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Abstract

Background: Iron overload (I0) is a complication in transfusion dependent beta thalassaemia (TDT). Pathogenic vari-
ants in genes involving iron metabolism may confer increased risk of 10. The objective of this study was to determine
the magnitude of the cardiac and hepatic IO and determine whether pathogenic variants in HFE, SLC40AT and TFR2
genes increase the risk of IO in a cohort of TDT patients in Sri Lanka.

Materials and Methods: Fifty-seven (57) patients with TDT were recruited for this study. Serum ferritin was done
once in 3 months for a period of one year in all. Those who were > 8 years of age (40 patients) underwent T2* MRI of
the liver and heart. Fifty-two (52) patients underwent next generation sequencing (NGS) to identify pathogenic vari-
ants in HBB, HFE, SLC40AT and TFR2 genes.

Results: The median age of the patients of this cohort was 10 years. It comprised of 30 (52.6%) boys and 27 (47.4%)
girls. The median level of serum ferritin was 2452 ng/dl. Hepatic 10 was seen in 37 (92.5%) patients and cardiac 1O was
seen in 17 (42.5%) patients. There was no statistically significant correlation between serum ferritin and hepatic or
cardiac IO.

Thirty-two (61.5%), 18 (34.6%), 2 (3.8%) of patients were homozygotes, compound heterozygotes and heterozygotes
for pathogenic variants in the HBB gene. Eight (15.4%) and 1 (1.9%) patients were heterozygotes for pathogenic and
likely pathogenic variants of HFE genes respectively. There were no pathogenic variants for the TfR2 and SLC40AT
genes. The heterozygotes of the pathogenic variants of the HFE were not at increased risk of 10.

Conclusions: Cardiac T2* MRI helps to detect cardiac IO in asymptomatic patients. It is important to perform hepatic
and cardiac T2* MRI to detect 10 in patients with TDT. There was no statistically significant correlation between patho-
genic variants of HBB and HFE genes with hepatic and cardiac 10 in this cohort of patients.
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Introduction

Transfusion dependent 3 thalassaemia (TDT) is a single
gene disorder characterised by a quantitative deficiency
of beta globin chains. Almost 300 pathogenic variants
causing beta thalassaemia have now been described [1].
Patients with TDT require regular blood transfusion
to survive, and without adequate transfusion support,
they would suffer several complications and a short life
span [2].

Regular blood transfusions as well as increased intes-
tinal iron absorption contributes to IO in patients with
TDT leading to morbidity and mortality. The human
body lacks a physiological mechanism to remove excess
iron resulting from blood transfusions. Each unit of
packed red blood cells (RBC) contains 200-250 mg of
elemental iron. The transfused RBCs are phagocytosed
by the reticuloendothelial macrophages and the labile
cellular iron is released into the plasma to bind trans-
ferrin. After transferrin is saturated, the non-transferrin
bound iron is transported through calcium channels to
the liver and heart.

Cardiac IO is an important cause of mortality in these
patients. Hepatic IO results in liver fibrosis, cirrhosis and
hepatitis [3].

Secondary genetic modifiers modulate the compli-
cations of beta thalassaemia. Several genes that affect
iron homeostasis have now been characterized and they
include HFE, transferrin receptor 2 (TfR2), and ferro-
portin (SLC40A1) genes. Pathogenic variants in genes
responsible for iron homeostasis can aggravate the com-
plications of IO and accelerate the development of organ
specific haemosiderosis in patients with TDT [4]. The
haemochromatosis gene HFE encodes the major histo-
compatibility complex (MHC) class-1like protein HFE
that binds beta-2 microglobulin. HFE influences iron
absorption by modulating the expression of hepcidin,
the main controller of iron metabolism [5]. TfR2 is pos-
tulated to be part of a signaling system that modulates
hepcidin expression. The molecular details of TfR2s
role in this system is unclear. TfR2 is predicted to bind
the iron carrier transferrin when the iron saturation of
transferrin is high [6]. SLC40A1 gene encodes a main
iron export protein-ferroportin 1 [7]. Pathogenic variants
of SLC40A1 cause physicochemical changes in this pro-
tein and cause iron overload by an intracellular retention
mechanism [8].

