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Resumo  

A anemia é um problema de saúde pública global que afeta 24,8 % da população mundial, sendo 

maioritariamente causada por deficiências nutricionais de ferro. Para além disso, quando 

perturbados os mecanismos moleculares associados à homeostase do ferro é possível que surjam 

anemias hereditárias de difícil diagnóstico, como é o caso da Iron-Refractory Iron Deficiency 

Anemia (IRIDA). Por outro lado, alterações na síntese ou estrutura das cadeias globínicas 

originam também anemias hereditárias denominadas hemoglobinopatias. 

Primeiramente, de forma a explicar fenótipos atípicos de hemoglobinopatias e entender os 

mecanismos fisiopatológicos subjacentes aos mesmos, 15 casos clínicos de hemoglobinopatias 

foram estudados utilizando as metodologias PCR, gap-PCR, Multiplex Ligation-Dependent Probe 

Amplification (MLPA) e sequenciação automática de Sanger para analisar vários genes globínicos 

(HBB; HBD; HBG1; HBG2; HBA1; e HBA2). Este estudo permitiu o esclarecimento das causas 

moleculares associadas aos fenótipos complexos destes indivíduos, nos quais estavam presentes 

lesões moleculares responsáveis por: variantes estruturais raras de hemoglobina, talassémias do 

tipo alfa e beta e polimorfismos responsáveis pela modulação da expressão dos genes globínicos  

De seguida, o trabalho focou-se no estudo de 10 casos suspeitos de IRIDA, através da 

amplificação do gene TMPRSS6, que codifica a proteína matriptase-2, por PCR-longo e análise 

por Next-generation Sequencing, seguida de análise in silico, de forma a prever o possível efeito 

patogénico na proteína de variantes genéticas novas/raras. Recorreu-se à ferramenta 

bioinformática Human Splicing Finder de forma a detetar potenciais alterações no processo de 

splicing e às ferramentas PolyPhen-2, SIFT e Missense3D, a fim de analisar o impacto das 

variantes missense ao nível da estrutura e função da proteína codificada. Esta investigação 

permitiu apenas justificar o fenótipo de um dos casos em estudo, cujo quadro clínico julga-se ser 

fruto da herança digénica de uma nova mutação patogénica (TMPRSS6: c.871G>A; G291S) e 3 

polimorfismos modeladores no mesmo gene (K253E, S361S  e Y739Y) em conjunto com a co-

herança do alelo para a deleção α-talassémica de 3,7 kb, que levam à presença de um fenótipo 

tipo-IRIDA. 

De forma a detetar a presença e entender o papel de polimorfismos comuns em genes relacionados 

com o metabolismo do ferro, foi realizado um estudo populacional de associação para investigar 

a influência que os polimorfismos nos genes TMPRSS6 (V736A e K253E) e HFE (H63D e 

C282Y) têm sobre os parâmetros hematológicos e do status do ferro de 317 indivíduos adultos, 

portugueses, divididos em 3 grupos: portadores de β-talassémia (BTT), indivíduos com anemia 

ferropénica (IDA) e controlos normais. Os indivíduos foram genotipados recorrendo às técnicas 

PCR-(RFLP) Restriction fragment length polymorphism e Amplification-Refractory Mutation 

System (ARMS)-PCR. Os resultados sugerem que ambos os genótipos heterozigótico (TC) e 

homozigótico (CC) da variante V736A exercem um efeito protetor contra a anemia ferropénica e 

que indivíduos controlo do sexo feminino com o genótipo CC têm os parâmetros volume globular 

médio (MCV), hemoglobina corpuscular média (MCH) e saturação de transferrina (TSAT) 

significativamente aumentados quando comparados com o genótipo wild-type (TT). Os 

resultados da análise de regressão logística detetaram uma associação positiva entre a presença 

da variante H63D e os níveis de dispersão do volume eritrocitário (RDW) nos controlos saudáveis 

e verificou-se uma associação entre esta mesma variante e os parâmetros do status do ferro de 

indivíduos BTT. 
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Após o estudo de associação, foi testado o desempenho de diagnóstico de 13 índices matemáticos 

diferenciadores de anemia microcítica em indivíduos BTT ou IDA, com o intuito de determinar 

quais seriam os mais adequados à população Portuguesa. A análise revelou que para uma 

população adulta de mulheres portuguesas, os índices com melhor desempenho são RBC, G&K 

e RDWI. Os resultados foram ao encontro do reportado para outros países Mediterrânicos onde a 

β-talassémia é endémica. O mesmo verificou-se para o Brasil e França, provavelmente devido, 

respetivamente, à herança portuguesa e a fluxos migratórios. No geral, os resultados indicam que 

estes índices podem auxiliar no diagnóstico da causa subjacente à anemia microcítica, 

reconhecendo indivíduos suspeitos de BTT e encaminhando-os para testes bioquímicos e 

moleculares adicionais. 

Em suma, este trabalho permitiu entender melhor as alterações genéticas responsáveis pelas 

anemias hereditárias, bem como a forma como estas alteram o metabolismo do ferro, levando a 

um melhor conhecimento dos fatores que conduzem à variabilidade clínica em pacientes com 

estas doenças. Concluímos também que o estudo destas patologias tornou possível um correto 

diagnóstico de algum dos indivíduos estudados, permitindo um adequado acompanhamento 

clínico e aconselhamento genético, que leva por sua vez a uma melhoria da qualidade de vida dos 

casos em questão. Ademais, este trabalho reforça a importância do estudo dos marcadores 

moleculares e do uso de ferramentas não moleculares que complementam as técnicas de 

diagnóstico já implementadas.  

 

Palavras-chave: Anemias hereditárias; Hemoglobinopatias; IRIDA; Next-Generation 

Sequencing; TMPRSS6; HFE; Portadores de β-talassémia; Anemia ferropénica; Anemia 

microcítica; Índices hematológicos. 
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Abstract 

Anemia is a global public health problem affecting 24.8 % of the world population and is mostly 
caused by nutritional iron deficiencies. Additionally, molecular mechanism´s disturbances 

associated with the iron homeostasis may cause hereditary anemias of challenging diagnosis, such 

as Iron-Refractory Iron Deficiency anemia (IRIDA). Alternatively, globin chains structure or 

synthesis changes may lead to hemoglobinopathies, another type of hereditary anemia. 

Firstly, in order to explain atypical hemoglobinopathies’ phenotypes and understand underlying 

pathophysiological mechanisms, 15 hemoglobinopathies clinical cases were studied by PCR, gap-
PCR, Multiplex Ligation-Dependent Probe Amplification (MLPA) and automated Sanger 

sequencing of the various globin genes. These techniques made it possible to clarify the molecular 

causes behind these complex phenotypes, with molecular lesions being responsible for rare 

hemoglobin structural variants, β- and α-thalassemias, and the presence of polymorphisms that 

modulate the expression of globin genes. 

Secondly, we focused on ten IRIDA suspects, by amplifying their TMPRSS6 gene by long-PCR 

followed by Next-generation Sequencing and in silico analysis for predicting the possible 
pathogenic effect of the detected genetic variants. Through this analysis, only the phenotype of 

one patient could be justified by the presence of digenic inheritance of the novel damaging 

mutation (TMPRSS6: c.871G>A; G291S) and 3 common modulating SNPs in the same gene 
(K253E, S361S and Y739Y), in addition to the co-inheritance of the –α3.7kb-thalassemia allele, 

which may add up to an IRIDA-like phenotype.  

Thirdly, to detect the presence and understand the roles and of common SNPs in genes related to 

iron metabolism, a case-control study was performed to investigate the influence of TMPRSS6 
(V736A and K253E) and HFE (H63D and C282Y) on the hematological and iron parameters of 

317 Portuguese subjects divided into 3 groups: β-thalassemia trait (BTT), iron deficiency anemia 

(IDA) and controls. Subjects were genotyped using PCR-(RFLP) Restriction fragment length 
polymorphism and Amplification-Refractory Mutation System (ARMS)-PCR techniques. Results 

suggests that both heterozygous (TC) and homozygous (CC) genotypes of V736A act as a 

protective factor against IDA, and that in the female control group, the CC genotype had 

significantly increased MCV, MCH and TSAT parameters when compared to the wild type (TT). 
Logistic regression results detected a positive association between H63D variant and RDW in 

control subjects, and an association between this variant and the iron parameters of BTT subjects.  

Finally, we evaluated the diagnostic performance of 13 mathematical indices for differentiating 
microcytic anemia in BTT and or IDA subjects, to find which ones would better apply to the 

Portuguese population. When accessing the performance of the indices we found that for a female 

adult Portuguese population the best performing ones where RBC, G&K and RDWI, similarly to 
other Mediterranean countries, and also France and Brazil, the latter probably resulting from 

migratory movements and Portuguese ancestry, respectively. Results imply that these indices can 

aid diagnosing the condition underlying microcytic anemia, recognizing individuals suspected of 

BTT and forwarding them to additional biochemical and molecular tests. 

The study of hereditary anemia made it possible for us to assign a correct diagnostic to the studied 

patients, allowing for correct clinical management and genetical counselling, that in turn, 

improves their quality of life. Additionally, this work has reinforced the importance of the study 
of molecular markers and use of non-molecular tools complementary to the already implemented 

diagnostic techniques.  

 

Keywords: Hereditary anemias, Hemoglobinopathies; IRIDA; Next-Generation Sequencing; 

Genetic variation; TMPRSS6; HFE; β-thalassemia Trait; Iron deficiency anemia; Microcytic 

Anemia; Hematological indices. 
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Chapter 1 – Introduction  

The field of medical genetics has been revolutionized by the fast identification of genes 

associated with human disease. Together with an improved understanding of the molecular 

etiology of genetic disorders, this has led to more accurate diagnostic, prognostic and potential 

therapeutic tools. Although many genetic diseases are multifactorial, classically the model used 

for the discovery of single gene disorders is based on the assumption that the spread of a trait in 

families is based on the transmission of a single molecular defect [1].  

Single gene disorders are remarkably diverse affecting structure and/or function, and 

consequentially generating a wide spectrum of disease severity [2], [3]. The identification of 

faulty genes underlying inherited diseases has determined that patients with the same genotype 

can have different patterns of clinical expression [3]. Despite their clinical diversity, these 

disorders have a common biological basis, potentially being passed on to offspring, requiring 

basic genetic and management services including accurate diagnosis; risk assessment; 

information for the patient and their family; and access to options for managing risk and services 

for affected children. Monogenic disorders are divided into ‘rare single gene disorders’ and 

‘common single gene disorders’, the first having in its majority diseases with a prevalence of  

<1/1 000 000, with an European birth prevalence definition of 5 per 10 000 [2], [4].  

Following the discovery of a disease gene, a natural first step is to investigate the mutational 

spectrum in large patient cohorts. These results are needed to correlate specific mutations with 

various phenotypic aspects, like severity and age of onset. One is often unable to draw conclusions 

from such studies, leading to the expansion of the monogenic model of disease transmission to 

account for other factors [1]. Sometimes associating phenotype to genotype is complicated due to 

the complex interaction of the environment with the different allelic variants and interaction with 

other genetic risk factors involved at the secondary and tertiary levels. Evidence for these modifier 

genes comes from the range of phenotypes within families sharing the same genotype [3].  

In this context, both classical and novel genomic techniques have a large impact on the study 

of monogenic diseases, as is the case of the hereditary anemia investigated in this dissertation. 

Most importantly, the correct diagnosis of these disorders and its consequent understanding of the 

molecular and cellular pathophysiology and genetic epidemiology will help clinicians manage 

these patients improving their quality of life (QoL) [5], [6].  

1.1 Hemoglobin  

1.1.1 Erythropoiesis  

Erythropoiesis is the regulated process from which derive mature erythrocytes, also called 

red blood cells (RBC). In this process, when provided the proper nutrients such as folate, 

cobalamin (vitamin B12) and iron (Fe), stem cells present in the bone marrow (BM) are stimulated 

by a hormone called erythropoietin (EPO), produced by kidney cells. Stimulus from this hormone 

and other factors result in the proliferation and differentiation of these cells, in a pathway that will 

ultimately end with the extrusion of the cells’ nucleus and the accumulation of high concentrations 

of hemoglobin and some residual ribonucleic acid (RNA) in their cytoplasm. [7]. These immature 

cells called reticulocytes enter circulation and suffer a 24-hour remodeling process, becoming 

mature erythrocytes once the remaining globin chain mRNA is translated. A mature RCB will 

circulate for 100-120 days until oxidative damage leads to its removal from circulation, followed 

by senescence and destruction by macrophages in the spleen [8].  
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Humans complete the synthesis of approximately 2 million erythrocytes per second, with 

each mature cell containing about 280 million molecules of hemoglobin [9]. Mainly because of 

hemoglobin’s sheer quantitative predominance in the erythrocyte’s cytoplasm, it dominates the 

pathophysiology of several RBC disorders and modulates others for which is not directly 

responsible [8]. 

1.1.2 Structure and function 

Hemoglobin (Hb) is a metalloprotein contained within the RBCs. This molecule is an 

essential part of the vertebrate’s circulatory system, with its main function being the transport of 

oxygen (O2) from the lungs to the tissues [10]. Other functions of this protein include: the 

transport of three other gases, carbon dioxide (CO2), carbon monoxide (CO), and nitric oxide 

(NO), which also have significant biological roles, and buffering action inside the erythrocytes. 

Hemoglobin is able to have these functional properties due to its structure (Figure 1.1), in 

particular the characteristic folds of the amino acid chains [11], [12]. 

 

 

 

 

 

Figure 1.1 – Hemoglobin’s structure. (A) Hemoglobin tetramer composed of two identical α-like chains and two 
identical β-like chains with each chain possessing one heme group. (B) Representation of the tertiary structure of 
hemoglobin monomer (globin chain), containing eight helical regions (A to H). (C) Heme structure composed of a 
protoporphyrin IX molecule complexed with a ferrous iron cation Fe2+. Adapted from Betts et al. [13] and Bain [12]. 
 

The normal adult hemoglobin (Hb A) is a 64.5 kDa tetrameric protein comprised of two 

symmetric dimers of alpha (α) and beta (β) globin polypeptide chains (α2β2), of 141 and 146 

amino acids (aa) respectively, each accommodating a heme group  (Figure 1.1 A) [10]. The globin 

chain units adopt a three-dimensional (3D) structure called globin fold containing eight helical 

regions A to H (Figure 1.1 B), this produces an internal hydrophobic environment that protects 

the iron of heme from oxidation, and an external hydrophilic environment that renders solubility 

to the molecule [12]. The heme group is composed of a protoporphyrin IX molecule complexed 

with a ferrous iron cation (Fe2+) (Figure 1.1 C), this hemoglobin component is essential for 

oxygen transport since it is the one that reversibly binds O2 via the iron cation [14]. This group 

biosynthesis occurs in all metabolically active cells that contain mitochondria, having a bigger 

role in erythropoietic tissue, where it is required for hemoglobin synthesis, and in hepatic tissue, 

where it forms the basis of various heme-containing enzymes [15]. 

Hemoglobin is an allosteric protein, this means that when one heme group in hemoglobin 

binds oxygen, the conformational change in the protein entails cooperation from the three 

remaining heme sites, which will successively bind to oxygen molecules as well [16]. Areas 

where the globin chains contact with each other or to heme are highly conserved due to their 

functional importance [17]. 
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1.1.3 Globin gene clusters 

Hemoglobin synthesis occurs during erythropoiesis and is controlled by two multigene 

clusters on chromosomes 16 (16p13.3) and 11 (11p15.5) containing the α-like and β-like globin 

genes, respectively (Figure 1.2) [6]. In these clusters, the genes and non-expressed pseudogenes 

are arranged along the chromosomes presenting an expression pattern that shifts from genes more 

to 5’ to the ones more to 3’, during different stages of the development [11].  

The α-globin gene cluster is of approximately 30 kilobases (kb) of deoxyribonucleic acid 

(DNA) and is composed of: the HBZ gene, zeta (ζ)-globin; the pseudogene HBZP (Ψζ); the HBM 

gene, mu (μ)-globin, originally considered a pseudogene but currently thought to be a protein-

coding gene; two pseudogenes alpha HBAP2 and HBAP1 (Ψα2 and Ψα1), two identical alpha 

genes HBA2 and HBA1 (α2 and α1), which will ultimately result in a single α-globin peptide; and 

the HBQ1 gene, theta (θ), of unknown function since is unclear whether the translation of this 

gene is able to participate in the formation of a functional hemoglobin tetramer [8]. 

The β-globin gene cluster is of approximately 70 kb of DNA and is composed by: the HBE1 

genes, epsilon (ε)-globin, a gene only expressed in the embryo; the duplicated gamma-globin 

genes HBG2 (Gγ) and HBG1 (Aγ), that code for a dominant β-like globin during the fetal life, these 

two globin chains differ from glycine to alanine at position 136 of the γ chain; the pseudogene 

HBBP1, beta (Ψβ1); and the HBD, delta (δ), and HBB, beta, responsible for globin chains present 

in the adult [8], [12]. 

The expression of globin genes is controlled by upstream regulatory regions. In the β-globin 

cluster, there are five DNase I hypersensitive sites (HS), HS1 to HS5, that together are referred 

to as the β-globin locus control region (β-LCR). Similarly, there are four regulatory elements in 

the α cluster, with HS-40 appearing to have a dominant role. Studies suggest that the molecular 

switches between globin genes are a consequence of the competition between the globin 

promoters for access to their activating upstream regulatory elements [6]. 

 

Figure 1.2 – Map of the α-like and β-like globin gene clusters. The structure of the α-globin gene cluster (5’-ζ-Ψζ-
μ-Ψα2-Ψα1-α2-α1-θ1-3’) and β-globin gene cluster (5’-ε-Gγ-Aγ-Ψβ-δ-β-3’) are shown, as well as the promoter regions 
that bind transcription factors. Enhancers and related regulatory elements also bind transcription factors and interact 

with promoters to increase the levels of RNA transcribed. HS - Major upstream regulatory element (DNase I 
hypersensitive site). β-LCR - β-locus control region. Adapted from Higgs et al. [6]. 

Globin genes share the same basic organizational features being all composed of three exons 

separated by two introns, also named intervening sequence (IVS), and have 5’ cap structure and 

3’ poly(A) tail. Their organization differs only in the relative size of the introns since both α-

genes introns are small with 100-300 base pairs (bp) and β-genes have one small and one large 

intron with 1000-1200 bp. In these genes, the second exon is responsible for encoding the protein 

sites responsible for the heme-binding and the third for the globin chain contact points [8]. 
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1.1.4 Ontogeny of hemoglobin  

As previously stated, the hemoglobin composition of the erythrocyte changes during the 

development according to the sites of erythropoiesis that differ in gestation and postnatal 

development (Figure 1.3 A). The switching, sequential activation and inactivation, of α- and β-

like globin genes produce different hemoglobin tetramers: three distinct embryonic (Hb Gower-I 

[ζ2ε2], Hb Gower-II [α2ε2], and Hb Portland [ζ2γ2]), expressed in the yolk-sac erythroblasts;  

fetal (Hb F – α2γ2); and two adults (Hb A – α2β2 and Hb A2 – α2δ2), (Figure 1.3 B) [6]. Unlike 

the other globin chains, α-globin is present throughout all development stages, with its gene 

expression starting early in the first trimester and being sustained for life [8]. 

Hb F is the main hemoglobin present during the intrauterine life, with γ-globin genes 

expression beginning early in embryogenesis. This hemoglobin synthesis starts a rapid decline 

just before birth, persisting until 9 months of age when it reaches a level of 1 % of the blood’s 

total hemoglobin (Figure 1.3 B) [8], [17]. During intrauterine life and at birth, Hb F presents a 
Gγ:Aγ ratio of 2:1 to 3:1, a few months after birth this ratio changes to approximately 2:3 [12]. 

When compared to the adult hemoglobin, Hb F is characterized by a higher oxygen affinity due 

to a reduced sensitivity to inhibitory effects of the organic phosphate, 2,3-diphosphoglycerate 

(DPG), a metabolite of red cell glycolysis [18].  

In the postnatal life, the predominant hemoglobin is Hb A, with normal adult RBC containing 

approximately 97.0 %. The remaining hemoglobin present in the erythrocytes is Hb A2, produced 

in small amounts representing about 2.0 % of the total hemoglobin (Figure 1.3 B) [19]. For this 

reason defects in the δ-chains that compose Hb A2 are normally of no clinical consequence [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 – Normal developmental switches in globin expression. (A) The sites of erythropoiesis at different stages 
of development and the levels of expression of the embryonic, fetal, and adult globin chains at various gestational ages 
are shown. (B) Types and composition of hemoglobin produced at each developmental stage as well as the average 
percentages of various hemoglobins present during the embryonic and fetal periods and infancy. Adapted from Bain 
[12] and Higgs et al. [6]. 
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The transcription rates of the α- and non–α-globin genes are not equal, there is an excess of 

α-globin messenger (m)RNA present in the RBC. However, this is compensated by a somewhat 

more efficient β-globin mRNA translation, leading to counterbalancing forces that result in 

identical syntheses of α- and β-globin chains [8]. The pattern of hemoglobin synthesis during 

development clarifies why changes in the α-chains cause clinical problems from early fetal life 

and why changes in the β-chains are of difficult diagnosis in the neonatal period [19].  

1.2 Iron 

Iron is an essential element required by most organisms, due to its ability to act both as an 

electron donor and acceptor by readily alternating between ferric (Fe3+) and ferrous (Fe2+) forms 

[20]. For this reason, in proteins, iron serves as a prosthetic group, such as in heme and iron-sulfur 

(Fe-S) clusters (ISCs), which are involved in crucial cellular processes, including respiration, 

oxygen transport (hemoglobin) and storage (myoglobin), DNA synthesis, energy production, and 

host defense [21]. 

While essential for life, the ease with which iron can gain and lose electrons renders it the 

ability, when improperly sequestered, to catalyze the formation of highly reactive oxygen species 

(ROS). This happens through Fenton and Haber-Weiss-type reactions (Equations 1.1 to 1.3) [22], 

creating,  for example, hydroxyl (OH•) free radicals yielded from superoxide (O2
-•) and hydrogen 

peroxide (H2O2), which in excess can damage lipids, protein and DNA, resulting in cellular 

dysfunction, apoptosis, and necrosis [20], [23]. 

(Fenton) Fe3+ + O2
•– → Fe2+ + O2 (1.1) 

(Fenton) Fe2+ + H2O2 → Fe3+ + OH– + OH• (1.2) 

(Haber-Weiss) O2
– + H2O2 → O2 + OH• + OH– (1.3) 

 

Iron’s bioavailability is limited since under aerobic conditions Fe2+ is readily oxidized in 

solution to Fe3+, which is theoretically insoluble at the physiological potential for hydrogen (pH) 

of 7.4 [24]. Therefore, both the total body iron and the quantity within each cell must be 

elaborately controlled to ensure adequate iron availability while avoiding excess iron toxicity and 

limiting iron access to invading pathogens [20], [25]. On one hand, within systemic circulation 

cellular requirements are met by, the monomeric transport glycoprotein, transferrin (Tf), the 

physiologic carrier of iron through the plasma and extracellular fluid, which keeps iron soluble 

and nontoxic, unable to engage in Fenton/Haber–Weiss reactions [20], [24]. On the other, the iron 

within the cell is either used or sequestered with cytosolic ferritin (Ft), an iron storage protein, 

comprising of both heavy (H) chains, with ferroxidase activity, and light (L) chains, storing up to 

4,500 iron atoms in a shell-like structure, whilst ready for mobilization [20], [21]. 

Humans are unable to excrete iron and daily losses are minor, representing less than 0.05 % 

of the total body iron. Therefore, iron metabolism must be tightly regulated, with iron homeostasis 

firmly controlling iron absorption and performing efficient iron recycling [20]. Disorders in iron 

homeostasis span from iron excess to iron deficiency, as well as unequal distribution, when some 

tissues are iron-loaded and others iron-deficient [21]. 

1.2.1 Iron metabolism   

The iron traffic in the body works like a circular economy (Figure 1.4) [21]. Out of the 20-

25 mg/daily required by an adult, just 1-2 mg come from dietary sources and are absorbed by the 

duodenal enterocytes, compensating for obligatory daily losses. These losses occur predominantly 
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through desquamation of epithelial cells in the intestine and the skin, and through minor bleeding, 

with women suffering from additionally iron losses through menstruation [26]. The remaining 

needs are satisfied by iron recycling at the macrophage level upon phagocytosis of senescent 

erythrocytes, moreover, iron from damaged muscles is locally recycled to regenerating fibers. The 

excess iron is stored in ferritin the liver hepatocytes and macrophages as a reserve [21]. 

 

 

 

 

 

 

 

 

 

Figure 1.4 – Body iron supply and storage. Iron circulates bound to transferrin to be released to all organs/tissues. 
Most iron (20-25 mg) recycled by macrophages, which phagocytize senescent red blood cells, is supplied to the bone 
marrow for erythropoiesis. The daily uptake of dietary iron by duodenal enterocytes is 1-2 mg; the same amount is lost 

through cell desquamation and blood loss. Excess iron is stored in the liver hepatocytes and macrophages as a reserve. 
Arrows indicate directions. Numbers (in mg) are a mean estimate. Adapted from Camaschella et al. [21]. 
 

Intestinal iron absorption: Dietary iron comes in two forms, heme and non-heme iron, and is 

absorbed by duodenal enterocytes (Figure 1.5). Most of the non-heme dietary iron presented to 

the organism on its ferric form. Before absorption, Fe3+ is converted to Fe2+ by the reducing action 

of other dietary constituents, such as ascorbic acid (vitamin C) at the stomach’s low pH, or by the 

action of membrane-associated ferrireductases, at the enterocyte’s apical membrane, facing the 

gut lumen, such as duodenal cytochrome B (DCYTB). The ferrous iron is then absorbed through 

the proton-coupled divalent metal transporter 1 (DMT1), also responsible for the intake of other 

metals ionic form, are examples cobalt, zinc and cadmium [20], [27]. 

 At the same time, heme iron, which originates from meat, as a component of the 

hemoproteins, hemoglobin and myoglobin, is absorbed by an independent mechanism through 

receptor-mediated endocytosis that is still not understood [27]. Once heme iron is released 

intracellularly it is broken down by the inducible heme oxygenase 1 (HO-1) and iron is released 

in its ferric state. Afterwards, cytosolic iron can either then be retained for cellular requirements 

or stored in cytosolic Ft, mediated by the cytosolic iron chaperone poly (rC)-binding protein 1 

(PCBP1), or be exported to circulating Tf by the basolateral iron exporter ferroportin (FPN), 

which requires oxidation by membrane-bound hephaestin (HEPH), [20], [28].  

Iron absorption is modulated by a liver expressed peptide, hepcidin, or locally modulated 

through transcriptional (hypoxia inducible factor [HIF]-2α) and posttranscriptional (iron 

regulatory protein/ iron-responsive element system [IRP1/2]) mechanisms [20]. 
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Figure 1.5 – Absorption of dietary iron by the intestinal enterocyte. The metal transporter (DMT1) takes up ferrous 
iron, reduced by duodenal cytochrome B (DCYTB), on the luminal side of the enterocyte. Unused iron inside the cell 
is either stored in ferritin (Ft) or exported to circulating transferrin (Tf) by ferroportin (FPN) after ferrous iron is 
oxidized to ferric iron by hephaestin (HEPH). Hypoxia inducible factor (HIF)-2α stimulates the expression of the apical 
(DMT1) and basolateral (FPN) transporters Heme, after entering the cell through an unknown mechanism, is converted 

to iron by heme oxygenase (HO-1). Adapted from Brittenham [20] and Anderson et al. [29]. 

Iron utilization for erythropoiesis: Once passed the digestive barrier, iron reaches the blood 

while being transferrin-bound, moving in its majority towards the bone marrow for erythropoiesis 

(Figure 1.6) [30]. There, diferric transferrin (Fe2Tf) enters the erythroblasts via transferrin 

receptors on the cell surface beginning the Tf cycle. Two different isoforms of the transferrin 

receptor exist, that bind to mono and diferric Tf, and are encoded by two separate genes. One is 

transferrin receptor 1 (TfR1) expressed on all iron-requiring cells that function as the physiologic 

transferrin iron importer, the other is transferrin receptor 2 (TfR2), a homolog of TfR1, which is 

expressed only in hepatocytes [20]. Fe2Tf binding to TfR1 is followed by internalization of the 

complex by clathrin-mediated endocytosis. On the endosome, ferric iron is released from Tf and 

reduced by the metalloredutase six-transmembrane epithelial antigen of the prostate 3 (STEAP3), 

so it can be exported into the cytosol by DMT1. Cytosolic iron is used either for the formation of 

iron-containing proteins or biosynthesis of ISCs and heme in the mitochondria, where Fe2+ is 

imported by the inner membrane protein mitoferrin 1 (Mfrn1) [28], [31].  

 

 

 

 

 

 

 

 
Figure 1.6 – Acquisition and use of iron by erythroid precursors. Iron is imported in the transferrin (Tf) cycle and 
principally used for the synthesis of heme. DMT1 – divalent metal transporter 1; Fe2Tf – diferric transferrin; Hb –
hemoglobin; IRP1 – iron regulatory protein 1; STEAP3 – six-transmembrane epithelial antigen of the prostate 3; TFR1 

– transferrin receptor 1. Adapted from Brittenham [20]. 
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Iron recycling: Splenic and hepatic macrophages have to bear most of the burden of 

maintaining adequate levels of plasma iron, by scavenging for senescent RBC, so that the iron 

present in the hemoglobin becomes available again. Additionally, they also retrieve small 

amounts of iron from hemoglobin-haptoglobin (HP) and heme-hemopexin (HPX) complexes, by 

binding them to the CD163 and  CD91 scavenging receptors, respectively  (Figure 1.7) [20], [27]. 

These complexes are too large to be filtered by the kidneys, an aspect that helps limit the renal 

loss of iron. Inside the macrophage, the heme group is catabolized by HO-1, and the subsequent 

iron is exported through FPN and oxidized by ceruloplasmin (CP). In the absence of iron 

deficiency, some of the excess iron is retained as Ft [20]. 

 

 

 

 

 

 

 

Figure 1.7 – Recycling of the erythrocyte iron by macrophages. Macrophages recover iron from phagocytized red 

blood cells (RBC) after heme is degraded by heme oxygenase. They also recover heme from hemoglobin (Hb), 
haptoglobin (HP) or heme-hemopexin (HPX) complexes. Iron not used inside the cells is either stored in ferritin (Ft) 
or exported to the circulation by ferroportin (FPN) with the cooperation of ceruloplasmin (CP). Adapted from 
Camaschella et al. [21]. 

Iron storage: By keeping iron storage, the body forestalls the presence of free iron whenever 

iron levels increase while securing its immediate availability during iron deficiency [27]. The 

liver is both the biggest iron storage organ and the central site for control of systemic iron 

homeostasis, by regulating the molecular pathways necessary for iron balance [20], [26]. 

Hepatocytes can acquire iron from plasma Tf via the transferrin cycle, from HP and HPX 

complexes via endocytosis, like macrophages. Notably, when the rate of iron influx into plasma 

exceeds the rate of iron acquisition by transferrin, non-transferrin-bound plasma iron can enter 

hepatocytes and other specific cells, independently of the Tf mechanism [20]. 

1.2.2 Iron homeostasis  

The liver controls systemic iron homeostasis by producing the hepatic hormone hepcidin. 

Hepcidin is a 25-amino acid peptide that is predominantly, but not exclusively, secreted by the 

liver that circulates in the bloodstream and is excreted by the kidneys [32]. This hormone controls 

iron export to the plasma by binding to FPN, inducing its internalization and lysosomal 

degradation in enterocytes, macrophages and hepatocytes [21]. Loss of FPN prevents intestinal 

iron uptake and release of iron from intracellular stores of iron-recycling macrophages, resulting 

in decreased serum iron [33]. Also, at the same time, hepcidin was identified for its role as an 

antimicrobial [34]. 

Hepcidin is encoded by the HAMP gene located at chromosome 19 (19q13.1) and results 

from the proteolytic processing of an 84-amino acid prepropeptide, comprised of a signal peptide, 

a pro-region and the fully-active 25 aa sequence, by furin mediated maturation [27]. Hepcidin 

expression and consequent modulation of the hepcidin/FPN axis is controlled and coordinated by 

several regulators that (1) modulate the iron supply and demand (iron status regulator); (2) provide 
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the proper iron for erythropoiesis (erythroid regulator); (3) limit iron availability to pathogenic 

microorganisms (inflammatory regulator); and (4) respond to oxygen tension (Figure 1.8) [32]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 – Transcriptional regulation of hepcidin expression in hepatocytes. Erythropoiesis, iron status, oxygen 

tension, and inflammation regulate hepcidin. Increased erythropoiesis decreases hepcidin expression by mechanisms 
that remain to be defined. Increased body iron status increases hepcidin expression through two mechanisms: a 
circulating-iron signal provided by diferric transferrin (Fe2Tf) and a cellular-iron-stores signal provided by bone 
morphogenetic protein 6 (BMP6). The Fe2Tf acts through transferrin receptors 1 and 2 (TfR1/2) and is modulated by 
the hemochromatosis protein (HFE). The BMP-6 signal acts through its receptor and is modulated by the BMP 
coreceptor hemojuvelin and neogenin. Decreased oxygen tension leads to decreased hepcidin expression by increasing 
the transcription of two genes, matriptase-2 and furin, that are responsive to hypoxia-inducible factor (HIF). Matriptase-
2 cleaves hemojuvelin from the cell surface, preventing its function as a coreceptor. Furin cleaves hemojuvelin during 

processing to produce a soluble form that serves as a BMP-6 decoy. Infections and other forms of inflammation increase 
hepcidin expression by the cytokine interleukin-6. BMPR – Bone morphogenetic protein receptor; HAMP – Hepcidin 
gene; JAK-STAT – Janus-associated kinase–signal transducers and activators of transcription; and pO2 – Partial 
pressure of oxygen. Adapted from Brittenham [20] and Fleming and Ponka [35]. 

