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Summary

Transmembrane Protease, Serine 6 (TMPRSS6) has an important role in iron homeostasis

and its mutations, performed in TMPRSS6-deficient mice, have been recently associated with

iron-refractory iron deficiency anaemia (IRIDA). Several variants of TMPRSS6 have been
already identified; however the role of polymorphisms and TMPRSS6 haplotypes, causing
iron deficiency anaemia, have not yet been investigated. In this study TMPRSS6 gene was
sequenced in 16 subjects with IRIDA phenotype. We identified twenty-seven DNA
polymorphisms. Eight SNPs and four haplotypes were significantly associated with iron-
refractory anaemia (p<0.001). Our preliminary results suggest a possible association between

specific haplotypes of TMPRSS6 gene and IRIDA.

Keywords: TMPRSS6, anaemia, iron, IRIDA, haplotype

Iron deficiency anaemia is usually an acquired condition attributed to poor iron dietary intake or
chronic blood loss. However, previous studies have described a familial syndrome characterized by
iron deficiency anaemia not responding to oral iron and responding only partly to parenteral iron

(Hartman et al, 1996; Pearson et al, 1999). This condition, named iron-refractory iron deficiency

anaemia (IRIDA) is an autosomal recessive disease characterised by congenital hypochromic,

microcytic anaemia, very low mean corpuscular volume, low transferrin saturation and normal/low
ferritin. IRIDA has recently been shown to be caused by mutations in the TMPRSS6 gene, which
encodes a type Il transmembrane serine protease, matriptase-2, that is predominantly expressed in
the liver (Finberg et al, 2008; Melis et al, 2008). Recent studies performed in TMPRSS6-deficient
mouse model and in cell cultures have shown that matriptase-2 functions as a negative regulator of

hepcidin expression (Du et al, 2008; Folgueras et al, 2008). Matriptase-2 represses hepcidin
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expression by cleaving membrane-bound hemojuvelin (m-HJV) (Silvestri et al, 2008), the bone

morphogenetic proteins (BMPs) coreceptor, thereby reducing signalling through the SMAD

proteins pathway (Babitt et al, 2006). Cleaving m-HJV matriptase-2 inhibits hepcidin expression

by reducing BMP. Although the pathogenic TMPRSS6 mutations that underlie IRIDA appear to be
relatively rare, many common variants have been reported (Benyamin et al, 2009; Chambers et al,
2009; Tanaka et al, 2010). The aim of this study was to genotype for TMPRSS6 in 16 subjects with
iron deficiency anaemia refractory to oral iron therapy, in order to identify possible mutations and
to evaluate the role of mutations/polymorphisms and haplotype combinations of TMPRSS6 in

causing IRIDA.

Materials and methods

Study subjects

Sixteen adult individuals, evocative for IRIDA, showed anaemia of varying severity

(Hb=9.3£1.5 g/dL), severe microcytosis (MCV=64.2+8.8 fl), low serum iron (63.2+23.3 ug/dL),

low transferrin saturation (TS=15.9+6.2%), and low serum ferritin (9.8+4.5 ng/mL). Specific tests

(antigliadin antibodies, anti-transglutaminase antibodies, stool test for occult blood and endoscopy

tests) excluded other causes of iron-deficiency anaemia, such as malabsorption and bleeding.
Thalassaemia, sideroblastic anaemia and the common forms of congenital dyserythropoietic
anaemias were excluded. DMT1 gene mutations were excluded by direct sequencing. Oral iron
treatment had no effect on reticulocytes and Hb, while intravenous iron produced a minimal
response. The control population consisted of 35 non-anaemic men and 15 menstruating non-
anaemic women with serum ferritin levels >20ng/ml and serum transferrin saturations >15%.
Written informed consent for genetic analysis was obtained from the 16 subjects, who were
identified among subjects presenting at outpatients source of the Hereditary Anaemia Center of

Fondazione IRCCS "Ca' Granda"-Ospedale Maggiore Policlinico, because of their anaemia.
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The study protocol was approved by the hospital ethic committee of Fondazione IRCCS ''Ca’

Granda''-Ospedale Maggiore Policlinico in Milan and was performed according to the tenets

of the Declaration of Helsinki.

Analysis of the TMPRSS6 DNA sequence

Genomic DNA was isolated from peripheral blood lymphocytes and sequence variations in

TMPRSS6 gene were evaluated by polymerase chain reaction (PCR) and direct sequencing.