Mutations leading to ferroportin that is either not pre-
sent at the cell surface or has defective iron export activ-
ity are associated with iron deposition in kupfer cells and

low transferrin saturation. Mutated ferroportin that can-
not be internalized after hepcidin binding gain of func-
tion are associated with iron deposition in hepatocytes
and elevated transferrin saturation [9 10]. Pathogenic
variants in the HFE,TFR2 and SLC40A1 genes are seen
in hereditary haemochromatosis (HH). IO in TDT is also
seen with these pathogenic variants.

HFE C282Y and H63D pathogenic variants are com-
mon causes of 10 in different populations [4]. In a
cohort of Iranian patients with beta thalassaemia major
it was shown that the HFE H63D pathogenic variant was
a significant determinant of elevated serum ferritin [4].
Abnormal Ferroportin has been identified to cause HH.
Pathogenic variants in the Ferroportin gene (SLC40A1)
results in Haemochromatosis type 4. Co inheritance of
pathogenic variants in the HBB gene with pathogenic
variants in the SLC40A1 gene may aggravate the IO and
require more aggressive therapy [11]. Pathogenic vari-
ants in the TfR2 gene are seen in Haemochromatosis
type 3 [12].

IO is monitored by regular serum ferritin levels.
Though testing for ferritin level is widely available it has
the disadvantage of being an acute phase reactant. Liver
biopsy with estimation of liver iron content is the gold
standard for monitoring hepatic IO, however it has the
disadvantage of being invasive. The T2* MRI is now rec-
ommended for measuring hepatic and cardiac IO. It does
not expose the patient to radiation, contrast or sedation.

Our centre at the Lady Ridgeway Hospital for Children
in Colombo, Sri Lanka was the first centre to provide T2*
MRI to assess hepatic and cardiac iron status for patients
with TDT in Sri Lanka. The cohort of patients described
in this study is the first set of patients who underwent
this assessment in Sri Lanka. The objective of this study
was to determine the magnitude of the cardiac and
hepatic IO and determine whether pathogenic variants in
HFE, SLC40A1 and TFR2 genes increase the risk of 10 in
this cohort of TDT patients.

Material and methods

Study Population

The study population consisted of fifty-seven (57)
patients with TDT. Patients with B thalassaemia based
on HPLC and/or genetic testing on regular transfusions
(3—4 weekly) as decided by a consultant paediatrician
were recruited from the paediatric wards of the Lady
Ridgeway Hospital for Children, Colombo, Sri Lanka
after obtaining informed written consent from their par-
ents or guardians according to a protocol approved by
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the Ethics Review Committee of the Faculty of Medicine,
University of Colombo. The patients were recruited when
admitted for blood transfusion. The study period was
one year. At the time of recruitment the patients were
examined for evidence of hepatomegaly, splenomegaly
and cardiomegaly. Fifty patients (87.7%) were on regular
(3—4 weekly) blood transfusions for > 2 years at the time
of recruitment for the study and seven (12.3%) patients
were on regular blood transfusions for less than 1 year at
the time of recruitment.

In addition to the regular blood transfusions the
patients were on iron chelation which was started
once the serum ferritin was>1000 ng/ml [13]. Eight-
een (31.6%) patients were only on Deferasirox (DFX)
given orally. Three (5.3%) were only on Desferioxamine
(DFO) given subcutaneous (SC). Sixteen (28.1%) were
on DFX and DFO given SC. Nine (15.8%) were on DFX
and DFO given intravenously (IV). Eleven (19.3%) were
on DFX and DFO given SC and IV. The preferred chela-
tor was Deferasirox as it can be given orally and is given
only once a day. However those with a serum ferritin
of >2000 ng/ml received combined Deferasirox and Des-
ferioxamine given subcutaneously. Those with cardiac
iron overload were offered Deferasirox, Desferioxamine
given subcutaneously and intravenously.

Investigations
Their pre-transfusion haemoglobin (Hb) was recorded
prior to each transfusion over a period of one year. The
post transfusion Hb and serum ferritin was recorded
once in 3 months during the same period.

Forty (40) patients>8 years of age underwent T2*
MRI to look for evidence of hepatic and cardiac IO at the
department of radiology of the hospital.