 

Iron status regulates hepcidin transcription in hepatocytes by circulating iron and tissue iron 

stores. Regarding the liver iron stores, the hepatic expression of this hormone is accomplished 

through crosstalk with liver sinusoidal endothelial cells, which produce bone morphogenetic 

protein (BMP) 6 or 2 (BMP6; BMP2), these consequently initiate intracellular signal transduction 

through SMAD proteins, activating the hepatocyte BMP-SMAD pathway, that upregulates 

hepcidin transcription  [21], [35]. BMP6 is manly produced by liver nonparenchymal cells in 

response to hepatocyte iron stores, and somewhat by duodenal enterocytes in response to dietary 

iron, its activity is enhanced by cell-surface expression of the BMP coreceptor hemojuvelin [20], 

[35]. BMP2 is less iron sensitive and is highly expressed in basal conditions.  

The stronger inhibitor of hepcidin is the liver transmembrane serine protease, matriptase-2 

(MT2), which cleaves the BMP co-receptor hemojuvelin, thereby weakens the BMP-SMAD 

signaling  [21]. Furthermore, under hypoxic conditions, HIF transcription factors upregulate 

expression of MT2, which cleaves hemojuvelin from the hepatocellular surface and attenuates 

BMP6 mediated signaling to hepcidin [35]. 

The circulatory iron signal is provided by Tf, which, when iron-bound, serves as a ligand for 

receptors TfR1 and TfR2. The ferri-transferrin signal seemingly modulates the physical 

interaction of these two receptors with the hemochromatosis protein (HFE), positively modulating 
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hepcidin transcription. HFE is a major histocompatibility complex class I–like molecule without 

iron-transport properties [35], [36]. The HFE/TfR mechanism is not yet completely understood 

but seems to act through the same SMAD complex activated by BMP6/2 [36].   

Increased erythropoiesis reduces hepatic hepcidin synthesis. In this context, hemolysis, 

hemorrhage, and administration of erythropoietin can also lower circulating hepcidin 

concentrations. The mechanism by which erythropoiesis modulates hepcidin expression is still 

undefined, with the erythroferrone (ERFE) hormone being a candidate mediator. The 

erythropoietic activity can override competing influences, having a  greater influence on hepcidin 

expression than does body iron status [20], [35]. 

Inflammatory cytokines such as interleukin (IL)-6 upregulate hepcidin expression by 

activating the Janus-associated kinase–signal transducers and activators of transcription (JAK- 

STAT) pathway. High hepcidin levels induce iron retention in macrophages, high serum ferritin 

levels and iron-restricted erythropoiesis. For full hepcidin activation, the IL-6 pathway requires 

functional BMP-SMAD signaling [21].  

Disorders of iron metabolism thought deregulation of the hepcidin/FPN axis are associated 

with numerous diseases including anemias and iron overload diseases, such as hereditary 

hemochromatosis and β-thalassemia [37]. 

1.3 Anemia 

Anemia is a public health problem that affects 24.8 % of the world´s population. For 

Portugal, the World Health Organization (WHO) estimated, with regression models, a prevalence 

of 15.0 %, but a recent nationwide cross-sectional study (EMPIRE study) has estimated a 

prevalence of 19.9 % [38], [39]. This prevalence value goes up to 20.6 % when accounting for 

hematinic factors, attributing to anemia a significance of ‘moderate public health problem’ 

(prevalence from 20.0 % to 39.9 %), even worse for pregnant women (53.8 %), for whom it is 

considered a ‘severe public health problem’ (prevalence ≥ 40.0 %) [39], [40].  

This condition, which has significant consequences in human health and socio-economic 

development, happening in both industrialized and non-industrialized countries [41], occurs when 

the quantity of hemoglobin, and therefore, its oxygen-carrying capacity, cannot respond to the 

body’s physiologic needs. These vary with demographics and behavior, as well as in different 

stages of pregnancy, thus the anemia designation relies on the comparison of patient’s sex- and 

age-appropriate normal range values [7], [40].  

There are a variety of causes that result in anemia, those can be isolated or often coexist, 

such as hemorrhage, chronic inflammation, parasitic infection and nutritional deficiencies, 

including folate, vitamin B12 and vitamin A, with iron deficiency being regularly the culprit, as 

it is the most important contributing factor to the global burden of the disease. The pathology can 

occur at all stages of life; however, it is more prevalent in women, especially pregnant ones, and 

young children  [38], [40]. 

Although anemia can be acquired by nutritional iron deficiency, when disturbed the 

molecular processes hereditary pathologies may arise that prevent iron absorption at the duodenal 

level. Nonetheless, changes in the globin synthesis process also lead to a set of pathologies named 

hemoglobinopathies, which are responsible for a substantial portion of all hereditary anemia [6]. 
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1.4 Hereditary anemia by iron deficiency 

1.4.1 Iron deficiency anemia  

Iron deficiency (ID) can be isolated or in association with anemia, representing one of the 

five major causes of disability burden worldwide [42]. The development of ID results from the 

interaction of 3 distinct risk factors: increased host requirements, limited supply, and increased 

blood loss [43]. 

Iron deficiency anemia (IDA) usually builds up slowly. Firstly, iron stores begin to decline 

(iron deficiency), consequently lack of iron limits the production of hemoglobin and other 

metabolically active compounds that require iron (iron restricted erythropoiesis), therefore, it will 

ultimately entail insufficient iron for the full hemoglobinization of mature RBCs (iron deficiency 

anemia). At this point, hepcidin’s transcription is suppressed to help preserve the supply of iron 

for vital functions in other tissues [44], [45]. In the same way, hepcidin levels are substantially 

lower in menstruating women, when compared to males and post-menopausal women, as an effort 

to maintain normal levels of transferrin and increase iron absorption [21], [44]. In some cases, we 

can be in the presence of functional iron deficiency, this is a disorder in which total body iron 

stores are normal or increased, but the iron supply to the bone marrow is inadequate [46]. 

Clinical features of IDA depend on the severity of the anemia, age, comorbidities, chronicity 

and speed of onset [46]. This type of anemia can be chronic and frequently asymptomatic, and 

that is why it may often go undiagnosed. Low delivery of oxygen to body tissues and decreased 

activity of iron-containing enzymes leads to symptoms such as: weakness; fatigue; difficulty in 

concentrating; and reduced work capacity. In children and adolescents, IDA can impact motor 

and cognitive development, and in pregnant women is associated with a risk of preterm labour, 

low neonatal weight, and increased newborn and maternal mortality. Additionally, iron deficiency 

subjects are more likely to acquire infections, develop heart failure and restless leg syndrome 

[47].  

Iron deficiency anemia is generally acquired. However, there can be a genetic predisposition 

for this condition, for instance, iron-refractory iron deficiency anemia [48].  

1.4.2 IRIDA – Iron-Refractory Iron Deficiency Anemia 

Novel forms of anemia have been identified on account of the recent progress made in the 

understanding of molecular mechanisms involved in iron homeostasis [43]. Amongst these is 

iron-refractory iron deficiency anemia (IRIDA; Online Mendelian Inheritance in Man [OMIM] 

#206200) a rare autosomal-recessive disorder caused by homozygous or compound heterozygous 

mutations on the matriptase-2 or transmembrane serine protease 6 gene (TMPRSS6)  located at 

chromosome 22 (22q12.3) [49]. There is a lack of epidemiological data regarding this disease, 

the available reports evidence that this rare condition is spread all over the world, occasionally 

found in different countries and different ethnic groups [48], [50]. 

Even though IRIDA’s prevalence is still unknown, this disease should not be overlooked, 

especially in children and young adults, when other known causes of refractory IDA are excluded. 

Identification of affected siblings can be suggestive of an inherited condition, but sporadic cases 

may occur due to recessive transmission. For this condition, refractoriness to oral iron treatment 

is clinically defined as a hemoglobin increment of < 1 g/dL after 4-6 weeks of therapy at a daily 

dose of at least 100 mg of elemental iron [43]. 
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Produced primarily by the liver, MT2 downregulates HAMP expression of hepcidin, the 

systemic iron regulatory hormone, through the BMP/SMAD pathway, cleaving the coreceptor 

hemojuvelin from the hepatocyte plasma membrane (Figure 1.9). In IRIDA patients, mutations 

in TMPRSS6 result in high hepcidin levels that block iron duodenal absorption and iron release 

from macrophages, leading to low levels of circulating iron, which is insufficient to the 

erythropoiesis needs. [48], [51]. Mice without functional MT2 (both mask mice with truncated 

Tmprss6 lacking the protease domain and Tmprss6 knockout mice) presented hypochromic 

microcytic, low mean cell hemoglobin (MCH < 27 pg) and low mean corpuscular volume (MCV 

< 80 fL), anemia and alopecia. These phenotypes, similar in humans, are a result of improper high 

levels of Hamp mRNA expression [51].  

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1.9 – Matriptase-2 regulation hepcidin and subsequent iron export. (1) Dietary iron and iron recycled from 
erythrocytes are stored in enterocytes and splenic macrophages and are released to the circulation through ferroportin 
(FPN). (2) Hepcidin produced by hepatocytes binds FPN and targets the channel for degradation. (3) Hepcidin gene 

(HAMP) expression is positively regulated by bone morphogenic protein (BMP)-6, which signals through the BMP 
receptor (BMPR)-SMAD pathway in a hemojuvelin-dependent manner. Matriptase-2 (circled in blue) increases cellular 
iron export by degrading hemojuvelin to reduce hepcidin production and thus increasing FPN levels. Adapted from 
Szabo & Bugge [33]. 

Proteolytic events at the cell surface regulate many important cellular processes requiring 

transduction of signals across the cell surface [52]. In 2002, Velasco et al. identified TMPRSS6 

as a member of the type II transmembrane serine protease family (TTSP) [53]. The gene encoding 

for this protein, in humans, spans for 18 exons and is highly conserved across mammalian species, 

such as macaque, dog, cow, mouse and rat [49], [52]. MT2 is an 811 aa protein that exhibits a 

structural organization, similar to other members of the TTSP family, containing several domains: 

a short cytoplasmic N-terminal domain (exon 1); a transmembrane region (TM; exons 1-2); a 

sperm protein, enterokinase and agrin (SEA) domain (exons 3-6); two C1r/C1s, urchin embryonic 

growth factor and BMP1 (CUB) domains (exons 7-8 and 9-11, respectively); three low-density 

lipoproteins receptor (LDLR) domains, classes A1, A2 and A3 (exons 12-14); a trypsin-like serine 

protease domain (exons 15–18), with the highly conserved catalytic triad of histidine (H617), 

aspartic acid (D668), and serine (S762) residues; and finally a C-terminal end (Figure 1.10) [49], 

[54]. In Table S.1 are summarized the mutations in the TMPRSS6 gene, and corresponding protein 

changes in MT2, associated with IRIDA phenotype as described so far in the literature and the 

ClinVar database. 
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Figure 1.10 – TMPRSS6 gene structure and matriptase-2 schematic representation. Matriptase-2 (MT2) contains 
a short N-terminal cytoplasmic domain, a transmembrane region (TM), a sperm protein, enterokinase and agrin (SEA) 

domain, two C1r/C1s, urchin embryonic growth factor and BMP1 (CUB) domains, three low-density lipoproteins 
receptor (LDLR) domains, classes A1, A2 and A3, a trypsin-like serine protease domain, and finally a C-terminal end. 
Original figure. 

Matriptase is synthesized as an inactive, single-chain, membrane-bound polypeptide 

(zymogen) that undergoes activation into an active protease by autocatalytic cleavage [33], [52]. 

Zymogen activation is irreversible, and proteolytic activity typically is terminated either by 

proteolytic shedding of the protease from the cell surface or by its internalization and lysosomal 

degradation [33]. 

In contrast to the current understanding of autosomal recessive disorders, haploinsufficiency 

is observed in some TMPRSS6 mutations, both in humans and murine models [51]. Thereby, gene 

sequence variants lead to a spectrum of protein dysfunction, going from severe loss of function 

mutations, causing classic IRIDA, to hypomorphic mutations that result in a mild reduction of 

MT2’s activity, such as the common single nucleotide polymorphism (SNP) rs855791 - V736A  

in the catalytic domain [55], which is associated with variation in iron status within the general 

population, resulting in genetic susceptibility to IDA [56], [57]. 

1.4.3 Diagnosis  

Anemia cannot be reliably diagnosed by the clinical presentation of symptoms like fatigue. 

For this reason, in the daily clinical routine, anemia is defined by a hemoglobin concentration, as 

described in the WHO guidelines, which vary by sex and age (Table 1.1) [58]. 

Table 1.1 – Hemoglobin levels to diagnose anemia at sea level. 

 Non-anemia  

Hb (g/dL) 

 Anemia Hb (g/dL) 

Population  Mild Moderate Severe 

Children 6 - 59 months of age ≥ 11.0  10.0-10.9 7.0-9.9 ≤ 7.0 

Children 5 - 11 years of age ≥ 11.5  11.0-11.4 8.0-10.9 ≤ 8.0 

Children 12 - 14 years of age ≥ 12.0  11.0-11.9 8.0-10.9 ≤ 8.0 

Non-pregnant women (15 years of age and above) ≥ 12.0  11.0-11.9 8.0-10.9 ≤ 8.0 

Pregnant women ≥ 11.0  10.0-10.9 7.0-9.9 ≤ 7.0 

Men (15 years of age and above) ≥ 13.0  11.0-12.9 8.0-10.9 ≤ 8.0 

 Adapted from WHO [40]; Hb – Hemoglobin. 
 

IDA is the only microcytic anemia disorder in which mobilizable iron stores are absent, 

whereas, in all others, iron stores are normal or increased, for this reason, the diagnosis depends 

on indirect indicators of iron status. Both transferrin saturation (TSAT) and serum ferritin are 

consensually decreased in iron deficiency anemia, with serum Ft being the most sensitive and 

specific test to identify isolated iron deficiency since it reflects low stores. Albeit, inflammation 

must be taken into consideration since ferritin is a positive acute phase response protein, thereby 

will no longer reflect the size of the iron store (Table 1.2). As ID progresses, because of low iron 
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and increased transferrin synthesis, TSAT that is the proportion of the available iron-binding sites 

on transferrin that are occupied by iron atoms decreases < 16% [44]. Out of the iron status 

parameters, the least reliable one for diagnosis of ID is serum iron (SI), because it could be 

detected as an artefact of contamination of laboratory equipment, has a nocturnal rhythm and it 

may normalize hours after iron ingestion [59]. 

Table 1.2 – Relative extent of iron stores based on serum ferritin concentration. 

 Serum ferritin (μg/L) 

 
Less than 5 years of age 

 5 years of age or older 

Status  Male Female 

Depleted iron stores < 12  < 15 < 15 

Depleted iron stores in the presence of infection < 30  - - 

Severe risk of iron overload (adults) -  > 200 >150 

Adapted from WHO [60]. 

 

Red cell distribution width (RDW) is a measure of the variation of red cell volume, in IDA 

is normally increased, particularly in the initial phases of iron deficiency, when newly produced 

microcytic and hypochromic RBC coexist with normal ones. The same happens after iron therapy 

when abnormal erythrocytes are beginning to be substituted by normal ones [44]. 

The diagnosis of IDA often is confirmed by the outcome of a therapeutic trial of iron (Figure 

1.11). A specific sequential response to treatment with iron constitutes the final definitive proof 

that a shortage of iron is the true cause of anemia. The diagnostic response consists of 

reticulocytosis, (3 to 5 days after adequate iron therapy), followed by a significant increase in 

hemoglobin concentration (3-4 weeks) that will persist until normal values are restored (2-3 

months). Results from this test must be assessed for possible confounding factors, such as poor 

compliance with iron therapy; malabsorption of therapeutic iron, for example, due to interaction 

with other medication; continuing blood loss; the effects of coexisting conditions, in particular 

infectious (Helicobacter pylori or parasitic infections), chronic inflammatory diseases, or 

malignant disorders; and genetic conditions such as IRIDA. In the end, the therapeutic trial only 

stablishes the presence of iron deficiency, therefore, the search for underlying causes IDA must 

continue despite a positive response to iron therapy [45]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 – Algorithm for evaluation and treatment of iron deficiency anemia by therapeutic trial. GIT – 
Gastrointestinal track; IRIDA – Iron deficiency iron-refractory anemia. Adapted from Harmse [61]. 
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In IRIDA, we often observe in patients extremely low transferrin saturation levels and 

normal/borderline low serum ferritin levels, differentiating IRIDA from other microcytic 

anemias. Measuring serum hepcidin comes in handy for this diagnostic, because the hormone 

levels are considerably elevated when compared to IDA. While the hepcidin assay can be reliable, 

at present it is only used in research, since it is not yet widely available for diagnostic purposes 

[44]. Final IRIDA diagnosis requires identification of genetic lesions by sequencing the exons 

and exon-intron boundaries of the TMPRSS6 gene [43]. 

1.4.4 Treatment 

There are several approaches when treating IDA that are dependent on the underlying cause 

[62]. Before iron therapy prescription, if dietary history suggests a deficiency, patients should be 

steered into boost their diet with foods rich in heme iron (red meat or liver) and non-heme iron 

(cereals, egg yolk and green leafy vegetables). Citrus fruits are of added value since vitamin C is 

known to increase iron absorption, by creating an acidic gastric environment. Although dietary 

review and counselling are important, diet alone is usually insufficient when treating most IDA 

patients [63]. 

Overall, the need for iron treatment is high in children and modest in adults who have limited 

iron requirements [43]. Oral iron preparations commonly contain one of three iron salts: iron 

sulphate, iron gluconate, and iron fumarate, which may be prescribed as tablets or elixirs. On 

occasion, oral supplementation treatment does not result in increased hemoglobin [63]. 

Notwithstanding the refractory response to iron of IRIDA patients, not all subjects are completely 

refractory to oral iron treatment, with long-term administration of oral iron being able to induce 

partial correction of anemia in patients from unrelated families [43]. Parenteral iron therapy is 

reserved for iron intolerant patients, regardless of regime modifications, and those with severe 

chronic anemia caused by advanced inflammatory diseases, uncontrollable blood loss and 

gastrectomy or small bowel resection [45].  

1.5 Hereditary anemia by changes in the globin chains – Hemoglobinopathies  

Inherited hemoglobin disorders are the most common human monogenic diseases, with 

approximately 7 % of the world’s population being a carrier and around 300 000 to 400 000 babies 

being born each year with severe forms of these diseases, accounting for about 3.4 % of deaths in 

children less than 5 years of age, and so resulting in a heavy burden for health care [64]. The 

global geographical distribution of the hemoglobinopathies is nowadays properly documented, 

being mostly endogenous to the population of South Europe, the Mediterranean countries, Middle 

East, South East Asia, and other malaria-endemic countries in Africa, since these disorders render 

heterozygote advantage against Plasmodium falciparum [65], [66]. Population movements have 

had a major impact on disease epidemiology and public health, with migration from these parts 

of the world leading to the introduction of hemoglobinopathies into new populations, hence the 

importance of geographical ancestry when studying these diseases [65]. 

Hemoglobinopathies generally fall into three main groups: (1) structural hemoglobin 

variants, these are qualitative changes to the globin chains normally resulting from single amino-

acid substitutions that may alter the stability or functional properties of the hemoglobin molecule, 

therefore possibly leading to a clinical disorder [17], [64]; (2) thalassemias, these are a 

heterogeneous group of inherited anemias characterized by the production of structurally normal, 

but decreased quantities or absence of one or more globin chains subunits, gaining their name 

according to the particular globin chains that are ineffectively synthesized (e.g. α- and β-
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thalassemia). The resulting syndromes arise from the combined consequences of inadequate 

hemoglobin production and imbalanced accumulation of globin subunits, the former causes 

hypochromia and microcytosis, the latter leads to ineffective erythropoiesis and hemolytic anemia 

[64], [67]; and (3) failure to switch globin chain synthesis, this is the result of continued synthesis 

of high levels of Hb F in adult life leading to hereditary persistence of fetal hemoglobin, a 

condition that influences the severity of clinical manifestations of other hemoglobinopathies [17], 

[67].  

Normally, allelic interaction in hemoglobinopathies can present themselves in three forms: 

one involving one of the two β or four α allelic genes in ‘carrier’ individuals, a heterozygous 

condition sometimes referred to as a trait, an autosomal codominant character; another when two 

similar allelic variants are found in the same individual forming a homozygote; and finally 

simultaneous presence of two different allelic variants constituting a compound heterozygote. 

Within these disorders, some might be endemic, occurring in very high frequency, with variable 

clinical presentation and for this reason presenting a great impact in the populations, while others 

are rare and/or sporadic representing a unique opportunity to experiment and better understand 

hemoglobin function [68]. 

1.5.1 Structural hemoglobinopathies 

To date, there have been described nearly 1000 mutations that alter the structure of 

hemoglobin, with most having no clinical consequence [69]. The functional abnormal effect is 

dependent on where the mutation occurs, and if clinically relevant, it results in either an increased 

tendency to aggregate due to abnormal polymerization, to the instability of the hemoglobin 

molecule causing hemolytic anemia or altered O2 affinity [17]. Certain structural hemoglobin 

variants are characterized by the presence of an abnormal structure as well as a biosynthetic 

defect, and thus can be responsible for unusual forms of thalassemic hemoglobinopathies, of this 

are examples Hb E and Hb Knossos [8], [69]. In thalassemic hemoglobinopathies globin chain 

synthesis is reduced because the corresponding nucleotide substitution leads to abnormal splicing 

or causes instability and prompt degradation of the corresponding mRNA or proteolysis of the 

variant chain [68]. 

Abnormal polymerization: The best known examples of the malaria parasite exerting 

selective pressure on the human population are the most common structural hemoglobinopathies 

S (sickle cell trait; Hb S) and C (Hb C), in which the sixth position glutamate of the HBB gene is 

replaced by valine and lysine, respectively. By reducing the cytoadhesive capacity of parasitized 

erythrocytes, HbS and Hb C seem to mitigate the life-threatening complications that derive from 

the infection [70]. In patients homozygous for the disorder, called sickle cell anemia or Hb SS, 

occurs polymerization of the variant upon deoxygenation through the extensive formation of 

strong hydrophobic bonds resulting in deformation of the RBC, which acquire the sickle cell 

shape and hinder the microcirculation of the patient. [68]. As for Hb C, this variant induces 

erythrocyte dehydration and intracellular crystal formation, when in homozygous state results 

only in mild hemolytic anemia [71]. 

Instability: Unstable hemoglobins are those exhibiting reduced solubility or higher 

susceptibility to oxidation of aa residues within globin chains, however, most present only mild 

instability in in vitro laboratory tests, therefore, are associated with minimal clinical 

manifestations. Impairment of hemoglobin’s solubility usually arises from mutations that disturb 

hydrogen bonding or the hydrophobic interactions, which either retain the heme group within the 

heme-binding pockets or hold the tetramer together [69]. The resulting instability promotes the 
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separation of the heme group from the globin chain with the slightest oxidative stress. Once freed 

from its cleft, heme will bind nonspecifically to other regions of the globin chains forming 

precipitated hemichromes leading to further denaturation and aggregation of the globin subunits. 

To these denatured hemoglobin forms, containing α- and β-globin chains, globin fragments, and 

heme is given the name Heinz body, these interact with the delicate erythrocyte membrane 

components, thereby reducing cell deformability, rigid cells are consequentially detained in the 

splenic for removal causing hemolytic anemia [17], [69]. 

Changes in O2 affinity: Efficient oxygen delivery by hemoglobin is dependent on the sigmoid 

shape of the hemoglobin-oxygen affinity curve (Figure 1.12). During the transition from the 

completely deoxygenated to oxygenated state, the first oxygenation steps take place with 

difficulty. After that, allosteric cooperation and subsequent oxygen-binding events bring about 

the precise arrangement of hydrogen bonds, hydrophobic interactions, and salt bridges are broken, 

rearranging the hemoglobin molecule, thus creating the sigmoid shape of the curve [16], [69]. 

 

 

 

 

 

 

 

 

 

Figure 1.12 – Oxygen dissociation curve of hemoglobin. On the abscissa, the partial pressure of oxygen (pO2) is 
indicated in millimeters of mercury. On the left ordinate, the saturation of hemoglobin with oxygen is indicated as a 
percentage. The percent saturation of hemoglobin with oxygen at different oxygen tensions is depicted by the red 
sigmoidal curve. The P50 (i.e., oxygen tension at which the hemoglobin molecule is one-half saturated) is 

approximately 27 mm Hg in normal erythrocytes (dotted lines). Heterotopic modifiers of hemoglobin including pH, 
temperature and small organic phosphate molecules function can shift the curve leftward by increasing or rightward by 
decreasing its oxygen affinity. pCO2 – Partial pressure of carbon dioxide; BPG – 2,3-Bisphosphoglyceric acid. Adapted 
from Steinberg et al. [8]. 

Hemoglobin variants exhibiting altered oxygen affinity arise from aa substitutions at the 

interface between globin chains or in regions affecting the hydrogen bonds, hydrophobic 

interactions, or salt bridges, which influence the interaction of heme with oxygen. Thereby, high-

affinity variants feature a tight binding of O2, delivering less oxygen to the tissues. Inefficient 

tissue oxygenation is followed by tissue anoxia, increased erythropoietin secretion, and 

erythrocytosis [17], [69]. On the contrary, most low-affinity variants possess enough oxygen 

affinity to become fully saturated in the normal lung, at the low capillary pO2 in the tissues they 

deliver higher than normal amounts of oxygen. Consequences from the high level of oxygen 

delivery include a state of “pseudoanemia”, in which the low hematocrit level is deceiving 

because both oxygen delivery and the patients are normal since oxygen requirements can be met 

by lower-than-normal hematocrit levels, and cyanosis resulting from the amount desaturated 

hemoglobin circulating in capillaries and veins [69]. 
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1.5.2 Beta-thalassemia  

Beta-thalassemia (BT) can be defined as a syndrome of inherited hemoglobin disorders 

marked by a quantitative deficiency of functional β-globin chains [3]. These syndromes can be 

the result of point mutations or deletions either restricted to the HBB gene or involving β-LCR 

[72]. Worldwide, WHO has estimated that about 5 % of the population might be carriers of β-

thalassemia (β/βT) and that about 60 000 severely affected infants are born every year [6]. 

According to severity, there is a wide phenotypic spectrum in β-thalassemia (Figure 1.13) 

ranging from thalassemia minor, or β-thalassemia trait (BTT), which consists of mild 

hypochromic microcytic anemia without evident clinical manifestations, to β-thalassemia major 

(BTM), which is characterized by severe anemia since the first years of life and is transfusion-

dependent (TDT). In the middle lies β-thalassemia intermedia (BTI), a term developed to describe 

patients with manifestations too mild to be considered BTM and too severe to be called BTT since 

these patients may be transfusion-dependent or require occasional or intermittent transfusion [73], 

[74].  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.13 – Spectrum of β-thalassemias according to disease severity and transfusion requirement. NTDT – 
Non transfusion-dependent thalassemia; TDT - Transfusion dependent thalassemia. Adapted from Salah et al. [73]. 

The underlying pathophysiology responsible for β-thalassemia stems from the quantifiable 

deficiency of functional β-globin chains, which leads to an imbalanced globin chain production 

and an excess of α-globin chains (Figure 1.14). Alpha chains aggregate in red cell precursors, 

forming inclusion bodies, which cause mechanical damage, leading to premature destruction in 

the BM, causing impaired erythropoiesis, surviving RBCs that reach the peripheral circulation are 

also prematurely destroyed in the spleen. Thus, anemia in β-thalassemia results from a 

combination of ineffective erythropoiesis, peripheral hemolysis and an overall reduction in 

hemoglobin synthesis [3].  

The clinical severity variability of this disease reflects both genetic and environmental 

factors, the former involves many loci, some of which are directly involved with the basic defect 

in globin synthesis, whereas others, which modify the variable complications of the disease, have 

nothing to do with globin chains [66]. One powerful factor, with ameliorating effect on the 

disease, is the high levels of Hb F expression that persist to various degrees in β-thalassemia. This 

happens because γ-globin can substitute for β-globin, and at the same time generating more 

functional hemoglobins and reducing the α-globin inclusion burden. Theoretically, patients may 

also vary in their ability to solubilize unpaired globin chains by proteolysis [67].  
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Figure 1.14 – Pathophysiology of β‐thalassemia and main genetic mechanisms that contribute to the phenotypic 

diversity. Factors that modify the β-thalassemia phenotype act at three levels: (1) primary – generally these refer to the 
nature of the mutation affecting the β-globin gene itself, (2) secondary – loci that affect the α/β globin chain imbalance 

and include the α- and γ-globin genes. However, loci that affect the stability and amount of the α chain and loci that 
affect the expression of the γ globin should also be included; and (3) tertiary – loci that are not involved in globin 
imbalance but modify the complications of the disease in different ways, including bone disease (VDR, ESR1, 
Collagen), jaundice (UGT1), iron loading (HFE) and infection (HLA-DR, TNF, ICAM1). Adapted from Thein [3] and 

Weatherall [66]. 

The primary factor that modifies the disease phenotype is the individual alleles that vary 

according to the severity of the biosynthetic lesion [67]. In this context, thalassemia alleles are 

remarkably diverse in their effect on the output of β-globin chains, with β0-thalassaemias being 

those resulting in no β-globin gene product, and β+- or β++-thalassemia being those in which exists 

a marked or mild reduction in the output of β-chains, respectively [72]. In general, carriers of β+-

thalassemia mutations have milder hematological abnormalities than those with β0-thalassemia 

mutations [75]. Albeit, patients who are compound heterozygous for a silent mutation and either 

a β+- or β0-thalassemia mutation can present with BTI, with significant anemia. For this reason, 

correct diagnosis of carriers of silent β+-thalassemia mutations is important for family counseling, 

with alleles being most easily described by their phenotypic effects in heterozygotes [72], [75]. 

The geographical distribution of the different BT alleles (Figure 1.15) shows us that mild β-

thalassemia alleles, are relatively uncommon in many high-frequency populations [66]. 

Particularly in Portugal, there are four common mutations: codon 39 (C>T), IVS-I-1 (G>A), IVS-

I-6 (T>C) and IVS-I-110 (G>A) [76], [77]. Variability quite noticeable, when two siblings 

inheriting identical thalassemia mutations sometimes exhibit markedly different degrees of 

anemia and erythroid hyperplasia [67]. Inheritance of only one β-thalassemia allele usually results 

in a mild hypochromic microcytic anemia. These subjects’ levels are in average 1 or 2 g/dL lower 

than the ones seen in normal persons of the same age and gender. Additionally, Hb F levels decline 

more slowly than usual in the first year of life, and the diagnostic elevated Hb A2 levels are 

established by approximately 6 months of age [67].  

 

 

 

 



20 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15 – The global distribution of the β-thalassemia mutations. The common mild mutations are shown in 

bold. In a red box are the common mutation in Portugal. Adapted from Weatherall [66] and Faustino et al. [76], [77]. 

In BT the unbound α-globin bind free heme molecules in the absence of β-globin chains, 

forming hemichromes, which are toxic insoluble aggregates that precipitate and damage RBC 

membranes and form ROS, leading to oxidative stress [36]. The subsequent impaired 

erythropoiesis and erythroid hyperplasia that could induce excess iron absorption and ultimately 

lead to iron overload, since hepcidin production is suppressed by the increased production of 

ERFE in the absence of blood transfusion and during the early stages of the disease. Over time 

iron accumulates in the organs, hepcidin synthesis increases likely as a result of increasing TSAT 

and increasing iron concentrations in the liver [36], [78]. However, only a small percent of 

patients with the BTT develop iron overload, suggesting that other factors are involved in these 

cases. Some studies indicate that iron overload in these patients is the result of a synergistic effect 

of the β-thalassemia trait and heterozygosity for common hemochromatosis (HH) mutation on the 

HFE gene (Figure 1.16). In the context of HH, the most common mutations are rs1799945 – 

H63D and rs1800562 – C282Y, being that the latter leads to a greater loss of function of the HFE 

protein than the former [66], [78]. 

 

 

 

 

 

 

 

Figure 1.16 – HFE protein model. Hypothetical model of the protein derived from the HFE gene based on its 
homology to the HLA class 1 molecule. The approximate locations of the C282Y and H63D mutations found in primary 
hemochromatosis are shown. Adapted from Hoffbrand et al. [79].  
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The frequency of the HFE mutations in control subjects has been reported in several 

European countries, with Northern European countries presenting the highest allelic frequencies 

for the C282Y [80]. In Portugal, on one hand the allelic frequency of the C282Y mutation 

decreases from the North (5.9 %) to the South (9.9 %) and is less prevalent in the Madeira islands 

(3.3 %), on the other the allelic frequency of the H63D is independent of the region ranging 17.0-

19.0 %, with similar prevalence in the islands [80], [81]. 

1.5.3 Alfa-thalassemia  

Alpha-thalassemia is due to one of the most common hemoglobin genetic abnormalities and 

is caused by the reduced or absent production of the alpha globin chains. Contrary to β-

thalassemias, point mutations are uncommon in α-globin genes. Most defects come from 

deletional mutations and a few are described in cis forms with point mutations (-αT), normally in 

the HBA2 gene [82], [83]. 

The disease can present four clinical conditions of increased severity: (1) α+-thalassemia trait 

(α-/αα);, usually caused by the deletion or dysfunction of one of the four normal α-globin genes 

(2) Homozygous α+-thalassemia trait (α-/α-) or α0-trait (--/αα), both carrier states resulting from 

deletion or dysfunction of two alpha genes in cis; (3) Hb H disease (α-/--) caused by the presence 

of only one functioning alpha gene; and (4) Hb Bart hydrops fetalis syndrome (--/--) where there 

are no functioning alpha genes (Figure 1.17) [82], [83]. The last two represent the clinically 

relevant forms of the disease, in this disorders the underproduction of α-globin chains gives rise 

to excess β-like globin chains which form γ4 tetramers, called Hb Bart's (in fetal life) and β4 

tetramers, called Hb H (in adult life) [84]. 

 

 

 

 

 

 

 

 

Figure 1.17 – The different types of α‐thalassemia. The purple boxes represent normal genes, and the gray boxes 

represent gene deletions or partially or completely inactivated genes. Adapted from Hoffbrand et al. [79]. 

