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Abstract

Introduction: Transthyretin (TTR)-related amyloidosis is a life-threatening disease. Currently,
several questions about the pathogenic mechanisms of TTR-related amyloidosis remain
unanswered.
Methods: We have investigated various TTR-related issues using different in silico approaches.
Results: Using an amino acid similarity-based analysis, we have indicated the most relevant TTR
secondary structures in determining mutation impact. Our amyloidogenic propensity analysis
of TTR missense substitutions has highlighted a similar pattern for wild-type and mutated TTR
amino b acid sequences. However, some mutations present differences with respect to the
general distribution. We have identified non-coding variants in cis-regulatory elements of the
TTR gene, and our analysis on V122I-related haplotypes has indicated differences in non-coding
regulatory variants, suggesting differences among V122I carriers. The analysis of methylation
status indicated CpG sites that may affect TTR expression. Finally, our interactive network
analysis revealed functional partners of TTR that may play a modifier role in the pathogenesis of
TTR-related amyloidosis.
Discussion and conclusion: Our data provided new insights into the pathogenesis of TTR-related
amyloidosis that, if they were to be confirmed through experimental investigations, could
significantly improve our understanding of the disease.

Abbreviations: APOA1: apolipoprotein A-1; AbPP: amyloid beta precursor protein; cPdel:
probability of missense variants to be deleterious; FGA: fibrinogen alpha chain; GERP: genomic
evolutionary rate profiling; HGMD: human genome mutation database; HSPG2: heparan sulfate
proteoglycan 2; is-rSNP: in silico-regulatory SNP detection; PASTA: prediction of amyloid
structure aggregation; RBP4: retinol binding protein 4; STRING: search tool for the retrieval of
interacting genes/proteins; TFBSs: transcription factor binding sites; TTR: transthyretin
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Introduction

The recent explosion of high-throughput technologies has

yielded vast quantity of data pertinent to the human genome

both in terms of variability and regulation mechanisms [1].

Furthermore, international consortia are currently focusing

their attention on important questions (e.g. the 1000 Genomes

Project consortium on genetic variability and the ENCODE

consortium on the functional elements of human genome).

These consortia released some of their data, in order to

provide useful tools to the scientific community [2,3]. These

data can be used to perform computational studies that

generate new hypotheses for directing experimental research

[4–6]. Much information could be gleaned about monogenic

disorders by performing computational studies on the

subject [7]. Indeed, although the cause of the disease is

often recognized, several questions remain about its patho-

genic mechanisms and therapies.

Hereditary transthyretin (TTR)-related amyloidosis is a

monogenic disease with high phenotypic heterogeneity

among affected individuals [8,9]. Mutations in the TTR gene

are known to cause the disease. However, incomplete

penetrance, variance in age-of-onset, diverse disease progres-

sion, and variability in symptoms and affected organs are

widely recognized in carriers of some TTR mutations, such as

the V30M mutation [10]. Information about human genome

organization strongly suggests that several factors jointly

contribute to gene functionality. Therefore, the phenotypic

presentation is likely modulated by other modifier factors.
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Different authors have found evidences of modifier factors in

the pathogenesis of TTR-related amyloidosis, but these

factors have not been observed in all studies conducted on

the subject. Some investigations have focused their attention

on modifier genes. TTR mutations are required for the disease,

but other genes may govern the clinical phenotype [11–14].

Mitochondrial DNA has also been investigated in relation to

the phenotypic variation of TTR-related amyloidosis with

interesting outcomes [15–17]. Finally, cis-regulatory elements

in coding regions of the TTR gene have also been analyzed in

order to understand the phenotypic variation of the disease

[18–21].

In addition to the heterogeneity in its genotype–phenotype

correlations, other important questions relating to the patho-

genesis of TTR-related amyloidosis must be explored as well.

Because of its invariably fatal outcome, the most relevant issue

concerns the therapy. TTR amyloidogenesis is caused by

tetramer dissociation, and, consequently, monomer misfolding

and aggregation [22]. Accordingly, current studies on therapies

have focused on small stabilizing molecules that inhibit TTR

amyloid fibril formation and limit tetramer dissociation [23].

