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Abstract

Objective Wild-type transthyretin (ATTRwt) amyloidosis is caused by the misfolding and deposition of the transthyre-
tin protein (TTR) in the absence of mutations in the TTR gene. Studies regarding the variant form of ATTR amyloidosis
(ATTRv) suggest that the presence of single-nucleotide polymorphisms (SNP) in genes other than the TTR, may influ-
ence the development of the disease. However, other genetic factors involved in the aetiopathogenesis of ATTRwt

are currently unknown. This work investigates the presence of sequence variants in genes selected for their possible
impact on ATTRwt amyloidosis. To do so, targeted sequencing of 84 protein-coding genes was performed in a cohort
of 27 patients diagnosed with ATTRwt.

Results After applying quality and frequency filtering criteria, 72 rare or novel genetic variants were found. Subse-
quent classification according to the ACMG-AMP criteria resulted in 17 variants classified as of uncertain significance
in 14 different genes. To our knowledge, this is the first report associating novel gene variants with ATTRwt amyloido-
sis. In conclusion, this study provides potential insights into the aetiopathogenesis of ATTRwt amyloidosis by linking

novel coding-gene variants with the occurrence of the disease.
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Introduction

The misfolding of the transthyretin protein (TTR) leads
to its aggregation and systemic extracellular deposition
in the form of amyloid fibrils, causing ATTR amyloi-
dosis. TTR misfolding can originate either from inher-
ited mutations in the TTR gene, which results in the
variant form of the disease (ATTRv), or it can develop
spontaneously due to the incorrect folding of the non-
mutated TTR, leading to the so-called wild-type ATTR
(ATTRwt) amyloidosis. The latter usually affects elderly
men and is accompanied by cardiac involvement [1,
2]. Several studies in patients with ATTRv amyloidosis
suggest that the presence of single nucleotide polymor-
phisms (SNPs) in genes other than the TTR may influ-
ence the development of the disease, affecting its age of
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onset [3—6]. However, it is currently unknown whether
any genetic factors could be involved either in the onset
or the development of ATTRwt amyloidosis.

In this work, we study the presence of variants
in genes selected for their potential involvement in
ATTRwt amyloidosis according to their function.
We particularly focused on genes encoding proteases
potentially involved in TTR cleavage and their inhibi-
tors, genes encoding TTR-interacting proteins, extra-
cellular chaperones, extracellular matrix (ECM) related
proteins, and genes described in the literature to be
altered in different types of amyloidosis. Specifically, we
designed and performed targeted sequencing of a panel
of 84 protein-coding genes in a cohort of patients diag-
nosed with ATTRwt amyloidosis.

Main text

Materials and methods

Participants

A total of 27 non-related patients diagnosed with
ATTRwt amyloidosis were enrolled in the study. The
age of the patients ranged between 68 and 92 years
(average age 81 years, 77.8% male). Diagnosis was made
following the criteria of Gillmore et al. for cardiac amy-
loidosis [7] and Sanger sequencing of the TTR gene to
confirm ATTRwt, at the Hospital Clinico Universitario
Lozano Blesa, in Zaragoza, Spain. Clinical features of all
patients are summarized in Additional file 1: Table S1.

Gene selection and panel design
An Ion AmpliSeq On-Demand panel (Thermo Fisher
Scientific) expanded with a spike-in panel was designed
with 2 primer pools to sequence 84 genes. Information
about the sequencing data produced in this study is
available in Additional file 1: Tables S2, S3.

Genes were eligible for inclusion when meeting any
of the following criteria:

(i) Being involved in any of the molecular pathways that
could play a role in amyloid formation, such as pro-
teolysis, protein folding and ECM maintenance.

(i) Having SNPs associated in the literature with the
age of onset of ATTRv amyloidosis.

(iii) Showing altered expression or methylation patterns
in patients with ATTRv amyloidosis.

(iv) Reported as altered in other amyloidotic processes,
e.g. Alzheimer’s disease.

(v) Genes coding for proteins that interact with the
TTR protein.
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Genetic analysis

Genomic DNA was isolated from EDTA blood sam-
ples using the MagDEA DxSV kit (Precision System
Science Co.). DNA libraries were constructed using
the Ion AmpliSeq = Kit, and sequenced on the Ion
Chef™ Instrument according to the manufacturer’s
instructions.

Analysis of DNA sequencing data
Reads were aligned to the hgl9 human reference
genome using the Torrent Suite and IonReporter
5.10.5.0 software.

Filtering criteria for gene variants based on:

(1) Reads depth higher than 30.

(2) Exonic variants, and intronic variants located up
to = 7bp to the intron—exon boundary.

(3) Selection of rare or novel gene variants. Specifically,
variants with a minor allele frequency (MAF) <1%
in the Genome Aggregation Database (GnomAD),
hence excluding frequent variants in general popu-
lation with likely no clinical significance.