Clinical characteristics of thalassemia trait are mild, microcytosis, hypochromia, and mild 

anemia, compared to Hb H disease that presents as moderate to severe microcytic, hypochromic, 

hemolytic anemia, mild jaundice, moderate hepatosplenomegaly. Hb Bart hydrops fetalis 

syndrome, the most severe form, is characterized by very severe anemia, marked by 

hepatosplenomegaly, hydrops fetalis, cardiac failure and abnormalities in the skeletal and 

urogenital systems. For this reason, this condition is usually not compatible with postnatal life 

and affected fetuses are either stillborn or die soon after birth [82]. These thalassemias are more 

difficult to diagnose than β-thalassemias because characteristic elevations in Hb A2 or Hb F do 
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not occur. However, the gene deletions responsible for the most common varieties (Figure 1.18) 

are readily detectable by molecular biology methods [67]. 

 

 

 

 

 

 

 

Figure 1.18 – Diagrammatic representation of common deletions that can lead to α-thalassemia trait. The shaded 

blocks indicate the length of the deletion. Adapted from Bain [85]. 

Overall, α-thalassemias follow a similar distribution to the β-thalassemias (Figure 1.19). The 

α+ deletional forms are in high frequencies throughout the tropical belt and α0 deletions are highest 

in South East Asia. Common α0 deletions are --MED in Mediterraneans and --SEA in South East 

Asians [83]. 

 

 

 

  

 

 

 

 

 

 

 

Figure 1.19 – The global distribution of the α-thalassemias. The α+-thalassemias result from deletions of 3.7 kb or 
4.2 kb, which remove a single α-globin gene. There are three sub-varieties of –α3.7, designated –α3.7 I, –α3.7 II and –α3.7 

III, depending on the site of the crossover event that underlies the deletion. MED – Mediterranean; SEA – Southeast 
Asia. Adapted from Weatherall [66]. 
 

1.5.4 Failure to switch globin chain synthesis  

Sometimes, expression of γ-globin persists in adult RBC forming a state known as hereditary 

persistence of fetal hemoglobin (HPFH), mostly results of a common genetic variant [3]. This 

state is largely asymptomatic since no deleterious effects on patients are observed even when total 

of the hemoglobin produced in HPFH homozygotes is Hb F. [11], [67]. Although this state is not 
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given much clinical importance, the co-inheritance of some forms of HPFH is able to modify the 

phenotypes associated with the structural hemoglobin variants or thalassemias [66]. Hence, these 

patients demonstrate that reversal of the Hb F to Hb A switch would provide efficacious therapy 

for β-thalassemia and Sickle Cell Disease [67]. 

1.5.5 Diagnosis 

Molecular diagnosis of hemoglobinopathies may be required for several reasons: to confirm 

a hematological/biochemical provisional diagnosis; to explain anemia or microcytosis; to identify 

an abnormality in the pre-symptomatic phase, as in neonatal screening; to identify fetuses at risk 

of significant hemoglobinopathies and offer the parents an informed choice and genetic 

counselling, keeping in mind that for this prenatal or preimplantation a prerequisite is timely 

identification of carrier couples; and finally to identify the presence of sickle cell hemoglobin 

preoperatively [19], [86]. It is important to know the difference between screening and diagnosis. 

National carrier screening programs are not designed to detect 100 % of all possible 

hemoglobinopathies in a carrier, due to the costs and resources required of following up [87]. In 

Portugal is currently in place a geographically directed screening model. Nevertheless, there are 

a big number of unscreened individuals since not all the population is eligible, the model does not 

account for migration flows within the country and there are implementation difficulties within 

the clinic [88]. 

Laboratory diagnosis of hemoglobinopathies is carried out based on an analytic march, the 

diagnosis relies on cut-off indices widely used, however appropriate reference values should be 

independently defined for each population as there may be slight differences according to the 

types of thalassemia alleles present [87]. The analysis starts with presumptive identification of 

hemoglobinopathy, which requires a minimum of two techniques based on different principles, 

for example complete blood count (CBC) followed by high performance liquid chromatography 

(HPLC) or capillary electrophoresis (CE). After that, definitive identification is performed 

through DNA analysis, mass spectrometry or protein sequencing, if possible adding family studies 

help to elucidate the nature of disorders [19], [88]. Previously α-thalassemia was confirmed by 

globin chain biosynthesis, when the α/β globin chain biosynthesis ratio was reduced to less than 

~0.8 (Figure 1.20) [84]. The algorithm currently for diagnosis of hemoglobinopathies in context 

of carrier screening is shown in Figure 1.21. 

 

 

 

 
 

 

 

 

 

 

 

 

 
 
Figure 1.20 – Ratio of α:β chain synthesis in the different α‐ and β‐thalassemias. Adapted from Hoffbrand et al. 

[79]. 
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Once identified a hemoglobin variant, molecular confirmation usually starts by sequencing 

of the HBB gene due to its relatively small size and because it is home of the most common point 

mutations. When it comes to the α-globin genes, HBA1 and HBA2, having a  sequence homology 

bigger than 96 % makes them difficult to sequence, but many of the common α-thalassemia 

mutations are large deletions which cannot be found by sequencing, however, they can be found 

using gap polymerase chain reaction or Multiplex Ligation-Dependent Probe Amplification [89]. 

 

 

 

 

 

 

 

Figure 1.21 – Algorithm for diagnosis of hemoglobinopathies in context of carrier screening. CBC – Complete 
blood count; HPLC – High performance liquid chromatography; CE – Capillary electrophoresis; MCV – Mean 
corpuscular volume; MCH – Mean corpuscular hemoglobin; Hb – Hemoglobin. Adapted from Old [87]. 

The carrier diagnosis flow chart can arrive to five different results using the well-established 

and generally accepted cut off values. Although these are designed to detect one of the main types 

of hemoglobinopathy, there are diagnostic problems such as microcytosis due to iron deficiency 

which complicate the diagnostic algorithms of the flow chart [87]. Both BTT and IDA are 

microcytic and hypochromic anemia, making it difficult to differentiate one from another only by 

hematologic parameters obtained from automated blood cell analyzers [90]. Testing to distinguish 

these two disorders is important for genetic counseling of carriers of thalassemia trait, as well as 

to avoid unnecessary investigations in patients incorrectly assumed to have iron deficiency and 

to prevent unjustified supplementation with iron [67]. In case of BTT presenting with iron 

overloading, as well as for the moderate and severe forms of thalassemia, high liver iron 

concentration (LIC) should be assessed with magnetic resonance imaging, which has replaced 

liver biopsy as the gold standard for the quantification of LIC given its safety and reliability [91]. 

In case the investigation of microcytosis is non-urgent, there have been published various 

mathematical formulas for discriminating between iron deficiency and thalassemia trait that can 

be used to indicate which diagnosis is more likely and which test should be carried out first. 

However, it should be noted that each of these indices has some degree of inaccuracy and are 
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subjected to variation in accord with factors such as age, sex and geographical ancestry. 

Therefore, these should not be used in decision making with reference to women who are already 

pregnant so that thalassemia trait can be correctly excluded [92].  

Progress in the techniques of clinical practice and molecular analysis of hemoglobinopathies 

has made possible for couples that are at risk of transmitting a serious disease to their offspring 

and to have a healthy baby through prenatal or preimplantation diagnosis [86]. 

1.5.6 Treatment 

The life expectancy and QoL of patients with severe hemoglobin disorders can be 

significantly improved when using advanced treatment methods. Following diagnosis, patients 

should be referred to genetic counseling and hematology appointments for counseling and 

decision of treatment [93]. 

 

Regarding the treatment for hemoglobin variants, it differs according with the presented 

clinical complications. Typically, patients with sickle cell syndrome are anemic but lead a 

relatively normal life marked by painful episodes. However, it is important to realize that chronic 

organ damage and decreased survival occur even in patients without painful events. Therefore, 

treatment includes clinic management directed at initiating measures to prevent pain crisis, 

prevent organ complications, and improve survival, by the means of analgesics, antibiotics, 

hydroxyurea and eventually transfusion therapy [94]. When it comes to unstable hemoglobins the 

severity of clinical complications varies greatly. While many patients can be managed just by 

observation and education on how to avoid hemolysis provoking agents, others require 

transfusions during severe acute hemolytic anemia phases, and in worst case scenario, in the 

presence of repeated episodes, these patients should be considered candidates for splenectomy. 

Finally, concerning variants with altered affinity to O2, on one hand patients with low-affinity 

hemoglobins are usually asymptomatic and require no treatment, on the other hand patients with 

high-affinity hemoglobins have mild erythrocytosis and may, on occasion, if blood viscosity is 

sufficiently elevated require therapeutic phlebotomy. Additionally, in the event of carbon 

monoxide poisoning they can be treated with supplemental oxygen [69] 

The treatment for BT is given according to the severity of the disease: BTT individuals 

should be given folic acid supplements for anemia, since iron supplements are contraindicated 

unless there is simultaneous iron deficiency; for BTI transfusion therapy is indicated for patients 

with complications as a result of major increases in erythropoiesis, as well as for those with 

anemia and an inability to maintain stable hemoglobin levels of more than 8 g/dL; finally BTM 

supportive treatment includes lifelong regular transfusions combined with effective iron removal. 

Treatment for α-thalassemias trait is normally not require, regular anemia should be supplemented 

with folic acid, similarly to β-thalassemia. For Hb H disease, the treatment is dependent on the 

severity of the clinical symptoms and transfusions are rarely indicated. Contrarily, Hb Bart’s 

syndrome, requires transfusions in utero and continuously after birth, furthermore stem-cell 

transplantation can be performed [93]. 
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1.6 Objectives  

When it comes to the study of hereditary anemia this dissertation focusses on four objectives: 

1. The study of clinical cases of hemoglobinopathies by PCR, gap-PCR, MLPA and 

automated Sanger sequencing of the various globin genes in order to explain atypical phenotypes 

and understand underlying pathophysiological mechanisms. 

2. The study of clinical cases with suspicion of IRIDA trough amplification of the gene 

TMPRSS6 by long-PCR and Next-generation Sequencing (NGS) analysis followed by in silico 

study of possible pathogenic effect of the detected new/rare genetic variants.  

3. Investigate the presence and role of common polymorphisms in the genes TMPRSS6 

(V736A and K253E) and HFE (H63D and C282Y) on the hematological parameters and the iron 

status of 317 Portuguese subjects divided into groups: one of β-thalassemia trait subjects, other 

of patients with iron deficiency anemia and controls.  

4. Evaluate the diagnostic performance of mathematical indices when differentiating β-

thalassemic trait and non-thalassemic (iron deficiency anemia) microcytosis, to find which ones 

would better apply to the Portuguese population. 

The first two objectives give us the opportunity to integrate genomic approaches into routine 

clinical care, that despite comprehensive clinical evaluation, sometimes is unable to arrive at a 

definitive diagnosis, thus restricting clinical management. Therefore, with these objectives we 

aim to reach an accurate genetic diagnosis, which will benefit patients by providing a better 

understanding of their prognosis and allowing clinicians to personalize treatment and custom 

management and surveillance. 

For the third objective we undertook a disease-association study of risk alleles, so that we 

could find the impact that the studied polymorphisms have in our control and case populations, 

while verifying, sometimes contradictory, associations found over the years in literature. At first 

sight subjects in our case populations, both microcytic anemias, can sometimes be difficult to 

distinguish when lacking additional iron status parameters and quantification of hemoglobin A2. 

For this reason, we reach our final objective that was not only carried out in order to facilitate the 

screening of microcytic anemia patients in our study, but also in an attempt to elucidate for the 

first time which of the commonly used discriminant mathematical indices are best suited for a 

Portuguese population. 
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Chapter 2 – Materials and Methods  

2.1 Population sample  

The subjects of this study were divided according to the previously set aims. In order to carry 

out this project, written informed consent was obtained by clinicians directly from all adult 

patients and in case of underaged patients’ consent, it was obtained from their legal 

representatives (Figures S.1 to S.4). Prior to the molecular investigation, the blood samples were 

anonymized, or pseudo-anonymized when there was an intent of giving feedback of any clinically 

relevant result to the clinician. 

For the analysis of individual clinical cases the patients were divided into two groups: i) one 

for the determination of hemoglobinopathy with a total of 15 patients with atypical phenotypes 

arriving from “Unidade Laboratorial de Referência do Departamento de Promoção da Saúde e 

Prevenção de Doenças não Transmissíveis” of INSA; and ii) another group of patients with 

suspicion of IRIDA with samples from one adult and 10 pediatric patients arriving from “Unidade 

de Hematologia” of Hospital Dona Estefânia, Lisboa”. The second group was admitted for 

molecular investigation of IRIDA after previous treatment with oral and intravenous iron and 

exclusion of other causes for microcytic anemia such as hemoglobinopathies, inflammatory 

disease, gastrointestinal infection, autoimmune disease, and renal or metabolic diseases. 

For the population study, the sample was composed of male and non-pregnant female adults 

(≥ 16 years old) of Portuguese origin and was divided into three groups, according to different 

inclusion criteria: 

▪ Beta-thalassemia trait (BTT): included 116 subjects (63 males, 53 females) with mean age 

of 45±18 years (range 18-90) presenting low hemoglobin [Hb < 12g/dL (female) / Hb < 

13g/dL (male)], low mean corpuscular volume (MCV < 80 fL), low mean corpuscular 

hemoglobin (MCH < 27 pg), and increased Hb A2 (> 3.5 %), with molecular confirmation 

of common pathogenic Portuguese variants in the HBB gene: c.92+1G>A; c.92+6T>C; 

c.92+110G>A or c.1188C>T. The DNA samples of BTT subjects were obtained from 

previous studies [95], with all the subjects being of southern Portugal origin, due to β-

thalassemia trait being more frequent in the southern part of the country [96]. 

▪ Iron deficiency anemia (IDA): included 67 subjects (10 males, 57 females) with mean age 

of 44±16 years (range 16-84) presenting low hemoglobin [Hb <12g/dL (female)/Hb <13g/dL 

(male)], low mean corpuscular volume (MCV < 80 fL) and high red cell distribution width 

(RDW > 15 %). Additionally, regarding the iron status, the subjects exhibited low ferritin 

(Ft < 15μg/L) and/or low transferrin saturation (TSAT < 15 %), which mean respectively 

depletion of iron stores and impaired iron transport to target tissues. When defining anemia 

and iron store status recommendations from WHO were taken into consideration [40], [60]. 

The samples of these individuals also came from “Unidade Laboratorial de Referência do 

Departamento de Promoção da Saúde e Prevenção de Doenças não Transmissíveis do INSA
”
. 

▪ Controls: included 134 healthy volunteers (42 males, 92 females) with mean age of 39±16 

years (range 19-86) presenting hematological and iron status parameters within the normal 

range. 
 

When defining the case groups, it was made sure that no individual had simultaneously both 

conditions, with a total of seven cases being excluded. Studied individuals were well characterized 

for hematological parameters, biochemical parameters regarding the iron status, and partially 

studied for the genotype of common variants in genes TMPRSS6 and HFE associated with the 

iron metabolism (Table 2.1). 
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Table 2.1 – Common genetic variants in genes TMPRSS6 and HFE researched in case and control subjects of 

the population study. 

Genomic context   Alleles  MAF Aminoacid 

change SNP Chr. Position Locus Strand  WT Risk  All EUR 

rs855791 
22q12.3 

35792882 TMPRSS6 Rv  C T  0.40 0.39 V736A 

rs2235324 35799537 TMPRSS6 Rv  A G  0.39 0.43 K253E 

rs1799945 
6p22.2 

26090951 HFE Fw  C G  0.07 0.17 H63D 

rs1800562 26092913 HFE Fw  G A  0.01 0.04 C282Y 

SNP – Single Nucleotide Polymorphism; Chr. – Chromosome; Rv – Reverse; Fw – Forward; WT – Wild Type; MAF 

– Minor allele frequency; EUR – European. Minor allele frequencies. From Ensembl [97]. 
 

Afterwards, when evaluating the performance of mathematical indices for distinguishing 

microcytic anemias, we investigated from the previously established case groups 111 BTT 

subjects (60 males, 51 females) and 61 IDA subjects (10 males, 51 females) presenting anemia 

(Hb < 12g/dL) and microcytosis (MCV < 80fL). Patients with missing values regarding the 

necessary hematological parameters for the calculation of all the used indices were excluded from 

this part of the analysis.  

Normal range values for hematological and biochemical parameters for adult and pediatric 

patients are listed in Tables S.2 and S.3, respectively. 

2.2 Biological sample  

In the “Unidade Laboratorial de Referência do Departamento de Promoção da Saúde e 

Prevenção de Doenças não Transmissíveis” of INSA, ethylenediamine tetra-acetic acid (EDTA)-

anticoagulated blood samples were collected from patients and healthy controls. Then, complete 

blood count (CBC) was performed by a Coulter LH 750 hematology analyzer (Beckman Coulter, 

USA) in order to obtain the hematological parameters. Iron status parameters were determined in 

a Cobas Integra analyser (Roche, Germany). Transferrin saturation was estimated as described in 

the literature (Equation 2.1) [98]. 

 Transferrin Saturation (TSAT) % =  [
Serum iron (Fe) µg/dL

Total Iron Binding Capacity (TIBC) µg/dL
] × 100 (2.1) 

 

In the presence of abnormal parameters in the CBC, as presumptive methods for 

identification of hemoglobin variants, high performance liquid chromatography (HPLC), in a 

VARIANT II: β thalassemia method (Bio-Rad,  USA), and capillary electrophoresis (CE) at an 

alkaline pH, performed in Capillarys 2 (Sebia, France) equipment, were carried out. While in 

HPLC a molecule mixture with a net positive charge is separated into its components by their 

adsorption onto a negatively charged stationary phase in a chromatography column, followed by 

their elution by a mobile phase [99], in CE charged molecules are separated at alkaline pH by 

their electrophoretic mobility, electrolyte pH and electroosmotic flow [100]. In the end, both 

methods detect molecules based on their retention time. These are complementary methods 

performed routinely in laboratories and can provide reliable identification of hemoglobin A, A2 

and F, as well as many of the common hemoglobin variant [101]. If there was a suspicion of Hb 

S results were confirmed by the Sickle Solubility Test (ST). 

Additionally, if necessary, globin chain analysis was conducted through reversed phase high 

performance liquid chromatography (RP-HPLC) in an Agilent 1110 Serie Liquid Chromatograph 

(Agilent Technologies, Germany). For this process, globin chains are denatured and separated 
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from the heme groups for purposes such as the determination of Hb F composition (Gγ:Aγ ratio) 

[102].  

2.3 DNA extraction, quantification and quality 

At “Unidade de Genética Molecular” of INSA, genomic DNA (gDNA) was automatically 

extracted from peripheral blood leukocytes using MagNA Pure LC (Roche, Germany) and stored 

at 4°C, in the Hemoglobinopathies’ research laboratory. 

DNA quantity and quality were assessed using a NanoDrop One (Thermo Fisher Scientific, 

USA) spectrophotometer, determining the concentration of DNA (ng/µL) at 260 nm, looking for 

a 260/280 and a 260/230 absorbance ratio of 1.8-2.0, to rule out protein, salts and residual phenol 

from nucleic acid extraction. If the A260/280 and A260/230 ratios were off a phenol-chloroform 

purification was performed [103]. Elution of purified DNA was in 50 µL of MagNA Pure LC 

DNA Isolation Kit I Elution buffer. Additionally, in some cases, a 0.5 % agarose gel 

electrophoresis was carried out to look for evidence of substantial band shearing and dilutions of 

DNA samples were performed according to the criteria of some molecular methods (Table 2.2).  

Table 2.2 – Molecular methodologies applied according to the category of the study approach and 

gene under study. 

Category Molecular Methodology Gene 

Clinical Sequencing Exploratory Research 

PCR + Sanger 
sequencing 

HBB 

HBD 

HBG1 

HBG2 

HBA2 

Long-PCR + NGS TMPRSS6 

Direct detection of known SNPs 
ARMS-PCR 

TMPRSS6 

HFE 

RFLP-PCR TMPRSS6 

Duplication/deletion detection 
Gap-PCR HBA1/HBA2 

MLPA β-globin gene cluster 

SNP – Single Nucleotide Polymorphism; PCR – Polymerase Chain Reaction; NGS – Next Generation 
Sequencing; ARMS – Amplification Refractory Mutation System; RFLP – Restriction Fragment 
Length Polymorphism; MLPA – Multiplex Ligation-dependent Probe Amplification  

 

2.4 Genomic DNA amplification through Polymerase Chain Reaction  

In the 1980s, Kary Mullis created a technique called Polymerase Chain Reaction (PCR) that 

allowed the user to draw from a complex DNA template a specific sequence and amplify it [104]. 

The method consists of putting through repetitive cycles of denaturation (94°C-98°C), 

hybridization (50°C-65°C), and polymerase extension (72°C) an adjusted mixture of the DNA 

sample with target sequence; a set of oligonucleotide primers (usually 18-25 bp)  that will 

hybridize to opposite template DNA strands and are complementary to the beginning and end of 

the DNA fragment to be amplified; a Taq DNA polymerase, which catalyzes 5′ to 3′ synthesis of 

DNA; the four 2’-deoxynucleotide triphosphates (dNTPs) required for DNA synthesis – 

Adenosine (A), Thymine (T), Guanine (G) and Cytosine (C), and Buffer to provide a fitting 

chemical environment for the polymerase [104], [105]. 

The procedure occurs in a thermal cycler that heats and cools the reaction tubes to obtain the 

necessary temperatures for each step of the reaction, resulting in the duplication of the amount of 
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the target fragment with each cycle, therefore increasing its concentration exponentially, this 

product can be identified by its size using agarose gel electrophoresis [104], [105].  

Agarose gel electrophoresis is a three-stage process: (1) preparation of a gel with the 

appropriate agarose concentration for the size of DNA fragments to be separate, electrophoresis 

buffer and ethidium bromide (EtBr); (2) loading the DNA samples with a loading buffer into the 

sample wells and run the gel at a voltage and for a period that will achieve optimal separation; 

and (3) visualization of the gel directly upon a ultra-violet (UV) light. This process can separate 

DNA fragments from approximately 0.5 to 25 kb [106], the observed mobility within the gel’s 

pores is dependent on the molecular mass of the molecules and the electric field applied to the gel 

since DNA is a highly negatively charged molecule [107]. 

The ability of PCR to amplify small quantities of DNA enables it to be visualized and 

subjected to further genetic analysis. This has made the method one of the most important 

diagnostic techniques in the modern molecular laboratory, being by itself in some cases enough 

to make the diagnosis of insertions, deletions and point mutations associated with genetic diseases 

[108], [109].  

To increase the sensitivity of the conventional PCR, there have been throughout time several 

modifications of this technique that accommodate it to different aims [109]. Such modifications 

include gap-PCR, long-PCR and amplification refractory mutation system (ARMS)-PCR that 

were performed in this project, besides the use of conventional PCR, which was used for 

amplification of globin genes. 

Gap-PCR: This PCR detects deletion that might be missed by DNA sequencing. 

The system uses a specific primer set that flanks a known deletion and is based on their inability 

to generate a PCR product unless a deletion joins the flanking sequences together [110]. When 

detecting alpha-thalassemia silent carriers, this method presents itself as a better screening 

alternative for screening than hematological methods [111]. In this work, gap-PCR was used for 

detection of the -α3.7kb alpha-thalassemia deletion, as described in the literature [112] and 

schematized and interpreted in Figure 2.1. 
 

 

Figure 2.1 – Gap-PCR analysis for diagnosis of -α3.7 kb deletion (α-thalassemia). (A) Schematic representation of 
the breakpoints in genes HBA2 (α2) and HBA1 (α1) as dashed lines; the resulting hybrid gene; the location of the used 
primers (A, B and C); and the sizes of the three resulting fragments. (B) Interpretation of gap-PCR results according to 
the subject genotype. For estimating the size of the expected fragments, a 1Kb DNA Ladder (New England BioLabs, 
USA). Original figure. 
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Long-PCR: Conventional PCR has constraints regarding the maximum size of the amplified 

fragments. This happens because of the rate of errors of misincorporation of Taq DNA 

polymerase. With longer PCR products the chances of misincorporation increase, therefore 

leading to the delay of strand extension and Taq DNA polymerase dissociation from the template 

strand [113]. To go around this issue, the long-PCR or long-range PCR was created, which can 

amplify long DNA fragments (3-15 kb). This technique combines the action of two polymerases, 

a nonproofreading polymerase at high concentration and a proofreading polymerase at a lower 

concentration. This allows for the study of repetitive and large intronic regions, that are of difficult 

bioinformatic assemble as well as allowing these fragments to be easily sequenced by Next-

Generation Sequencing [114]. The TMPRSS6 gene was divided into three fragments and 

amplified with this method, after optimization, using the primers described by Kloss-Brandstätter 

et al. 2012 [115]. 

ARMS-PCR: The amplification refractory mutation system PCR, also named allele-specific 

PCR, is a rapid and reliable method, which allows not only SNP detection but also rapid 

genotyping. In this method, SNP detection is done with two complementary reactions, one uses a 

pair of primers that are specific to the mutant sequence and the other a pair specific to the wild 

type. The wild-type set is unable to amplify the mutant sequence and the same happens the other 

way around, this way extension will only occur if the allele-specific primer is bound to the 

complementary target sequences. Later on, the genotype of SNPs is determined by analysis of 

PCR products with gel electrophoresis [110], [116]. Normally, an internal amplification control 

(IAC) is added. This nontarget DNA sequence present in the sample is coamplified 

simultaneously with the target sequence, and if there is a negative response (no band in the gel) it 

will reveal a failure of the PCR [117]. In this dissertation, ARMS-PCR was used to detect the 

common genetic variant rs855791 [c.2207T>C - p.Val736Ala (V736A)], in gene TMPRSS6 

[118], using exon 2 of the same gene as IAC [115]. As for the common genetic variants of HFE, 

rs1799945 [c.187C>G - p.His63Asp (H63D)], and rs1800562 [c.845G>A - p.Cys282Tyr 

(C282Y)], a multiplex ARMS-PCR was used, this is a modification that can simultaneously detect 

both mutations [119]. Due to difficulties in optimizing this process and because this PCR was 

constructed in a way that, regarding the genotype of the subjects, it will never be expected as a 

result no band present in the gel, no IAC was introduced. For this reason, exceptionally, in case 

of uncertainty as to what was the subjects’ genotype, Sanger sequencing would be performed. 

Interpretation of gel electrophoresis for the tested variants is schematized in Figure 2.2 and 2.3. 

 

 

 

 

 

 

 

Figure 2.2 – Interpretation of ARMS-PCRs results according to the subject genotype for the TMPRSS6 common 

variant V736A. Risk alleles and respective risk amino acid represented in color (orange). For estimating the size of 

the expected fragments, a DNA Ladder (L) 100 bp plus (AppliChem, USA) was used. Original figure. 
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Figure 2.3 – Interpretation of multiplex ARMS-PCR results according to the subject genotype for the HFE 

common variants C282Y and H63D. Risk alleles and respective risk amino acid represented in colour (red-C282Y 
and green-H63D). For estimating the size of the expected fragments, a DNA Ladder (L) 100 bp plus (AppliChem, 
USA) was used. Original figure. 

For every gene and respective variant under study, gDNA was properly amplified in a 

Thermocycler instrument, T1 or T Gradient (Biometra, Germany), using a specific set of primers 

and PCR conditions detailed in Supplementary Material, Tables S.4 to S.8. In all PCR, an external 

negative control was added to account for possible contamination. 

PCR results control was performed by agarose gel electrophoresis of the obtained PCR 

products. The gel was prepared with the appropriate amount of SeaKem® LE Agarose (Lonza, 

Switzerland) – 0.5, 1, 2, or 3 % (w/v) according to the size of the fragments, in buffer Tris-Borate-

EDTA (TBE) 1x containing EtBr (Sigma, USA). PCR products and bromophenol blue loading 

buffer were loaded into sample wells and standard electrophoresis was carried out in a 

PowerPac300 or PowerPac Basic (Bio-Rad, USA) electrophoresis system at 70 V for 50-120 min 

according to the PCR products. Gel revelation was performed in a UV chamber (Uvitec, 

Cambridge). Conditions were subject to modification if necessary.  

Concentration and composition of PCR and loading buffers are described in Supplementary 

Material’s Table S.9 and DNA ladders used for measuring the size of the PCR fragments are in 

Figure S.5. 

2.5 Restriction fragment length polymorphism  

When it comes to genetic association studies, one of the most used methods for SNP 

genotyping is PCR followed by restriction fragment length polymorphism (RFLP). First, PCR is 

used to amplify a sequence containing the target position, and then the amplification product is 

cleaved by a restriction endonuclease, which are enzymes that cleave DNA molecules when 

specific nucleotide sequences (usually 4-6 bp) are recognized. Different nucleotides in the same 

SNP site will make differ the distance between sites of cleavage of a certain restriction 

endonuclease, this way SNPs may be differentiated by analysis of patterns derived from the 

digestion of their amplified DNA when separated by gel electrophoresis [120].  

In search of a quick way to genotype the common variant rs2235324 [c.757A>G - 

p.Lys253Glu (K253E)] of the TMPRSS6 gene and because we could easily amplify the gene’s 

exon 7, where the SNP is located, we used the online tool NEBcutter version 2.0 

(http://tools.neb.com/NEBcutter) [121] to locate restriction enzyme sites within the exon 

amplified fragment. We looked for a single cutter restriction enzyme that would only digest the 

fragment into cleaved fragments of different sizes in the presence of the wild-type sequence or 

the mutated one and found that the enzyme Ava I would not digest the DNA fragment unless the 



33 

 

variant was present. This resulted on three different electrophoresis patterns, according to the 

subject’s genotype – AA (1 band pattern, only the 7 exon present), AG (3 band pattern 

heterozygotes would present the exon 7 fragment plus two other fragments that resulted from the 

enzyme’s activity in the mutated sequence), and GG (2 band pattern composed only by cleaved 

fragments).  

Therefore, we proceed with the use of the PCR-RFLP technique to genotype the sample 

population for this SNP. The conditions of the PCR and consequent enzymatic restriction are 

described in Tables S.10 and S.11, its results and their interpretation are schematized in Figure 

2.4. Because there was no PCR product purification between amplification and the enzymatic 

restriction, we optimize the process without using any of the restriction enzyme’s accompanying 

buffer. Before passing to the enzymatic restriction part, the PCR amplification was confirmed 

with gel electrophoresis. 

 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 

2.6 Multiplex Ligation-dependent Probe Amplification  

Gene deletions or duplications represent about 5 % of all disease-causing mutations, the 

correct characterization of these mutations is crucial to identify the genotype-phenotype 

correlation. One approach to detect copy number variation (CNV), defined as a DNA segment, 

longer than 1 kb, showing a variable copy number compared with a reference genome, is 

Multiplex Ligation-dependent Probe Amplification (MLPA) [122]. 

MLPA’s principle is based on the amplification of up to 60 probes that each detect a specific 

DNA sequence (~60 nt), resulting in a set of unique PCR amplicons (64-500 nt) that are separated 

by CE. After initial denaturation of the sample DNA, a mixture of MLPA probes is added, each 

probe consists of two oligonucleotides that need to hybridize to the directly adjacent target 

sequences to be ligated into a single probe. During the following PCR reaction, all ligated probes 

are amplified at the same time using the same PCR primer pair, resulting in a unique set of PCR 

amplicons. One PCR primer has a fluorescent label, allowing the amplification products to be 

visualized during fragment separation on a CE instrument. Fragment separation produces a 

sample-specific electropherogram. MLPA can only detect relative differences by comparing the 

MLPA peak patterns of DNA samples, for this purpose inclusion of reference samples in the same 

run is essential [123]. 

Figure 2.4 – Interpretation of PCR-RFLP for genotyping the TMPRSS6 common variant K253E. Risk alleles 
and respective risk amino acid represented in color (purple). For estimating the size of the expected fragments, a DNA 

Ladder (L) 100 bp plus (AppliChem, USA) was used. Original figure. 
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To detect CNVs in the β-globin gene cluster we used the SALSA® MLPA® probemix P102-

C1 HBB kit (MCR Holland, Netherlands) composed of 49 MLPA probes – 39 probes for the β-

globin gene cluster and 10 reference probes for detecting autosomal chromosomes (Table S.12). 

The assay conditions are described in Table S.13 and were performed according to the 

manufacture instructions, in a Thermocycler instrument T1 (Biometra, Germany) followed by CE 

in an ABI 3500 genetic analyzer (Applied Biossystems, USA). Data analysis carried out in the 

software Coffalyser.Net (MCR Holland, Netherlands) taking as reference GenBank chromosomal 

sequence NG_000007.3. Detected results were confirmed by conventional PCR  [124] (Table 

S.14). 

2.7 Automated Sanger Sequencing  

DNA sequencing is a post-PCR analysis and a confirmation method for mutations, although 

automated Sanger sequencing is a first-generation sequencing method it is still used today as the 

standard for mutation detection [125]. This method synthesizes a complementary DNA template 

using natural 2’-deoxynucleotides (dNTPs) and termination of synthesis using 2’,3’-

dideoxynucleotides (ddNTPs) by DNA polymerase. The terminating ddNTPs (ddATP, ddTTP, 

ddCTP, ddGTP) are labelled with a specific fluorescent dye, with each color representing a 

different base call. When detected in a CE device the order of the fluorescent fragments reveals 

the DNA sequence [126]. 

Automated Sanger sequencing was performed after purification of PCR products with 

illustra™ ExoProStar™ 1-Step (GE Healthcare, USA) or by column with a JetQuick® DNA 

Purification kit (GENOMED GmbH, Germany) as instructed by the respective manufacturers. 

Purified products were sequenced using the BigDye® Terminator v1.1. Cycle Sequencing Kit 

(Applied Biossystems, USA) as described in Table S.15, in a Biometra® thermocycler. The 

sequencing reaction was followed by detection of fluorescent signals and strand sizes by CE in 

an ABI 3500 genetic analyzer (Applied Biossystems, USA).  

Results were analyzed using FinchTV 1.5.0 (Geospiza, USA; http://www.geospiza.com) and 

compared with the RefSeq sequences of the studied genes (Table 2.3), taking into consideration 

the International Union of Pure and Applied Chemistry (IUPAC) nomenclature (Tables S.16 and 

S.17) and the genetic code (Figure S.6). Genetic variations spotted in globin genes were cross-

referenced with the information present in the HbVar: A Database of Human Hemoglobin 

Variants and Thalassemias (http://globin.cse.psu.edu/hbvar/menu.html) and ITHANET 

(https://www.ithanet.eu/) databases. 

