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Abstract

Background: Hereditary transthyretin (TTR) amyloidosis (ATTR) is an autosomal dominant disease characterized by
extracellular deposits of amyloid fibrils composed of misfolded TTR. The differences in penetrance and age at onset are vast,
both between and within populations, with a generally late onset for Swedish carriers. In a recent study the entire TTR gene
including the 39 UTR in Swedish, French and Japanese ATTR patients was sequenced. The study disclosed a SNP in the V30M
TTR 39 UTR of the Swedish ATTR population that was not present in either the French or the Japanese populations
(rs62093482-C.T). This SNP could create a new binding site for miRNA, which would increase degradation of the mutated
TTR’s mRNA thus decrease variant TTR formation and thereby delay the onset of the disease. The aim of the present study
was to disclose differences in allele specific TTR expression among Swedish V30M patients, and to see if selected miRNA had
any effect upon the expression.

Methodology/Principal Findings: Allele-specific expression was measured on nine liver biopsies from Swedish ATTR
patients using SNaPshot Multiplex assay. Luciferase activity was measured on cell lines transfected with constructs
containing the TTR 39 UTR. Allele-specific expression measured on liver biopsies from Swedish ATTR patients showed no
difference in expression between the two alleles. Neither was there any difference in expression between cell lines co-
transfected with two constructs with or without the TTR 39 UTR SNP regardless of added miRNA.

Conclusions/Significance: The SNP found in the 39 UTR of the TTR gene has no effect on degrading the variant allele’s
expression and thus has no impact on the diminished penetrance of the trait in the Swedish population. However, the 39
UTR SNP is unique for patients descending from the Swedish founder, and this SNP could be utilized to identify ATTR
patients of Swedish descent.
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Introduction

Hereditary transthyretin (TTR) amyloidosis (ATTR) is an

autosomal dominant disease, where mutations in the TTR gene

cause the normally stable tetrameric structure to dissociate into

amyloigenic monomers that aggregate into fibrils in peripheral

tissues. [1] Clinical symptoms often consist of a peripheral sensory-

motor neuropathy and/or hypertrophic cardiomyopathy. [2] The

phenotypic variations between different mutations and individuals,

as well as different populations, are vast. In Sweden, the disease

onset for carriers of the TTR V30M mutation is on average 56

years compared to the Portuguese V30M population’s average age

at onset of 34 years. In addition, 5% of the Swedish and French

V30M carriers will have developed symptomatic disease at the age

of 40 compared with 56% for the Portuguese population. The

explanation for these remarkable differences in the phenotypes has

not been elucidated. [3,4].

Since TTR is mainly synthesized in the liver, the main

therapeutic modality is liver transplantation which removes the

source of the mutated protein. However, new drugs against ATTR

are under exploration in clinical trials, of which the TTR-

stabilizing small molecule Tafamidis appears to delay disease

progression. [5] Therapy focusing on siRNA, and antisense

designed to bind to the TTR gene, and thereby reduce expression

of the protein is also under development. [6,7].

miRNA is a group of siRNA that consists of short

endogenous RNA that regulates the expression of mRNA either

by binding to the 39 UTR of a transcript, thereby marking it

for degradation by the RNA-induced silencing complex (RISC),

or by binding to the mRNA, preventing translation of the

protein. [8] Several studies have investigated the relationship
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between SNPs in the 39 UTR of specific disease genes and

differences in phenotype.[9–12] These studies disclosed that

different SNPs in the 3’ UTR of genes are associated with

different phenotypes sometimes causing allele-specific expression

resulting in differences in phenotypes.

In a previous study we sequenced the entire TTR gene including

the 39 UTR in Swedish, French and Japanese ATTR V30M

patients. [13] The result of that study revealed a SNP

(rs62093482C.T) in the V30M TTR 39 UTR of the Swedish

ATTR population that could not be found in the French or

Japanese ATTR populations. The rs62093482-T SNP is also very

uncommon in the Portuguese ATTR population [14] and in the

normal population it is only found in 2% of the European

population according to the 1000 Genomes database. We

hypothesized that this SNP could be one of the explanations for

the reduced penetrance in the Swedish population, through the

actions of miRNA degrading the mutated TTR allele transcript

thereby reducing tetrameric instability and reduce precursor

protein availability for amyloid formation. Using bioinformatic

methods we estimated four miRNA candidates that most likely

bind to the mutated TTR allele although not the wild type TTR.