Therefore, new insights into amyloidogenic processes of TTR

could be useful to improve therapy research.

Computational approaches based on genome-scale data-

bases and softwares can be used to collect findings that may

lead research in new directions. The aim of this study is to

analyze database information about the TTR gene and provide

new insight into the pathogenesis of TTR-related amyloidosis.

Specifically, we investigated the following subjects: non-

coding regions (to verify the presence of cis-regulatory

elements that may modulate TTR function); coding regions

(to identify encoded amino acid residue that may change the

amyloidogenic propensity of monomers); the phylogenetic

relationships of V122I-related haplotypes (to understand

whether functional differences may be present among haplo-

types carriers of the same amyloidogenic mutation); and,

finally, the TTR-related interaction network (to identify the

genes/proteins potentially involved, as modifier factors, in

disease pathogenesis).

Methods

Information about amyloidogenic mutations was extracted

from the ‘‘Mutations in Hereditary Amyloidosis’’ database

(available at http://amyloidosismutations.com). Genotypic

data and haplotype information were extracted from the

phase 1 of 1000 Genomes Project (available at http://

browser.1000genomes.org/index.html). Specifically, we

downloaded a VCF (Variant Call Format) file of a 20 kb

region, in which the TTR gene (7257 bp), 6731 bp upstream

and 6015 bp downstream (Chromosome 18: 29 165 000–

29 185 000) are included.

To identify regions that impact gene function, genomic

conservation, based on a comparative analysis, was analyzed

using these tools: VISTA [24], Genomic Evolutionary Rate

Profiling [25] and Sequence Information-Based Decision

Model [26]. The thresholds, proposed by the authors, were

used in the analyses of this study.

We estimated the cPdel, combining the results of four tools

that predict the functional impact of missense variants on the

basis of amino acid sequence similarity. Specifically, we

utilized polyphen-2 [27], Sorting Intolerant From Tolerant

(SIFT) [28], Panther [29], and Predictor of human Deleterious

Single Nucleotide Polymorphisms (PhD-SNP) [30]. Details

are available in a previous study [31].

We investigated the amyloidogenic propensity of non-

synonymous variants using the TANGO, Prediction of

Amyloid STructure Aggregation (PASTA) and

AGGRESCAN tools [32–34]. TANGO evaluates the beta-

aggregation percentage [33]. PASTA permits to estimate the

single-residue amyloidogenic propensity [h(K)] [35].

AGGRESCAN analyzes amino acid aggregation-propensity

value [36]. We performed amyloidogenic propensity analyses

for all amino acid sequences with TTR missense variants,

including the wild-type sequence.

We used the is-rSNP (in silico-regulatory SNP detection)

algorithm to predict the transcription factor binding sites

(TFBSs) in the TTR sequence [37]. We set the significance

level for the is-rSNP analysis at 0.05 and JASPAR database

was used as reference. In order to increase the sensibility of

our analysis, we also considered ENCODE data about TFBS

presence in TTR gene and its surroundings (available at http://

encodeproject.org/ENCODE/).

We reconstructed the phylogenetic relationships of the TTR

haplotypes using a Median Joining Network [38]. Variation

sites were weighted in accordance to their relative nucleotide

conservation status.

To identify genes/proteins potentially associated with

disease pathogenesis, we analyzed the TTR-related interaction

network using STRING v.9.05 (Search Tool for the Retrieval

of Interacting Genes/Proteins) [39]. During our STRING

analysis, we excluded textmining from the active prediction

methods and only considered outcomes with the highest

confidence (STRING score 40.900). Therefore, our string

analysis is based only on co-expression, experimental and

database evidences, and it is not biased by textmining effects.