Table 2.3 – RefSeq sequences used for comparative analysis of Sanger sequencing results. 

Gene Chr. NG number NM number Transcript Size 

HBG2 

11p15.4 
NG_000007.3 

(β-globin gene cluster) 

NM_000184.2 583 nt 

HBG1 NM_000559.2 584 nt 

HBD NM_000519.3 774 nt 

HBB NM_000518.4 626 nt 

HBA2 
16p13.3 

NG_000006.1 

(α-globin gene cluster) 

NM_000517.4 627 nt 

HBA1 NM_000558.4 622 nt 

Chr. – Chromosome; NG –Reference sequence based on a genomic region; NM – 
Reference sequence based on a protein coding RNA (mRNA); nt – nucleotide. 
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2.8 Next-Generation Sequencing  

Recent advances in sequencing technology have enabled faster, cheaper, and more 

comprehensive screening of entire genomic regions, one of these advancements is Next-

Generation sequencing (NGS) [127]. NGS methodology accounts for 4 different stages: (1) 

sequencing library preparation by “tagmentation”, which is the random gDNA fragmentation, 

followed by 5′and 3′adapter ligation; (2) cluster generation by loading the library into a flow cell 

where fragments hybridize to its surface and are amplified into a clonal cluster through bridge 

amplification; (3) Illumina sequencing technology uses a proprietary reversible terminator–based 

method that detects fluorescent labeled single bases as they are incorporated into DNA template 

strands; and (4) alignments and data analysis where reads are aligned to a reference sequence with 

bioinformatics software [128]. 

For this process to happen, the amplicons from the 3 long-PCR (Table 2.4), which 

corresponded to the TMPRSS6 gene sequence (without introns 6 and 10) were mixed into one 

tube per individual, amounting for a total of 23,518 bp per subject. To ensure that all the fragments 

were present in the same concentration, the mixture was run through agarose gel electrophoresis. 

Before this study, five out of the ten studied subjects had the TMPRSS6 gene analyzed by Sanger 

sequencing, having been found variants suitable for NGS data validation, this way those 

individuals acted as positive controls. 

Table 2.4 – Amplicons designed for the NGS study of the TMPRSS6 gene.  

Gene Chr. F Localization NC_000022.11 Amplicon NM_153609.3 Region 

TMPRSS6 22q12.3 

1 g.37095447 - g.37103712 
c.-173 (5'UTR) -

c.658+104 (Intron 6) 
Exon 1 - Exon 6  

(8266 bp) 

2 g.37084192 - g.37090022 
c.659-240 (Intron 6) - 

c.1223+103 (Intron 10) 
Exon 7 - Exon 10  

(5831 bp) 

3 g.37065998 - g.37075418 
c.1224-138 (Intron 10) - 

c.*83 (3'UTR) 
Exon 11 - Exon 18 

 (9421 bp) 

Genomic coordinates according to GRCh38.p12. Chr. – Chromosome; F – Fragment; NC – Reference sequence based 
on a chromosome; NM – Reference sequence based on a protein coding RNA (mRNA); 5’ UTR – Five prime 
untranslated region; 3’ UTR – Three prime untranslated region; bp – base pair. 

Next-Generation Sequencing analysis was performed in collaboration with “Unidade de 

Tecnologias e Inovação” of INSA. This process was preceded of amplicon purification with the 

Agencourt AMPure XP PCR Purification kit (Beckman Coulter, USA; reference B37419AB 

August 2016) according to manufacturer’s instruction, followed by quantification in a Qubit® 3.0 

fluorometer (Life Technologies, USA). 

2.8.1 Library preparation, cluster generation and sequencing 

To prepare the sequencing libraries a Nextera XT DNA Library Prep (Illumina, USA; 

Part#15031942, v03, February of 2018) was used. All necessary documents for the execution of 

this kit are provided by the manufacturer and are present in Illumina’s Support Resources page 

(https://support.illumina.com/sequencing/sequencing_kits/nextera_xt_dna_kit/documentation.ht

ml). In the last step of library preparation, a PhiX Control v3 (Illumina, USA) was added to the 

library poll, a known sequence that acts as the sequencing internal quality control. 

Before the sequencing step, we followed a bead-based normalization method from the MiSeq 

System Denature and Dilute Libraries Guide (Illumina, USA; Doc#15039740, v04, April 2018). 

Libraries were sequenced in a MiSeq equipment (Illumina, USA) using a 0.5 Gb flow cell, by 

https://support.illumina.com/sequencing/sequencing_kits/nextera_xt_dna_kit/documentation.html
https://support.illumina.com/sequencing/sequencing_kits/nextera_xt_dna_kit/documentation.html
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defining in the samples within the library in the sample sheet, and then loading them into the 

MiSeq reagent cartridge for automated cluster generation and sequencing. During sequencing, the 

equipment carried out a primary quality control (QC) analysis. 

2.8.2 Data analysis – variant calling 

Data analysis of the sequencing results comprehended three steps: 

Quality control: Quality of the sequencing data was evaluated using the MultiQC 1.6.dev0 

software, which provides an overview of the sequencing quality helping us spot failing samples 

or identify groups of samples behaving irregularly [129]. The Illumina InterOp module v1.0.26-

src was run to obtain detailed statistics from the sequencing run, together with the tool FastQC 

v0.11.5 which assesses the quality of sequencing files [130]. 

Mapping reads to reference genome: The Human reference genome used was GRCh38 [131] 

(version GRCh38.p12, primary assembly, unmasked genomic DNA sequences), available in 

Ensembl [132]. Clean reads (demultiplexed sequences without adapters or indices) were mapped 

against the reference genome with the Bowtie 2 v2.3.4 [133] (via Docker image 

miguelpmachado/bowtie2:2.3.4.3-02). The alignment was performed using the “very-sensitive-

local” mode, for 1 maximum number of valid alignments per read, a maximum size of insertion 

for paired-end alignments of 1500 and deterministic behavior.  

The mapping files were sorted by genomic coordinates using SAMtools software v1.9 [134]  

(via Docker image miguelpmachado/samtools:1.9), applying the modules view and sort. The 

following steps were executed using the sorted file for each sample. Duplicated reads were 

identified and marked by the tool GATK v4.1.2.0 [135] module MarkDuplicates (via Docker 

image broadinstitute/gatk:4.1.2.0).  

Different statistics were calculated using the modules stats and depth from SAMtools. For 

each target region, the average depth of coverage and percentage of reference sequence covered 

with a minimum of 10 reads was assessed.  

Variant calling: Base call quality values were corrected for systematic error with the software 

GATK (tools BaseRecalibrator and ApplyRecalibration) using a known germline variants 

database downloaded from Ensembl Release 96 (after removing “0”, ambiguous and repeated 

alternative alleles, as well as entries without alternative alleles). The resulting alignment file was 

used for determination of variants. 

Varying positions compared to the reference sequence were initially called for each sample 

using the tool GATK HaplotypeCaller in Genomic Variant Call Format (GVCF) mode. 

StandardAnnotation, StandardHCAnnotation and AS_StandardAnnotation annotation groups 

were added, using the information of germline variants present in Ensembl Release 96 database. 

Joint genotyping was performed on the samples using the tool GATK Genotype GVCFs for the 

variants found by HaplotypeCaller, but only for those with minimum call confidence of 20. 

Varying positions were filtered for a variant quality (QUAL) < 130 (Phred scale) and sample 

genotypes were only considered when there was a minimum read depth (DP) 10x and genotype 

quality (GQ) < 90. In the end, after manual inspection of the results, DP was increased to 20x. In 

order to accept genotyped heterozygous positions, the allelic depth reads (AD) was also taken 

into consideration to account for allelic unbalance: genotypes with an allelic balance below 30 % 

were excluded (0.3 ≤ accepted allelic balance ≤ 70). 
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Additionally, manual depth of coverage analysis was performed resorting to the software 

Integrative Genomics Viewer v2.3.86 (http://software.broadinstitute.org/software/igv/home) 

[136]. Afterwards, regions with a high density of variants that turned out to be repetitive regions, 

and because of that more prone to polymerase stuttering, had their called variants also excluded. 

For the determination of these repetitive patterns, the online software Tandem Repeats Finder 

v4.09 (https://tandem.bu.edu/trf/trf.html) [137] was used. 

Confirmation of called coding variants was done by automated Sanger sequencing of 

TMPRSS6 exons containing such variants. For each confirmed variant, three subject’s samples 

were sequenced, one for each genotype. PCR conditions for amplification of the exons’ sequences 

are described in Tables S.10 and S.18 [115]. 

2.9 Variant effect prediction 

Rare diseases can be difficult to diagnose on account of the low incidence and incomplete 

knowledge of the implicated alleles. Regardless of this fact, variant analysis of sequencing data 

can lead to the discovery of underlying genetic mutations as well as bring immediate benefit of 

diagnosis resulting in a more accurate prognosis, removing the burden of additional clinical 

investigations [138].  

Called variants were crossed-referenced with information in online databases: Ensembl 

(https://www.ensembl.org/index.html); PubMed (https://www.ncbi.nlm.nih.gov/pubmed/); 

ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/); SNPedia (https://www.snpedia.com/); UniProt 

(https://www.uniprot.org/); and Protein Data Bank (https://www.rcsb.org/). Afterwards, we 

undertook in silico analysis of the called variants’ effect in terms of splicing and protein changes. 

When performing these analyses, we used as reference for the TMPRSS6 gene the Ensembl 

sequence ENSG00000187045, the wild-type transcript sequence ENST00000346753.8 and the 

correspondent protein sequence following UniProtKB identifier Q8IU80. 

2.9.1 Prediction of splice-affecting variants 

Mammalian genes are composed of several relatively short exons interrupted by longer 

introns. To generate correct, mature mRNAs, these exons must be identified and joined in a 

process called splicing. Failure to recognise exon-intron boundaries or failing to remove an intron 

generates aberrant mRNAs that are either unstable or will translate into defective or deleterious 

protein isoforms [139]. 

A single SNP may lead to changes in the splicing. In this way, mutations responsible for 

modifications to this process account to up to 50 % of all mutations that lead to gene dysfunction. 

Therefore, and because these mutations can be disease-causing, the software Human Splicing 

Finder v3.1 (http://www.umd.be/HSF/) [140] was used to forecast the splicing impact of the 

called variants in the TMPRSS6 gene of patients with suspicion of IRIDA. 

2.9.2 Prediction of protein changes  

Non-synonymous SNPs may introduce variation in the amino acid sequence of the translated 

protein. Incorrect protein function has a major influence on human health, and, for this reason, it 

becomes important to study of missense variants’ impact in the final peptide. This can be done by 

studying the protein sequence alignments and its three-dimensional structure [141]. 

For us to study the impact of the found variants in the subjects’ matriptase-2, we used the 

online software PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) [142] and Sorting Intolerant 
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From Tolerant (SIFT; https://sift.bii.a-star.edu.sg/) [143]. The first one predicts the possible 

impact of amino acid substitutions on the stability and function of human proteins using structural 

and comparative evolutionary considerations, while the second one presumes an important amino 

acid will be conserved in the protein family, and so changes at well-conserved positions tend to 

be predicted as deleterious [142], [143]. Additionally, to study the effects of missense variants on 

the 3D structure of matriptase-2, and since there was no structure already available in the 

databases, the protein structure was modeled in the online software Phyre2 v2.0  

(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) [144], followed by analysis on the 

software Missense3D (http://www.sbg.bio.ic.ac.uk/~missense3d/) [145]. 

2.10 Statistical analysis 

2.10.1 Genetic association study  

A database was constructed using the information regarding the three study groups: Control, 

BTT and IDA, including hematological parameters, iron status information and all the genetic 

variants analysed (HBB, TMPRSS6 and HFE genes). So that we could better understand the data, 

additional information was added regarding the classification of the anemia (mild, moderate or 

severe) and the extent of iron stores (iron deficiency, normal or iron overload).  Statistical analysis 

was performed using R v3.6.1 software (http://www.R-project.org) [146] after data clean up and 

preparation in Excel 2013 spreadsheets. List of database variables and their details is provided in 

Supplementary Materials Table S.19. 

Data have been tested for normality using the Shapiro-Wilk test and non-parametric statistics 

were used when such condition was not met. Fisher’s exact tests were used to test the allelic and 

genotypic associations of all the SNPs and Hardy–Weinberg equilibrium (HWE) of the genotypic 

frequencies among controls and cases (BTT and IDA) was examined using a chi-square test (χ2) 

for each group, using the R package ‘gap’. The strength of the association was estimated by an 

odds ratio (OR) of risk and 95 % confidence intervals (CI), adjusted for sex and age, for the 

studied SNPs homozygosis, heterozygosis and wild type, using the R package ‘questionr’. The 

adjusted variables were chosen based on the knowledge that the used hematological and iron 

status measurements differ for sex and age [39], [147]. 

The Mann-Whitney test was used to compare a continuous variable according to two 

categories. Analysis of a continuous variable according to more than two categories was 

performed using the Kruskal-Wallis test. Nominal variables were analyzed using Fisher’s exact 

test. Regression analysis was performed separately, with a single predictor variable, using 

genotype as the dependent and each of the hematological and iron status variables as the 

independent, while being adjusted for sex and age, as well as for the thalassemic trait when 

analyzing association within the BTT group. Regressions were not performed if sample < 30 was 

not verified. A p-value < 0.05 (two-tailed) was considered statistically significant after the False 

Discovery Rate (FDR) method. 

2.10.2 Microcytic anemia differentiation 

The hematological parameters and iron status information of patients with microcytic anemia 

from groups BTT and IDA were compared with a Mann-Whitney test. Then, to differentiate them 

we evaluated the diagnostic performance of 13 distinct indices: RBC, England and Fraser (E&F), 

Mentzer, Srivastava, Shine and Lal (S&L), Bessman (RDW), Ricerca, Jayabose (RDWI; Red cell 

distribution width index), Green and King (G&K), Mean Density of Hemoglobin per Liter 

(MDHL), Mean Cell Hemoglobin Density (MCHD), Sirdah and Ehsani. These were chosen for 
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being the most cited in the literature and because they could be calculated with the available data. 

Mathematical formulas and cutoffs were those set by authors in original published reports (Table 

2.5).  

Table 2.5 – Discriminant indices used for distinguishing patients with microcytic anemia. 

Hematological Index Formula In favor of BTT In favor of IDA Reference 

RBC RBC > 5 < 5 [148] 

England and Fraser (E&F) MCV-RBC-(5Hb)-3.4 < 0 > 0 [148] 

Mentzer MCV/RBC < 13 > 13 [149] 

Srivastava MCH/RBC < 3.8 > 3.8 [150] 

Shine and Lal (S&L) MCV2xMCH/100 < 1530 > 1530 [151] 

Bessman (RDW) RDW < 15 > 15 [152] 

Ricerca RDW/RBC < 4.4 > 4.4 [153] 

Jayabose (RDWI) MCVxRDW/RBC < 220 > 220 [154] 

Green and King (G&K) MCV2 x RDW/HBx100 < 65 > 65 [155] 

MDHL (MCH/MCV)xRBC > 1.63 < 1.63 [156] 

MCHD MCH/MCV > 0.3045 < 0.3045 [156] 

Sirdah MCV-RBC-(3Hb) < 27 > 27 [157] 

Ehsani MCV-(10RBC) < 15 > 15 [158] 

RBC – Red blood cells; RDW – Red cell distribution width; RDWI – Red cell distribution width index; MDHL – 
Mean Density of Hemoglobin per Liter; MCHD – Mean Cell Hemoglobin; Hb – Hemoglobin; MCV – Mean Cell 
Volume; MCH – Mean. 

To determine the performance of the indices, the following confusion matrix-based 

measurements were calculated in Excel 2013: Accuracy (Efficiency), Sensitivity (SENS), 

Specificity (SPEC), Positive predictive values (PPV), Negative predictive values (NPV) and 

Youden’s index (YI) (Equations 2.2 to 2.7) [159], [160]. Receiver operating characteristic (ROC) 

curve analysis was used to illustrate the diagnostic performance, using the R package ‘Proc’ [161]. 

An Area Under the Curve (AUC) value < 0.75 means that the test shows deficiencies in its 

diagnostic accuracy, but due to the high values of AUC obtained from the ROC analysis, a cut-

off of 0.70 was established for the YI in order to determine the best formulas [162]. The best 

threshold was plotted in the curves with the corresponding 95 % CI computed with 2000 stratified 

bootstrap replicates. 

 
Accuracy (Efficiency) =  [

Correctly diagnosed

Total
] (2.2) 

 
Sensitivity (SENS) =  [

true positive 

(true positive +  false negative)
] (2.3) 

 
Specificity (SPEC)  =  [

true negative

(true negative +  false positive)
] (2.4) 

 
Positive predictive values (PPV) =  [

true positive 

(true positive +  false positive)
] (2.5) 

 
Negative predictive values (NPV) =  [

true negative 

(true negative +  false negative)
] (2.6) 

 
Youden′s index = (sensitivity − specificity) − 1 (2.7) 
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Chapter 3 – Results and Discussion  

3.1 The basis of hemoglobinopathies 

In this part of the dissertation, after observing out of range CBC parameters and detecting 

abnormal results in presumptive methods for the identification of hemoglobin variants, we report 

a series of 15 patients to whom molecular testing was performed to confirm and characterize their 

hematological disorder. The findings are summarized in Table 3.1. 

Table 3.1 – Summary of the molecular lesions in the origin of hemoglobinopathies in the studied individuals. 

Case Name Mutation Mutation, HGVS nomenclature 

1,2 Hb Leiden 
beta 6(A3) Glu->0 or beta 

7(A4) Glu->0 
HBB:c.22_24delGAG 

3 Hb Pôrto-Alegre beta 9(A6) Ser>Cys HBB:c.29C>G 

3 Codon 27 GCC>GCT rs74296717 HBB:c.84 C>T 

4 Hb N-Baltimore beta 95(FG2) Lys>Glu HBB:c.286A>G 

4,5 Hb S beta 6(A3) Glu>Val HBB:c.20A>T 

5,6,12 -α3.7 kb deletion, α+ 
deletion of 3804 nts from the 

HBA2 gene to HBA1 gene 
NG_000006.1:g.34164_37967del3804 

6 Hb Nigeria alpha2 81(F2) Ser>Cys HBA2:c.245C>G 

7 Cape Verde deletion β0 
del of 7719 nts from HBB IVSII 

to downstream of the gene 
U01317:g.71551_79269del7719 

8 
Aγ IVSII TG(4) CG(5) 

deletion 
rs61080176 

NM_000559.2:c.316-302_316-
285del18 

8 XmnI polymorphism rs7482144 HBG2:c.-158C>T 

9 Hb Strasbourg beta 23(B5) Val>Asp HBB:c.71T>A 

10 Hb J-Iran beta 77(EF1) His>Asp HBB:c.232C>G 

11 Hb E, β+ beta 26(B8) Glu>Lys HBB:c.79G>A 

12,13 Hb A2' (Hb B2) delta 16(A13) Gly>Arg HBD:c.49G>C 

12,14,15 IVS-I-6; β+ beta nt 148 T>C HBB:c.92+6T>C 

 

3.1.1 Cases 1 and 2: Heterozygous for Hb Leiden 

Two apparently unrelated Portuguese cases arrived for hemoglobinopathy evaluation, their 

hematological findings are in Table 3.2. The first one is a 62 years old female presenting no 

anemia but low mean corpuscular hemoglobin concentration (MCHC = 31.1 g/dL), a parameter 

that shows how completely the erythrocyte space is filled with hemoglobin and that is why when 

low is normally associated with anemia [163], and anisocytosis, meaning elevated variability in 

RBCs size measured by the parameter RDW (17.2 %). The second case is a 71 years old male 

presenting with the same hematological findings with additional hypochromia (MCH = 24.7 fL 

MCHC = 31.8 g/dL; and RDW = 20.1 %). 

Table 3.2 – Hematological features for Cases 1 and 2. 

Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
Ht  
(%) 

MCV 
(fL) 

MCH 
(pg) 

MCHC 
(g/dL) 

RDW 
(%) 

F 62 y 4.29 12.5 40.2 93.5 29.1 31.1 17.2 

M 71 y 5.31 13.1 41.2 77.6 24.7 31.8 20.1 

Bold – values outside normal range; M – Male; F – Female; y – Years; RBC – Red blood cells; Hb – Hemoglobin; Ht 
– Hematocrit; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; MCHC – Mean corpuscular hemoglobin 
concentration; RDW – Red Cell Distribution Width. 
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Capillary electrophoresis was performed as an additional presumptive test for hemoglobin 

disorders. The results revealed similar electrophoretic profile for both cases, with the presence of 

a Hb variant migrating in “Hb D zone” accounting for 29.7 %  and 23.7 % of the total hemoglobin, 

for cases 1 and 2 respectively, and normal levels of Hb A2 (Figure 3.1 A and B). Additionally, 

case 2 presented a vestigial amount (0.1 %) of hemoglobin migration in “Hb C zone”, this was 

considered an artefact that posed no challenge to the interpretation of the electrophoretic profile, 

for this reason, it was disregarded.  

Molecular investigation of the atypical phenotype was performed by complete DNA 

sequencing of the HBB gene, using different PCR reactions for each gene segment as previously 

described. These results from HBB sequencing revealed, for both cases, a heterozygous deletion 

of the nucleotide triplet GAG at codon 6 or 7 (HBB:c.22_24delGAG – beta 6(A3) Glu->0 OR 

beta 7(A4) Glu->0), corresponding to the deletion of a glutamic acid residue (Figure 3.1 C), since 

these two codons are identical, it cannot be further determined which has been deleted (Figure 

3.1 C). This deletion is responsible for the synthesis of an unstable hemoglobin variant named Hb 

Leiden. The remaining parts of the HBB gene did not display any other variants or polymorphisms 

that could be responsible for the phenotype. 

 

 

 

 

Figure 3.1 – Biochemical characterization and molecular identification of a hemoglobin variant, Hb Leiden. 
Electrophoretic profile by capillary electrophoresis, (A) Case 1 and (B) Case 2, showing Hb variant migrating in “Hb 
D zone” (blue); and (C) Partial electropherogram from automated Sanger sequencing of the sense strand of HBB gene 
at exon 1 showing the HBB:c22_24delGAG (beta6(A3)Glu>0 or beta7(A4)Glu>0) deletion responsible for the Hb 
variant. Wild-type nucleotides and mutated positions in an unaffected individual and the affected patient are indicated 
in a blue box. The figure depicts a heterozygous sample as it is present in both cases 1 and 2. 

Originally described by De Jong et al. [164], Hb Leiden is an unstable hemoglobin that arises 

from the deletion of one amino acid near the N-terminus of the β-globin chain. This variant 

exhibits a slightly higher oxygen affinity than Hb A, with similar oxygen dissociation curves but 

different partial pressure of oxygen at which the hemoglobin is half saturated (p50) values, and 

decreased response to organic phosphates, which has been suggested to be a consequence of the 

(C) 
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location of the deletion, since the N-terminal region of the β-chains participates in the binding of 

2,3-DPG, and may be responsible for the change of oxygen affinity [165]. Generally, in unstable 

hemoglobin disorders, there is a balanced globin synthesis, which is not the case of Hb Leiden 

where we can observe in patients an excess of α-chains, yet the excess does not lead to a β-

thalassemia like phenotype [166]. 

Hb Leiden represents 19 % to 31 % of the total hemoglobin and is associated with very mild 

hemolysis, and normal erythrocyte indices [166]. The deletion in the heterozygous state is defined 

by mild compensated hemolytic condition with normal Hb concentrations; reticulocytotic 

(shortened red cell survival - 39 days); anisopoikilocytosis; occasional jaundice; splenomegaly; 

and occasional hemolytic crises precipitated by drugs and infection [167], [168].  

Although patients with this variant can be symptom-free, a precipitating cause for a severe 

hemolytic episode is always a danger in these patients. For this reason, is recommended education 

on how to avoid hemolysis provoking agents, such as drugs used to treat other illnesses. In these 

patients with mild continuous hemolysis, the spleen, even though slightly enlarged, apparently 

does not play a significant role, since there is no significant increase of RBC sequestration. Thus, 

there is no evidence that a splenectomy will benefit those patients, while it may be resorted to in 

a severe hemolytic episode [169]. Furthermore, Hb Leiden patients should have access to genetic 

counselling since if inherited simultaneously with β-thalassemia leads to chronic severe hemolytic 

anemia [170]. Also, clinicians should be aware that this variant may result in discordant glycemic 

profiles between normal glycated hemoglobin (HbA1c) and high blood sugar levels, which can 

delay diabetes diagnosis and treatment for several years. Treatment and monitoring options for 

this patient’s diabetes and diabetes-related comorbid conditions will require careful management 

to avoid preventable complications [167], [171].  

Finally, since this variant has been previously reported in several countries, the Netherlands 

[164], [165], [168], China [170], South Africa [169], Yugoslavia [172], and Thailand [173], and 

is believed to have arisen independently, there is a possibility that the two Portuguese subjects are 

related. For this reason and because these patients may have clinical complications, a family study 

is recommended. 

3.1.2 Case 3: Heterozygous for Hb Pôrto-Alegre 

A 26-year-old healthy female, with all hematological parameters within the normal range 

(Table 3.3), arrived for investigation of hemoglobin variant after presenting an abnormal 

electrophoretic profile by CE. 

Table 3.3 – Hematological features for Case 3. 

Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
Ht  
(%) 

MCV 
(fL) 

MCH 
(pg) 

MCHC 
(g/dL) 

RDW 
(%) 

F 26 y 4.75 13.2 39.5 83.2 27.8 33.4 12.2 

Bold – values outside normal range; F – Female; y – Years; RBC – Red blood cells; Hb – Hemoglobin; Ht – 
Hematocrit; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; MCHC – Mean corpuscular hemoglobin 
concentration; RDW – Red Cell Distribution Width. 
 

The subject presented an electrophoretic profile showing elevated Hb F (19.8 %), which can 

indicate the presence of a hemoglobin variant that migrates close to Hb F and may not be separated 

from it (Figure 3.2 A), as well as increased Hb A2 (4.2 %). The subject’s profile also exhibited 

some hemoglobin migration in “Z12 zone”, this was considered an artefact that posed no 

challenge to the interpretation of the electrophoretic profile, for this reason, it was disregarded. 
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In order to molecularly investigate the presence of a hemoglobin variant the HBB gene was 

sequenced. DNA sequencing confirmed the presence of a mutation in codon 9 leading to the 

substitution of serine for cysteine (HBB:c.29C>G – beta 9(A6) Ser>Cys) and resulting in a rare 

hemoglobin variant called Hb Pôrto-Alegre (PA) that it is also in cis with the intragenic 

polymorphism rs74296717 (codon 27 GCC>GCT – HBB:c.84 C>T), both mutations are present 

in the first exon and are in the heterozygous state (Figure 3.2 B). 

 

Figure 3.2 – Biochemical characterization and molecular identification of hemoglobin variant, Hb Pôrto-Alegre. 

(A) Electrophoretic profile by capillary electrophoresis showing Hb variant migrating in “Hb F zone” (yellow); (B) 
Partial electropherogram from automated Sanger sequencing of the sense strand of HBB gene at exon 1 showing the 
HBB:c.29C>G (beta 9(A6) Ser>Cys) the mutation responsible for the Hb variant (left) and the linked codon 27 
polymorphism HBB:c.84 C>T - rs74296717 (right). Wild-type nucleotides and mutated positions in an unaffected 
individual and the affected patient are indicated in a blue box. 

The hemoglobin variant being studied was first described in 1963 by Tondo et al. [174] and 

was later observed in members of several other families in Brazil [175], [176], Cuba [177] and 

the Canary Islands [178]. The presence of the intragenic polymorphism in codon 27 is suggestive 

that this mutation originated from a single mutational event in the Portuguese population and was 

then spread to South America, namely to Brazil [179]. 

Hb PA is a rare hemoglobin in which the mutation induces, during storage of the hemolysate, 

polymerization by forming intermolecular disulfide bridges (S-S) via the extra cysteine residue, 

that carries an extra thiol group (-SH) oriented towards the exterior of the Hb molecule (Figure 

3.3) [180]. The normal electrophoretic mobility of a fresh, non-oxidized, hemolysate of 

homozygous patients indicates that the mutation does not alter the net charge of the molecule and 

that in vivo the molecule exists as a tetramer [181]. Maintenance of the tetramer form in vivo is 

suggested to be caused by the activity of glutathione reductase activity, which keeps the reducing 

environment preventing the formation of disulfide bridges [180]. This theory is supported by the 

fact that the enzyme’s activity was increased in the RBCs of homozygous Hb PA patients 

compared to normal subjects and that their erythrocytes contained twice the amount of reduced 

glutathione [182]. The polymers Hb PA do not change significantly O2 binding, this type of 

hemoglobins that polymerize without changing oxygenation, occurs frequently in amphibians and 

reptiles as a response of hemolytic events [183], [184]. 
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Figure 3.3 – Hemoglobin Pôrto-Alegre oligomers (T4).  In vitro polymerization Hb PA by spontaneous formation of 
intermolecular disulfide bridges via the extra cysteine residue extra thiol group (-SH) oriented towards the exterior of 
the molecule. Adapted from Baudin-Creuza et al. [180]. 

Individuals  heterozygous or homozygous for Hb PA remain asymptomatic without clinical 

or hematological features [179], without any evidence of hemolytic disease, as is the case of our 

subject that has its electrophoretic profile justified by the presence of the variant. Hb A2 normally 

constitutes less than 3 % of the total hemoglobin in adults, while it has almost no physiological 

importance, the determination of Hb A2 is an important tool to diagnose of BTT [185]. Since the 

subject does not present any clinical features and complete sequencing of the HBB gene ruled out 

any β-thalassemia mutations, there is no need to further investigate the increased levels of Hb A2 

3.1.3 Case 4: Compound heterozygous for Hb S/N-Baltimore 

An eleven-month-old female baby with values within the normal range for her age group 

arrived for hemoglobin variant analysis since her father was known for being heterozygous for 

the Hb variant N-Baltimore (Table 3.4). 

Table 3.4 – Hematological features for Case 4. 

Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
Ht  
(%) 

MCV 
(fL) 

MCH 
(pg) 

MCHC 
(g/dL) 

RDW 
(%) 

F 11 m 4.2 11.4 34.6 86.5 27.2 33.0 12.5 

Bold – values outside normal range; F – Female; m – Months; RBC – Red blood cells; Hb – Hemoglobin; Ht – 
Hematocrit; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; MCHC – Mean corpuscular hemoglobin 
concentration; RDW – Red Cell Distribution Width. 

Apart from the complete blood count, as an additional presumptive test, HPLC was 

performed with elution chromatogram profile exposing a Hb variant migrating in “S-window” 

and elevated Hb F levels (15.0 %) (Figure 3.4 A). Usually, Hb F disappears from the red blood 

cells of infants after about 6 months [186]. Thereafter, molecular confirmation of both variants, 

Hb S and N- Baltimore, was carried out by automated Sanger sequencing of the amplified 

fragments of the complete HBB gene. Results revealed two substitutions in heterozygosity at exon 

1 and 2, the mutation responsible for the Hb S (HBB:c.20A>T – beta 6(A3) Glu>Val) and the 

mutation responsible for Hb N-Baltimore (HBB:c.286A>G – beta 95(FG2) Lys>Glu), 

corroborating the suspicions raised by the presumptive tests (Figure 3.4 B). 

Sickle cell trait (SCT) is an inherited condition in which both normal hemoglobin and sickle 

hemoglobin are produced in the RBCs, with subjects generally leading a healthy life [187].  

Hb N-Baltimore was first described in an American Black family by Clegg et al. [188]. Since 

then, this hemoglobin has also been called Hb Jenkins, Hopkins-1, N-Memphis, and Kenwood 

[189]. Subjects with this variant present with normal hematological findings and have been 

previously reported in various ethnic groups [190]. One characteristic of this variant is that its 

concentration in the peripheral blood of simple heterozygotes is the same as hemoglobin A. This 

occurs because the α-globin chains have a relatively positive surface charge and so interact more 
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readily with relatively negatively charged β-globin variants to form αβ-dimers, as is the case of 

variant Hb N-Baltimore [189], [191]. In compound heterozygous, this is reflected in the higher 

percentage of the negatively charged β-globin variant Hb N-Baltimore, which is found in 

approximately 50 % in heterozygotes, when compared to β-globin variants with a positive surface 

charge, such as Hb S or Hb C, whose quantity in the heterozygote is 40-45 % [191]. 

 

 

 

Figure 3.4 – Biochemical characterization and molecular identification of two hemoglobin variants present in 

compound heterozygoty, Hb S/N-Baltimore. (A) Elution chromatogram profile by HPLC showing Hb variant 
migrating in “S-window” (pink). (B) Partial electropherogram from automated Sanger sequencing of the sense strand 
of HBB gene at exon 1 and 2 showing the HBB:c.20A>T (beta 6(A3) Glu>Val) the mutation responsible for the Hb S 
(left) and the HBB:c.286A>G (beta 95(FG2) Lys>Glu) the mutation responsible for Hb N-Baltimore (right). Wild-type 
nucleotides and mutated positions in an unaffected individual and the affected patient are indicated in a blue box. 

Hb F is the major genetic modulator of the hematologic and clinical features of sickle cell 

disease, an effect mediated by its exclusion from the sickle hemoglobin polymer. Fetal 

hemoglobin levels are inherited as a quantitative genetic trait and its distribution among sickle 

erythrocytes is highly variable, going from 1% to 30%, normally associated with different 

haplotypes within the β-globin gene cluster that is responsible for HPFH [192], [193]. 

In the present case, the found compound heterozygous for Hb S/N-Baltimore does not appear 

to be behind any present or future clinical complications, since both variant traits are 

asymptomatic, especially in the presence of HPFH. In the future, additional molecular tests can 

be performed to determine the direct cause of HPFH. Furthermore, it is important for the clinician 

to know that Hb N-Baltimore has been known to lead to a mistaken diagnosis of diabetes for 

producing a spuriously elevated HbA1c level [194]. 

