype char-
acterized by cutis laxa and lattice corneal dystrophy was 
recognized in the three affected adult subjects. Peripheral 
neuropathy was also evident in one subject. The clinical 
picture in this pedigree is more compatible with the classical 

FAF phenotype, known to be associated with the Finnish type 
p.Asp214Asn GSN mutation.

Several lines of evidence support the pathogenicity of 
the novel p.Met544Arg GSN variant in this FAF pedigree, 
including familial segregation of the heterozygous variant; 
prediction of variant pathogenicity by various in silico tools, 
absence of the variant in public databases, such as 1000 
Genomes, GnomAD, and dbSNP; absence in more than 
200 in-house clinical exomes of Mexican origin; and strict 
conservation of the Met 544 residue among GSN proteins 
from different species.

The classic GSN p.Asp214Asn or Tyr missense mutation 
eliminates one of the four calcium binding sites located at 
the second domain of plasma gelsolin, significantly compro-
mising calcium binding [40]. The novel p.Met544Arg identi-
fied in this study substitutes a highly conserved methionine 
at position 544, a nonpolar, sulfur-containing residue located 
at the fifth domain of the GSN protein, for arginine, a posi-
tively charged amino acid. According to a GSN model based 
on structural elements [41], the methionine at position 544 
(which corresponds to methionine 517 in this model) forms 
part of a structurally variable region of the fifth domain that 

Figure 7. In silico pathogenicity predictions for the novel GSN (c.1631T>G; p.Met544Arg) variant identified in this study. A: Variant impact 
was assessed using the Sorting Intolerant From Tolerant (SIFT), Polymorphism Phenotyping v2 (PolyPhen-2), MutationTaster, and Protein 
Variation Effect Analyzer (PROVEAN) algorithms. B: In silico prediction of the effects on the protein stability produced by the p.Met544Arg 
replacement on GSN. Algorithm predictions are based on changes in folding free energy (ΔΔG in Kcal/mol). Protein stability predictions 
were performed using the crystal structure of calcium-free human gelsolin. C: Alignment of the amino acid sequence of gelsolin across 
different species. The shaded column with the red mark indicates the position of the mutated residue identified in this study. As observed, 
methionine 544 is strictly conserved among numerous vertebrate species.
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could participate in interactions with calcium and actin. In 
this model, basic residues, such as arginine, near calcium 
ligating residues are important for creating salt bridges and 
performing functions such as latching or reordering of the 
different GSN domains [41], which might be of relevance 
for the p.Met544Arg variant demonstrated in this study. As 
additional support of the detrimental effects of this variant 
on protein structure, in silico prediction tools suggested that 
the p.Met544Arg change affects an acting binding region 
which is sensitive to calcium and that it reduces the structural 
stability of GSN.

The phenotype of this family is compatible with typical 
FAF, suggesting that a similar mechanism could be involved 
in systemic amyloidosis due to this novel GSN mutation. 
However, as no pathogenic variants have been reported in 
the fifth GSN domain, functional analyses of this region are 
warranted to elucidate its participation in calcium or actin 
binding.

In the family described here, two young relatives 
exhibited corneal lattice dystrophy with no evidence of 
skin or systemic involvement. The identification of young 
subjects carrying FAF-causing GSN alleles who have not 
developed the full clinical picture provides an opportunity 
for preventing systemic amyloid deposition. Although such 
therapy is currently unavailable, important advances in the 
field have been recently published [42,43], anticipating that a 
therapy for blocking or delaying human amyloid deposition 
could be developed in the next few years.

Recently, a pathogenic c.1375C>G variant located at exon 
10 and resulting in a p.Pro459Arg replacement was identi-
fied in an adult subject of African descent with a postmortem 
diagnosis of gelsolin amyloidosis [44]. However, as this 
patient did not exhibit the common manifestations of cutis 
laxa or corneal lattice dystrophy a FAF diagnosis is debatable. 
Similarly, a c.100dupG predicting a frameshifting p.Ala34fs 
variant at the protein level was reported in a Chinese FAF 
familial case with an unusual severe brain phenotype [45].

In conclusion, the present results expand the molecular 
spectrum of FAF by identifying a novel missense variant 
located at the fourth GSN domain. Functional studies will be 
needed to recognize the mechanism by which this amino acid 
replacement results in systemic amyloid deposition.
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