Results

First, we analyzed the genetic variation of the TTR coding

regions. In particular, we focused our attention on missense

substitutions. While the database of 1000 Genomes Project

and the ‘‘Mutations in Hereditary Amyloidosis’’ databases

into consideration, we collected information on 130 missense

substitutions (Supplemental Table 1). For each variant, we

reported the amino acid position in the TTR precursor and

TTR monomer, the source database, the amyloidogenic status

(based on information found in the ‘‘Mutations in Hereditary

Amyloidosis’’ database and The Human Gene Mutation

Database (HGMD; available at http://www.hgmd.cf.ac.uk/),

the location in TTR secondary structures (UniProt data were

considered; available at http://www.uniprot.org), and the

estimated probability of missense variants to be deleterious

(cPdel). To estimate the cPdel, we combined the outcomes of

four tools that predict the functional impact of missense

variants on the basis of amino acid sequence similarity

(see Methods section). Considering the amyloidogenic status,

we observed that amyloidogenic variants showed a higher

cPdel than non-amyloidogenic variants (0.740 versus 0.534,

respectively). We determined that the missense substitutions
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with unknown amyloidogenic status have cPdel (0.516)

comparable to the non-amyloidogenic variants (0.534).

Subsequently, we analyzed the distribution of the cPdel

average in the secondary structure of the TTR monomer

(Figure 1). We also reported the precursor cleaved signal in

our analysis. The top-3 cPdel values were observed in

Linker12 (cPdel¼ 0.963; amino acid region from residue

113 to residue 114), Linker9 (cPdel¼ 0.927; amino acid

region from residue 74 to residue 75) and Beta strand5

(cPdel¼ 0.885, amino acid region from residue 53 to

residue 55). The three lowest cPdel values were observed in

Turn1 (cPdel¼ 0.217; amino acid region from residue 3 to

residue 6), Turn3 (cPdel¼ 0.350, amino acid region from

residue 61 to residue 63) and Linker5 (cPdel¼ 0.416, amino

acid residue 40).

To understand the effects of missense substitution on the

amyloidogenic propensity of the TTR monomer, we analyzed

all amino acid sequences derived from missense substitutions

using the TANGO, PASTA and AGGRESCAN algorithms.

In this analysis, we also considered the wild-type sequence

and excluded the variants located in cleaved signal. In

Figure 2, we report the average, maximum and minimum

values estimated in each amino acid residue observed in the

129 tested amino acid sequences. All softwares indicated that

a similar pattern of amyloidogenic propensity was present in

all tested sequences, including the wild-type one. In TANGO

analysis, we observed six regions with high amyloidogenic

propensity: from residues (1) 12 to 20, (2) 25 to 33, (3) 68 to

73, (4) 93 to 98, (5) 105 to 111 and (6) 114 to 123 (Figure 2A

and Supplemental Figure 1A). In PASTA analysis, we

observed five amino acid regions with high amyloidogenic

propensity: (1) a large region from residues 12 to 37 with a

strong core between residue 26 and 33, (2) from residue 63 to

73, (3) from residues 90 to 98, (4) from residues 105 to 111

and (5) from residue 116 to 124 (Figure 2B and Supplemental

Figure 1B). In AGGRESCAN, we observed six amino acid

regions with high amyloidogenic propensity: from residue

(1) 12 to 19, (2) 25 to 34, (3) 65 to 72, (4) 79 to 85, (5) 92 to

96 and (6) 105 to 123 (Figure 2C and Supplemental

Figure 1C). Although there is a similar amyloidogenic pattern

among TTR amino acid sequences, certain missense variants

seem to show diverse amyloidogenic propensity with respect

to the general pattern. In TANGO analysis, some sequences

showed very high value of amyloidogenic propensity with

respect to the general distribution: T96I (from residues 93 to

97), A109V (107 to 111) and P113L (107 to 122)

(Supplemental Figure 1A). In PASTA analysis, sequences

with missense variants within the amino acid region between

residues 28 and 32 showed altered amyloidogenic propensity

with respect to the other TTR amino acid sequences

(Supplemental Figure 1B). AGGRESCAN indicated that

missense variants altered the amyloidogenic propensity of

the region, in which the genetic variation is located

(Supplemental Figure 1C).