3.1.4 Case 5: A sickle cell anemia patient with coinheritance of alpha-thalassemia
  

A 36-year-old male, known to have sickle cell disease (SCD), arrived presenting with 

microcytic (MCV = 72.0 fL) hypochromic (MCH = 21.3 pg) anemia (Hb = 10.9 g/dL), low 

MCHC (30.3 g/dL), elevated RDW (17.4 %) and reticulocytosis (2-3%), (Table 3.5). 

Additionally, the patient’s blood smear did not display any drepanocytes, which was not expected 

in a sickle cell disease patient.  
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Table 3.5 – Hematological features for Case 5. 

Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
Ht  
(%) 

MCV 
(fL) 

MCH 
(pg) 

MCHC 
(g/dL) 

RDW 
(%) 

Retic 
(%) 

M 36 y 5.0 10.9 36.0 72.0 21.3 30.3 17.4 2-3 

Bold – values outside normal range; M – Male; y – Years; RBC – Red blood cells; Hb – Hemoglobin; Ht – Hematocrit; 
MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; MCHC – Mean corpuscular hemoglobin concentration; 

RDW – Red Cell Distribution Width; Retic – Reticulocytes. 
 

The presented phenotype is milder than what was expected for a SCD patient. To understand 

what was behind this phenotype, hemoglobin analysis was performed by HPLC revealing the 

presence of hemoglobin migrating in the “S-window”, as expected,  levels of Hb F (1.9 %), which 

are not high enough to justify such SCD phenotype modelling, and elevated Hb A2 (6.3 %) that 

with this clinical presentation could indicate the presence of a β-thalassemia mutation (Figure  3.5 

A). Furthermore, globin chain analysis was performed by RP-HPLC but exhibited no changes in 

globin chain ratios (Figure 3.5 B). 

 
 

Figure 3.5 – Biochemical characterization of the hemoglobin variant Hb SS. Representative chromatograms of (A) 
elution profile by HPLC showing decreased Hb F, elevated Hb A2 and Hb variant migrating in “S-window” (pink);  
and (B) globin chain analysis by RP-HPLC revealing no apparent change in globin ratios. 

Molecular analysis of the HBB gene was performed in search for thalassemic mutations or 

the presence of a Hb variant. Sequencing results only confirmed the presence of a homozygous 

mutation in codon 6 (HBB:c.20A>T – beta 6(A3) Glu>Val) that leads to the substitution of 

glutamic acid by valine and is responsible for Hb SS (Figure 3.6 A). Co-inheritance of α-

thalassemia has been associated with a milder phenotype in SCD patients [195]. One prevalent 

deletion causing α-thalassemia removes about 3.7 kb of DNA, fusing the HBA2 and the HBA1 

genes, resulting in the formation of a single α2α1 gene [191]. A gap-PCR was carried out to 

rapidly detect the presence of the -α3.7kb alpha-thalassemic deletion. Direct detection by 

visualization of the gap-PCR product by gel electrophoresis revealed that the subject was 

homozygous for the studied deletion (Figure 3.6 B). The presence of homozygous α+-thalassemia 
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trait (-α3.7/ -α3.7) is associated with microcytic erythrocytes and sometimes with mild anemia 

[191], which goes in line with the hematological features of the patient.  

 

 

 
 
 

 

 

 

Figure 3.6 – Molecular identification of a sickle cell anemia patient homozygous for the alpha thalassemia -α3.7 

deletion. (A) Partial electropherogram from automated Sanger sequencing of the sense strand of HBB gene at exon 1 
showing the homozygous Hb S variant HBB:c.20A>T (beta 6(A3) Glu>Val). Wild-type nucleotides and mutated 
positions in an unaffected individual and the affected patient are indicated in a blue box. (B) Direct detection of alpha 
thalassemia deletion -α3.7 by visualization of the gap-PCR product by gel electrophoresis. The subject was homozygous 
for the studied deletion (yellow). For measuring the size of the expected fragments, a 1Kb DNA Ladder (New England 
BioLabs, USA) was used. 

SCD is one of the most common severe monogenic disorders in the world. In deoxygenating 

or dehydrating conditions, Hb S polymerizes within the erythrocytes, leading to intracellular 

tactoids that deform the RBCs into the characteristic sickle shape. Hemoglobin polymerization 

leads to erythrocyte rigidity that induces microvascular obstruction, abnormal adhesion of 

leukocytes and platelets (Figure 3.7). Vaso-occlusion is central to the pathophysiology of this 

disease, although the importance of chronic anemia, hemolysis, and vasculopathy has been 

established [193], [195]. 

 

 

Figure 3.7 – Pathophysiology of sickle cell disease. The roles of Hb S polymerization, hyperviscosity, vaso-occlusion, 
hemolysis, and endothelial dysfunction are shown. Deoxygenation causes HbS to polymerase, leading to sickled 
erythrocytes. Vaso-occlusion results from the interaction of sickled erythrocytes with leucocytes and the vascular 
endothelium. Vaso-occlusion then leads to infarction, hemolysis, and inflammation; inflammation enhances the 
expression of adhesion molecules, further increasing the tendency of sickle erythrocytes to adhere to the vascular 
endothelium and to worsen vaso-occlusion. Reperfusion of the ischemic tissue generates free radicals and oxidative 
damage. The damaged erythrocytes release free hemoglobin into the plasma, which strongly binds to nitric oxide, 
causing functional nitric oxide deficiency and contributing to the development of vasculopathy. Adapted from 

Hoffbrand et al. [79]. and Rees et al. [193]. 
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In the presence of α-thalassemia, the concentration of hemoglobin in each erythrocyte is 

reduced, decreasing the tendency of Hb S to polymerase, which in turn results in increased 

hemoglobin concentrations and decreased rates of hemolysis. For this reason, as it happens in this 

patient, the clinical effects of α-thalassemia are variable but generally beneficial for patients, 

decreasing the occurrence of stroke, gall stones, leg ulcers, and priapism. Although it improves 

the prognosis, α-thalassemia does not reduce the pain frequency [193]. 

3.1.5 Case 6: Compound heterozygous for Hb Nigeria + deletion -α
3.7kb

 

A 50-year-old male presenting with microcytic (MCV = 73.8 fL) hypochromic (MCH = 26.2 

pg) polycythemia (RBC = 5.84 x1012/L), which means elevated RBC, and elevated MCHC (35.5 

g/dL) and RDW (18.6 %). 

Table 3.6 – Hematological features for Case 6. 

Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
Ht  
(%) 

MCV 
(fL) 

MCH 
(pg) 

MCHC 
(g/dL) 

RDW 
(%) 

M 50 y 5.84 15.3 43.1 73.8 26.2 35.5 18.6 

Bold – values outside normal range; M – Male; y – Years; RBC – Red blood cells; Hb – Hemoglobin; Ht – Hematocrit; 
MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; MCHC – Mean corpuscular hemoglobin concentration; 
RDW – Red Cell Distribution Width. 

Hemoglobin analysis was performed by RP-HPLC and revealed the presence of an abnormal 

α-chain (Figure 3.8 A). To investigate the presence of a hemoglobin variant we tried to amplify 

the α-genes so they could later be Sanger sequenced. The amplification of the α-genes is carried 

out using the same primers as the ones used in the gap-PCR for detection of the 3.7 kb α-

thalassemia deletion. Upon observation of the amplified fragments in an agarose gel, we were 

able to ascertain that the subject was heterozygous for the α+-thalassemia trait (αα/-α3.7), (Figure 

3.6 B; green). Following this discovery, only the HBA2 was Sanger sequenced. DNA sequencing 

confirmed the presence of a heterozygous mutation in codon 81 leading to the substitution of 

serine for cysteine (HBA2:c.245C>G – alpha2 81(F2) Ser>Cys) and resulting in a rare hemoglobin 

variant called Hb Nigeria (Figure 3.8 B). 

 

 

 

 

 

 

 

 

Figure 3.8 – Biochemical characterization and molecular identification of a compound heterozygous for Hb 

Nigeria and alpha thalassemia -α3.7 deletion. (A) Representative chromatograms of globin chain analysis by RP-
HPLC revealing the presence of abnormal α chain (αX-pink). (B) Partial electropherogram from automated Sanger 
sequencing of the sense strand of HBA2 gene at exon 3 showing the HBA2:c.245C>G (alpha2 81(F2) Ser>Cys) the 
mutation responsible for Hb Nigeria. Mutated positions in the affected individual are indicated in a blue box.  α-
thalassemia trait confirmed by gap-PCR (see Figure 3.5 B - green). 
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Even though the rare variant Hb Nigeria presents with a new cysteine residue on the surface 

of the molecule, there is no evidence for the formation of abnormal Hb polymers, since this 

position is not involved in any of the interchain contacts [196], [197]. Previously, Honig et al. 

had already associated this variant with α-thalassemia, stating that the phenotypic presentation of 

the subject, microcytosis, hypochromia, and abnormal erythrocyte morphology, was only a 

product of the α-thalassemia [197]. 

In conclusion, the subject’s phenotype can be justified by the presence of α+-thalassemia trait 

with the simultaneous presence of the rare variant Hb Nigeria not being responsible for any 

additional clinical complications.  

3.1.6 Case 7: Heterozygous for the Cape Verde deletion 

A 12-year old female child arrived for hemoglobinopathy’s studies exhibiting microcytic 

(MCV = 64.2 fL) hypochromic (MCH = 19.6 pg) anemia (Hb = 10.7 g/dL), with low MCHC 

(30.5 g/dL) and elevated RDW (17.4 %). Hemoglobin analysis was performed by HPLC and 

revealed elevated levels of Hb F (4.0 %) and Hb A2 (6.6 %) (Figure 3.9). Normally, upregulation 

of γ- and/or δ-globin genes, responsible for Hb F and HbA2, respectively, in association with 

microcytic anemia, are typical features of β-thalassemia trait  [198]. 

Table 3.7 – Hematological and biochemical features for Case7. 

Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
Ht  
(%) 

MCV 
(fL) 

MCH 
(pg) 

MCHC 
(g/dL) 

RDW 
(%) 

SI 
(µg/dL) 

F 12 y 5.5 10.7 35.0 64.2 19.6 30.5 17.4 122.0 

Bold – values outside normal range; F – Female; y – Years; RBC – Red blood cells; Hb – Hemoglobin; Ht – 
Hematocrit; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; MCHC – Mean corpuscular hemoglobin 
concentration; RDW – Red Cell Distribution Width; SI – Serum iron. 

 

 

 

 

 

 

 

 

 

Figure 3.9 – Biochemical characterization of unknown hemoglobin variant. Elution chromatogram profile by 
HPLC showing elevated Hb F and Hb A2 (pink). 

The HBB gene was entirely amplified and sequenced in search of common β-thalassemia 

mutations or the presence of molecular lesions responsible for Hb variants, neither one was found. 

Although, the defects responsible for β-thalassemia are predominantly single base substitutions 

and small insertions or deletions (INDELs) in the HBB gene, that affect almost every known stage 
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of gene expression, larger deletions, either restricted to the β-globin gene or involving the β-LCR 

with or without the gene, may also be behind these disorders [72]. In this context, it is difficult to 

detect large deletions because the deletion might not be within the borders of the primers of the 

amplified segment, if this happens, in case of heterozygosity, the allele containing the deletion 

will otherwise not be amplified, and the analysis result will falsely appear to be homozygous wild-

type [199]. For these reasons, to screen for large deletions, the copy number of target fragments 

in the β-globin gene cluster was determined using the MLPA assay with normal or carrier status 

being determined according to the ranges obtained from the ratios of normal samples.  

In this case, the MLPA assay results revealed that 3 probes were not amplified (13619-

L15073  [Exon 3]; 11885-L25666 [0.2 kb after Exon 3]; and 05836-L06321 [0.5 kb after Exon 

3], making up for a deletion that could range from 0.6 kb to 10 kb (Figure 3.10 A). Andersson et 

al. reported the 5’ and 3’ endpoints of a 7.7 kb deletion, starting from the HBB IVSII to 3’ 

downstream of the β-globin gene, and present a PCR strategy for rapid DNA diagnosis of the 

named Cape Verde-thalassemia deletion [124]. The missing probes, in this case, indicated a 

deletion matching the description of the Cape Verde deletion, therefore, the describing author’s 

diagnosis protocol was followed. The presence of the Cape Verde deletion was at first sight 

confirmed, its detection was done by agarose gel electrophoresis of the PCR product of HBB gene 

containing the deletion and presenting a 419 bp fragment, normal controls present with no 

amplification of the target fragment (Figure 3.10 B). Additionally, the fragment was sequenced 

confirming a 7719 bp deletion (Figure 3.10 C). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 – Molecular identification of β-globin gene cluster Cape Verde deletion. (A)  MLPA analysis showing 
the relative probe signals across the β-globin gene cluster, missing probes and estimated size of the deletion shown in 
dark red, blue and red lines represent the ranges obtained from the ratios of normal samples; (B) Detection of Cape 
Verde deletion by gel electrophoresis of the PCR product of HBB gene containing the deletion and presenting a 419 bp 

fragment (yellow), as it is shown in Andersson et al. 2006 [124]; and (C) Partial electropherogram from automated 
Sanger sequencing of the sense strand of HBB gene confirming a 7719 bp deletion U01317:g.71551_79269del7719 
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(beta nts 1007 - 8725 deleted). Wild-type nucleotides and mutated positions in an unaffected individual and the affected 
patient are indicated in a blue box. For measuring the size of the expected fragments, a DNA Ladder 100 bp plus 
(AppliChem, USA) was used. 

The Cape Verde thalassemia deletion is one of two known deletions that remove the 3’-end 

of the HBB gene but preserve the integrity of its 5‘-end [124]. However, this large deletion origins 

an absence of beta-chain synthesis from this allele. The identification of the deletion allows proper 

therapeutics and genetic counseling for the child’s family. 

3.1.7 Case 8: Hb F variability  

This case reports a 26-year-old female of Portuguese ancestry from the mother side and 

Egyptian ancestry from the father side. The subjects had CBC parameters within the normal range 

but present low serum iron (SI = 48.0 µg/dL), which may indicate iron deficiency, however, SI is 

not the most reliable marker for iron deficiency (Table 3.8). 

Table 3.8 – Hematological and biochemical features for Case 8. 

Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
Ht  
(%) 

MCV 
(fL) 

MCH 
(pg) 

MCHC 
(g/dL) 

RDW 
(%) 

SI 
(µg/dL) 

F 26 y 4.5 13.3 41.6 91.8 29.4 32.1 12.9 48.0 

Bold – values outside normal range; F – Female; y – Years; RBC – Red blood cells; Hb – Hemoglobin; Ht – 
Hematocrit; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; MCHC – Mean corpuscular hemoglobin 
concentration; RDW – Red Cell Distribution Width; SI – Serum Iron. 

Although hematological parameters were within the normal range, when performed 

hemoglobin analysis through HPLC, the results showed elevated Hb F (7.2 %) indicative of HPFH 

(Figure 3.11 A). Additionally, Gγ:Aγ ratio was determined through globin chain analysis by RP-

HPLC revealing an apparent ratio of 100:0 (Figure 3.11 B), suggesting that the Hb F present in 

excess is composed only of  Gγ chains, differing completely from the expected γ-globin chain 

ratio of 40:60 present in adult trace amounts of Hb F. 

Figure 3.11 – Biochemical characterization of Hb F polymorphisms resulting in anormal chromatographic 

profiles. Representative chromatograms of: (A) elution profile by HPLC showing elevated Hb F (pink) and (B) globin 

chain analysis by RP-HPLC revealing an apparent absence of Aγ globin chain (pink). 
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Initially, to rule out any defects that could dysregulated erythropoiesis and lead to secondary 

Hb F synthesis into adulthood, the HBB gene was entirely sequenced, but revealed no defects. 

Hereinafter, since there are several large deletions that are in the origin of HPFH [200] and 

because the Aγ-globin chain was apparently not being expressed, a MLPA assay was performed 

to detect large deletions in the beta cluster. The results revealed, by comparison with healthy 

controls, a normal copy number for the amplified sequences detected by the target and reference 

probes, concluding that a large deletion was not responsible for the present phenotype. The next 

step included the sequencing of the genes HBG2 and HBG1, responsible for the γ-globin chains 

in Hb F, and purposely including the analysis of both their promoter regions. The analysis exposed 

the presence of the XmnI polymorphism in the HBG2 gene promoter region (HBG2:c.-158C>T – 

rs7482144) and a variation of the polymorphic region (TG)n(CG)m in the second intron of the 

HBG1 gene region by deletion of the IVSII TG(4)CG(5) motif (NM_000559.2:c.316-302_316-

285del18 – rs61080176). Molecular findings are displayed in Figure 3.12 A and B. 

 

 

 

Figure 3.12 – Molecular identification of Hb F associated polymorphisms. (A) Partial electropherogram from 
automated Sanger sequencing of the sense strand of HBG2 gene at the promotor showing heterozygosity for XmnI 
polymorphic site HBG2:c.-158C>T  (rs7482144) responsible for increased Hb F. Wild-type nucleotides and mutated 
positions in an unaffected individual and the affected patient are indicated in a blue box. (B) HBG1 deletion of the 
IVSII TG(4) CG(5) motif (rs61080176); and (C) map of the β-globin gene cluster and the polymorphic regions, with 
respective possible microsatellite configurations. Adapted from Moumni et al. 2016 [201] 

Normal inter-individual Hb F variation is a quantitative trait influenced by many loci inside 

or outside the β-globin gene cluster and can lead to a heterogeneous group referred to as hereditary 

persistence of fetal hemoglobin [202]. In some non-deletional forms of HPFH, a group of single 

point mutations in the γ-globin gene promoters are associated with increased γ-globin gene 

transcription, likely through mechanisms of increased competition for the LCR sequences against 

the adult globin genes or as a consequence of reduced binding of repressor factors [203]. The 

presence of XmnI polymorphic site in the Gγ-globin promoter region has been positively correlated 

with elevated synthesis of Hb F and increased expression of Gγ-globin component in term 

newborn infants and is associated with a delayed switch over from fetal to adult hemoglobin 

[204]. The predisposition of carriers to increased Hb F concentrations is normally more 

accentuated when they are under conditions of erythropoietic stress, such as in sickle cell disease 

and β-thalassemia [202]. 

Microsatellites are short (typically less than 100 bp) DNA sequences in which motifs of 1–6 

bp are tandemly repeated. These regions are highly polymorphic in their length, resulting in 

variability in repeat number, making them very useful as genetic markers [205]. In the β-globin 

gene cluster, there are several polymorphic microsatellite regions (Figure 3.12 C), which are 

possible binding sites of the transactivator factors involved in the chromatin structure of the β-

globin locus. One example of this is intervening sequence II region of two fetal hemoglobin genes, 
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and variation on this site, as is the case of the motif found in the Aγ-globin gene of the case in 

study, alter the binding of transcriptional factors to the cis-regulatory elements and consequently 

activate or repress the transcription of certain β-globin genes [201] 

The sum effect of the molecular findings in HBG2 and HBG1 genes are believed to be 

responsible for the variation in chain composition and elevated levels of Hb F but are not 

responsible for the presented low SI, indicating hemoglobinopathy unrelated iron deficiency. The 

subject is not anemic, however, in case of further concern by the clinician, complementary 

analysis of the iron status is required, in particular, the measurement of Ft and TSAT to assess the 

state of iron stores and traffic, respectively.  

3.1.8 Case 9: Heterozygous for Hb Strasbourg 

The subject is a 35-year-old female with polycythemia (RBC =5.07 x1012/L) and the 

consequent increase of hemoglobin (16.0 g/dL) and hematocrit (48.4 %) that is the volume 

percentage of red blood cells in the blood (Table 3.9), this condition normally serves as a 

compensatory mechanism for impaired blood oxygenation and reduced oxygen saturation, 

preventing the tissues to obtain an adequate oxygen supply [206], which could be indicative of 

the presence of a hemoglobin variant with high oxygen affinity.  

Table 3.9 – Hematological features for Case 9. 

Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
Ht  
(%) 

MCV 
(fL) 

MCH 
(pg) 

MCHC 
(g/dL) 

RDW 
(%) 

F 35 y 5.07 16.0 48.4 95.5 31.6 33.1 12.9 

Bold – values outside normal range; F – Female; y – Years; RBC – Red blood cells; Hb – Hemoglobin; Ht – 
Hematocrit; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; MCHC – Mean corpuscular hemoglobin 
concentration; RDW – Red Cell Distribution Width. 

To confirm the presence of a hemoglobin variant, CE was performed, and its results 

substantiated the suspicion with an electrophoretic profile presenting a hemoglobin variant 

migrating in “Z11 zone”, which represented 43.2 % of the total hemoglobin (Figure 3.13 A).  

 

 

 

 

 

 

 

 

Figure 3.13 – Biochemical characterization and molecular identification of hemoglobin variant, Hb Strasbourg. 
(A) Electrophoretic profile by capillary electrophoresis showing Hb variant migrating in “Z11 zone” (yellow); (B) 
Partial electropherogram from automated Sanger sequencing of the sense strand of HBB gene at exon 1 showing the 
HBB:c.71T>A (beta 23(B5) Val>Asp) the mutation responsible for the Hb variant. Wild-type nucleotides and mutated 
positions in an unaffected individual and the affected patient are indicated in a blue box. 
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Molecular confirmation of the variant was performed by complete amplification and 

sequence of the HBB gene. Sequence analysis of the amplified DNA identified a heterozygote 

mutation at codon 23 that changed a GTT into a GAT causing a valine to be replaced by an 

aspartic acid in the globin chain (HBB:c.71T>A – beta 23(B5) Val>Asp), giving rise to a variant 

known as Hb Strasbourg (Figure 3.13 B). 

Described originally in a Portuguese woman by Garel et al., Hb Strasbourg is a hemoglobin 

that exhibits a high oxygen affinity and erythrocytosis [207], which is in agreement with the 

phenotype presented by this case’s subject, therefore concluding the search for any other variant. 

In the presence of high oxygen affinity hemoglobin variants, the lower release of oxygen leads to 

tissue hypoxia prompting an erythropoietin output at renal level inducing both an increase in 

erythropoiesis and an offsetting secondary erythrocytosis. These symptoms are typically well 

tolerated by young patients, although thrombotic complications have been reported in elderly 

patients or when other vascular hazard factors are associated [208]. 

3.1.9 Case 10: Heterozygous for Hb J-Iran 

The subject is a 40-year-old pregnant woman from Moldavia presenting with macrocytosis 

(MCV = 98.3 fL) arrived for hemoglobinopathy screening (Table 3.10). During pregnancy, 

microcytosis is defined as an MCV of < 80 fL and macrocytosis by an MCV of  > 95 fL [209].  

Table 3.10– Hematological and biochemical features for Case 10. 

Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
Ht  
(%) 

MCV 
(fL) 

MCH 
(pg) 

MCHC 
(g/dL) 

RDW 
(%) 

SI 
(µg/dL) 

F 40 y 4.2 13.3 41.0 98.3 31.9 32.4 13.0 119.0 

Bold – values outside normal range; F – Female; y – Years; RBC – Red blood cells; Hb – Hemoglobin; Ht – 
Hematocrit; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; MCHC – Mean corpuscular hemoglobin 
concentration; RDW – Red Cell Distribution Width; SI – Serum iron. 

To screen for hemoglobinophaties, hemoglobin analysis was performed by HPLC with 

additional globin chain analysis by RP-HPLC. The subject’s chromatographic elution profile by 

HPLC presented quite elevated Hb F (33.9 %), most likely indicating the presence of a 

hemoglobin variant that migrates close to Hb F and may not be separated from it. Such elevated 

values are too great, even during pregnancy, and since it is possible to observe an abnormal 

asymmetric peak further indicate the presence of a Hb variant (Figure 3.14 A). The globin chain 

analysis by RP-HPLC confirmed the presence of abnormal β chain (βX) and absence of γ-globin 

chains that constitute fetal hemoglobin, results are displayed in Figure 3.14 B. Thereafter, the 

subjet’s HBB gene was amplified and sequenced unveiling a CAC>GAC heterozygous mutation 

in codon 77 in the second exon of the gene that results in a substitution of a histidine for an 

aspartic in globin chain (HBB:c.232C>G – beta 77(EF1) His>Asp). This mutation is responsible 

for the Hb J-Iran (Figure 3.14 C). 
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Figure 3.14 – Biochemical characterization and molecular identification of hemoglobin variant, Hb J-Iran. 
Representative chromatograms of (A) elution profile by HPLC showing Hb variant migrating in Hb F zone (pink) and 
(B) globin chain analysis by RP-HPLC revealing the presence of abnormal β chain (βX-pink). (C) Partial 
electropherogram from automated Sanger sequencing of the sense strand of HBB gene at exon 2 showing the 
HBB:c.232C>G  (beta 77(EF1) His>Asp) the mutation responsible for the Hb J-Iran. Wild-type nucleotides and mutated 

positions in an unaffected individual and the affected patient are indicated in a blue box.  

Hb J-Iran is a variant reported manly in Iranian, Turkish and Russian-Armenian families and 

was originally described by Rahbar et al. in the ethnically diverse population of Iran [210]–[212]. 

This is a stable variant that varies between 30 % and 45 % in heterozygotes and is often missed 

for not affecting the hematologic parameters nor leads to clinical abnormalities [213]. 

Many pregnant women have enlarged red blood cells, which can be caused by whether by 

normal physiological changes pregnancy or by a pathological condition. Macrocytosis developing 

during pregnancy is a physiological change in most cases, where pregnant women present with 

normoblastic erythropoiesis [214]. Additionally, normal newborn infants have larger RBC than 

the healthy adult and it is well established by now that cells are exchanged between mother and 

fetus during gestation, which can contribute to the increased MCV levels [215]. Macrocytosis is 

the most sensitive index of a megaloblastic process, for example in pernicious anemia, which 

occurs normally in pregnancy [214]. Deficiency of vitamin B12 or folic acid induces 

megaloblastic changes in most actively replicating tissues, but these morphologic changes are 

most pronounced in bone marrow [216]. Contrary to this, the intake of folate supplements, in the 

absence of ID, has been associated with an increase in MCV [214]. 

The subject´s hemoglobin variant does not induce any megaloblastic changes that could be 

responsible for the increased MCV levels. The changes in the proband RBC’s size are either a 

consequence of the pregnancy itself or of folate supplements, normally prescribed to pregnant 

women to help prevent birth defects since there are no other indications of megaloblastic anemia. 

Finally, is important to note that diabetes during gestation is associated with an increased risk of 

fetal and maternal complications [217], and although this variant has no clinical significance, Hb 
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J-Iran should be taken into account in the context of diabetes since it interferes with the 

measurement of HbA1c by the cation exchange (CE)-HPLC method, and so the clinician should 

opt for an alternative method to measure HbA1c [218].  

3.1.10 Case 11: Heterozygous for Hb E 

In this case we explain the phenotype of a 38-year-old male presenting with microcytic 

(MCV = 76.5 fL) and hypochromic (MCH = 25.5 pg) polycythemia (RBC = 7.75 x1012/L; Hb = 

19.4 g/dL; and Ht = 59.3 %). The complete blood count is displayed in Table 3.11. A high RBC 

count combined with a low mean volume is generally attributed to thalassemia minor, either α or 

β, or polycythemia vera, a type of blood cancer, with iron deficiency [219]. 

Table 3.11 – Hematological features for Case 11. 

Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
Ht  
(%) 

MCV 
(fL) 

MCH 
(pg) 

MCHC 
(g/dL) 

RDW 
(%) 

M 38 y 7.75 19.4 59.3 76.5 25.5 32.7 14.9 

Bold – values outside normal range; M – Male; y – Years; RBC – Red blood cells; Hb – Hemoglobin; Ht – Hematocrit; 
MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; MCHC – Mean corpuscular hemoglobin concentration; 
RDW – Red Cell Distribution Width. 

Hemoglobin analysis was performed by CE, the electrophoretic profile revealed a Hb variant 

(23.8 %) migrating in “E zone” (Figure 3.15 A). The Hb variant detected by presumptive methods 

was confirmed by molecular analysis of the HBB gene and confirmed the presence of Hb E in 

heterozygosity (HBB:c.79G>A – beta 26(B8) Glu>Ly) resulting from a G>A substitution in 

codon 26 (Figure 3.15 B), which produces structurally abnormal hemoglobin while activating a 

cryptic splice site, resulting in faulty mRNA processing. The quantity of normally spliced βE 

mRNA is reduced due to the creation of a new stop codon, the abnormally spliced mRNA is 

nonfunctional. Consequently, Hb E is synthesized at a reduced rate and behaves like a mild form 

of β-thalassemia [220]. 

 

 

 

 

 

 

 

Figure 3.15 – Biochemical characterization and molecular identification of hemoglobin variant, Hb E. (A) 

Electrophoretic profile by capillary electrophoresis showing Hb variant migrating in “E zone” (green); (B) Partial 
electropherogram from automated Sanger sequencing of the sense strand of HBB gene at exon 1 showing the 
HBB:c.79G>A (beta 26(B8) Glu>Lys) Val>Asp) mutation confirming the Hb E suspicion. Wild-type nucleotides and 
mutated positions in an unaffected individual and the affected patient are indicated in a blue box. 

Hb E is one of the world’s most common and important mutations in Southeast Asia and 

Africa, with the genotype Hb E/β-thalassemia being responsible for approximately half of all 
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severe β-thalassemia cases worldwide [221], [222].  The disorder is characterized by high clinical 

variability, ranging from mild and asymptomatic anemia to a life-threatening disorder that 

requires transfusions from infancy [220]. Albeit, the cause of the remarkable variability in 

individuals with Hb E/β-thalassemia remains mostly unknown. Within a family, patients with the 

same mutations may show significant differences in clinical severity [221]. 

Having Hb E trait typically has no clinical significance. However, patients may present with 

mild microcytosis without anemia and, frequently, mild erythrocytosis [223]. This hemoglobin is 

also slightly unstable and may lead to hemolysis triggered by viral infections and medications 

[93]. These phenotypic features must be recognized so that people with this innocuous condition 

are not subjected to unnecessary medical examinations and inappropriate treatment [223]. In the 

end, we do not be the elevated number of RBCs is a direct result of the presence of this structural 

variant and consequent β-thalassemic trait. For this reason, further studies should be conducted 

to unveil the complete molecular causes behind this subject’s phenotype and rule out 

polycythemia vera.  

3.1.11 Cases 12, 13, 14 and 15: Segregation in a family of three hemoglobin defects 

In this part of the dissertation, we describe a family study carried out in a family of Moroccan 

origin that presented segregation of three hemoglobin defects. The proposita is a 36-year-old 

female, mother of three, presenting with microcytic (MCV = 72.9 fL) hypochromic (MCH = 22.9 

pg) anemia (Hb = 12.6 g/dL). There was no information regarding her iron status, but she was 

known to be heterozygous for the α+-thalassemia trait (αα/-α3.7). The hematological features of 

the affected family are summarized in Table 3.12. 

Table 3.12 – Hematological and biochemical features from individuals in the family study (Cases 12 to 15). 

Family Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
Ht  
(%) 

MCV 
(fL) 

MCH 
(pg) 

MCHC 
(g/dL) 

RDW 
(%) 

SI 
(µg/dL) 

Ft 
(μg/L) 

Mother F 36 y 5.5 12.6 40.3 72.9 22.9 31.4 14.4 102 - 

Father M 42 y 5.5 15.6 48.1 87.3 28.3 32.5 12.9 74 - 

Daugther1 F 11 y 4.8 13.6 41.5 86.9 28.9 32.9 13.0 59 17.36 

Daughther2 F 6 y 5.8 10.9 34.3 59.2 18.9 31.9 16.7 71 7.45 

Son M 5 y 5.3 11.3 35.7 67.5 21.3 31.5 15.3 72 23.82 

Bold – values outside normal range; M – Male; F – Female; y – Years; RBC – Red blood cells; Hb – Hemoglobin; Ht 
– Hematocrit; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; MCHC – Mean corpuscular hemoglobin 
concentration; RDW – Red Cell Distribution Width; SI – Serum iron; Ft – Ferritin. 

The proposita’s hemoglobin analysis was performed by HPLC, with elution chromatogram 

profile revealing a small percentage of a Hb variant migrating in “S-window” (1.6 %) and 

decreased Hb A2 (1.9 %), (Figure 3.16 A). The Hb variant detected by presumptive methods led 

to the molecular analysis of the HBB gene, that in turn, unveiled the presence of β+-thalassemia 

trait (IVS-I-6; HBB:c.92+6T>C– beta nt 148 T>C) brought on by an aa substitution in the exon-

intron boundary of the first intron (Figure 3.16 B). Normally, β-thalassemia trait subjects have 

characteristically increased Hb A2 levels, since the proposita presented with decreased levels of 

this hemoglobin, additional molecular analysis of the HBD gene was performed to justify these 

results. Complete Sanger sequencing of the gene revealed the heterozygous presence of the 

variant Hb A2’(HBD:c.49G>C – delta 16(A13) Gly>Arg), also called B2, a clinically silent 

variant that results from a G>C substitution at codon 16 of the δ-globin gene, which entails an 

exchange of glycine for arginine (Figure 3.16 B). This genetic disorder has been detected in 
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homozygous and heterozygous states, and may also be co-inherited with β-thalassemia traits and 

other minor hemoglobinopathies [224].  

Overall, the molecular analysis allowed us to discover that the proposita is a triple-

heterozygous patient resulting from a combination of α+- and β+-thalassemia trait, and the variant 

Hb A2’. 

 

 

 

 

 

 

 

 

Figure 3.16 – Biochemical characterization and molecular identification of three hemoglobin defects in the 

proposita, HbA2' (HbB2) and α- and β-thalassemia trait simultaneously. (A) Elution chromatogram profile by 

HPLC showing Hb variant migrating in “S-window” and decreased Hb A2 (pink). (B) Partial electropherogram from 
automated Sanger sequencing of the sense strand of HBB gene at intron 1 showing HBB:c.92+6T>C (IVS-I-6 (T->C); 
β+) the mutation responsible for β-thalassemia trait (left) and HBD intron 1 showing HBD:c.49G>C (delta 16(A13) 
Gly>Arg) the mutation responsible for Hb A2’ (right). Wild-type nucleotides and mutated positions in an unaffected 
individual and the affected patient are indicated in a blue box. α-thalassemia trait confirmed by gap-PCR (see Figure 
3.6 B - green). 