The aim of the present study was to investigate whether any of

the four miRNA from our previous study, or a liver endogenous

miRNA, could reduce expression of the mutated TTR allele. We

also wanted to investigate the allele specific expression in liver

biopsies from nine transplanted Swedish ATTR patients, all

expectedly carrying the T-SNP in the 39 UTR.

Methods

Material
Liver biopsies from nine heterozygous Swedish ATTR patients

were taken during transplantation, and the biopsies were

immediately transferred to RNAlater (Qiagen, Inc., Valencia,

CA, USA), and thereafter stored in 280uC until analysis. Clinical

data on patients can be found in Table 1.

Cell Culture
COS-7 cells, an African green monkey kidney fibroblast-like cell

line and HepG2 cells, a human cell line derived from liver tissue

with hepatocellular carcinoma, were obtained from ATCC-LGC.

The cells were cultured in Dulbecco’s modified Eagle’s medium

containing 10% heat inactivated fetal calf serum and penicillin-

streptomycin and contained at 37uC in 5% CO2.

Allele Specific Expression
Total RNA was extracted from the liver biopsies using

miRNeasy Mini Kit (Qiagen) according to the manufacturer’s

protocol. DNA was simultaneously extracted using proteinase K

and lysis buffer. cDNA was synthesized using Superscript II

Reversed Transcriptase (Invitrogen) according to the manufactur-

er’s protocol. All samples were sequenced to confirm the V30M

mutation and the SNP rs62093482-T. Primers were designed to

amplify exon 2 of the TTR gene for the DNA samples (F:

59CGGTGAATCCAAGTGTCCTC39, R: 59AGGTGTCAT-

CAGCAGCCTTT39), and for exon 2 and part of exon 3 for

the cDNA samples to verify that no genomic DNA was interfering

(F: 59CGGTGAATCCAAGTGTCCTC39, R: 59CCATG-

CAGCTCTCCAGACTC39). A SNaPshot Multiplex assay (Ap-

plied Biosystems) with the extension primer 59TCCTGCCAT-

CAATGTGGCC39 was used according to the manufacturer’s

protocol. Samples were run on a 3730xl DNA analyzer (Applied

Biosystems) and the data were analyzed with GeneMapper v3.5

(Applied Biosystems). All samples were analyzed in three

independent runs.

Peak height for both genomic DNA and cDNA were measured

for each allele. The relative peak heights for the two alleles in

genomic DNA were set to 1, and the relative peak height for

cDNA was used for determination of allele expression (Figure 1b).

pmirGLO-TTR-39UTR Construction
Constructs were created by fusing the TTR 39 UTR with the

firefly luciferase gene in a pmirGLO vector (Promega) designed

for miRNA analysis. The TTR 39 UTR was first amplified

from DNA from both a control person with the rs62093482-C-

SNP and a patient homozygous for the rs62093482-T-SNP

using standard PCR reactions with specific primers:

(F:59GAGCTAGCGTTCTCCTCCAGTGGACCTG39,

R:59AGCAGCTGTGCCCACAGTAAAGAAGTGG39). Prim-

ers used in the reactions were designed to incorporate restriction

sites for Nhe1 and Sal1. The resulting fragments were purified

from gel, and inserted into a pGMTeasy vector (Promega).

These constructs were then digested with Nhe1 and Sal1, and

finally inserted into the pmirGLO vector in the 39 UTR of the

firefly luciferase gene, creating the constructs pmirGLO-TTR-

39UTR-C and pmirGLO-TTR-39UTR-T. All constructs were

verified by direct sequencing.

Luciferase Assay
Luciferase activity was measured in the cell line COS-7. The

cells were seeded at 56104 in 24 well plates and co-transfected

with a selected pre-miRNA and either pmirGLO-TTR-39UTR -C

or pmirGLO-TTR-39UTR-G (500 ng) with the use of siPORTTM

NeoFXTM Transfection Agent (Ambion) according to the manu-

facturer’s protocol. Cells were co-transfected with either of the pre-

miR miRNA Precursor Molecules miR-622, miR-643, miR-337-

3p and miR-325 (Applied Biosystems) in the concentrations

1 pmol, 10 pmol or 50 pmol. After 26 h, firefly and renilla

activities were measured using a dual luciferase reporter assay

(Promega) according to the manufacturer’s protocol on a FB12

Luminometer (Berthold detection system). Luciferase levels were

compared to the levels in un-transfected cells to ensure proper

transfection of the cells. The relative activity was calculated by

Table 1. Clinical data on patients used in the study.