After analyzing the coding regions, we focused our

attention on non-coding variants in order to collect informa-

tion on the presence of cis-regulatory elements in the TTR

gene and its surrounding regions. Specifically, we analyzed

the genotypic data and haplotypic information of Phase 1 of

the 1000 Genomes project. In Supplemental Table 2, we

report the 271 considered genetic variants. To evaluate the

impact of these variants on TTR regulation, we performed

different in silico analyses (see Methods section). We also

considered the data collected through the ENCODE project

on methylation status and the presence of TFBSs

(Supplemental Figure 2). Regarding the TFBS analyses, the

data of ENCODE project and is-rSNP algorithm gave

different results. This is likely due to the approaches used

to perform the TFBS analyses. Since both the approaches are

validated, we considered ENCODE and is-rSNP outcomes, in

order to increase the sensibility of our analysis. Regarding

methylation status, ENCODE project indicated the presence

of different CpG sites (Supplemental Figure 2). In

Supplemental Table 3, we report the positive outcomes of

Figure 1. cPdel values in the secondary
structures of the TTR monomer. The
precursor cleaved signal is also reported
in this analysis. The reported aminoacidic
regions are referred to the aminoacidic
sequence of TTR precursor.
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these analyses: 63 of 271 genetic variants may have a

functional impact on the TTR gene, and 59 of these 63

variants are located in non-coding regions. While analyzing

the coding variants with genotypic information in Phase 1 of

the 1000 Genomes Project, we observed three non-amyloido-

genic mutations (i.e. G6S, R104H and T119M), two syn-

onymous substitutions (i.e. S110S, and T119T) and the

amyloidogenic mutation (V122I). To analyze the relationship

among V122I-related haplotypes, we performed a phylogen-

etic analysis using the Median Joining Network. According to

data gleaned from the 1000 Genomes Project, there are 308

TTR haplotypes, and five of these haplotypes are carriers of

the V122I amyloidogenic mutation: h65, h214, h216, h234

and h236. Phylogenetic analysis revealed that h65 may have

originated independently from the other V122I-related haplo-

types (Figure 3). In accordance with this phylogenetic

outcome, we observed that the h65 haplotype showed a

different variation pattern in loci potentially associated with

gene regulation (Figure 4).

Finally, our analysis of TTR-related interactive network

indicated the presence of five predicted functional partners:

RBP4 (Retinol Binding Protein 4; STRING score¼ 0.994),

APOA1 (Apolipoprotein A-1; STRING score¼ 0.982),

HSPG2 (Heparan Sulfate Proteoglycan 2; STRING score

¼ 0.959), AbPP (Amyloid Beta Precursor Protein; STRING

score¼ 0.959) and FGA (Fibrinogen Alpha Chain; STRING

score¼ 0.917) (Supplemental Figure 3).

Discussion

This study has provided an in silico analysis of database

information pertinent to coding and non-coding regions, as

well as an interactive network of TTR. It is our hope that this

analysis will enable us to obtain new testable hypotheses for

further experimental investigations.

Our data about coding variants are mainly focused on

missense substitutions. As we expected, amyloidogenic

mutations were more likely to be deleterious than non-

amyloidogenic variants. Since a number of studies investi-

gated TTR protein using crystallographic experiments, we

decided to use an independent approach based on amino acid

sequence similarity. This analysis permitted us to estimate the

probability of a TTR mutation to be deleterious for human

health, considering both the impact on protein function and

protein structure. The variants with an unknown amyloido-

genic status showed a cPdel similar to the non-amyloidogenic

ones. This is likely due to the fact that the participants of the

1000 Genomes Project are apparently healthy individuals.

However, some TTR variants with an unknown status reached

high cPdel: S85P (0.781), T96I (0.805) and P113L (0.979).

Since the participants of 1000 Genomes Project are mostly

younger than 60, these variants may be associated with late-

onset phenotype, such as other TTR mutations (e.g. F64L)

[40]. Considering the secondary structures of the TTR

monomer, we observed the top-3 cPdel averages in

Linker12, Linker9 and Beta strand5. Among the variants

located in these protein regions, we observed the presence of

12 amyloidogenic mutations (86%), 1 non-amyloidogenic

variant (7%) and 1 locus with an unknown status (7%).