Following the analysis of the proposita, the same molecular analysis was performed for the 

remaining members of the family. At the time of the analysis, the husband, father of her children, 

presented with hematological parameters within the normal range, the older daughter presented 

with iron deficiency (SI = 59.0 µg/dL; Ft = 17.36 μg/L), and the two younger children presented 

with microcytosis and hypochromia accompanied by iron deficiency, according to the parameter 

ranges set for their age group. Results confirmed that the father was healthy with no molecular 

lesions being found. When it came to the children there was segregation of the lesions present in 

the mother’s HBB and HBD genes, with the older daughter being heterozygous for the Hb A2’ 

variant, and the younger daughter and son being β-thalassemia carriers. The pedigree of the family 

and laboratory findings are shown in Figure 3.17. 

Molecular analysis must be used for the accurate diagnosis of double heterozygous α- and β-

thalassemia for proper risk assessment, especially in geographical areas in which both have a high 

prevalence. This determines couples at risk of having children with severe α-thalassemia, such as 

Bart’s hydrops fetalis, or β-thalassemia major [225]. In this case, the husband was proved to be 

healthy when it came to the globin chains, and so we conclude that in case the couple decides to 

have other children, those will not be at risk of having any severe thalassemia syndrome. The 

same cannot be said for the two younger children, carriers of β-thalassemia, when they choose to 

have children of their own, therefore at that time, genetic counselling should be provided. 

Additionally, all the children have iron deficiency not justified by the found molecular lesions, so 

iron therapy should be conducted.  
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Figure 3.17 – Pedigree analysis and genotypes of the family studied. Mutation screening was done for the proposita 

(red arrow), her husband and offspring. Yellow represents the β+-thalassemia trait (HBB:c.92+6T>C – beta nt 148 
T>C); blue represents the α+-thalassemia trait (αα/-α3.7), and green represents the variant Hb A2’ or B2 (HBD:c.49G>C 
– delta 16(A13) Gly>Arg). HET – Heterozygous; HOM – Homozygous.  
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3.2 Cases with suspicion of IRIDA 

3.2.1 Patients' genetic variants identification and validation 

The genetic characterization of the samples of 10 patients with suspicion of IRIDA was 

carried out. The hematological and iron status features of the subjects are displayed in Table 3.13, 

outside the normal range values reveal that all patients presented with microcytic hypochromic 

iron deficiency anemia, according to normal range values adapted for each age group. Like the 

cases in hand, IRIDA patients normally present with extremely low TSAT levels and 

normal/borderline low Ft levels. For this reason, and because the subjects had no success with 

previous treatment, with oral and intravenous iron, and other causes for microcytic anemia were 

excluded, these cases were suitable for molecular analysis of the exons and exon-intron 

boundaries of the TMPRSS6 gene in search for molecular lesions indicative of IRIDA. 

Table 3.13 – Hematological and iron status features in subjects tested for IRIDA. 

ID Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
MCV 
(fL) 

MCH 
(pg) 

RDW 
(%) 

SI 
(µg/dL) 

Tf 
(mg/dL) 

TIBC 
(μg/dL) 

TSAT 
(%) 

Ft 
(μg/L) 

1 F 43 y 4.51 7.9 57.9 17.4 19.0 25 500 625.00 4.00 4.2 

2 M 3 y 5.03 7.9 56.7 15.7 22.9 22 - - - 6.0 

3 M 7 y - - - - - - - - - - 

4 F - - - - - - - - - - - 

5 M - - - - - - - - - - - 

6 M 3 y 4.59 9.0 63.0 19.6 17.1 20 381 476.19 4.20 2.5 

7 F 18 y 4.57 10.5 74.1 23.0 17.4 37 370 462.50 8.00 6.3 

8 M 4 y 4.29 9.9 69.9 23.1 16.6 34 247 309.09 11.00 16.9 

9 M 4 y 4.52 9.8 70.3 21.7 17.7 19 253 316.67 6.00 33.0 

10 M 14 y 5.18 8.7 57.4 16.8 18.1 20 381 476.19 4.20 2.2 

Bold – values outside normal range; M – Male; F – Female; y – Years; m – Month; RBC – Red blood cells; Hb – 
Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell Distribution Width; SI 

– Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 

The analysis of the TMPRSS6 gene was performed by amplifying 3 long-PCR fragments of 

the gene that amounted for a total of 23,518 bp per subject. Fragments were then sequenced by 

NGS. Subjects 1 to 4 acted as positive controls of the NGS analysis, since, prior to this study, 

these patients had the coding regions of the TMPRSS6 gene analysed by Sanger sequencing 

having been found common variants suitable for NGS data validation. The found variants were 

present in heterozygous or homozygous combinations as depicted in Table 3.14. The subject 

number 5 had also been previously studied for the same reason as the other subjects, but no 

significant variant was found, for this reason, it was added to the analysis to act as a negative 

control. 

One major technical challenge associated with NGS technologies is the presence of repetitive 

DNA sequences, which result in ambiguities in alignment and assembly, that in turn, lead to biases 

and errors in interpretation [205]. Because of these difficulties, a manual depth of coverage 

analysis of the aligned sequencing data was performed using IGV to visually highlight anomalies 

and aid in the result interpretation process. Results revealed the presence of three regions with a 

high density of variants that turned out to be repetitive regions (Figure 3.18), one in fragment 1 

(22:37097630-37098146) and the other two in fragment 3 (22: 37071959-37073220; 

22:37073347-37073397). The two repetitive regions present in fragment 3 are shown as one in 

the fragment’s graphical representation in Figure 3.18, due to their proximity and the inability to 
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visually separate them at the presented bp scale. With aid from the software Tandem Repeats 

Finder, the repetitive patterns in these regions were determined, with three tandemly repeated 

motifs being identified, (CCACCGTCCTGTAACGGAGGGGCAGGAGCGGG)16, (ATGG)325, 

and (GATG)12, within each identified region respectively. These motifs leave the polymerase 

more prone to stuttering, therefore, called variants within these regions were excluded, with a 

total of 13 variants being left out. 

Table 3.14 – Identification of variants present in the TMPRSS6 gene of positive control subjects. 

rs_ID Location MC Region NM_153609.3 NP_705837.1 GT S_ID 

rs2235321 22:37066886-37066886 Syn Ex17 c.2217C>T p.Tyr739= 
0/1 3 

1/1 1;4 

rs855791 22:37066896-37066896 Miss Ex17 c.2207T>C p.Val736Ala 
0/1 3 

1/1 1;4 

rs4820268 22:37073551-37073551 Syn Ex13 c.1563C>T p.Asp521= 
0/1 3 

1/1 1;4 

rs881144 22:37075250-37075250 Syn Ex11 c.1254C>T p.Tyr418= 0/1 2 

rs2111833 22:37084757-37084757 Syn Ex9 c.1083G>A p.Ser361= 0/1 1;2;4 

rs2235324 22:37089684-37089684 Miss Ex7 c.757A>G p.Lys253Glu 0/1 1;2;4 

rs11704654 22:37103346-37103346 Syn Ex2 c.99G>A p.Pro33= 0/1 1;3 

rs_ID – reference single nucleotide polymorphism ID; NM – Reference sequence based on a protein-coding RNA 

(mRNA); NP – Reference sequence based on a protein (amino acid) sequence; MC – Molecular consequence; Miss – 

Missense; Syn – Synonym; Region – Genomic Region; GT – Genotype; 0/1 – Heterozygous; 1/1 – Homozygous; S_ID 

– Subject ID. 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 3.18 – NGS total coverage analysis. (A) Fragment 1 with 8266 bp containing exons 1-6 (22.37095447-
371037129); (B) Fragment 2 with 5831 bp containing exons 7-10 (22.37084192—3709002); and (C) Fragment 3 with 
9421 bp containing exons 11-18 (22.37065998—37075418). Reference base (equal) is depicted in grey with called 
variants in color (C: blue; G: orange - not black; A: green; T: red), and bars represent the number of reads supporting 
the genomic position. Above is marked the relative chromosomic position and bellow are underlined in red the high 
variation regions studied for exclusion purposes. Analysis performed in IGV v2.3.86. 
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After application of the exclusion criteria, the NGS analysis revealed a total presence of 81 

variants (Table S.20): 2 upstream/5’UTR variants; 8 coding region variants resulting from 5 

synonymous and 3 missense mutations (Figure 3.19); and 71 intronic variants, of those, 16 were 

in the exon-intron boundaries (up to 120 bp of the flanking intron) and 55 were deep intronic. All 

called variants had already received an rs identifier, with all variants found within the coding 

regions having already been spotted in control subjects (1 to 4), except for one of the missense 

mutation, c.871G>A – G291S, which had not been previously reported in the literature as a cause 

of IRIDA. The presence of all coding region mutations was confirmed by Sanger sequencing of 

the exons in which they were present. A subject with each of the three possible genotypes was 

selected for variant confirmation. 

Figure 3.19 – Protein and gene and locations of found variants in the coding regions of the TMPRSS6 gene. 
Identified IRIDA mutations are indicated in boxes, with green and red arrows indicating the location of the synonymous 
and missense mutations, respectively.  

One can find polymorphisms all over the genome, rather than just in coding or splicing 

regions, in this way, a considerable number of SNPs are expected to be located within regulatory 

sequences, as can be the case of some of the found deep intronic variants. The potential effects of 

these variants on gene regulation depend on their location respect to the regulatory elements, 

which are always difficult to assess [226]. Because regulatory regions are difficult to identify and 

study, there were no available primers for Sanger sequencing confirmation of called variants, and 

a final IRIDA diagnosis requires only the identification of genetic lesions within exons and exon-

intron boundaries of the TMPRSS6 gene, deep intronic variants were not extensively studied in 

this dissertation. 

3.2.2 In silico studies of pathogenicity of found variants 

Analysis of possible splice site mutations: A precise pre-mRNA splicing is essential for an 

appropriate protein translation, in which consensus cis-sequences that define exon-intron 

boundaries and regulatory sequences are recognized by splicing machinery. The presence of 

mutations at these sequences can be responsible for improper exon and intron recognition and 

may result in the formation of an aberrant transcript of the mutated gene [227]. 

Synonymous mutations can change the sequence of a gene without directly altering the 

encoded protein. Due to the absence of protein change, synonymous mutations are often classified 

as neutral by mutation prediction tools and are sometimes ignored in this type of analysis. Yet, 

synonymous mutations can have an important role in mRNA splicing, folding, mRNA interaction 

and protein translation [228]. Taking that into account, the called synonymous variants were 
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analyzed together with intronic variants, using the HSF software, to predict the effects of 

mutations on splicing signals or to identify splicing motifs in the mutated TMPRSS6 sequence. 

According to the in silico splicing analysis, all synonymous and exon-intron boundary 

variants had either “Probably no impact on splicing” or “No significant splicing motif alteration 

detected”. Therefore, we conclude that these render no pathogenicity when it comes to the splicing 

process. As for the deep intronic variant, results were similar to the other tested variants except 

for 3 variants that the software classified with “Potential alteration of splicing”, being able to 

create exonic cryptic splice sites with potential for creating an aberrant protein [228]. No further 

investigation was conducted regarding these deep intronic variants, which the presence could not 

be confirmed by Sanger sequencing. 

Analysis of missense mutations: The found missense mutations, two common 

polymorphisms and one novel undescribed variant, were analyzed by three online prediction 

software to determine their impact in the final peptide based on the differences between human 

matriptase-2 and the homologous proteins from other mammals (PolyPhen-2), the importance of 

one aa based on its level of conservation within the protein family (SIFT); and the 3D protein 

structure (Missense3D). 

Sequence variation data of the human proteome can be used to analyze 3D protein structures 

to derive functional insights, and therefore be used to predict the phenotypic consequence of a 

missense variant [145], [229]. Seeing that in the online databases there was no available 3D 

structure model of matriptase-2, we used Phyre2 homology modelling tool to produce the 3D 

structure of the protein based on alignment to known protein structures, obtaining an amino acids 

structure with 88 % of residues modelled with 90% of confidence (Figure 3.20). 

 

 

 

 

 

 

Figure 3.20 – Phyre2 protein model. (A) Ribbon representation of matriptase-2 3D predicted structure colored by 
rainbow N to C model. (B) Confidence of residue prediction. 

V736A: This variant, located in the serine protease domain of the protein, is the result of the 

substitution of valine for alanine, and has been several times associated with changes in the 

hematological and iron parameter [57], [230], [231], with the allele T being established as the risk 

allele. Furthermore, functional studies of this variant reveal no differences in the shedding and 

proteolytic activity between variant V736A and the wild-type protein [232].  



64 

 

The valine and alanine amino acids are similar since both are non-polar capable of having 

van der Waals interactions, with very non-reactive side chains. For these reasons, they are rarely 

directly involved in protein functions like catalysis, although they can play a role in substrate 

recognition. [226]. We put to test the pathogenicity that this variant entailed for the protein, results 

from Poly-Phen2 predicted V736A to be benign for the protein (Figure 3.21). Additionally, to 

been predicted as benign, the variant was also classified as tolerated (0.73; ≥ 0.05 considered 

neutral) according to SIFT, and no structural damage resulting from the presence of the variant 

was detected with Missense3D. 

 

 

 

 

  

Figure 3.21 – PolyPhen-2 pathogenicity prediction of variant V736A on matriptase-2. Variant predicted as benign 
according to the score obtained for predictions (A) based on the HumDiv data and (B) the HumVar data. 

The fact that the gene encoding for this protein is highly conserved across mammalian 

species [49], [52], would make one believe that the wild-type allele would be the conserved one. 

Instead, the conservation profile, resulting in a multiple sequence alignment with homologous 

protein sequences from closely related mammalian species (Figure 3.22), reveals that alanine is 

the conserved one.  

Figure 3.22 – Conservation profile of matriptase-2 at the position of the variant V736A. Multiple sequence 
alignment of protein containing variant and  homologous protein sequences of closely related mammalian species. The 
pattern of amino acid substitutions is inside a black box and highlighted with red arrow. Results obtained from 
PolyPhen-2. V – Valine; A – Alanine. 

The results support the data present in the literature, stating that this variant is not responsible 

for an IRIDA phenotype. On the contrary, the variant was predicted as benign when compared to 

the wild-type allele. 

K253E: Lysine, a somewhat amphipathic amino acid, frequently plays an important role in 

protein structure and is quite often present in protein active or binding sites for being able to form 

salt-bridges, hydrogen bonds and van der Waals interactions. In the variant K253E present in the 

CUB1 domain, lysine is substituted by glutamic acid, although this change entails the change of 

a positive to a negative aa, both of them share the same biochemical properties such as having 

elevated side-chain flexibility and establishing the same molecular interactions [226]. Results 

from in silico analysis from Poly-Phen2 predict that K253E has a benign effect on the protein 

(Figure 3.23). This result is corroborated by the software SIFT that predicts the variant as tolerated 
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(1.00; ≥ 0.05 considered neutral) and Missense3D that concludes that its presence leads to no 

structural damage. 

 

 

 

 

 

Figure 3.23 –PolyPhen-2 pathogenicity prediction of variant K253E on matriptase-2. Variant predicted as benign 
according to the score obtained for predictions (A) based on the HumDiv data and (B) the HumVar data. 

Additionally, the conservation profile (Figure 3.24), also obtained from PolyPhen-2, reveals 

that the wild-type lysine present in the human protein appears not to be especially conserved 

across other close related mammalian species. The profile displays that the lysine residue can be 

substituted by glutamic acid, such as what happens in the variant in study, and by glutamine, 

which is known to be frequently substituted by other polar amino acids, such as the previously 

mentioned glutamate [226]. 

Figure 3.24 – Conservation profile of matriptase-2 at the position of the variant K253E. Multiple sequence 
alignment of protein containing variant and homologous protein sequences of closely related mammalian species. The 
pattern of amino acid substitutions is inside a black box and highlighted with red arrow. Results obtained from 
PolyPhen-2. K – Lysine; Q – Glutamine; E – Glutamic acid. 

Originally thought to be responsible for a non-severe IRIDA phenotype [233], this common 

variant has never been associated with changes in hematological and iron parameters [234]–[236]. 

By predicting that K253E is a benign tolerated non- damaging variant, we conclude that this 

variant is not likely to be responsible for an IRIDA phenotype, corroborating the conclusions 

reached by Donker et al. [237]. 

G291S: This missense variant, which has never been described before to be in the origin of 

an IRIDA phenotype, is caused by the substitution of glycine for serine in the CUB1 domain of 

matriptase-2. Glycine’s structure is unique for containing hydrogen as its side chain, which leads 

the residue to reside in parts of protein structures that are forbidden to all other amino acids, such 

as the tight turns in the peptide structures. Furthermore, this residue plays a distinct functional 

role by using its backbone, instead of its side chain, to bind to phosphates [226]. Contrarily, serine 

is a somewhat indifferent amino acid that can reside both within the interior of a protein or on the 

protein’s surface. This aa also differs from glycine by being polar and being able to establish up 

to three hydrogen bonds, rather than just van der Waals interactions.  
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When attempting to determine the impact of G291S in the final peptide, PolyPhen-2 

predicted the variant as a possibly damaging mutation (Figure 3.25), and so did the software SIFT 

that predicts the variant as deleterious (0.00; ≥ 0.05 considered neutral). 

 

 

 

 

 

Figure 3.25 – PolyPhen-2 pathogenicity prediction of variant G291S on matriptase-2. Variant predicted as 
probably damaging according to the score obtained for predictions (A) based on the HumDiv data and (B) the HumVar 
data. 

The conservation profile (Figure 3.26) analysis revealed that the glycine residue present at 

the position 291 is highly conserved among close related mammalian species. In case one sees a 

highly conserved glycine changing into another amino acid, it will mean that the change could 

have a drastic impact on protein function. This type of impact has already been described among 

protein kinases [238]. 

Figure 3.26 – Conservation profile of matriptase-2 at the position of the variant G291S. Multiple sequence 
alignment of protein containing variant and homologous protein sequences of closely related mammalian species. The 
pattern of amino acid substitutions is inside a black box and highlighted with red arrow. G – Glycine. 

Also, based on the predicted structure for MT2, an analysis to determine the nature of the 

pathogenicity of G291S substitution was conducted using the software Missense3D (Figure 3.27). 

The software detected that the change of residues would potentially lead to two structural damages 

“Gly in a bend” and “Cavity altered”. The former means that the wild-type residue is glycine and 

is in a bend curvature since it only has hydrogen as its side chain, glycine can adopt a far larger 

region in the protein backbone than other side chains, making it a characteristically found residue 

of loops and regions where a polypeptide chain makes a sharp turn [145]. For this reason, glycine 

is often conserved within a protein family for maintenance of a certain protein fold, and so its 

substitution to any amino acid is perceived as damaging.  

If the structural damage detected is an altered cavity, also referred to as a pocket on the 

protein surface, the software means to suggest that the substitution leads to an expansion or 

contraction of the cavity volume of ≥ 70 Å3 [145]. In general, residues that enclose cavities do 

not display any extra local mobility relative to their surrounding environments [239], particularly, 

glycine is far more conserved if located at a complemented pocket than if located within the rest 

of the interface for the lack of a side-chain that allows for tight packing [240]. The predicted 

changes in cavity volume can affect protein stability. 
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Figure 3.27 – Structural analysis: comparison between wild-type and mutant G291S. 

The change of a vital residue within a protein domain is likely to disrupt the protein function 

by not allowing the protein to maintain its conformation or perform its biological functions, 

leading to a pathological phenotype [241] Despite the conserved structure of the proteins within 

the TTSP family, little is known about the specific functional contributions of the SEA, CUB, and 

LDLR domains in these proteins [242]. Matriptase-2 is expressed as an inactive zymogen, which 

needs a proteolytic cleavage to become active. Afterwards, the protease domain remains attached 

to the membrane anchor by a disulfide bond [243]. Oberst et al. has shown that matriptase 

activation requires glycosylation of the serine protease and CUB1 domains, strongly suggesting 

that matriptase glycosylation can differentially influence the level of protease activation [244], in 

the same way, Silvestri et al. suggested that the integrity of the CUB and LDLR domains is 

required for the activation of MT2 [245]. Furthermore, McDonald et al. showed that the SEA and 

LDLA domains support the protein transport to the cell surface, while the CUB, LDLR and 

protease domains facilitate the cleavage of its endogenous substrate hemojuvelin [242]. However, 

deletion of both CUB domains increases zymogen activation, suggesting that the CUB domains 

together may serve to prevent premature matriptase activation, but may also provide the structural 

basis for protein-protein interactions which are believed to be important for matriptase zymogen 

activation [246]. In this way, mutations within the CUB1 domain, such as G291S, can potentially 

have a nefarious effect on matriptase zymogen activation and subtract recognition.  

When analyzing the pathogenicity of a novel missense mutation (c.871G>A; G291S), found 

in heterozygosity in one of the cases with suspicion of IRIDA, the obtained in silico results, 

presented as pathogenicity scores and functional data, reach the same conclusion that the variant 

is deleterious and potentially damaging for the protein stability. Moreover, by reviewing the 

function of the protein domain in which the mutation is inserted, we believe that the residue 

change may also affect the enzyme activation and substrate recognition. For the reasons stated 

above, is fair to assume that the presence of G291S is most likely, at least partially, the genetic 

cause for the phenotype of the patient in which it was found. In the future, actual functional and 

structural studies should be performed to confirm in silico results and further the knowledge about 

matriptase-2 and this novel mutation.  
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3.2.3 Case 6 to 8 and 10 – Unexplained phenotypes 

In four of the not previously analyzed subjects we found a combination of the same variants 

found in the control subjects (Table 3.15). Of the seven found variants, two (Y418Y and P33P) 

have not been yet associated with either an IRIDA phenotype or any changes in the hematological 

and iron parameters. The two common missense variants, V736A and K253E, were previously 

described in this study as benign, with the former’s wild-type allele being associated with a higher 

risk of IDA [57], [230], [231]. Similarly, the variant Y739Y risk allele has also been associated 

with a reduction in Hb and Ft concentrations and an increase in Tf in most populations 

investigated, as well as having a greater frequency in woman TSAT < 10 % [50], [234]. Regarding 

D521D, this variant was associated with a lower Ft level even after controlling for iron intake, 

with Shinta et al. showing that per copy of the minor allele (C), the Ft serum concentration was 

reduced by 5.00 μg/L [247]. Moreover, this variant is said to be associated with the levels of iron-

related hematological parameters [236]. Finally, S361S has shown strong significant association 

with SI and TBIC, these results were obtained from subgroups of a multiethnic population 

suggesting that the variant may play different roles in different ethnicities [248]. 

Table 3.15 – Identification of variants present in the TMPRSS6 gene of unexplained cases. 

S_ID GT rs_ID Location MC Region NM_153609.3 NP_705837.1 

6;7 0/1 rs2235321 22:37066886-37066886 Syn Ex17 c.2217C>T p.Tyr739= 

6;7;8 0/1 rs855791 22:37066896-37066896 Miss Ex17 c.2207T>C p.Val736Ala 

7;8 0/1 rs4820268 22:37073551-37073551 Syn Ex13 c.1563C>T p.Asp521= 

6 1/1 rs881144 22:37075250-37075250 Syn Ex11 c.1254C>T p.Tyr418= 

7 0/1 rs2111833 22:37084757-37084757 Syn Ex9 c.1083G>A p.Ser361= 

6;8;10 0/1 
rs2235324 22:37089684-37089684 Miss Ex7 c.757A>G p.Lys253Glu 

7 1/1 

6 1/1 rs11704654 22:37103346-37103346 Syn Ex2 c.99G>A p.Pro33= 

Bold – Relevant variants; S_ID – Subject ID; rs_ID – Reference single nucleotide polymorphism ID; NM – Reference 
sequence based on a protein coding RNA (mRNA); NP – Reference sequence based on a protein (amino acid) sequence; 
MC – Molecular consequence; Miss – Missense; Syn – Synonym; Region – Genomic Region; GT – Genotype; 0/1 – 
Heterozygous; 1/1 – Homozygous. 

In whole, we believe that even the simultaneous presence of the found polymorphisms is not 

responsible for IRIDA, a hereditary autosomal recessive anemia. However, the subjects present 

with polymorphisms that have been associated with a greater risk of developing iron deficiency 

anemia. These polymorphisms may be modulating the subjects’ phenotypes. However, each of 

the TMPRSS6 variant explains only approximately 1 % of the variance in iron concentrations 

[249]. Since these subjects’ clinical picture cannot be justified by the molecular findings, we 

suggest further investigation into their iron metabolism, with hepcidin quantification being the 

next logical step. When choosing the next steps for molecular investigations, one should be aware 

that the molecular techniques used in this study do not allow the detection of some INDELS, 

genetic rearrangements and epigenetic modifications. 

3.2.4 Case 9 – IRIDA-like phenotype  

Case 9 was a 4-year-old boy of sub-Saharan ancestry (Mozambique/Angola), presenting with 

microcytic hypochromic anemia, low TSAT, normal Ft, and having a partial response to 

intravenous iron treatment (Table 3.16). 
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Table 3.16 – Hematological and iron status features for Case 9 before and after intravenous iron treatment. 

ID 
Sex 
/Age 

Iron  
treatment  

RBC  
(x1012/L) 

Hb 
(g/dL) 

MCV 
(fL) 

MCH 
(pg) 

RDW 
(%) 

SI 
(µg/dL) 

Tf 
(mg/dL) 

TIBC 
(μg/dL) 

TSAT 
(%) 

Ft 
(μg/L) 

9 
M Before 4.52 9.8 70.3 21.7 17.7 19 253 316.67 6.00 33.0 

4 y After 4.38 10.2 75.6 23.3 16.6 51 218 273.02 18.68 242.3 

Bold – values outside normal range; M – Male; y – Years; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean 
Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell Distribution Width; SI – Serum iron; Tf –  Transferrin; 
TIBC – Total Iron Binding Capacity; TSAT – Transferrin saturation; Ft – Ferritin. 

Before the screening of TMPRSS6 by NGS, the subject was already known to be an α3.7-

thalassemia carrier, a contributing factor to the microcytic hypochromic anemia phenotype. The 

analysis revealed the presence of a novel missense mutation (c.871G>A; G291S) in 

heterozygosity, in TMPRSS6 exon 8. In silico analysis indicated that the conserved amino acid 

change potentially results in damage to the protein stability. Due to its location in the CUB1 

domain, it may also affect enzyme activation and substrate recognition. Additionally, 3 SNPs 

previously associated with a greater risk of developing iron deficiency anemia (K253E; S361S; 

and Y739Y) were also identified in TMPRSS6 (Table 3.17).  

Table 3.17 – Identification of variants present in the TMPRSS6 gene of Case 9. 

S_ID rs_ID Location MC Region NM_153609.3 NP_705837.1 GT 

9 

rs2235321 22:37066886-37066886 Syn Ex17 c.2217C>T p.Tyr739= 0/1 

rs855791 22:37066896-37066896 Miss Ex17 c.2207T>C p.Val736Ala 1/1 

rs2111833 22:37084757-37084757 Syn Ex9 c.1083G>A p.Ser361= 1/1 

rs145053404 22:37086412-37086412 Miss Ex8 c.871G>A p.Gly291Ser 0/1 

rs2235324 22:37089684-37089684 Miss Ex7 c.757A>G p.Lys253Glu 1/1 

rs11704654 22:37103346-37103346 Syn Ex2 c.99G>A p.Pro33= 0/1 

Bold – Relevant variants; S_ID – Subject ID; rs_ID – Reference single nucleotide polymorphism ID; NM – Reference 
sequence based on a protein-coding RNA (mRNA); NP – Reference sequence based on a protein (amino acid) 
sequence; MC – Molecular consequence; Miss – Missense; Syn – Synonym; Region – Genomic Region; GT – 
Genotype; 0/1 – Heterozygous; 1/1 – Homozygous. 

IDA is the most common cause of anemia and is mainly caused by nutritional deficiency. 

Contrarily, IRIDA is known as an autosomal recessive disease and therefore less frequent. In this 

case, we conclude that the result of digenic inheritance of the novel damaging mutation 

(c.871G>A; G291S) and the 3 common modulating SNPs in the same gene and a co-inheritance 

of an α-thalassemia trait deletion may lead to an IRIDA-like phenotype.  

Later in the investigation of this case, the DNA sample of the child’s younger brother, also 

an α3.7-thalassemia carrier, presenting with hypochromic anemia (Table 3.18), characteristic of 

the genetic trait, arrived for molecular investigation of the TMPRSS6 gene. The found and 

confirmed mutations in the older brother where searched for by Sanger sequencing of the exons 

in which they were present, confirming the presence of 3 relevant common polymorphisms 

(K253E – 1/1; V736A – 0/1; and Y739Y – 1/1). 

Table 3.18 - Hematological and biochemical features in subjects tested for some IRIDA causing mutations. 

ID Sex Age 
RBC  

(x1012/L) 
Hb 

(g/dL) 
MCV 
(fL) 

MCH 
(pg) 

RDW 
(%) 

SI 
(µg/dL) 

Tf 
(mg/dL) 

TIBC 
(μg/dL) 

TSAT 
(%) 

Ft 
(μg/L) 

11 M 22 m 4.42 10.1 73.8 22.9 18.0 65.0 273.0 341.00 19.06 16.3 

Bold – values outside normal range; M – Male; m – Month; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean 
Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell Distribution Width; SI – Serum iron; Tf –  Transferrin; 
TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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The absence of the potentially damaging missense mutation G291S in the younger brother 

leads to the conclusion that his phenotype is, most likely, just a consequence of the α-thalassemic 

trait, and further supports our conclusion that this mutation, even in the heterozygous state, is 

predominantly responsible for Case’s 9 phenotype. Through the complete and partial analysis of 

the TMPRSS6 gene, of both brothers respectively, we can infer the parents’ genotype for some of 

the present variants. However, a complete family study should be conducted to determine from 

which parent the child has inherited the deleterious mutation so that assumptions can be made 

about the effects of this mutation on the subjects’ phenotype in infancy and adulthood. 

In conclusion, to complement the findings of this study, further functional and structural 

studies of the mutated protein as well as family studies, including the parents, should be 

conducted, in order to increase the knowledge of the iron metabolism and, ultimately, allow the 

identification of potential genetic markers for IDA. Moreover, this work suggests that carrying 

out an NGS analysis is an effective strategy to diagnose and study the rare disease IRIDA, 

especially as compared with conventional sequencing techniques. 
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3.3 Genetic association study 

Genetic association studies (GAS) assess the association between phenotypic traits and 

genetic variants in a population. This type of analysis investigates the association without 

requiring information on inheritance, and therefore, is conducted on a sample of unrelated cases 

and controls, with studied variants being selected based on pathophysiological hypotheses [250]. 

A GAS was performed to investigate the role of four common variants in genes TMPRSS6 

[c.2207T>C, p.Val736Ala (V736A) and c.757A>G, p.Lys253Glu (K253E)] and HFE [c.187C>G, 

p.His63Asp (H63D) and c.845G>A, p.Cys282Tyr (C282Y)], associated with the iron 

metabolism, on the hematological and iron status parameters of patients from two different types 

of anemia (BTT and IDA) and healthy controls.   

Demographic, hematological and iron status characteristics of controls and cases are reported 

in Table 3.29. In the results it is observable, as expected, that the mean values of all parameters 

of the control group are within normal ranges for both sexes. When considering the mean values 

of the BTT group, all hematological parameters are outside the normal range, corresponding with 

the pathophysiology in question. When it comes to the iron status of this group, only Ft was 

elevated, when considering the normal range, which is not surprising since some BTT subjects 

can develop iron overload due to dyserythropoiesis that leads to a variable increase of enteric iron 

absorption [251]. For this reason, is important to evaluate the iron status in BTT subjects since it 

may play a role in improving iron status in females, and in men can more easily lead to iron 

overload. Monitoring it could then avoid the harmful effects of iron overload in the early stages 

of the disorder in men [252]. Concerning the mean values of the IDA group parameters, they are 

also out of range, as expected for the iron deficiency anemia pathophysiology. Regarding the 

demographic, hematological and iron status profiles, when comparing the control and BTT 

groups, two iron status parameters, SI (p = 0.600) and TSAT (p = 0.108) do not show any 

statistically significant difference and are lower in the BTT group. All parameters were 

significantly different between IDA patients and healthy controls (p < 0.001).  

Table 3.19 – Demographic, hematological and iron status parameters in control and case populations. 

 Controls (N=134) BTT (N=116) IDA (N=67) Mann-Whitney test 

Parameters Mean ± SD Mean ± SD Mean ± SD pa pb 

Gender (M/F) 42/92 63/53 10/57 < 0.001 0.016 

Age (y) 39±16 45±18 44±16 0.041 0.012 

RBC (x10^12/L) 4.34±1.24 5.70±0.61 4.45±0.43 < 0.001 0.047 

Hb (g/dL) 13.74±4.52 11.82±1.20 10.23±1.45 < 0.001 < 0.001 

MCV (fL) 91.45±1.93 64.80±4.21 72.40±7.67 < 0.001 < 0.001 

MCH (pg) 31.71±1.56 20.79±1.39 23.11±3.35 < 0.001 < 0.001 

RDW (%) 12.67±41.44 15.55±4.33 24.11±12.47 < 0.001 < 0.001 

HbA2 (%) - 4.13±0.43 - - - 

SI (µg/dL) 113.53±42.41 108.06±31.05 33.35±17.68 0.600 < 0.001 

Tf (mg/dL) 285.57±53.00 260.18±41.05 376.07±70.29 < 0.001 < 0.001 

TIBC (μg/dL) 356.96±12.70 326.97±54.90 470.04±87.81 < 0.001 < 0.001 

TSAT (%) 32.48±73.24 33.88±10.73 7.41±4.54 0.108 < 0.001 

Ft (μg/L) 81.03±12.70 169.36±205.21 8.61±10.82 < 0.001 < 0.001 
a – Comparison between the parameters of the total number of subjects in the control and BTT groups; b – Comparison 
between the parameters of the total number of subjects in the control and IDA groups;  BTT – Beta thalassemia trait; 

IDA – Iron deficiency anemia; SD – Standard deviation; p – p-value (significant < 0.05); y – Years; m – Month; RBC 
– Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell 
Distribution Width; SI – Serum iron; Tf – Transferrin; TIBC – Total Iron Binding Capacity; TSAT – Transferrin 
saturation; Ft – Ferritin. 