Direct sequencing was performed using a fluorescence-tagged dideoxy chain terminator method in
an ABI BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA,

USA), according to the manufacturer’s instructions.

Statistical analysis

Fisher’s exact tests were used to test the allelic and genotypic associations of all the SNPs with iron

deficiency anemia. Hardy—Weinberg equilibrium (HWE) of the genotypic frequencies among cases

and controls was examined. To determine statistically significant differences in genotype and allele
frequencies between the two groups, the y2 test or Fisher’s exact test for the 2x2 contingency table
file was used. The strength of the association was estimated by odds ratio of risk (OR) and 95%
confidence intervals (CI). Linkage disequilibrium (LD) calculations were done using the
Haploview package. Haplotype frequency estimation and association analysis using the permutation
test were performed with Haploview version 4.0 software (Broad Institute of MIT and Harvard,
Cambridge, MA, USA). Haplotype distributions were evaluated by the permutation test on the basis
of 10,000 replications to obtain the empirical significance (Barrett et al, 2005). A cut off criterion of
p<0.01 for a significance test on the contingency table of all possible simulated haplotypes within

possible SNP combination in cases and controls was used.
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Results and Discussion

Complete sequencing of TMPRSS6 gene (Reference Sequence NM_153609) from 16 subjects with
iron deficiency anaemia was performed. Two novel single nucleotide substitutions were found in
two unrelated IRIDA subjects: nt.35801185A>G which predicts the amino acid substitution H448R
and nt.35829153C>T which predicts a synonymous change FS5F. Coding coordinates for both
nucleotides and amino acids are numbered from the start of translation. Two rare known non-
synonymous polymorphisms, nt.35815670A>G (rs2235324) and nt.35793530G>A (rs2235979)
were found in different subjects. Twenty-seven different DNA polymorphisms, eight of which are
novel, were identified. Sixteen different DNA sequence variations were identified in controls. None
of these sequence variations was novel. The distribution of the allele frequencies for SNPs are
shown in Fig.1. The overall genotype call rate was 95% (range, 92-96%), and the accuracy was
100% according to duplicate genotyping of >5% of samples. Significant deviation from HWE was
observed in controls for three SNPs, rs5756515, rs5756516 and rs4824454. The use of high
stringency cutoffs resulted in the loss of some genotyping data and reduction in the number of
patients studied from the original sample set. Other SNPs evaluated in the final analysis were in
HWE in controls, they had high call rates and concordant duplicates by genotyping, suggesting that
this study was not likely to be influenced by genotyping errors. In the screen of twenty-seven SNPs
of TMPRSS6, allele frequencies of rs855791C and rs2235321T, already reported in LD (Benyamin
et al, 2009; Tanaka et al, 2010), were significantly increased in subjects with iron deficiency
anaemia compared with healthy controls (p<0.0001, OR=5.18, 95%CI 2.21<12.11 and p=0.011,
OR=3.33, 95%CI 1.27<8.71, respectively). These TMPRSS6 SNPs are missense (rs855791) and
synonymous (rs2235321) SNPs within the trypsin-like serine protease domain. Comparison with
other serine proteases showed that the amino acid altered by rs855791 is located close to both the
catalytic and the specificity site of the serine protease, suggesting that rs855791 may be a causal
variant, acting through altered protease activity or substrate binding. The rs2235321, on exon 17,

was in LD with rs855791 (D’=1.0, r’=0.444, CI1=0.8-1.0), representing probably the same signal.
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Among the common non-synonymous polymorphisms, rs11704654, rs4820268 and rs2543519 were
most significantly associated with iron-refractory anaemia (p<0.0001). However rs2543607 and
rs2543633 were also associated with iron-refractory anaemia (p<0.001, OR=6.90, 95%CI
2.49<19.07) and in LD with each other (D’=1.0, r’=0.211, CI=0.73-1.0). The polymorphisms
rs732733, rs732734 and rs2238761 were not significantly different between the groups (p = 0.076),
although a different trend was observed between anaemic and control subjects. A larger sample size

is probably required considering our strict cut-off for significance.