Conversely, in the lowest 3 cPdel averages (i.e. Turn1, Turn3

and Linker5), we identified three non-amyloidogenic muta-

tions (50%) and three variants with an unknown status (50%).

To date, about 200 TTR-related X-ray crystal structures have

been solved, providing relevant information about the

relationship between structure and function [41]. Our data

about TTR secondary structures were extracted from an

algorithm based on amino acid sequence similarity. In other

words, this information was obtained independently from the

X-ray analyses. Therefore, we can observe some non-

amyloidogenic variants with cPdel higher than amyloidogenic

mutation average (i.e. D74H, G101S and T119M). This is

likely due to nearness to other relevant amino acid positions.

Figure 2. Distribution of estimated amyloidogenic propensity
(average: grey dot; maximum-minimum range: dotted line) in each
amino acid position performed by TANGO (A), PASTA (B) and
AGGRESCAN (C). The reported aminoacidic positions are referred to
the aminoacidic sequence of TTR monomer.
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Figure 3. Median joining network of TTR haplotypes observed in the participants of the 1000 Genomes Project. The regions with V122I-related
haplotypes (bold and underlined) are zoomed. Each circle represents a different haplotype, and size is proportional to frequency in the zoomed regions.

Figure 4. Nucleotide changes among V122I-related haplotypes. V122I mutation is shown in black cells. Variants potentially associated with functional
impact are shown in dark grey cells. Variants with none functional involvements are shown in light grey cells. TFBS: Transcription factor binding sites.
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Indeed, D74H is located in one of the top-3 cPdel secondary

structures, Linker9. Our approach based on an amino acid

sequence similarity is independent from the X-ray analysis

and it may provide another way to analyze TTR coding

regions.

To analyze amyloidogenic propensity of TTR monomer,

we used AGGRESCAN, PASTA and TANGO algorithms. To

the best of our knowledge, no other studies have performed

this systematic investigation. The three softwares showed

overlapping results: similar amino acid regions with amyloi-

dogenic propensity have been identified. Furthermore, this

analysis indicated that wild-type sequence and the sequences

carriers of missense substitutions (both amyloidogenic and

non-amyloidogenic) have a similar amyloidogenic propensity.

This outcome agrees with the current literature data: the

disease-causing mutations do not increase the amyloidogeni-

city of TTR monomer, but their harmful effect is to decrease

the stability of the TTR tetramer prompting an increase in

monomer misfolding [22,42]. However, slight differences in

some of the disease-causing mutations are present, suggesting

that the amyloidogenic processes may be different in certain

TTR mutations. Further studies may focus their attention on

this topic, in order to determine whether these amyloidogenic

differences may alter the efficiency of stabilizing molecules

that are currently used in therapies of TTR-related

amyloidosis.

We investigated coding regions of TTR gene with two

different points of view: cPdel estimated the presence of

amino acid regions that may have an high probability to be

deleterious for human health; aggregation predictors eval-

uated the effects of the missense substitution on amyloido-

genic propensity in order to understand if TTR mutations not

only affect TTR tetramer instability but also amyloidogenic

processes. Considering both the findings of these analyses, we

can affirm that research about anti-amyloidogenic strategy

should focus on the TTR tetrameric structure. All TTR

monomers, including wild-type form, tend to form amyloid

deposits (i.e. slight differences in amyloidogenic propensity),

whereas amyloidogenic mutations alter tetrameric structure in

different qualitative and quantitative ways (i.e. great variabil-

ity in cPdel outcomes).