72 

 

Additionally, and based on the knowledge that the used hematological and iron status 

measurements differ for sex and age [39], [147], the differences between sexes were analyzed in 

the studied populations (Table S.21). The small sample size did not allow stratification of the 

population according to age groups. Statistically significant differences were observed for the 

RBC, Hb and Ft parameters (p < 0.001), of both control and BTT groups. Furthermore, when 

comparing sex, the TSAT levels differed within the control group (p = 0.048), as well as the Tf 

and TBIC levels (p = 0.029) within the BTT group. Within the IDA group, there were no 

statistically significant differences between sex for the hematological and iron status parameters, 

probably due to the small number of men within this group (10 males; 57 females), the only 

observable difference was between the mean age of the two groups (p = 0.028). The results from 

these comparisons highlight the importance of adjusting, when possible, the statistical association 

methods, carried out later in this work, for sex and age, to avoid confounding, by eliminating 

plausible alternative explanations for an observed relationship between independent and 

dependent variables. 

To provide a surrogate of GAS quality, in terms of design and conduct, it was checked 

whether the genotype frequencies were in conformity with Hardy-Weinberg equilibrium [250]. 

In theory, disease-free control groups from outbred populations, as well as combined groups of 

cases and controls from studies where all subjects have a specific disease, should follow the HWE 

[253]. Deviations from it lead to type I error (false positive) for gene-disease associations and can 

be due to genotyping errors, population stratification, inbreeding, selection bias in the choice of 

controls and confounding factors unaccounted for [250], [253].  

There was no difference in the frequency distribution of all studied gene variants between 

the controls and the two case groups, and in all three groups frequencies agreed with the HWE 

(Table 3.20). Compliance with the HWE indicates that the genotype frequencies are consistent 

with the two alleles being independently sampled from a population of alleles [254]. Normally, 

in the presence of a marker to disease susceptibility allele, the HWE is not expected to hold, yet, 

for association with a recessive susceptibility allele, HWE may hold [254]. In all the investigated 

groups there was a low frequency of the disease risk allele for the variants of the HFE gene, 

further justifying why the equilibrium was preserved for these variants.  

When looking at the allele frequencies of the 3 groups, on the one hand, the TMPRSS6 

variants presented a lower minor allele frequency than the European population; V736A (28.85-

31.30 < 39.0 %) and K253E (24.05-26.95 < 43.0 %), on the other hand, HFE variants presented 

similar minor allele frequency values to the ones described for the European and Portuguese 

population; H63D (12.70-19.90 %) and C282Y (2.06-4.05 %) [80], [81]. 

In case-control studies, in which the ratio of cases to controls is controlled by the investigator, 

it is not possible to make direct estimates of disease penetrance, illustrated by the risk ratio (RR) 

[255]. In this type of study, the magnitude and significance of the association can be estimated 

with the odds ratio (OR) and its 95 % confidence interval (CI) for the various genetic contrasts, 

representing the probability that the disease is present compared with the probability that it is 

absent [250], [255]. Advantageously, when disease penetrance is small, there is little difference 

between RRs and ORs [255]. 
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Table 3.20 – Frequency distribution of TMPRSS6 V736A and K253E and HFE H63D and C282Y gene variants. 

Frequencies expressed as % in the three groups control, beta-thalassemia trait, and iron deficiency anemia. 

Locus, SNP (risk allele) Controls BTT IDA Fisher’s 

Genotypes / Alleles (N=134) (N=116) (N=6) pa pb 

TMPRSS6, V736A (T)      

TT 6.50 10.87 6.90   

TC 49.59 35.87 48.28 0.112 0.985 

CC 43.90 53.26 44.83   

T/C 31.30/68.70 28.85/71.25 31,05/68.95 0.878 0.878 

HWE (χ2, p) 15,000 (0.451) 6.333 (0.387) 6.333 (0.387)   

TMPRSS6, K253E (G)      

AA 61.34 65.43 67.31   

AG 23.53 16.05 17.31 0.418 0.677 

GG 15.13 18.52 15.38   

A/G 73.05/26.95 73.40/26.60 75.95/24.05 0.955 0.746 

HWE (χ2, p) 6.333 (0.387) 6.333 (0.387) 9,000 (0.532)   

HFE, H63D (G)      

CC 64.66 68.10 69.84   

CG 30.83 31.90 25.40 0.070 0.735 

GG 4.51 0.00 4.76   

C/G 80.10/19.90 84.05/15.95 87.30/12.70 0.581 0.253 

HWE (χ2, p) 12.000 (0.285) 2.000 (0.572) 12.000 (0.285)   

HFE, C282Y (A)      

GG 92.54 94.83 95.24   

GA 6.72 5.17 4.76 0.888 0.765 

AA 0.75 0.00 0.00   

G/A 95.95/4.05 97.94/2.06 97.60/2.40 0.683 0.683 

HWE (χ2, p) 6.000 (0.423) 4.000 (0.261) 4.000 (0.261)   

a – Comparison between the allele and genotype frequency of variants of the total number of subjects in the control and 
BTT groups; b – Comparison between the allele and genotype frequency of variants of the total number of subjects in 
the control and IDA groups;  BTT – Beta thalassemia trait; IDA – Iron deficiency anemia; SNP – Single- nucleotide 
polymorphism; p – p-value (significant < 0.05); HWE – Hardy Weinberg equilibrium; χ2 – Qui squared. 

In Table 3.21 are displayed the genotype distributions of the four studied polymorphisms 

from TMPRSS6 and HFE genes in control and IDA patients. An OR of less than 1 means that the 

first group was less likely to experience the event. After adjusting for sex and age, statistically 

significant OR values were obtained for all variants revealing that all the polymorphisms had an 

association with the IDA status when compared to the same genotypic exposure in controls. 

Looking at V736A, both heterozygous (TC) and homozygous (CC) genotypes present themselves 

as a protective factor against IDA, with subjects with these genotypes being 74 % less likely to 

develop IDA (OR = 0.26, 95% CI [0.09,0.68], p = 0.008; OR = 0.26, 95% CI [0.09,0.72], p = 

0.010). These results reveal that the presence of only one protective allele (C), in heterozygous 

individuals, is enough to render a protective effect against IDA. In the literature, it has already 

been described that the T allele appears to inhibit hepcidin more efficiently than the C allele in in 

vitro experiments [55]. 

Concerning the K253E variant only the homozygote for the risk allele (GG) did not show 

any association with the disease outcome, with subjects presenting the wild-type (AA) and 

heterozygous (AG) genotype being 67 % and  82 %, respectively, less likely to present with IDA 
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(OR = 0.33, 95% CI [0.12,0.88], p = 0.030; OR = 0.18, 95% CI [0.05,0.59], p = 0.006). Sato et 

al. associated this variant with a non-severe IRIDA phenotype in a Japanese child [233], but 

Donker et al. argued that it was not very likely that the presence of K253E, simultaneously with 

V736A, was responsible for the clinical phenotype of the child [237]. Since then, no other author 

made an association between this variant and the hematological and iron parameters [234]–[236], 

although Lee et al. has found that K253E frequency was greater in women with TSAT ≥ 10 % 

[234]. 

For the H63D variant, only the homozygote for the iron overload risk allele (GG) did not 

show any association with the anemia outcome, with subjects presenting the wild-type (CC) and 

heterozygous (CG) genotype being 73 % and  81 %, respectively, less likely to present with IDA 

(OR = 0.27, 95% CI [0.19,0.65], P = 0.005; OR = 0.19, 95% CI [0.06,0.55], p = 0.003). The 

C282Y wild-type genotype (GG) is also 75 % less likely to present with IDA (OR = 0.25, 95% 

CI [0.10,0.61], p = 0.003). The OR results for the HFE variants represent an inverse association 

to what was expected since the presence of the risk alleles of these polymorphisms leads to 

hemochromatosis by affecting positively the iron uptake and storage [256], therefore, the 

heterozygous and homozygous genotypes, for both mutations, should be the ones conferring 

protection against IDA, instead of the wild-type and heterozygous states.  

Table 3.21 – Distribution of V736A, K253E, H63D and C282Y genotype frequencies in IDA patients and controls 

Genotype WT HET HOM 

SNP C/IDA OR (95% CI) p C/IDA OR (95% CI) p C/IDA OR (95% CI) p 

V736A 8/4 0.23 (0.04,0.98) 0.056 61/28 0.26 (0.09,0.68) 0.008 54/26 0.26 (0.09,0.72) 0.010 

K253E 73/35 0.33 (0.12,0.88) 0.030 28/9 0.18 (0.05,0.59) 0.006 18/8 0.35 (0.10,1.18) 0.095 

H63D 86/44 0.27 (0.10,0.65) 0.005 41/16 0.19 (0.06,0.55) 0.003 6/3 0.17 (0.02,1.04) 0.066 

C282Y 124/60 0.25 (0.10,0.61) 0.003 9/3 0.39 (0.07,1.96) 0.262 1/0 NC 0.986 

C – Controls; IDA – Iron deficiency anemia; SNP – Single- nucleotide polymorphism; WT – Wild-type; HET – 
Heterozygous; HOM – Homozygous; OR – Odds ratio, from logistic regression models, adjusted for sex and age 
(continuous); CI – Confidence interval; p – p-value (significant < 0.05); NC – Not calculated. 

The association results from this analysis can only be taken into consideration up to a point, 

since all results present statistically significant or borderline significant results, which may be a 

consequence of the small frequency of risk alleles in the population, especially regarding the 

TMPRSS6 polymorphisms that are reported to be present in higher frequencies in IDA patients 

[235], and the fact that there is roughly twice the amount of control subjects when compared to 

the IDA group (134 controls; 67 IDA), and can be possibly responsible for the unexpected results 

regarding the HFE gene. This analysis was not performed for control versus BTT because, while 

changes in the genes involved in the iron metabolism can directly influence whether subjects 

develop or not iron deficiency anemia, these changes can modulate the iron status in BTT subjects 

but cannot influence whether they are or not carriers of β-thalassemia. 

GAS usually assesses various contrasts of genotypes such as the allele contrast, the additive, 

recessive and dominant models. These models are attractive for researchers because the sample 

size becomes larger, generating more power to detect significant associations [250]. In this study, 

to assess the status of a single SNP we tested the null hypothesis of no association between the 

three genotypes (the two homozygotes and the heterozygote) among cases and controls. 

Additionally, when it was allowed by the sample size, the K253E genotypes were compared 

according to the recessive model, and the HFE variants according to the dominant model. The 

OR analysis revealed that, although IRIDA is an autosomal recessive disease caused by variants 
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within the TMPRSS6 gene, the presence of only one alternative allele (C) of V736A is enough to 

confer protection against IDA, not showing a great protective difference from homozygous 

genotype for the variant (CC). So, neither the recessive nor dominant models could be applied in 

the genotypic comparisons, and consequently, V736A genotypes were compared with each other 

individually. 

When analyzing the V736A variant in the female control group we found that MCV (p = 

0.048), MCH (p = 0.048) and TSAT (p = 0.048) parameters were significantly increased in 

subjects with the homozygous genotype (CC) when compared to the wild type (TT), (Table S.22). 

Tanaka et al. had already reported increased values of Hb, MCV and Ft in subjects with the C 

allele [249], and inversely Benyamin et al. has found decreased Hb, MCV, TSAT and Ft in 

subjects with the T allele [57]. Like in our study, Chamber et al. and Kullo et al. have found 

decreased values of MCV in subjects with the T allele [257], [258]. All in all, our results are in 

line with what was described in the literature. The same was not observed for the male control 

subjects (Table S.22) and the subjects of both sexes from BTT (Table S.23) and IDA (Table S.24) 

groups. 

In all studied groups, no statistically significant differences were observed in hematologic 

data and iron status according to the genotype of K253E, H63D and C282Y (p > 0.05) variants. 

Results for K253E are in agreement with results found in the literature [234]–[236], reinforcing 

the benign effect of this variant. The fact that there was a low frequency of the disease risk allele 

for the variants of the HFE gene, in all the investigated groups, may be a factor masking possible 

differences and associations. Detailed results are displayed in Tables S.25 to S.33. 

Considering only IDA patients, no significant differences were observed in hematologic data 

and iron status according to the genotype of the polymorphism. Other than the statistical 

limitations the lack of results can probably be related to the impact of previous iron 

supplementation, which inevitably modifies the hematologic parameters, minimizing the 

differences between the groups. 

Through logistic regression analysis in the control group, we confirm positive association 

between H63D and the parameter RDW (β = 0.53; SE = 0.26, 95% CI [0.09,1.08], p = 0.042), 

(Table S.34). If an association was made between this variant and the analyzed parameters, we 

would expect it to be with the iron status, and not with RDW that has been described to be within 

the normal range values in control subjects grouped by HFE genotype [259].  

In the BTT group we also confirmed association between H63D and three iron parameters 

SI (β = -0.02; SE = 0.01, 95% CI [-0.04,-0.01], p = 0.006), TBIC (β = 0.01; SE = 4.89x10-03, 95% 

CI [7.78x10-04,0.02], p = 0.042), and TSAT (β = -0.08; SE = 0.02, 95% CI [-0.13,-0.04], p = 

0.001), (Table S35). Yet, the estimated coefficients are near 0 implying that the effect of the 

predictor is small. These findings in the BTT group, indirectly support the hypothesis that the 

erythroid regulator (β-thalassemia) might represent a stronger stimulus than the stores regulator 

(defective HFE gene) in determining the degree of iron absorption [260]. The small sample size 

of the IDA group did not allow regression analysis for any of the studied variants. 

In sum, although some positive results have been found, the case-control groups used in this 

dissertation to assess the potential of genetic markers on iron deficiency anemia and beta-

thalassemia trait groups failed to completely portray what was previously stated in the literature 

or to obtain significant associations between all four variants from TMPRSS6 and HFE genes and 

the hematological and iron status parameters, clinically relevant for anemia differentiation. These 
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type of studies are sometimes unable to establish association due to intricate features of the 

populations, either genetic or environmental [50], [261]. Therefore, this analysis should be 

expanded to include a larger number of subjects, especially in the IDA group, while guaranteeing 

that the genotypic frequencies for each variant are robust enough to determine any statistically 

significant associations between genotype and phenotype, and taking into account sex, age and 

inter-ethnic variations to avoid confounding and stratification within the population. 
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3.4 Differentiating microcytic anemia  

The final objective of this dissertation emerged from the difficulties we came across when 

trying, in the previous objective, to determine to which case group, BTT or IDA, subjects with 

microcytic anemia and missing data regarding the Hb A2 levels and iron status parameters, 

belonged to. Thenceforth, an opportunity arose to put into practice and study the performance of 

13 commonly used mathematical indices for the screening of microcytic anemia patients, while 

ascertaining which are best suited for a Portuguese population.  

A total of 172 subjects with microcytic anemia were retrospectively analyzed, of those, 111 

were BTT subjects (60 males, 51 females) and 61 were IDA subjects (10 males, 51 females), their 

status was confirmed by molecular analysis of the mutations responsible for the thalassemia trait. 

The comparison of hematological and biochemical data of the subjects in each group (Table 3.22) 

revealed that all the parameters are significantly different (p < 0.001) from one case group to the 

other, this is especially important for the hematologic parameters in which the indices are based 

on. The hematological differences between males and females should be considered when using 

the mathematical indices and formulas for discriminating between BTT and IDA, to minimize 

variance in the discrimination power observed [262]. Thus, when determining the diagnostic 

accuracy of the used discrimination indices, the analysis was performed separately for males and 

females and then as one group.  

Table 3.22 – Hematological and biochemical data and comparison of studied groups as well as sex groups. 

 BTT (microcytic anemia) IDA (microcytic anemia)  

 Total (N=111) Male (n=60) Female (n=51) Total (N=61) Male (n=10) Female (n=51) MW  

Parameters Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD pa
 

Age (y) 45±18 44±17 45±18 44±16 59±16 41±15 < 0.001 

RBC (x10^12/L) 5.71±0.60 6.07±0.41 5.28±0.48 4.50±0.41 4.68±0.46 4.47±0.40 < 0.001 

Hb (g/dL) 11.86±1.17 12.53±0.94 11.07±0.88 10.09±1.44 10.39±1.67 10.03±1.41 < 0.001 

MCV (fL) 64.87±4.25 64.10±4.08 65.78±4.30 71.02±6.57 71.22±6.34 70.99±6.68 < 0.001 

MCH (pg) 20.82±1.40 20.64±1.20 21.04±1.59 22.46±2.74 22.23±2.45 22.51±2.82 < 0.001 

RDW (%) 15.58±4.36 16.40±5.69 14.61±1.40 25.13±12.60 31.64±16.13 23.86±11.56 < 0.001 

HbA2 (%) 4.11±0.42 4.08±0.37 4.15±0.48 - - - - 

SI (µg/dL) 108.39±31.56 110.05±28.84 106.57±34.50 30.21±14.28 27.89±10.45 30.72±15.03 < 0.001 

Tf (mg/dL) 261.36±40.71 251.66±33.70 272.22±45.26 383.73±69.88 407±94.92 378.50±63.31 < 0.001 

TIBC (μg/dL) 328.53±54.62 314.58±42.12 344.15±62.69 479.61±87.29 508.75±118.66 473.05±79.05 < 0.001 

TSAT (%) 33.80±10.78 35.40±9.74 32.02±11.68 6.43±3.24 5.96±2.98 6.53±3.32 < 0.001 

Ft (μg/L) 168.97±207.48 208.74±187.06 126.29±221.77 8.02±10.98 14.73±20.37 6.50±7.26 0.068 

a – Comparison between the parameters of the total number of subjects in BTT and IDA groups; BTT – Beta thalassemia 
trait; IDA – Iron deficiency anemia; SD – Standard deviation; p – p-value (significant < 0.05); MW – Mann-Whitney 
test; y – Years; m – Month; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean 
Cell Hemoglobin; RDW – Red Cell Distribution Width; SI – Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding 

Capacity; TSAT –  Transferrin saturation; Ft – Ferritin.  

The analysis was based on a binary classification model, which categorizes into one of two 

classes (true and false), giving rise to four possible classifications: a true positive, a true negative, 

a false positive, or a false negative [263]. The index used to distinguish between BTT and IDA 

with original publication thresholds, the number and proportion of correctly identified patients 

(true positives), as well as their discrimination power shown through measures of accuracy: 

SENS, SPEC, PPV, NPV, YI, and AUC values are presented in Tables S.36-S37, and Table 3.23, 
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to represent the combined data, male and females subjects, respectively. The ROC curves that 

represent the AUC measurement of the different indices and formulas and the accuracy findings 

for all calculated new best thresholds used when applying the indices to this study populations 

are detailed in Supplementary Material’s Figures S.7-S.10 and Table S.38-S.40.  

The analysis confirmed that the sample of male subjects was disproportionally small and did 

not allow the draw of conclusions in that group. The effects of the disproportion in case frequency 

and small sample size were observable on the ROC’s curve behavior, systematically showing 

enhanced index performance (Table S.37 and Figures S.7-S.10). The same was observable for the 

combined data that also reflected this deceptive tendency, for this reason, conclusions were drawn 

only for the female group (Table S.36 and Figures S.7-S.10). An AUC value < 0.75 means that 

the test shows deficiencies in its diagnostic accuracy [162], in this study the size of the sample 

did not provide a sufficiently reliable estimate of this area presenting consistently high values that 

made difficult the determination of the best formula, thus, a cut-off of 0.70 was established for 

the YI. 

Receiver operating characteristics graphs are constructed by plotting the true positive rate 

against the false-positive rate, making possible the identification of several regions of interest in 

the graph. The diagonal line from the bottom left corner to the top right corner denotes random 

classifier performance, a test that falls into this line has an AUC of 0.50 and represents a worthless 

differentiation, with as many false-positive responses as it produces true positive responses [157], 

[263]. Additionally, there are two important regions in the ROC graph, the left bottom that 

represents the conservative performance region where few false positive errors are committed, 

and the top left region representing classifiers with liberal performance where classifiers have a 

good true positive rate but also commit substantial numbers of false-positive errors. In the middle 

of these regions, at the point in the top left corner, we have the representation of a perfect 

differentiation classifier with AUC of 1.00 [263]. 

The results show wide differences in the discrimination power of the mathematical indices 

when applied to female subjects. Although the original published indices and formulas revealed 

very high discrimination power (almost 100 %) in terms of the correctly diagnosed case, none of 

the studied indices renders an absolute discrimination power when applied thereafter in other 

settings. In this case, the three best-performing indices to differentiate the two groups (IDA vs 

BTT) in the female population were RBC (YI = 0.71; AUC = 0.902), RDWI (YI = 0.84; AUC = 

0.973) and G&K (YI = 0.82; AUC = 0.972), these indices correctly diagnosed 85 %, 92 % and 

91 % of the cases, respectively. The worst performing index for case differentiation in this 

population was MCHD (Y I= 0.02; AUC = 0.569) showing almost no predictive value.  

Smoothed ROC curves were constructed to visualize the AUC for each of the three best 

tested hematologic indices to distinguish BTT cases from IDA cases, respectively (Figure 3.28). 

Marked on the ROC curve is the new estimated best threshold, this indicted criterion value is the 

cut-off value corresponding to the highest accuracy (minimal false-negative and minimal false-

positive results) [157]. In the graphical representation, we can verify that all new thresholds from 

the best performing indices are in the top left region of the graph, they are all liberal classifiers. 

When using the indices in a real-life context of screening, meaning that the use of liberal 

thresholds may be prefer by guarantying that a bigger number of β-thalassemia carriers are either 

confirmed by additional Hb A2 levels measurements or molecular analysis and receive the correct 

genetic counselling, preventing severe and lethal forms of thalassemia syndromes and 

unnecessary oral iron supplementation [264]. The sensitivity and specificity findings of these 
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cutoffs are summarized in Table 3.24, showing that for RBC and RDWI thresholds apparently 

did not deviate much from the value of original publication, and for G&K there might be a 

difference between our threshold and the published one (cutoff = 65; predictive cutoff = 71.26). 

Table 3.23 – Diagnostic accuracy findings for all considered indices used in microcytic anemia female subjects. 

 Female 

Indices  
BTT 

(n=51) 
IDA 

(n=51) 
Correctly 
diagnosed 

Accuracy 
(Efficiency) 

SENS  SPEC PPV NPV  YI  AUC 

RBC                     

BTT > 5 40 4 
87 0.85 

0.78 0.92 0.91 0.81 
0.71 0.902 

IDA < 5 11 47 0.92 0.78 0.81 0.91 

England and Fraser (E&F)                 

BTT< 0 19 0 
70 0.69 

0.37 1.00 1.00 0.61 
0.37 0.915 

IDA > 0 32 51 1.00 0.37 0.61 1.00 

Mentzer                     

BTT< 13 37 7 
81 0.79 

0.73 0.86 0.84 0.76 
0.59 0.886 

IDA > 13 14 44 0.86 0.73 0.76 0.84 

Srivastava                     

BTT< 3.8 19 1 
69 0.68 

0.37 0.98 0.95 0.61 
0.35 0.846 

IDA > 3.8 32 50 0.98 0.37 0.61 0.95 

Shine and Lal (S&L)                   

BTT< 1530 51 42 
60 0.59 

1.00 0.18 0.55 1.00 
0.18 0.712 

IDA > 1530 0 9 0.18 1.00 1.00 0.55 

Bessman (Rdw)                     

BTT< 15 36 5 
82 0.80 

0.71 0.90 0.88 0.75 
0.61 0.917 

IDA > 15 15 46 0.90 0.71 0.75 0.88 

Ricerca                     

BTT< 4.4 51 26 
76 0.75 

1.00 0.49 0.66 1.00 
0.49 0.970 

IDA > 4.4 0 25 0.49 1.00 1.00 0.66 

Jayabose (RDWI)                   

BTT< 220 44 1 
94 0.92 

0.86 0.98 0.98 0.88 
0.84 0.973 

IDA > 220 7 50 0.98 0.86 0.88 0.98 

Green and King (G&K)                   

BTT< 65 42 0 
93 0.91 

0.82 1.00 1.00 0.85 
0.82 0.972 

IDA > 65 9 51 1.00 0.82 0.85 1.00 

MDHL                     

BTT> 1.63 34 1 
84 0.82 

0.67 0.98 0.97 0.75 
0.65 0.913 

IDA < 1.63 17 50 0.98 0.67 0.75 0.97 

MCHD                     

BTT> 0.3045  42 41 
52 0.51 

0.82 0.20 0.51 0.53 
0.02 0.569 

IDA < 0.3045 9 10 0.20 0.82 0.53 0.51 

Sirdah                     

BTT< 27  26 1 
76 0.75 

0.51 0.98 0.96 0.67 
0.49 0.897 

IDA > 27 25 50 0.98 0.51 0.67 0.96 

Ensani                     

BTT< 15 36 8 
79 0.77 

0.71 0.84 0.82 0.74 
0.55 0.869 

IDA > 15 15 43 0.84 0.71 0.74 0.82 

Bold – Best performing indices; BTT – Beta thalassemia trait; IDA – Iron deficiency anemia; RBC – Red blood cells; 
RDW – Red cell distribution width; RDWI – Red cell distribution width index; MDHL – Mean Density of Hemoglobin 
per Liter; MCHD – Mean Cell Hemoglobin Density SENS – Sensitivity; SPEC – Specificity; PPV – Positive 
predictive values; NPV – Negative predictive values; YI – Youden’s index; AUC – Area under the curve. 
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Figure 3.28 – Smoothed receiver operating characteristics (ROC) curves of the three best performant 

discriminant indices for discrimination of beta-thalassemia trait and iron deficiency anemia in a female 

Portuguese population.  In the curve is marked the calculated best thresholds of each index.  

 
Table 3.24 – Accuracy findings for calculated new best thresholds of the best performing indices for female 

microcytic anemia subjects. 

 Female 

Indices Cutoff Predicted Cutoff SENS SPEC PPV NPV 

RBC 5 4.95 0.92 0.80 0.82 0.91 

Jayabose (RDWI) 220 222.40 0.98 0.90 0.91 0.98 

Green and King (G&K) 65 71.26 0.94 0.92 0.92 0.94 

RBC – Red blood cells; RDWI – Red cell distribution width index; SENS – Sensitivity; SPEC – Specificity; PPV – 

Positive predictive values; NPV – Negative predictive values. 

The discriminative power of the indices, either simple indices or resulting from a complex 

formula, did not reach maximum diagnostic performance, the same was described in the literature 

and continuously stimulates authors to devise new, and supposedly, better indices to apply in their 

local patient population. Across these studies, there is a vast variation in patient selection criteria, 

such as: age; sex; the types of thalassemia included; the geographical origin of the patients; the 

type of hematology analyzer used; and cutoff value used for the respective discriminant indices 

[162]. 

 In this study, the data used to generate the ROC curves represent uncombined cases of BTT 

and IDA, since ROC analysis has the principle of discriminating between two population, one 

population with the disease and the other population without the diseases. However, it is possible 

to use these discrimination formulas to check how they classify the combined cases [157] since 

we can see described in the literature studies that included both α- and β-thalassemia carriers. 

Albeit, the numbers reported are too small to make a solid conclusion as to the utility of the 

discriminant indices in these conditions [162]. Although our analysis only looks upon BTT 

subjects, the mutations responsible for it were different, with some resulting in a mild reduction 

in the output of β-chains (β+) and other in no β-globin gene product (β0). This led us to inquire 

about the differences between the parameters of the female BTT subjects used for the analysis 

(Table 2.25). No differences were observed between the hematological parameters used for the 

formulation of discriminant mathematical indices, ensuring that the molecular cause for BTT was 

not a confounding factor of the results. Additionally, it was found that there was no significant 

difference in the iron profile among the β0 and β+ thalassemia carriers, in accordance with what 

is described in the literature [265]. 

Overall, the analysis’ results are in agreement with recently published evaluations of the 

indices revealing that RBC count is the best single measurement, while the G&K index shows 
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consistently to be most reliable index; both the Ricerca and S&L indices have almost 100% 

sensitivity but poor specificity [157], [266]–[268]. 

Table 3.25 – Difference between parameters of β+- and β0-thalassemia trait female subjects. 

  BTT (female n=51) 

Thalassemia Trait β+ (n=12) β0 (n=39) MW 

Parameters Mean ± SD Mean ± SD p 

RBC (x10^12/L) 5.35±0.56 5.26±0.46 0.764 

Hb (g/dL) 11.63±0.65 10.86±0.91 0.057 

MCV (fL) 67.67±5.71 65.01±3.56 0.166 

MCH (pg) 21.96±2.06 20.69±1.28 0.053 

RDW (%) 14.70±1.31 14.58±1.45 0.593 

HbA2 (%) 3.79±0.48 4.30±0.42 0.003 

SI (µg/dL) 103.85±25.13 107.38±36.51 0.748 

Tf (mg/dL) 291.83±47.75 263.50±44.94 0.146 

TIBC (μg/dL) 380.94±75.69 329.38±56.18 0.058 

TSAT (%) 28.25±9.03 33.64±12.41 0.192 

Ft (μg/L) 128.30±175.83 129.93±234.43 0.537 

BTT – Beta thalassemia trait; SD – Standard deviation; p – p-value (significant < 0.05); MW – Mann-Whitney test; y 
– Years; m – Month; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell 
Hemoglobin; RDW – Red Cell Distribution Width; SI – Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding 

Capacity; TSAT –  Transferrin saturation; Ft – Ferritin.  

The mathematical indices accuracy analysis performed with a female adult Portuguese 

population suggests a similarity with other Mediterranean thalassemia endemic countries such as 

Spain  [266], [269], Turkey [268], [270], Iran [271], Greece [272] and Palestine [262], where 

G&K and RDWI performed best. The same is observed in Brazil [264] and France [273], probably 

due to its Portuguese ancestry and population migration that have spread thalassemia genes to 

other original non-endemic parts of the world [162]. 

Differentiating BTT from IDA can be a diagnostic dilemma, as both conditions share many 

characteristics. Although, one cannot make definite diagnosis without it being 100 % sensitive 

and specific, there is value in identifying patients with microcytic anemia for which molecular 

diagnostic tests for confirming thalassemia trait are indicated, representing a useful tool in the 

doctor’s guidance about the initial approach to be adopted. Moreover, these formulas can be the 

only differential tool in situations where other specific confirmatory tests are not available [264]. 

In this context, not only do specialists make use of the mathematical formulas to solve the 

diagnostic problem, but recently, there has been an increasing interest in the use of artificially 

intelligent automated medical diagnostic systems [274]. 
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Chapter 4 – Conclusions  

Diseases affecting hemoglobin synthesis and function are extremely common worldwide, 

altering hemoglobin structure and biochemical properties with physiological effects ranging from 

insignificant to severe [275]. In the first part of this dissertation, when investigating atypical 

hemoglobinopathies’ phenotypes, we were able to shed a light in the molecular causes for the 

phenotype of 15 patients, while understanding the biology and clinical implications of the found 

variants. In total, we were able to find: 8 rare hemoglobin structural variants, present in the α-, β- 

and δ-globin genes; 3 polymorphisms, two that influenced the expression of γ-globin genes and 

one that helped understand the geographical origin of one of the HBB variants; 3 mutations 

responsible for β-thalassemia, an intronic point mutation, a structural variant that leads to a 

thalassemic hemoglobinopathy and a large deletion in the β-globin gene cluster; and 1 gene 

deletion responsible for α-thalassemia.  

In some of the analyzed cases, the major molecular cause responsible for the patient’s 

phenotype was unraveled but some phenotypic features could not be justified only by the 

molecular lesions found. That is why, in the future, if saw fit by the clinician, these cases could 

be revisited for further investigation. Additionally, cases where the lesions may lead to serious 

clinical complications, a family study is recommended. 

In children and younger IDA patients with no reason for iron deficiency but unresponsiveness 

to routine iron treatment, the diagnosis of IRIDA needs to be considered and TMPRSS6 gene 

mutations should be searched for. Out of the ten patients we studied for IRIDA, five had already 

the TMPRSS6 gene previously analyzed by a less comprehensive sequencing technique. NGS 

results revealed no difference from the previously found variants in these control subjects, which 

were proved not to be responsible for the IRIDA phenotype. The same was verified for 4 other 

subjects, never analyzed before, in which the variants do not justify the phenotype, but may be 

modelling their hematological and iron status phenotype. Overall, there was only one subject 

whose molecular lesions could justify the presented phenotype. Further investigation should be 

performed on unresolved cases.  

This is the first study to investigate the G291S (c.871G>A) genetic variant of the TMPRSS6 

gene in a patient with a suspicion of IRIDA. Although IRIDA is noted as an autosomal recessive 

disease, we infer that, in this case, the result of digenic inheritance of the novel damaging mutation 

and 3 common modulating SNPs in the same gene (K253E, S361S, and Y739Y), in addition to 

the co-inheritance of the α-thalassemia allele, may add up to an IRIDA-like phenotype. Further 

family studies should be conducted, as well as functional studies of the mutated protein, since the 

understanding of the molecular mechanisms of transmembrane protein action is impossible 

without detailed knowledge of their structure and how they interact with other proteins, nucleic 

acids and lipids [276]. 

The genetic association study results suggest that both heterozygous (TC) and homozygous 

(CC) genotypes of V736A present themselves as a protective factor against IDA, revealing that 

the presence of only one protective allele (C), in heterozygous individuals, is enough to render a 

protective effect. Additionally, we found that, in the female control group, the ones with 

homozygous genotype (CC) had significantly increased MCV, MCH and TSAT parameters when 

compared to the wild type (TT). Logistic regression results have detected an association between 

H63D and RDW in control subjects, and a small association between the same variant and the 

iron parameters of BTT subjects. 
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In the end, the data generated from this study will provide insight for future studies related to 

BTT and IDA in the Portuguese population. However, these results are recommended to be 

elucidated in a larger more curated population, for us to confirm possible associations between 

the genetic TMPRSS6 and HFE polymorphisms and the phenotype of the subjects within our study 

groups.  

Both, the clinical case study of IRIDA suspects and the genetic association study, highlight 

the importance of improving the knowledge of genetic factors influencing iron status, so that 

clinicians can improve care and advice given to populations at risk for iron deficiency, especially 

if combined with unfavorable environmental conditions such as diets with low bioavailable iron 

and high inflammation burden [50].  