Genotyping

Peripheral venous blood of the patients was collected
into the Ethylenediamine tetraacetic acid (EDTA) tubes
at the time of inserting cannula for blood transfusion.
DNA was extracted from the white blood cells from the
samples by using the QIAamp DNA Mini Kit accord-
ing to the manufacturer’s protocol. A custom made tar-
geted resequencing panel for haematological disorders,
designed in-house and manufactured by Illumina, was
used to enrich the extracted DNA. Susceptible genes
and gene targets were identified by examining already
published scientific literature. The enriched libraries
were sequenced on an Illumina® MiSeq Next generation
sequencer.

Bioinformatics analysis
High quality paired end FASTQ files obtained from the
Miseq platform were aligned to the reference human
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genome GRCh37 primary assembly by Burrows Wheel
Aligner (BWA) using the BWA-MEM algorithm with
default parameters. Indexing was performed by sequence
alignment map (SAM) tools and deduping of reads were
performed using the Genome Analysis Tool Kit (GATK)
followed by realigning of the deduped binary alignment
map (BAM) file.

Annotation of the resulted variant call format (VCF)
file was done using SNP-eff with clinical databases; Clin-
Var, OMIM and population frequency databases; 1000
Genomes, HapMap and Exome aggregation Consortium
(ExAC). In silico tools such as MutationTaster, SIFT,
PolyPhen2, and Provean were used for functional predic-
tion. GeneSplicer was used for splice site detection.

Secondary analysis was performed using an in-house
bioinformatics pipeline at the Human Genetics Unit,
specifically developed and validated for NGS single
nucleotide variant analysis. Variant position along with
the other details such as clinical significance, population
frequency and insilico prediction was obtained as a text
file in tab separated format (tsv) as the final output of the
pipeline. The genetic variants obtained from the annota-
tion were further scrutinized manually, considering their
availability in public databases, their conservation, and
their functional impact on the protein to identify the dis-
ease-causing variants.

Secondary variant analysis was specifically performed
to identify clinically significant variants in the HBB, HFE,
TFR2, SLC40A1 (Ferroportin) genes. A locus specific
database named, HbVar, was used to correlate the geno-
type and phenotype data for human Hemoglobin Vari-
ants and Thalassemia Mutations.

MRI

A Siemens 1.5 T MRI scanner was used with an echo
time (TE) of 1.3 ms and a response time of 200 ms. The
slice thickness used in the MRI T2* was 10 mm with
matrix size 2.7 x 10 mm. Fat suppression was not used.
Multiple TEs were obtained in single breath hold for
both liver iron concentration (LIC) and myocardial iron
concentration (MIC). Decay curves were generated by
a universal exponential decay formula. LIC calculation
was based on Hankins et al. 2009 and MRI T2* was con-
verted to reciprocal R2* by the mathematical formula R2*
(Hz)=1000/T2 (ms), and truncation model was applied
[14]. T2* axial images were obtained for LIC. Mid ven-
tricular short axis view was taken for MIC with electro-
cardiogramme gating. MIC calculation was based on
Carpenter JP et al. 2011 [15]. Multiple TEs were taken
from the inter ventricular septum. All the studies were
done by one MRI technician without general anaesthesia
or any mode of sedation. Free breathing technique was
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used in some patients who couldn’t cooperate adequately
with breath holding.

The range of hepatic and cardiac iron overload is as
given.

Hepatic

Normal - T2*>11.4ms R2*<88Hz LIC<2.0mg/g
Mild 10 -T2*3.8-11.4ms R2*88-263Hz  LIC2-7mg/g
Moderate 10 - T2*1.8-3.8ms R2*263-555Hz  LIC 7-15mg/g
Severe |0 -T2*<3.8ms R2*>555Hz LIC>15mg/g
Cardiac

Normal - T2*>20ms R2*<50Hz MIC<1.16mg/g

Mild 10 - T2*15-20ms
Moderate I0-T2*10-15ms
Severe 10 -T2*<10ms

R2*50-66.5Hz
R2*66.6-100Hz
R2*>100Hz

MIC 1.16-1.65mg/g
MIC 1.65-2.71mg/g
MIC>2.71Tmg/g.

Results
There were 57 patients.

The median age of this cohort was 10 years. There were
30 (52.6%) males and 27 (47.4%) females. Hepatomegaly
was seen in twenty-seven (47.3%) and splenomegaly in
sixteen (28%) of patients. Seven (12.3%) had undergone
splenectomy. None of the patients had cardiomegaly.