Patients n = 9

Gender (male/female) 7/2

Age at transplantation (liver biopsy) (mean, range) 56 (35–69)

Age at diagnosis (,50 years/.50 years) 2/7

Duration of symptomatic disease before transplantation, years (mean/range) 4 (2–10)

doi:10.1371/journal.pone.0049981.t001
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normalization with the firefly activity. All experiments were made

in triplicate.

To measure endogenous miRNA effects HepG2 cells were

transfected as above, but without the miRNAs, and firefly and

renilla activities were measured after 40 h.

Bioinformatics and Statistics
The four tested miRNAs were identified previously [13]. In

short, four different miRNA target prediction programs were used

(MicroInspector 1.5, the PITA algorithm, RNAhybrid and

RegRNA). Selection criteria was that all miRNA binding to the

Figure 1. Allele specific expression from eight liver biopsies. A. mRNA expression from the V30M and wild type allele were measured using a
SNapShot assay. All eight samples were measured three times in independent assays. For each sample, the peak height from the cDNA sample was
normalized by the peak height from the DNA samples. The results are presented as the allelic ratio between wild type and V30M expression for each
sample, with the total expression from both the wild type allele and V30M allele set to 100%. Data are shown as mean 6CI. No difference between
the two alleles was noted. b. Representative example of DNA and cDNA samples after SNaPshot assay measurements.
doi:10.1371/journal.pone.0049981.g001
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SNP should be identified using all four programs and at the same

time not bind to the wild type allele.

All data was analyzed using the SPPS software (version 19).

Independent samples t-test was used for assessing the differences

between groups and a significant p-value was set to,0.05.

Ethics Statement
The study was approved by the Regional Ethical Committee in

Umeå (Dnr: 06–084 M). Informed written consent has been

obtained from patients and clinical investigations were conducted

according to the Declaration of Helsinki.

Results

mRNA Levels of Patients Carrying the SNP rs62093482-T
Showed Similar Transcriptional Expression Pattern
between the Mutated and Wild Type Allele

mRNA transcriptional expressions from the mutated and wild

type allele were measured on nine liver biopsies from heterozygous

Swedish V30M carriers. One of the samples was found to be

homozygous for the rs62093482-T SNP but heterozygous for the

V30M mutation and therefore used as a negative control. The

allele specific expression of the mutated and wild type allele in the

negative control was identical to each other as expected. However,

in the heterozygous samples no difference in allele specific

expression between the allele containing the V30M mutation

and the rs62093482-T compared to the wild type allele was

observed either (Figure 1a). When sorting the samples according to

age at onset of disease, no difference between the early (,40 year)

and the late (.50 year) onset cases was noted (data not shown).

No Effect on Allele Specific Expression was seen in
Transfection Experiments with miRNA

The pmirGLO-TTR-39UTR -C, or the pmirGLO-TTR-

39UTR -T constructs were co-transfected into COS-7 cells,

together with one of four miRNAs, respectively, in different

concentrations and luciferase activity was measured. When

introducing either the TTR-39UTR-C or the TTR-39UTR-T

into the plasmid, luciferase activity went down probably due to the

properties of the 39 UTR. When co-transfected into COS-7 cells

with the different miRNA no difference was found between the

constructs, with or without miRNAs, independent of their

concentration (Figure 2). This indicates that none of the tested

miRNAs bind very well to the SNP in the 39 UTR, and that they

do not discriminate between the T-SNP and the wild type, and

Figure 2. Luciferase activity in a COS-7 cell line co-transfected with the constructs (pmirGLO-TTR-39UTR–C/T for rs62093482)
together with different concentrations of miRNA. Luciferase activity was measured after 26 h, and normalized to a transfected empty pmirGLO
vector. All experiments were made in triplicate, and data are shown as mean 6CI. a: miRNA-622 b: miRNA-643 c: miRNA-337-3p d: miRNA-325. No
significant difference between the two constructs was seen regardless of concentration.
doi:10.1371/journal.pone.0049981.g002
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thus, have no effect on the translational or transcriptional

regulation of TTR.