To determine whether specific TMPRSS6 alleles might be associated with iron-refractory anaemia,
and therefore overrepresented in the anaemic group, haplotypes and haplotype blocks within

TMPRSS6 were derived using HaploView 4.0 software (http://www.broad.mit.edu/mpg

/haploview) (Barrett et al, 2005). Based on the haplotype reconstruction results calculated by
PHASE?2.0, Haploview used the confidence interval method to perform LD assessment and defining
of haplotype blocks. The 1* threshold for linkage disequilibrium was set at 0.8 and the multiple loci
LOD threshold as 3.0. Only common haplotypes (frequency >5%) were retained in this study. In the
haplotype analysis, we identified three haplotype block sets, containing 6, 9 and 2 SNPs
respectively (Tab.1). Strong LD was observed within each block, meaning that each block is a
smallest evolutionary unit. The CCCTTG, TCCTTG and CCCTCG haplotypes in Block 1 seemed
to be risk haplotypes (p<0.0001, p<0.001 and p=0.0020, respectively), while the CTCCCG
haplotype was observed to be protective (p=0.0052). In Block 2, the GGGGGCTTA haplotype was
observed only in anaemic subjects (0.085, p=0.0033), while the AAAGATCTG haplotype was
significantly less common in anaemic subjects (0.094) than in control group (0.385, p<0.0020).
Since the GGGGGCTTA haplotype was rare in all anaemic patients and absent in the controls, we
think that the significant association between this haplotype and iron deficiency anaemia is not
reliable. In Block 3 the predominant TMPRSS6 haplotype observed in subjects with iron deficiency

anaemia was also the predominant haplotype observed among controls.


http://www.broad.mit.edu/
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The haematological and iron parameters of patients haplotype bloks, that show phenotype

evocative for IRIDA, are reported in Table 2. Although we noted a significant association of

these haplotypes with disease, none significant haematological differences among blocks were

©CoO~NOUTA,WNPE

found. Our strict cut-off for significance indicates that it may require a much larger sample size to
13 be confident of such an association. The low number of patients studied is one of the limitations of
15 our study. Studies analyzing additional iron deficiency anaemia phenotypes in larger samples would
enable us to confirm possible associations between the genetic TMPRSS6 polymorphisms and the

20 iron deficiency anaemia phenotype.

23 In conclusion, our preliminary results suggest a possible association of genetic variants and specific

haplotypes of TMPRSS6 gene with IRIDA.
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Fig 1. Linkage disequilibrium plot of the TMPRSS6 region and first screening of 24 tag single nucleotide
polymorphisms (SNPs). In the upper panel, P values for differences in allele frequencies were calculated by
chi-square test using two-by-two contingency tables. The -log P value for each SNP is shown. In the lower
panel, r, values calculated using Haploview version 4.0 software based on data from anaemic subjects-
controls cohort are shown. The location and direction of transcription of TMPRSS6 are indicated by arrows.
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Tab 1. Association analysis results based on haplotype blocks

British Journal of Haematology

Block II;I aplotype Case, control ratios x2 p value
requency
CTCCCG 0.541 105215, 61.0:39.0 7.821 <0.001
CTCTTG 0.092 2.1:29.9, 10.0:90.0 0.357 n.s.
CCCCTG 0.061 0.0:32.0, 8.0:92.0 2725 n.s.
CTTCCG 0.056 0.5:31.5,7.0:93.0 1.413 n.s.
Block 1 CCCTTG 0.045 6.0:26.0, 0.0:100.0 19.643 <0.0001
TCCTTG 0.033 4.4:27.6, 0.0:100.0 14.146 <0.001
CCCTCG 0.023 3.0:29.0, 0.0:100.0 9.593 0.0020
CCTCTG 0.015 0.0:32.0, 2.0:98.0 0.65 n.s.
AAAGATCTG 0314 3.0:29.0, 38.5:61.4 9.563 0.0020
GAAGATCTG 0.252 10.7:21.3, 22.6:77.3 1516 n.s.
Block 2 GAGGATCTG 0.064 4.0:28.0, 4.5:95.4 2.581 n.s.
GAAAATCTG 0.030 0.0:32.0, 4.0:95.9 1319 n.s.
GGGGGCTTA 0.021 2.7:29.3,0.0:99.9 8.658 0.0033
Block 3 CT 0.992 31.0:1.0, 100.0:0.0 3.149 n.s

n.s., not significant
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Tab 2. Haematological and Iron Parameters in patients haplotype blocks
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Block Haemoglobin  Mean Corpuscolar Serum Ferritin  Serum Iron Transferrin

o¢ (g/dL) Volume (fL) (ng/mL) (ug/dL)  Saturation %
Block 1 9.5+1.5 58.9+6.3 9+5 49420 14+11
Block 2 10.1+1.2 61.0+8.1 10+4 50+21 15+10
Block 3 9.5+1.7 59.5+5.9 9+4 49+20 14+11

(values expressed as mean + standard deviation)
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