The median pre transfusion Hb was 9.0 g/dl and the
median post transfusion Hb was 13.3 g/dl. The median
of the total volume of blood transfusion per year was
255 ml/kg. They had a median serum ferritin of 2452 ng/
dl. The median age of the 40 patients who underwent
hepatic and cardiac T2* MRI was 11.6 years. There were
24 (60%) males and 16 (40%) females.

The demographics and investigation findings of the
patients according to hepatic and cardiac 10O status is in
Table 1.

Correlation of hepatic and cardiac MRI with age and
serum ferritin is shown in Table 2. Pearson correlation

Page 4 of 8

coefficient test revealed no statistically significant corre-
lation between cardiac T2* or MIC with age and serum
ferritin. Similarly there was no statistically significant
correlation between hepatic T2* or LIC with age and
serum ferritin.

There was a positive correlation between cardiac T2*
and hepatic T2* and between MIC and LIC (p=0.331,
r=0.158). Both were not statistically significant.

Out of the 52 patients who underwent next gen-

eration sequencing, the pathogenic variants in
the HBB gene (Nomenclature with respect to
NM_000518.5) were, ¢924+5G>C  (IVS1-5G>C),

c.924+1G>A(IVS1-1G>A),  ¢.315+1G>A(IVS2-1G>A),
NM_000518.4(HBB):c.92G>C (p.Arg31Thr), c.47G>A
(p.Trpl6Ter), ¢.93-1G>C (IVS 1-130G>C),c.51del,
c2T>C ,c91A>C, c.126del, c126_129delCTTT, and
c.46delT. Thirty two (61.5%) were homozygotes, eighteen
(34.6%) were compound heterozygotes and two (3.9%)
were heterozygotes with unusual severity.

The pathogenic and likely pathogenic
ants found in the HFE gene were respectively,
NM_000410(HFE):c.187C>G (H63D) and c.262A>T.
Eight (15.4%) were heterozygote for the c.187C> G vari-
ant and one (1.9%) was heterozygote for the c.262A>T
variant. C.262A>T was a novel variant, which has not
been mentioned in population frequency databases or
scientific literature before. It was classified as a likely
pathogenic variant. The NM_000410.3(HFE):c.845G > A
(p.Cys282Tyr) variant was not seen in this cohort. There
were no pathogenic variants in the TfR2 and SLC40A1
gene in this cohort.

Out of the thirty-two (32) patients who were homozy-
gous for the HBB pathogenic variants, 25 underwent
cardiac and hepatic MRI. The results of these are given
in Table 3. Twelve (12) patients who were compound
heterozygous for the HBB gene underwent hepatic and

vari-

Table 1 Characteristics of children with TDT according to hepatic and cardiac 10 on T2*MRI

Hepatic T2* MRI Cardiac T2* MRI

Normal Mild 10 Moderate 10 Severe |10 Normal Mild IO Moderate 10 Severe |10
Number 3 27 10 23 7 6 4
(%) (7.5%) (67.5%) (25%) (57.5%) (17.5%) (15%) (10%)
Median 8.6 12.75 1.5 10.5 12.75 14.6 136
Age (years)
Median 925 3411 3427 2389 5366 3168 4839
ferritin
(ng/ml)
Median Pre 8.7 9.0 94 9.0 8.9 9.2 8.8
Transfusion
Hb (g/dl)
Median Post 13.1 13.0 14.1 134 136 12.7 12

transfusion
Hb (g/dl)
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Table 2 Correlation of hepatic and cardiac MRI with age and
serum ferritin

Cardiac T2* MIC Hepatic T2* LIC

Age r=-0.078 r=0.215 r=-0.190 r=0.054
p=0.634 p=0.183 p=0.241 p=0.739
Ferritin r=-0.289 r=-0.225 r=-191 r=0.012
p=0.071 p=0.163 p=0237 p=0943

cardiac MRI. There was no statistically significant differ-
ence between the means of serum ferritin, cardiac T2%,
MIC, hepatic T2* and LIC between these 2 groups on
independent sample t test.