Endogenous miRNA from a Liver Cell Line had No Effect
on Allele Specific Expression of TTR

The pmirGLO-TTR-39UTR -C, and the pmirGLO-TTR-

39UTR -T constructs, respectively, were transfected into a

HepG2-cell line. As a control, a COS-7 cell line was also

transfected. Luciferase activity was measured 40 hours after

transfection. No difference in allele specific expression was

detected neither in the COS-7 cell line (data not shown) nor in

the HepG2 cell line (Figure 3).

Discussion

In the last few years common polymorphisms in disease-causing

genes has been shown to alter the phenotype and risk of

developing disease. In the present study we, therefore, investigated

if a SNP (rs62093482-C.T) found in the 39 UTR in Swedish

ATTR patients could act as a possible binding site for miRNA

causing a down-regulation of variant TTR synthesis. Thereby this

could contribute to the lower penetrance and later onset of disease

observed in Swedish ATTR V30M population compared to other

populations. This was the only SNP found in the 39 UTR of the

TTR gene and therefore of special interest. Two previous studies

have reported that lower serum levels of mutated compared to

wild type TTR, approximately 40% to 60%, are found in the

Swedish ATTR V30M patients. [15,16] In a similar Japanese

study performed on Japanese V30M patients, the results were

approximately 50% to 50% [17], indicating a difference between

the two populations that should be elucidated. Although no serum

TTR level concentrations were measured on our patients, we

assume that their levels correspond to those previously reported for

Swedish ATTR patients. However, our results disclosed no

difference in mRNA levels between the disease and the wild type

allele when measured in liver biopsies from Swedish ATTR

patients. Even so, there still could be a regulation on the

translational level since some miRNAs exert their function by

binding to the mRNA and preventing translation rather than

degrading the mRNA itself. Our luciferase assay measures light

emitted from the firefly luciferase protein, that is transcribed from

the firefly luciferase gene linked to either the TTR-39UTR-C or

TTR-39UTR-T. Any differences in luciferase activity are thereby

a result either of degradation of the transcript, or a translational

regulation. Therefore we should have detected differences in

expression in our study, but no differences between the alleles were

found.

A finale experiment in the HepG2 cells indicates that no

additional endogenous miRNA could affect the expression.

The differences in TTR protein levels in blood between

mutated and wild type protein in Swedish ATTR patients are,

therefore, not caused by a down-regulation on the transcriptional

or translational level, but rather by decreased secretion of the

variant protein from the endoplasmic reticulum (ER) and/or

increased clearance from the circulation. In a previous study it was

shown that the secretion of the V30M tetramer from the ER

seemed to be equally efficient as the secretion of the non-mutated

tetramer, indicating that impaired secretion of the mutated protein

is not the cause for the difference in serum levels between mutated

and normal TTR. [18] It is more likely that it is due to higher

clearance of mutated TTR from the blood, which is supported by

Benson et. al. [19] who demonstrated experimentally that V30M

TTR is metabolized and excreted faster than wild type TTR. In a

recent study of a Portuguese V30M population, the ratio of

mutated to wild type TTR in plasma was approximately 40% to

60%, i.e. similar to that noted in the Swedish population. [20] This

Figure 3. Luciferase activity in a HepG2 cell line transfected with either of the constructs (pmirGLO-TTR-39UTR–C/T for rs62093482).
Luciferase activity was measured after 40 h, and normalized to a transfected empty vector. Data are presented as the mean of 20 measures 6CI. No
difference between the two constructs was seen.
doi:10.1371/journal.pone.0049981.g003
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contributes to the conclusion that the SNP found in the 39 UTR of

TTR in Swedish V30M patients is non-functional, although the

question still remains as to why there is a difference in serum levels

between mutated and wild type TTR when the allelic expression is

the same between the two alleles. Despite the knowledge that there

are lower levels of mutated TTR circulating in the blood, our

study is the first to investigate the allele specific expression of TTR

in Swedish patients.

Conclusions
We have shown that the SNP rs62093482-T has no effect in

regulating the expression with the help of miRNA, endogenous or

not, and thus can be ruled out as the cause of the lower penetrance

seen in the Swedish ATTR population compared to other ATTR

populations. However, this SNP found on the mutated TTR allele

is unique for Swedish ATTR patients. It could therefore be

utilized in identifying ATTR patients from other parts of the world

originating from the Swedish founder mutation.
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