Our analysis of non-coding regions of the TTR gene

suggests the presence of 59 non-coding variants potentially

associated with gene function. This supports the hypothesis

that the cis-regulatory elements of the TTR gene modulate the

effect of mutations on the disease phenotype. To the best of

our knowledge, only four previous studies have investigated

the role of non-coding variants in disease pathogenesis. The

works of Olsson et al. [19] and Norgren et al. [20] explored

the effect of an SNP in TTR 30 UTR in Swedish patients

carriers of V30M mutation, indicating that this genetic variant

did not affect TTR mRNA expression. A previous study on

V30M carriers analyzed the coding and non-coding regions of

TTR gene and its surroundings, highlighting that TTR

downstream region may modulate the onset of the symp-

toms [18]. Our previous study on human variation of TTR

gene suggests that non-coding variants have a role in

determining phenotypic presentation in African patients

[21]. This analysis in which we highlighted the presence of

multiple functional non-coding variants furnishes the basis to

develop further studies on this topic. Moreover, the identifi-

cation of V122I amyloidogenic mutation in the participant of

1000 Genomes Project permits to explore the presence of

functional non-coding variants in the haplotypes carriers

of V122I mutation. Our analysis seems to agree with this

hypothesis. Two haplotype clusters are present: one cluster

composed only of the h65 haplotype, and another cluster

composed of the h214, h216, h234 and h236 haplotypes. Our

phylogenetic analysis is in accordance with the geographical

distribution of these haplotype clusters. All haplotypes are

present in populations with African ancestry, in agreement

with the known distribution of the V122I mutation, which is

the most recurrent disease-causing mutation in African

individuals [10]. Haplotype h65 is present in Kenya and

African–American populations, whereas the haplotypes of the

second cluster are present in Nigeria and African–American

populations. The presence of both clusters in African–

American populations is likely due to the geographical

diversity of their common ancestors [43], whereas the

distribution in African populations indicated a separation

between eastern (h214, h216, h234 and h236) and western

(h65) Africa. Our in silico analyses indicated that functional

differences may be present among V122I-related haplotypes.

Specifically, we observed three h65-specific functional vari-

ants (i.e. rs181315042, rs75517067 and rs1667252), while

the other V122I-related haplotypes showed three other

specific variants (i.e. rs723744, rs3764476 and rs3794884).

Among these functional variants, three were located in TFBSs

(i.e. rs181315042, rs1667252 and rs3764476), and the others

showed significant nucleotide conservation (i.e. rs75517067,

rs723744 and rs3794884). Considering variants in TFBSs,

ENCODE data indicated that rs181315042 was located in

binding sites of different transcription factors (i.e. TCF4, SP1,

FOXA1, HDAC2, HNF4A, FOXA2 and p300). The is-rSNP

algorithm highlighted that the consensus motifs of TFBSs are

located in the regions of rs1667252 (i.e. Dbx2, Pou2f1,

Alx1_2, Vax2, Hoxd1, Phox2a, Hoxc6, Lbx2, Pax6, Vax1,

Pou3f2, Nkx6-3, Lhx5, Nkx6-1_1, Lhx3, en, Shox2, En1,

Gsx2, Hoxb7, Emx2, SMP1, Hoxc4, Hoxa3, Pou3f1, Dlx1,

Msx1, Barx2, H2.0, Awh, CG32105, Hoxa5, Pou3f4, Hoxc8,

Nkx1-1, Hoxa1, Hoxb3, Lim1, YOX1, Uncx, Pou1f1, Hoxb4,

Lhx1, En2, Prop1, and E5) and rs3764476 (LM184, Ascl2_1,

Tcfap2c_2, and GCANCTGNY).

Patients with the V122I mutation are mainly characterized

by cardiomyopathy, but symptoms consistent with neuropathy

can also be present [10,44,45]. Our data about non-coding

variants in the V122I-related haplotype suggest that the

differences among V122I patients may be explained by

cis-regulatory elements in the TTR gene. Furthermore, our

hypothesis may also explain the concordance between the

epidemiological differences in V30M patients of Swedish and

Portuguese descent and the diverse origins of the V30M

mutation in Sweden and Portugal [21,46]. Indeed, two V30M-

related haplotypes with different cis-regulatory variants are

likely present in Swedish and Portuguese patients, respect-

ively. Therefore, the replication of our in silico study about

non-coding regions on V30M carriers, also coupled with

laboratory analysis, may have relevant impact in the under-

standing of the genotype–phenotype correlation present in

V30M carriers.
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Besides genetic variation in coding and non-coding

regions, we used ENCODE project also to obtain information

about methylation in TTR gene and its surroundings. Different

CpG sites are present, but no genetic variants alter these sites.