Forty-three (43) patients who had no pathogenic vari-
ants in the HFE gene had a mean serum ferritin of 3659
(£2832) ng/ml. The eight (8) patients who were het-
erozygous for the H63D pathogenic variant in the HFE

Table 3 IO with pathogenic variants in HBB, HFE, TFR2, and
SLC40AT (Ferroportin) genes

Gene HBB  HFE
(H63D)

SLC40A1 TFR2

Number 32 0 0 0
Median serum ferritin 2546

(ng/ml)

Median Hepatic T2* 4.1

(ms)

Median LIC 645

(mg/g)

Median Cardiac T2* 206

(ms)

Median MIC 1.12

(mg/9)

Number 18 0 0 0
Meadian serum ferritin 2490

(ng/ml)

Median Hepatic T2* 4.8

(ms)

Median LIC 54

(mg/g)

Median Cardiac T2*
(ms)

Median MIC 0.82

(mg/g)

Number 2 8 0 0
17915

Homozygotes

Compound

Heterozygotes

27.15

Heterozygotes
Median serum ferritin
(ng/ml)

Median Hepatic T2* - 46
(ms)

Median LIC - 572
(mg/qg)

Cardiac T2* - 14.8
(ms)

Median MIC - 1.76
(mg/9)
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gene had a mean serum ferritin of 2574 (+2183) ng/ml.
Independent samples t test showed no statistically sig-
nificant difference between the mean serum ferritin of
these 2 groups. Four patients, who were heterozygotes
for the H63D pathogenic variant of the HFE gene and
33 patients who had no pathogenic variants for the HFE
gene underwent cardiac and hepatic MRI T2*. The mean
cardiac T2* and MIC in the patients with the pathogenic
variants of the HFE were 19.7 (+14.7) and 1.86 (£1.25).
In the group with no pathogenic variants of the HFE gene
had a mean cardiac T2* of 24.25 (+11.14) and mean MIC
of 1.38 (£1.17). Independent samples t test showed no
statistically significant difference of the mean cardiac
T2* or MIC between these 2 groups. The mean hepatic
T2* was 4.76 (4 1.64) in the HFE heterozygote group and
5.77 (£4.0) in the group with no pathogenic variants in
the HFE gene with no statistically significant difference
on independent sample t test. The mean LIC was 5.99
(£2.24) in the HFE heterozygotes and 5.97 (£3.06) in
those with no pathogenic variants of the HFE gene. There
was no statistically significant difference between the
mean LIC of these 2 groups.

Discussion

This cohort of TDT patients was followed up accord-
ing to the Thalassaemia International Federation (TIF)
guideline [7]. Accordingly the MRI T2* of the liver and
heart was done in those > 8 years of age. Cardiac IO was
seen as early as the first decade of life. The youngest being
8.6 years of age. Hepatic IO was also seen in the first dec-
ade of life. The youngest was 8.7 years.

In a study done in Italy, patients as young as 6 years of
age showed evidence of cardiac IO on MRI [16]. How-
ever, John C Wood et al.in their study among 77 patients
with thalassaemia major from Italy and Los Angeles
found that there was no cardiac IO in patients less than
9.5 years of age [17]. Berdoukas et al.in a study done in
Los Angeles, described hepatic IO in patients with tha-
lassaemia major less than 3.5 years of age. In the same
study 10% of patients had cardiac IO during the first
10 years of life [18].

In our study hepatic IO was commoner than cardiac
10 with 92.5% of patients having hepatic IO and 42.5%
having cardiac IO. Similar results were shown in stud-
ies done in other regions of the world. In a study done
in Thailand to assess IO in patients with thalassaemia
major, 87.1% had hepatic IO and 18.6% had cardiac 10
[19]. Among Egyptian patients with TDT, 75% had IO in
the liver and 8.7% had evidence of IO in the heart [20]. A
study done in Iran showed hepatic 1O in 41.6% and car-
diac IO in 38.3% of TDT patients [4].

There was no statistically significant correlation
between cardiac MRI T2* and MIC nor serum ferritin.
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The correlation between hepatic MRI T2*, LIC and serum
ferritin was not statistically significant. There was no sta-
tistically significant correlation between hepatic 10 and
cardiac IO. In a study done in Thailand there was no sig-
nificant correlation between cardiac T2* and serum ferri-
tin. In this study there was a negative correlation between
liver iron concentration and serum ferritin [19]. Kiran
Suthar et al.in their study done on a cohort of Indian
children with TDT concluded that serum ferritin was a
poor indicator of predicting IO in the liver and heart [21].
Several other studies have shown dissimilar correlation
strengths ranging from no correlation to low correlation
between serum ferritin and cardiac iron content [22].
Therefore serum ferritin is a poor indicator of cardiac or
hepatic IO and it is important to perform MRI for detec-
tion of hepatic and cardiac IO.