Variant prioritization and classification

Variants were classified and prioritized according to
the criteria of the American College of Medical Genet-
ics (ACMG) [8], based on: (i) their location in the DNA
sequence; (ii) the variant predicted effect on the protein
using variant pathogenicity prediction programs such
as SIFT, PolyPhen-2 and MutationTaster; (iii) the pre-
dicted effect of the variant on the splicing site, using
the splice prediction program Splice Al, (iv) their MAF
in GnomAD database; and (v) their presence in the
dbSNP polymorphism database and the ClinVar disease
database. Variants were also analysed with the Varsome
(https://varsome.com/) and Intervar (https://winte
rvar.wglab.org/) clinical interpretation online software
packages.

Results
After applying the filtering criteria, 72 genetic variants
were detected (Additional file 1: Table S4). Accord-
ing to the criteria established by the ACMG [8], 55 of
the filtered variants were classified as benign or likely
benign. The remaining 17 gene variants, from a total of
14 different genes, were classified as of uncertain signif-
icance (VUS). All variants were found in heterozygosis.
Detailed information of the identified variants is shown
in Table 1.

The identified VUS were distributed among 9 of the
subjects under study (Fig. 1) and corresponded to the
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Fig. 1 Matrix bubble plot displaying the genes where sequence variants were identified and their corresponding ATTRwt amyloidosis carrier
patients (M). Genes are classified by color according to their functional group. TF Transferrin; CP Ceruloplasmin; ABCAT ATP binding cassette
subfamily A member 1; APP Amyloid beta precursor protein; GC GC vitamin D binding protein; FGA Fibrinogen Alpha Chain; FGB Fibrinogen

Beta Chain; ECM1 Extracellular matrix protein 1; FNT Fibronectin 1; F2 Coagulation factor ll—thrombin; FNT Fibronectin 1; HSPG2 Heparan sulfate
proteoglycan 2; MMP9 Matrix metallopeptidase 9; F2 Coagulation factor ll—thrombin; PLAT Plasminogen activator—tissue type; PSEN2 Presenilin 2;

ECM Extracellular matrix

genes encoding proteases F2, PLAT and PSEN2; the
ECM components ECM1, FN1, HSPG2 and MMP?Y; the
extracellular chaperones FGA and FGB; the genes CP
and TE previously found altered in cardiac ATTR amy-
loidosis [9, 10]; and the genes ABCAI, APP and GC,
found altered in Alzheimer’s disease [11-13]. Detailed
information of the VUS is shown in Table 1. All VUS
were missense, excepting one synonymous variant
affecting a splice site. While CP, FGA and PLAT genes
exhibited 2 different variants each, only one variant was
found in the rest of the genes.

All VUS appeared only once in our cohort of patients,
being their allele frequency in our sample of 0.019
(Table 1). The variants located in the genes APB FGB,
FNI1, GC, HSPG2 and one of the two located in PLAT
were novel, being to date absent in the GnomAD
database.

Discussion

In this study we evaluated the presence and predicted
pathogenicity of sequence variants in genes that could
play a role in the pathogenic mechanisms of ATTRwt
amyloidosis. Using a panel of 84 genes selected based on
their potential relationship with the disease, we found 72
rare or novel variants associated for the first time with a
cohort of ATTRwt amyloidosis patients (Additional file 1:
Table S4). Among them, although no pathogenic variants
were identified, 17 variants concerning the ABCAI, APP,

CB ECMI, F2, FGA, FGB, FN1, GC, HSPG2, MMUP9,
PLAT, PSEN2 and TF genes were further classified as
VUS (Table 1).

A variant is classified as VUS when it does not fulfil
all the criteria to be classified as pathogenic or benign,
or because it exhibits conflicting evidence. Consistently,
these VUS variants may be reclassified as new evidence
on them are provided [8]. Therefore, their pathogenic
role cannot be ruled out with the current knowledge,
and further investigation would be instrumental to
understand their clinical significance and relation to the
ATTRwt aetiopathogenesis. Of the 17 VUS identified, 10
have been classified as potentially deleterious by all the
variant pathogenicity prediction programs consulted:
SIFT, PolyPhen-2 and MutationTaster, with high scores
(Table 1).

Apart from the disease-specific peptide, amyloid
deposits are composed of general amyloid-associated
molecules, such as the serum amyloid P component
(SAP), apolipoprotein E or ECM-related proteins [14].
Moreover, the deposition of amyloid takes place in the
ECM of tissues and organs.We identified one VUS in
the ECM1I gene, which encodes the extracellular matrix
protein 1; the FNI gene, encoding for fibronectin; the
HSPG2 gene, encoding the heparan sulfate proteo-
glycan (HSPG) 2 or perlecan; and the MMP9, which
encodes the matrix metalloproteinase 9. Changes in the
expression level of the ECM1 gene have been associated
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with various non-amyloidotic cardiac conditions [15,
16]. Regarding amyloidosis, Misumi et al. [17] observed
that amyloid deposition of TTR induced an increased
expression of ECM components including fibronectin
in patients with ATTRV30M amyloidosis. An increased
expression of MMP9, a previously known remodeler
of the ECM [18] with capacity to degrade TTR aggre-
gates and fibrils in vitro in the absence of SAP [14] has
been also reported in both animal models and patients
with ATTRV30M [14, 17, 19]. Interestingly, ECM1 has
been shown to interact with MMP9 and to reduce the
proteolytic activity of MMP9 in vitro [20], potentially
being able to have an indirect effect on the deposits of
TTR fibrils. HSPGs are glycoproteins found as compo-
nents of amyloid deposits in most amyloidosis [21]. The
highly sulfated domains of heparan sulfate and its ana-
logue heparin interact with V30M TTR and recombi-
nant TTRwt, and have been suggested to function as a
scaffold for TTR fibril formation in ATTR amyloidosis
and to foster TTR fibrillization [22, 23]. Interestingly,
the selective heparin/heparan sulfate-TTR binding was
stronger for the TTRwt peptide than for the equivalent
carrying the V30M mutation [23]. Hence, the presence
of a variant in the ECM proteins identified here as VUS,
could induce changes in the binding or function activi-
ties of such proteins and eventually influence the for-
mation of TTRwt amyloid fibrils.