However, methylation status likely affects TTR expression.

In particular, two CpG sites upstream transcription start site

(i.e. cg18038361 and cg04008843) may play a relevant role in

gene expression. Indeed, a recent study about the relationship

between epigenomics, genomics and transcriptomics indi-

cated the role of upstream CpG sites in determining

significant expression to methylation associations [47]. To

the best of our knowledge, no studies have explored the role of

epigenetics in the TTR-related amyloidosis. The data about

CpG sites support further epigenetic studies.

Finally, our analysis of the interactive network indicated

five predicted functional partners of TTR. These proteins

interact with TTR in physiological condition. The disease-

causing mutations trigger the onset of the disease, and

alterations in expression or activity of these predicted partners

may participate in determining the phenotype of TTR-related

amyloidosis (i.e. penetrance, age-of-onset, symptoms).

Although some authors have provided some insight about

this hypothesis, the role of modifier genes/protein remains

still uncovered, Our in silico investigation about TTR

interactions revealed five potential interactions: RBP4,

APOA1, HSPG2, AbPP and FGA. Regarding RBP4, a

previous study hypothesized that RBP4 genetic variants

modulate the disease phenotype in V30M patients [11].

Other studies confirmed the strong TTR–RBP4 interaction

[48,49]. Moreover, Afolabi et al. [50] observed that low

protein intake causes a significant reduction of HDL-APOA1

coupled with declined synthesis rate of TTR and RBP. This

finding may underline diet-related interactions in hepatic

proteins that may have an impact on disease phenotype.

Previous in vitro study indicated that HSPG2 can bind the

TTR protein [51]. This confirms our prediction and, more-

over, increased levels of HSPG2 may be related with

stabilization enhancement of TTR tetramer. A recent study

indicated increase that TTR is an AbPP-dependent gene,

suggesting that AbPP-mediated signaling pathway may play

an important role in maintaining TTR levels [52]. This may

have a relevant impact in disease presentation: alteration of

AbPP activity may modulate the amyloidogenic process

caused by TTR mutations. As for APOA1, the TTR-FGA

interaction seems to be due by dietary alterations: animal

experiments with MALDI/TOF mass spectrometry indicated

that diabetic rats showed altered proteomic profile, in which

FGA and TTR are also included [53]. Our bioinformatic

analysis and the data available in literature suggest that these

proteins may be involved in the pathogenesis of TTR-related

amyloidosis, along with the pathways indicated. Furthermore,

previous studies have indicated the presence of relevant

pathways that are involved in the onset and progression of

TTR-related amyloidosis, such as the endoplasmatic reticu-

lum-associated degradation and the endoplasmatic reticulum-

assisted folding [54]. Alteration of expression/activity of

modifier genes/proteins/pathways may drive the clinical

presentation of the disease in the affected patients. To date,

few efforts were done to explore this hypothesis, but our data

and literature strongly suggest its potential relevance. In

addition, the data about APOA1 and FGA advise that diet

may also play a significant role in TTR interactoma.

Conclusion

Our in silico study shed further light on topics pertaining to

TTR-related amyloidosis, such as the link between TTR

secondary structures and mutation impact, the relationship

between mutation and amyloidogenic propensity, the presence

of cis-regulatory elements in the TTR gene and its surround-

ing regions and the identification of modifier genes/proteins.

However, some of the presented data (i.e. information about

non-coding variants and epigenetic modifications) are only

bioinformatics predictions, not yet confirmed by experimental

analysis. This limitation is due to the explorative bioinfor-

matic approach used to test multiple hypotheses in order to

identify the most reliable ones to be confirmed with

laboratory investigation. Therefore, further molecular ana-

lyses are necessary to deepen our computational insights,

verifying their impact on disease pathogenesis.
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