It is important to perform T2* MRI in patients with
TDT to detect cardiac IO prior to becoming symp-
tomatic. Once cardiac dysfunction is detected by
echocardiogramme survival is reduced in these patients
suggesting a late stage of detection of disease by this
assessment [23]. Alessia Pepe et al.in their study done
to look at cardiac complications in patients with TDT in
Italy concluded that pre- clinical iron deposition is best
assessed by cardiac T2* MRI and serum ferritin and liver
iron concentration are not good predictors of cardiac
complications [24].

The three most common pathogenic variants of the
HFE gene causing 1O are p.C282Y (exon 4; c.845G — A;
rs1800562); p.H63D (exon 2; ¢.187C — G; rs1799945);
and p.S65C (exon 2; ¢.193A — T; rs1800730) [5]. Amit
Kumar Tiwari et al. in their study among 50 patients with
TDT in India detected only the H63D pathogenic variant
among 8 patients. The C282Y and S65C pathogenic vari-
ants were not seen [25]. Similarly there were no patients
with C282Y pathogenic variants in the study conducted
in India by Agarwal et al. among patients with thalassae-
mia syndrome. Sixteen percent of patients with thalassae-
mia syndrome had H63D pathogenic variant in this study
(3 homozygotes and 43 heterozygotes) [26]. The C282Y
pathogenic variant is relatively rare in the Indian sub-
continent as compared to the rest of the world where it
is relatively more common. Agarawal et al. described an
increase in serum ferritin in the thalassaemia syndrome
patients who had the H63D pathogenic variant [26].

Aysen Turedi et al. in their study among 33 patients
with beta thalassaemia major found only H63D patho-
genic variant among 6 patients (5 heterozygotes and
1 homozygote) [27]. Similarly, in our study 15.4% had
H63D pathogenic variant and the C282Y and S65C path-
ogenic variants were not seen.

Previous studies have shown higher serum ferritin in
TDT patients with these pathogenic variants of HFE.
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However, they were unable to show a statistically signifi-
cant increase in 10 on hepatic and cardiac T2* MRL In a
study done in Iran among 60 patients with TDT C282Y
pathogenic variant was not seen. The H63D pathogenic
variant was detected among 20% of the study population.
There was a significant increase in serum ferritin among
these carriers but no increase in cardiac or hepatic hae-
mosiderosis on T2* MRI [4]. Azza Aboul Enein et al.
in their study among 50 Egyptians patients with TDT
described 10% H63D heterozygotes. The C282Y and
S65C pathogenic variants were not seen. There were
higher levels of serum ferritin among the H63D carriers
[28].

Romina Rahmani et al. described a significant rise in
serum ferritin among TDT patients H63D and C282Y
pathogenic variants [29]. Zekavat OR et al. described a
significant rise in serum ferritin without an increase in
hepatic and cardiac IO in a study among TDT patients
with H63D pathogenic variant. In their study among 253
patients with TDT 35.9% had H63D pathogenic variant.
The C282Y pathogenic variant was present only in one
patient [30].

Different types of pathogenic variants in ferroportin
were described causing type 4 haemochromatosis. Mon-
tosi et al. determined linkage of autosomal dominant
haemochromatosis to 2q32 and demonstrated a missense
mutation in the ferroportin gene (SLC40AI): GCC to
GAC change resulting an A77D substituition [31].

Inactivating mutations in TfR2 cause Haemochromato-
sis type 3 [6]. In Central southern Italy pathogenic vari-
ants of TFR2 including novel variants were described in
patients with HH. In our cohort there were no patho-
genic variants of TFR2 [32].

Conclusions

Hepatic and cardiac IO was seen in this cohort of TDT
patients. The onset was as early as the first decade of life.
The cardiac T2* MRI helps to detect IO in asymptomatic
patients and will help optimise iron chelation and prevent
mortality. Therefore it is important to perform T2* MRI
to look for evidence of IO in asymptomatic patients. The
small sample size was a limitation in this study. Therefore
studies involving a larger number of patients need to be
done to establish a correlation with IO and pathogenic
variants in HFE, SLC40A1 and TFR2 genes.
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