Amyloid deposits can be formed either by the complete
TTR protein or TTR fragments [24, 25]. Some studies
attribute TTR cleavage to trypsin-like serine proteases
[26]. In our data, we found VUS in 3 genes encoding pro-
teases: PLAT gene, encoding tissue plasminogen activa-
tor, F2 gene, encoding prothrombin, and PSEN2 gene,
encoding Presenilin 2. Blood concentration of prothrom-
bin has been reported lower in patients with ATTRwt
amyloidosis in comparison to healthy controls and indi-
viduals with ATTRv amyloidosis [9]. Regarding Preseni-
lin-2, it is part of the complex that catalyzes the cleavage
of APP and mutations in PSEN2 are causative of domi-
nantly inherited Alzheimer’s disease [27].

Extracellular chaperones stabilize misfolded proteins
and guide them to specific cell receptors for their uptake
and subsequent degradation. It has been suggested that
their dysfunction may result in the deposition of mis-
folded proteins, influencing the development of amyloi-
dosis disorders [28]. In this study, we identified 2 VUS
in the FGA gene, and 1 in the FGB, coding for the alpha
and beta chain of fibrinogen, respectively. Da Costa
et al. [29] reported increased plasma concentrations of
fibrinogen and other extracellular chaperones in patients
with ATTRV30M. Concentrations of the alpha chain
of fibrinogen were also higher in patients with ATTRv
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amyloidosis when compared to the ATTRwt amyloidosis
cohort [9]. In addition, mutations in FGA are associated
with fibrinogen A a-chain amyloidosis, a type of heredi-
tary renal amyloidosis [30].

It is also conceivable that there may be shared altera-
tions with other amyloidotic disorders, such as Alzhei-
mer’s disease. We found VUS in the ABCAI, APP and
GC genes, the three reported as altered in Alzheimer’s
disease [13, 31]. An impaired cleavage of APP protein
results in the generation and extracellular secretion of
B-amyloid that will ultimately assemble to form amy-
loid plaques [32]. Approximately 25 pathogenic variants
in the APP gene have been associated to the etiology of
Alzheimer’s disease [12]. Curiously, it has been proposed
that APPwt could function as a transcriptional regulator
of TTRwt [33, 34]. Moreover, TTR deposits can co-exist
with B-amyloid ones in patients with ATTRv amyloidosis
[35].

Finally, we identified VUS in genes for which altera-
tions have been reported in the literature in patients with
ATTRwt amyloidosis, as it is the case of the CP gene,
responsible for ceruloplasmin, and TF gene, coding for
transferrin [9]. CP is increased in patients with ATTRwt
amyloidosis relative to healthy controls [9]. For their part,
Ohta et al. [10] reported the co-precipitation of transfer-
rin with TTR amyloid in mouse models with TTRV30M
and suggested that transferrin facilitates the destabiliza-
tion of the secondary structure of TTR, contributing to
fibrillogenesis.

In summary, this study provides novel data about the
identification of variants in diverse protein-coding genes
that we hypothesize might not be disease-causing, but
do rather modulate or contribute to the development
of ATTRwt amyloidosis. Although some of the selected
genes have been previously assessed in ATTRv amyloido-
sis, this is the first time that variants in such genes are
identified in patients with AT TRwt amyloidosis.

To conclude, our work can serve as a basis for future
studies focused on unravelling the underlying mecha-
nisms of TTR misfolding and expand the understanding
of the disease.

Limitations

The present study has several limitations: (i) the size of
our study cohort was small, (ii) the described variants
should be further examined in non-disease-affected rela-
tives of the patients under study, and (iii) the number of
genes that could be included in the sequencing panel was
limited. Thus, further investigation of the newly identi-
fied variants and the broadening of the targeted genes
should be pursued in future studies.
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Abbreviations

TTR Transthyretin

ATTRwt Wild-type ATTR amyloidosis

ATTRv Variant ATTR amyloidosis

SNPs Single nucleotide polymorphisms
ECM Extracellular matrix

MAF Minor allele frequency

GnomAD  Genome aggregation database
ACMG American College of Medical Genetics
VUS Variant of uncertain significance

APP 3-Amyloid precursor protein
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