Finally, when trying to use and assess the performance of hematological mathematical 

indices that discriminate microcytic anemia patients (BTT and IDA), we found that for a female 

adult Portuguese population, although none of the studied indices rendered an absolute 

discrimination power, the best performing indices where RBC, G&K and RDWI. The obtained 

results presented some similarities with other Mediterranean countries, where G&K and RDWI 

also performed above our set cutoff. The same is observed in Brazil and France probably due to 

its Portuguese ancestry and migration. For these reasons, we conclude that when aiming to 

diagnose the condition underlying microcytic anemia, there is value in using these indices to 

recognize the individuals suspected of BTT and forward them for Hb A2 measurement or HBB 

molecular test. 

In the future, it should be determined how large sample sizes should be to ensure that one 

can statistically detect differences in the accuracy of diagnostic techniques and to provide a 

sufficiently reliable AUC estimate, adding a robust group of male patients to extrapolate which 

of these indices would best apply to this sex and the whole adult Portuguese population. This 

effort would ensure that, in time, these indices would facilitate the screening of microcytic 

anemias and potentially be the basis of an artificially intelligent automated medical diagnostic 

system adapted for the Portuguese population, providing significant positive implications for 

hematology practice. 

Overall, the statistical analysis performed during this dissertation, for both genetic 

association studies and diagnostic accuracy determination of mathematical indices for 

discrimination of microcytic anemia subjects was limited by the small sample size, and larger 

studies should be carried out to address the investigated issues. 

In conclusion, although there is still work to be done regarding the four objectives set for this 

dissertation, we believe that by integrating various genomic techniques in clinical practice we 

have improved the understanding of the molecular etiology behind hereditary anemias. By 

studying this diverse group of disorders, which sometimes poses as a diagnostic challenge for 

clinicians, we made possible a correct diagnostic of the studied patients, allowing for correct 

clinical management and genetical counselling for the studied patients, and in turn, improving 

their quality of life. 
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Table S.1 – Identified mutations in TMPRSS6 gene associated with IRIDA phenotype in literature and ClinVar database. 

ID VT rs_ID NG_ 02856.2 NM_153609.3 NP_705837.1 AltN MC Region PD Clin_sig Ref 

1 SNV rs5756516 g.10905G>A c.-120G>A - - UPS UPS - B [277], [278] 

2 SNV rs5756515 g.10912T>C c.-113T>C - - 5' UTR 5'UTR - B [278] 

3 SNV rs11704654 g.11218G>A c.99G>A p.Pro33= P33P Syn Ex2 N-tail B/LB [115], [232] 

4 SNV rs750274321 g.11273C>T c.154C>T p.Arg52Cys R52C Miss Ex2 N-tail US ClinVar 

5 SNV rs745388319 g.112289T>A c.170T>A p.Phe57Tyr F57Y Miss Ex2 TM US ClinVar 

6 SNV - g.16009G>A c.230-6G>A - IVS2-6G>A Splice Int2 - P [279] 

7 SNV rs1569024289 g.16019C>G c.234C>G p.Tyr78Ter Y78X Non Ex3 TM-SEA P [280] 

8 SNV rs147397866 g.16055C>A c.270C>A p.Gly90= G90G Syn Ex3 SEA US ClinVar 

9 SNV rs369875437 g.16120G>A c.335G>A p.Arg112Leu R112L Miss Ex3 SEA P [281] 

10 SNV rs199474803 g.16125G>A c.340G>A p.Glu114Lys E114K Miss Ex3 SEA P [282] 

11 SNV rs267607121 g.16138C>A c.353C>A p.Ala118Asp A118D Miss Ex3 SEA P [283] 

12 SNV rs1430692214 g.17907A>G c.422A>G p.Tyr141Cys Y141C Miss Ex4 SEA P [284], [285] 

13 SNV rs375681801 g.18480A>G c.438A>G p.Gly146= G146G Syn Ex5 SEA US ClinVar 

14 SNV - g.18487A>C c.445A>C p.Thr149Pro T149P Miss Ex5 SEA P [286] 

15 SNV rs72163489 g.18520G>A c.478G>A p.Glu160Lys E160K Miss Ex5 SEA US ClinVar 

16 INDEL - g.18653delC c.611delC p.Leu166fs L166fs FS Ex5 SEA P [284], [287] 

17 SNV rs377665035 g.18667T>C c.616+9T>C - IVS5+9T>C Splice Int5 - US ClinVar 

18 SNV rs776877803 g.18990T>C c.635T>A p.Ile212Thr I212T Miss Ex6 SEA-CUB P [284] 

19 SNV - g.19014G>C c.658+1G>C - IVS6+1G>C Splice In6 - P [288], [289] 

20 SNV - g.19014G>T c.658+1G>T - IVS6+1G>T Splice In6 - P [290] 

21 SNV rs375234781 g.24774C>T c.659-8C>T - IVS6-8C>T Splice Int6 - US ClinVar 

22 INDEL rs1296123434 g.24782delG c.659delG p.GLyfs Gfs Splice Ex7 - P [291] 

23 INDEL - g.24913delG c.790delG p.Gln229fs Q229fs FS Ex7 CUB1 P [284] 
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ID VT rs_ID NG_ 02856.2 NM_153609.3 NP_705837.1 AltN MC Region PD Clin_sig Ref 

24 SNV rs199474802 g.24827T>C c.704T>C p.Leu235Pro L235P Miss Ex7 CUB1 P [282] 

25 SNV rs769301726 g.24843C>T c.720C>T p.His240= H240H Syn Ex7 CUB1 US ClinVar 

26 INDEL - g.24978delG c.855delG p.Trp247fs W247fs FS Ex7 CUB1 P [284] 

27 SNV rs769301726 g.24880A>G c.757A>G p.Lys253Glu K253E Miss Ex7 CUB1 B [233], [234], [292] 

28 SNV rs776180387 g.24935G>A c.812G>A p.Arg271Gln R271Q Miss Ex7 CUB1 P [284] 

29 SNV rs5995378 g.24986C>T c.863C>T p.Ser288Leu S288L Miss Ex7 CUB1 US [289] 

30 SNV rs757356137 g.24987G>T c.863-1G>T - IVS7+1G>T Splice Ex7 - P [279] 

31 SNV rs201148397 g.28146G>T c.865G>T p.Val289Leu V289L Miss Ex8 CUB1 US ClinVar 

32 SNV rs370192027 g.28190G>A c.909G>A p.Ala303= A303A Syn Ex8 CUB1 US ClinVar 

33 SNV rs1373272804 g.28192C>T c.911C>T p.Ser304Leu S304L Miss Ex8 CUB1 P [284], [293]–[295] 

34 INDEL rs780218999 g.28292delA c.1000+11delA - IVS8+11delA Splice Int8 - US ClinVar 

35 INDEL - g.29139_30192del1054 c.1001-586_1146del1054 - - Splice In8 - P [293] 

36 INDEL - g.29714_29723del9 c.1001-11_1001-3del9 - - Splice In8 - P [295] 

37 SNV rs185482276 g.29743C>T c.1019C>T p.Thr340Met T340M Miss Ex9 CUB2 US ClinVar 

38 SNV rs762921295 g.29785C>T c.1061C>T p.Pro354Leu P354L Miss Ex9 CUB2 P [296] 

39 SNV rs137853121 g.29789C>A c.1065C>A p.Tyr355Ter Y355X Non Ex9 CUB2 P [282], [297] 

40 SNV rs2111833 g.29807G>A c.1083G>A p.Ser361= S361S Syn Ex9 CUB2 B ClinVar 

41 SNV rs886057492 g.29820T>C c.1096T>C p.Cys366Arg C366R Miss Ex9 CUB2 US ClinVar 

42 SNV - g.29828C>A c.1104C>A p.His369Asn H369N Miss Ex9 CUB2 P [294] 

43 SNV rs976867694 g.29837G>A c.1113G>A p.Thr371= T371T Splice Ex9 CUB2 P [298] 

44 SNV rs137853122 g.30225T>G c.1179T>G p.Tyr393Ter Y393X Non Ex10 CUB2 P [282] 

45 SNV - g.430269G>A c.1223+1G>A - IVS10+1G>A Splice In10 - P [299] 

46 SNV rs529716198 g.39280C>G c.1224-4C>G - IVS10-4C>G Splice Int10 - US ClinVar 

47 SNV rs146266448 g.39293C>T c.1233C>T p.Gly411= G411G Syn Ex11 CUB2 US ClinVar 

48 SNV rs881144 g.39314C>T c.1253C>T p.Tyr418= Y418Y Syn Ex11 CUB2 B/LB ClinVar 

49 SNV rs199474804 g.39313A>G c.1253A>G p.Tyr418Cys Y418C Miss Ex11 CUB2 P [300] 

https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37485618&to=37485618&gts=rs5995378&mk=37485618:37485618|rs5995378
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37482458&to=37482458&gts=rs201148397&mk=37482458:37482458|rs201148397
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37482414&to=37482414&gts=rs370192027&mk=37482414:37482414|rs370192027
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37482312&to=37482312&gts=rs780218999&mk=37482312:37482312|rs780218999
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37480797&to=37480797&gts=rs2111833&mk=37480797:37480797%7Crs2111833
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37480784&to=37480784&gts=rs886057492&mk=37480784:37480784%7Crs886057492
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37480379&to=37480379&gts=rs137853122&mk=37480379:37480379%7Crs137853122
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37471324&to=37471324&gts=rs529716198&mk=37471324:37471324%7Crs529716198
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37471311&to=37471311&gts=rs146266448&mk=37471311:37471311%7Crs146266448
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37471290&to=37471290&gts=rs881144&mk=37471290:37471290%7Crs881144
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50 SNV rs137853119 g.39384G>A c.1324G>A p.Gly442Arg G442R Miss Ex11 CUB2 P [56], [297], [301] 

51 SNV rs117576908 g.39396C>T c.1336C>T p.Arg446Trp R446W Miss Ex11 CUB2 B/LB [287] 

52 SNV rs1015906640 g.39433A>T c.1369+4A>T - IVS11+4A>T Splice Int11 - P [281], [302] 

53 INDEL - g.39443delA c.1383delA p.Glu461fs E461fs FS Ex12 LDLR_A1 P [297] 

54 SNV rs79816125 g.39964C>T c.1468+10C>T - IVS12+10C>T Splice Int12 - CI ClinVar 

55 SNV rs138915369 g.40970C>T c.1520C>T p.Pro507Leu Pp507l Miss Ex13 LDLR_A2 US ClinVar 

56 SNV - g.43591C>A c.1642C>A p.Cys510Ser C510S Miss Ex13 LDLR_A2 P [284], [299] 

57 SNV rs137853120 g.41011G>A c.1561G>A p.Asp521Asn D521N Miss Ex13 LDLR_A2 P [297], [301] 

58 SNV rs4820268 g.41013C>T c.1563C>T p.Asp521= D521D Syn Ex13 LDLR_A2 B ClinVar 

59 SNV rs387907018 g.41014G>A c.1564G>A p.Glu522Lys E522K Miss Ex13 LDLR_A2 P [56], [301] 

60 SNV rs786205058 g.41033G>A c.1582+1G>A - IVS13+1G>A Splice Int13 - P [297] 

61 INDEL - g.43774_44147del c.1700-138_1869+67del - Exon15 del Splice - - P [303] 

62 SNV rs76970337 g.43603G>A c.1654G>A p.Asp552Asn D552N Miss Ex14 LDLR_A3 US [279] 

63 SNV rs143441292 g.43631C>T c.1682C>A p.Ser561Ter S561X Non Ex14 AS P [284] 

64 INDEL - - - p.Ser570fs S570fs FS Ex15 AS P [284] 

65 SNV - g.43980T>C c.1768T>C p.Ser590Ter S590X Non Ex15 SP P [304] 

66 SNV rs137853123 g.44007C>T c.1795C>T p.Arg599Ter R599X Non Ex15 SP P [282], [299] 

67 SNV rs769083817 g.44019G>T c.1807G>C p.Gly603Arg G603R Miss Ex15 SP P [290], [305] 

68 Del rs786205057 g.44025delG c.1813delG p.Ala605Profs A605Pfs FS Ex15 SP P [281], [297] 

69 SNV - g.45199C>G c.1869-21C>G - IVS15-21C>G Splice Int15 - P [295] 

70 SNV - g.45219C>G c.1869-1C>G - IVS15-1C>G Splice Int15 - P [284], [293] 

71 INDEL - g.45219C>G c.1869-1C>G p.Asp622fs D622fs FS Ex16 SP P [297] 

72 SNV - g.44080G>C c.1868G>C p.Ser623Thr S623T Splice Ex16 SP P [306] 

73 INDEL rs869320724 g.45255_45256dupGC c.1904_1905dupGC p.Lys636fs K636Afs FS Ex16 SP P [299], [304] 

74 SNV - - - p.Leu674Phe L674F Miss Ex16 SP P [287] 

75 INDEL rs786205060 g.45406_45409dupCCCC c.2055_2058dupCCCC p.Pro686fs p.Pro686fs FS Ex16 SP P [283] 

https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37471220&to=37471220&gts=rs137853119&mk=37471220:37471220%7Crs137853119
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37471208&to=37471208&gts=rs117576908&mk=37471208:37471208%7Crs117576908
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37470640&to=37470640&gts=rs79816125&mk=37470640:37470640%7Crs79816125
https://www.ncbi.nlm.nih.gov/clinvar/variation/262721/
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37469634&to=37469634&gts=rs138915369&mk=37469634:37469634%7Crs138915369
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37469593&to=37469593&gts=rs137853120&mk=37469593:37469593%7Crs137853120
https://www.ncbi.nlm.nih.gov/snp/rs4820268
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37469590&to=37469590&gts=rs387907018&mk=37469590:37469590%7Crs387907018
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37469571&to=37469571&gts=rs786205058&mk=37469571:37469571%7Crs786205058
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37467001&to=37467001&gts=rs76970337&mk=37467001:37467001%7Crs76970337
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37466579&to=37466579&gts=rs786205057&mk=37466579:37466579%7Crs786205057
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37465348&to=37465349&gts=rs869320724&mk=37465348:37465349%7Crs869320724
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37465195&to=37465198&gts=rs786205060&mk=37465195:37465198%7Crs786205060


102 

 

Continued 

ID VT rs_ID NG_ 02856.2 NM_153609.3 NP_705837.1 AltN MC Region PD Clin_sig Ref 

76 SNV rs375189210 g.45436C>G c.2085C>G p.Phe695Leu F695L Miss Ex16 SP US ClinVar 

77 SNV rs766931065 g.45456G>T c.2105G>T p.Cys702Phe C702F Miss Ex16 SP P [279], [307] 

78 SNV rs115310908 g.45483G>T c.2132G>T p.Arg711Leu R711L Miss Ex16 SP CI  ClinVar 

79 INDEL - g.45491G>C C.2140+1G>C p.Gly713fs G713fs FS Ex16 SP P [297] 

80 SNV rs786205059 g.45492G>C c.2140+1G>C - IVS16+1G>C Splice Int16 - P [297] 

81 SNV rs143878335 g.47615C>T c.2154C>T p.Asn718= N718N Syn Ex17 SP US ClinVar 

82 SNV rs855791 g.47668T>C c.2207T>C p.Val736Ala V736A Miss Ex17 SP B [57], [308] 

83 SNV rs2235321 g.47678C>T c.2217C>T p.Tyr739= Y739Y Syn Ex17 SP B [234] 

84 SNV rs1363716662 g.48325G>C c.2278-1G>C - IVS17-1G>C Splice Int17 - P [309] 

85 SNV rs199474805 g.48341C>G c.2293C>G p. Pro765Ala P765A Miss Ex18 SP P [300] 

86 SNV rs776069764 g.48368C>T c.2320C>T p.Arg774Cys R774C Miss Ex18 SP P [297] 

87 SNV rs73886915 g.48394C>T c.2346C>T p.Ser782= S782S Syn Ex18 SP LB ClinVar 

88 SNV rs139105452 g.48431G>A c.2383G>A p.Val795Ile V795I Miss Ex18 SP LB [307] 

89 SNV rs199957731 g.48519T>C c.*35T>C - - 3'UTR 3'UTR - US ClinVar 

90 SNV rs886057491 g.48624C>T c.*140C>T - - 3'UTR 3'UTR - US ClinVar 

91 SNV rs886057490 g.48787T>G c.*303T>G - - 3'UTR 3'UTR - US ClinVar 

92 SNV rs560949530 g.48983C>T c.*499C>T - - 3'UTR 3'UTR - US ClinVar 

93 SNV rs117575523 g.48987C>G c.*503C>G - - 3'UTR 3'UTR - US ClinVar 

95 SNV rs139014458 g.49060C>A c.*576C>A - - 3'UTR 3'UTR - US ClinVar 

VT – Variant type; SNV – Single-nucleotide variant; INDEL – Insertion or deletion; rs_ID – reference single nucleotide polymorphism ID; NG –Reference sequence based on a genomic region; 
NM – Reference sequence based on a protein coding RNA (mRNA); NP – Reference sequence based on a protein (amino acid) sequence; AltN – Alternative name; MC – Molecular consequence; 
UPS – Upstream; 5’ UTR – Five prime untranslated region; 3’ UTR – Three prime untranslated region;  Miss – Missense; Syn – Synonym; Non – Nonsense; FS – Frameshift;  Region – Genomic 

Region ; PD – Protein Domain; TM – Transmembrane; SEA – Sperm protein, Enterokinase and Agrin ; CUB – C1r/C1s, Urchin embryonic growth factor  and BMP1 (1 and 2) ; LDLR – Low-
density lipoproteins receptor (classes A1, A2 and A3); SP – Serine protease; Clin_sig – Clinical significance; B – Benign; LB – Likely benign; P – Pathogenic; CI –Conflicting ideas; US – 
Uncertain significance; - – Not applicable or not found. 

 

https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37465168&to=37465168&gts=rs375189210&mk=37465168:37465168%7Crs375189210
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37465121&to=37465121&gts=rs115310908&mk=37465121:37465121%7Crs115310908
https://www.ncbi.nlm.nih.gov/clinvar/variation/262721/
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37465112&to=37465112&gts=rs786205059&mk=37465112:37465112%7Crs786205059
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37462989&to=37462989&gts=rs143878335&mk=37462989:37462989%7Crs143878335
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37462936&to=37462936&gts=rs855791&mk=37462936:37462936%7Crs855791
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37462926&to=37462926&gts=rs2235321&mk=37462926:37462926%7Crs2235321
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37462210&to=37462210&gts=rs73886915&mk=37462210:37462210%7Crs73886915
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37462085&to=37462085&gts=rs199957731&mk=37462085:37462085%7Crs199957731
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37461980&to=37461980&gts=rs886057491&mk=37461980:37461980%7Crs886057491
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37461817&to=37461817&gts=rs886057490&mk=37461817:37461817%7Crs886057490
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37461621&to=37461621&gts=rs560949530&mk=37461621:37461621%7Crs560949530
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37461617&to=37461617&gts=rs117575523&mk=37461617:37461617%7Crs117575523
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/?chr=22&from=37461544&to=37461544&gts=rs139014458&mk=37461544:37461544%7Crs139014458
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Figure S.1 – Informed consent for molecular study of hemoglobinopathies (Part I). 
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Figure S.2 – Informed consent for molecular study of hemoglobinopathies (Part II). 
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Figure S.3 – Informed consent for molecular study of hemochromatosis and other rare genetic 

diseases associated with disturbances in the iron homeostasis (Part I). 
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Figure S.4 – Informed consent for molecular study of hemochromatosis and other rare genetic 

diseases associated with disturbances in the iron homeostasis (Part II). 
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Table S.2 – Hematological and iron status parameters range for a normal adult, and indicators for Iron 

Deficiency Anemia, IRIDA, α-Thalassemia and β-Thalassemia Trait. 

Parameters Sex Normal Adult IDA IRIDA 
α-thal 

Trait 

β-thal 

Trait 

Red blood cells x1012/L 
M 4.32 – 5.66 

↓ ↓ ↓ N 
F 3.88 – 4.99 

Hemoglobin (g/dL) 
M 13.3 – 16.7 <13 ↓ ↓↓ <13 

F 11.8 – 14.8 <12 ↓  <12 

Hematocrit % 
M 39.0 – 50.0 - - - - 

F 36.0 – 44.0 - - - - 

Mean Cell Volume (fL) M/F 82 – 98 <80 ↓↓ <80 <80 

Mean Cell Hemoglobin (pg) M/F 27.3 – 32.6 <27 ↓↓ <27 <27 

Mean corpuscular hemoglobin concentration (g/dL) M/F 31.6 – 34.9 <32 <32 - N-↓ 

Red Cell Distribution Width (%) M/F 9.9 – 15.5 ↑↑ ↑ N N 

Hemoglobin A2 (%) M/F 2.2 – 3.5 N N N >3,5 

Serum Iron (µg/dL) 
M 65 – 175 

↓ ↓↓ N N-↑ 
F 50 – 170 

Transferrin (mg/dL) 
M 194 – 348 

↓ ↓↓ N N 
F 181 – 416 

Total Binding Iron Capacity (μg/dL) M/F 250 – 425  ↓ ↓↓ N N 

Transferrin Saturation (%) M/F 16 – 45 <16 <10 N N 

Ferritin (μg/L) 
M 20 – 250 

<10 V N N-↑ 
F 10 – 160 

Adapted from the literature [47], [147], [310] IDA – Iron Deficiency Anemia; IRIDA – Iron Refractory Iron Deficiency 
Anemia; M – Male; F – Female; N – Normal; V – Variable; ↓ – Low; ↓↓ – Very low; ↑ – High; ↑↑ –Very high 
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Table S.3 – Hematological and iron status parameters normal range for pediatric subjects. 

Parameters Sex Age Range Reference interval Reference 

Red blood cells x1012/L 

M/F 0 – 6 m 3.90 – 5.90 

[311] 
M/F 6 m – 11 y 3.80 – 5.40 

M > 11 y 4.31 – 6.40 

F > 11 y 3.85 – 5.20 

Hemoglobin (g/dL) 

M/F 0 – 6 m 14.0 – 18.0 

[311] 
M/F 6 m –11 y 11.0 – 14.0 

M > 11 y 13.6 – 18.0 

F > 11 y 11.5 – 16.0 

Hematocrit % 

M/F 0 – 2 w 42.0 – 68.0 

[311] 

M/F 2 w – 2 m 35.0 – 50.0 

M/F 2 m – 1 y 30.0 – 40.0 

M/F 1 – 5 y 32.0 – 42.0 

M > 5 y 39.8 – 52.0 

F > 5 y 34.7 – 46.0 

Mean Cell Volume (fL) 

M/F 0 – 2 w 88.0- 114.0 

[311] 
M/F 2 w – 6 m 85.0 – 97.0 

M/F 6 m – 11 y 72.0 – 86.6 

M/F > 11 y 80.0 – 97.0 

Mean Cell Hemoglobin (pg) 

M/F 0 – 2 w 34.0 – 37.0 

[311] 
M/F 2 w – 6 m 31.0 – 36.0 

M/F 6 m – 5 y 25.0 – 31.0 

M/F > 5 y 26.0 – 34.0 

Mean corpuscular hemoglobin 
concentration (g/dL) 

M/F 0 – 2 w 31.0 – 35.0 

[311] M/F 2 w – 6 m 32.0 – 35.0 

M/F > 6 m 32.0 – 36.0 

Red Cell Distribution Width (%) 
M/F 0 – 2 d 14.9 – 18.7 

[311] 
M/F > 2 d 11.5 – 15.0 

Hemoglobin A2 (%) 

M/F 1 – 30 d 0.0 – 2.1 

[312] 
M/F 1 – 2 m 0.0 – 2.6 

M/F 3 – 5 m 1.3 – 3.1 

M/F ≥ 6 m 2.0 – 3.3 

Serum Iron (µg/dL) M/F 0-14 y 58.0 – 474.1 [313] 

Transferrin (mg/dL) 

M/F 0 – 9 w 1.04 –2.24 

[313] M/F 9 w – 1 y 1.07 – 3.24 

M/F > 1 y 2.20 – 3.37 

Continued 
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Parameters Sex Age Range Reference interval Reference 

Total Binding Iron Capacity (μg/dL) 

M 0 – 90 d 155 – 330 

[314] 

F 0 – 90 d 165 – 275 

M 91 d – 12 m 150 – 380 

F 91 d – 12 m 250 – 455 

M 13 m – 3 y 215 – 420 

F 13 m – 3 y 160 – 415 

M 4 – 10 y 185 – 415 

F 4 – 10 y 260 – 385 

M 11 – 14 y 265 – 410 

F 11 – 14 y 250 – 420 

Transferrin Saturation (%) 
M/F 6 m – 11 y 6 – 41 

[315] 
M/F 12 – 18 y 6 – 48 

Ferritin (μg/L) 

M/F 0 – 15 d 39.8 – 539.9 

[316] 
M/F 15 d – 6 m 15.3 – 374.6 

M/F 6 m – 1 y 13.3 – 191.9 

M/F 1 – 16 y 10.3 – 55.8 

M – Male; F – Female; d – Days; w – Weeks; m – Months; y – Years.  
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Table S.4 – Conventional PCR conditions for the amplification of the fragments of interest in the globin genes.  

Gene Region 
Primers 

ID 

Length 

(nt) 
Sequence 

CG 

% 

Tm 

(˚C) 

Master mix PCR conditions 

Fragment 

size (bp) 
Reagents [conc.] 

Vol 

(µL) 

T 

(ºC) 
Δt 

HBB 

Promoter 

- Exon 2 

L5’B 

(Fw) 
19 5'-TAAGCCAGTGCCAGAAGAG-3' 52.6 56.8 

ddH2O 

Buffer David 

BSA 

dNTPs 

Primer L5’B (Fw) 

Primer R5’B (Rv) 

GoTaq* 

DNA 

- 

10x 

10 mg/mL 

100 mM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

20.05 

2.50 

0.35 

0.50 

0.50 

0.50 

0.10 

0.50 

 

94 

94 

60 

72 

72 

4  

 

5' 

45'' 

45'' 

45'' 

5' 

pause  

 

 

 

x30 

 

 

  

755 

R5’B 

(Rv) 
20 5'-TCCCATTCTAAACTGTACCC-3' 45.0 53.3 

Intron 2 

PL38 

(Fw) 
19 5'-TGATGGCCTGGCTCACCTG-3' 63.2 61.0 

ddH2O 

Buffer David 

BSA 

dNTPs 

Primer PL38 (Fw) 

Primer PL39 (Rv) 

GoTaq* 

DNA 

- 

10x 

10 mg/mL 

100 mM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

20.05 

2.50 

0.35 

0.50 

0.50 

0.50 

0.10 

0.50 

 

94 

94 

67 

72 

72 

4  

 

5' 

1' 

1' 

1'30'' 

6' 

pause  

 

 

 

x30 

 

 

  

912 

PL39 

(Rv) 
19 5'-CCAAGCTAGGCCCTTTTGC-3' 57.9 58.8 

Exon 3 - 

 3'UTR 

15 (Fw) 24 5'- CAATGTATCATGCCTCTTTGCACC-3' 45.8 61.0 

ddH2O 

Buffer David 

BSA 

dNTPs 

Primer 15 (Fw) 

Primer 14 (Rv) 

GoTaq* 

DNA 

- 

10x 

10 mg/mL 

100 mM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

20.05 

2.50 

0.35 

0.50 

0.50 

0.50 

0.10 

0.50 

 

94 

94 

65 

72 

72 

4  

 

5' 

45'' 

45'' 

45'' 

5' 

pause  

 

 

 

x30 

 

 

  

862 

14 (Rv) 24 5'-GAGTCAAGGCTGAGAGATGCAGGA-3' 54.2 64.4 

HBD 
Promoter 

- Exon 2 

R117 

(Fw) 
18 5'-GGGCAAGTTAAGGGAATA-3' 30.8 56.9 

ddH2O 

Buffer David 

BSA 

dNTPs 

Primer R117 (Fw) 

Primer R119 (Rv) 

AmpliTaq* 

DNA 

- 

10x 

10 mg/mL 

100 mM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

20.00 

2.50 

0.35 

0.50 

0.50 

0.50 

0.15 

0.50 

 

94 

94 

57 

72 

72 

4  

 

5' 

1' 

1' 

1'30'' 

6' 

pause  

 

 

 

x30 

 

 

  

718 

R119 

(Rv) 
19 5'-GGAGAAGAGCAGGTAGGT-3' 55.6 56.0 

Continued 
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Gene Region 
Primers 

ID 

Length 

(nt) 
Sequence 

CG 

% 

Tm 

(˚C) 

Master mix PCR conditions 

Fragment 

size (bp) 
Reagents [conc.] 

Vol 

(µL) 

T 

(ºC) 
Δt 

HBD 
Exon 3- 

3'UTR 

R109 

(Fw) 
19 5'-GAATAACCTGGGGATCAGT-3' 50.0 55.6 

ddH2O 

Buffer David 

BSA 

dNTPs 

Primer R109 (Fw) 

Primer R89 (Rv) 

AmpliTaq* 

DNA 

- 

10x 

10 mg/mL 

100 mM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

20.00 

2.50 

0.35 

0.50 

0.50 

0.50 

0.15 

0.50 

 

94 

94 

62 

72 

72 

4  

 

5' 

1' 

1' 

1'30'' 

6' 

pause  

 

 

 

x30 

 

 

  

612 

R89 

(Rv) 
20 5'-TCCCTAGAACCTCTGCAGTG-3' 55.0 59.3 

HBG2 

(Gγ) 
Promoter 

R160 

(Fw) 
25 5'-CACTGAAACTGTTGCTTTATAGGAT-3' 30.8 56.9 

ddH2O 

Buffer David 

BSA 

dNTPs 

Primer R160 (Fw) 

Primer R161 (Rv) 

AmpliTaq* 

DNA 

- 

10x 

10 mg/mL 

100 mM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

20.00 

2.50 

0.35 

0.50 

0.50 

0.50 

0.15 

0.50 

 

94 

94 

55 

72 

72 

4  

 

5' 

1' 

1' 

1' 

10' 

pause  

 

 

 

x30 

 

 

  

677 

R161 

(Rv) 
24 5'-TGGCGTCTGGACTAGGAGCTTATT-3' 50.0 62.7 

HBG1 

(Aγ) 

Promoter 

Aγ159 

(Fw) 
26 5'-TGAAACTGTGGCTTTATAGAAATTGT-3' 30.8 56.9 

ddH2O 

Buffer David 

BSA 

dNTPs 

Primer Aγ159 (Fw) 

Primer R161 (Rv) 

AmpliTaq* 

DNA 

- 

10x 

10 mg/mL 

100 mM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

20.00 

2.50 

0.35 

0.50 

0.50 

0.50 

0.15 

0.50 

 

94 

94 

62 

72 

72 

4  

 

5' 

1' 

1' 

1' 

10' 

pause  

 

 

 

x30 

 

 

  

676 

R161 

(Rv) 
24 5'-TGGCGTCTGGACTAGGAGCTTATT-3' 50.0 62.7 

Exon 3 

Aγ3 

(Fw) 
23 5'-GCCAGTGACTAGTGCTTGAAGGG-3' 56.5 64.2 

ddH2O 

Buffer David 

BSA 

dNTPs 

Primer Aγ3 (Fw) 

Primer Aγ4 (Rv) 

AmpliTaq* 

DNA 

- 

10x 

10 mg/mL 

100 mM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

20.00 

2.50 

0.35 

0.50 

0.50 

0.50 

0.15 

0.50 

 

94 

94 

65 

72 

72 

4  

 

5' 

1' 

1' 

1' 

10' 

pause  

 

 

 

x26 

 

 

  

504 

Aγ4 

(Rv) 
23 5'-CAGGCATGCAGAAATACACATAC-3' 43.5 58.9 

Continued 
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Gene Region 
Primers 

ID 

Length 

(nt) 
Sequence 

CG 

% 

Tm 

(˚C) 

Master mix PCR conditions 

Fragment 

size (bp) 
Reagents [conc.] 

Vol 

(µL) 

T 

(ºC) 
Δt 

HBA2 
5’UTR - 

3'UTR 

A_5’UTR_

F1 (Fw) 
20 5'- GGACTCCCCTGCGGTCCAGG-3' 55.0 59.3 

ddH2O 

Buffer α + βME 

DMSO 

BSA 

MgCl2 

dNTPs 

Primer A_F1 (Fw) 

Primer B (Rv) 

AmpliTaq* 

DNA 

- 

10x 

10% 

10 mg/mL 

0.1 M 

100 mM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

16.30 

2.50 

2.50 

0.40 

0.50 

0.50 

0.50 

0.50 

0.30 

1.00 

 

 

94 

94 

61 

72 

72 

4 

  

 

 

10' 

1' 

1' 

1' 

10' 

pause 

  

 

 

 

 

x32 

 

 

 

  

600 

A2_3’UTR

_R1 

(B_Rv) 

23 5'- CTCCATTGTTGGCACATTCCGGG-3' 56.5 64.2 

* The Taq DNA polymerases used were GoTaq (Promega, USA) and AmpliTaq (Applied Biosystems, USA). Primers melting temperature and CG% were calculated in Oligo Analysis Tool 
(Eurofins Genomics, Luxembourg; https://www.eurofinsgenomics.eu/en/ecom/tools/oligo-analysis/). 5’ UTR – Five prime untranslated region; 3’ UTR – Three prime untranslated region;  Fw – 
Forward; Rv – Reverse; nt –Nucleotide; Tm – Melting temperature; ddH2O – deionized and distilled water; BSA – Bovine serum albumin; dNTPs – Deoxynucleosides triphosphate; βME – 2-

Mercaptoethanol; DMSO – Dimethyl sulfoxide; MgCl2 – Magnesium chloride; [conc.] – Concentration; T – Temperature; Δt – Time variation; bp – base pairs. 
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Table S.5 – Gap-PCR conditions for detection of the alpha-thalassemia deletion -α3.7kb. 

Gene Region 
Primers 

ID 

Length 

(nt) 
Sequence 

CG 

% 

Tm 

(˚C) 

Master mix PCR conditions 

Fragment  

size (bp) 
  Reagents [conc.] Vol (µL) 

T  

(ºC) 
Δt 

HBA2/ 

HBA1 

-α3.7  

deletion 

A_5’UTR_F2  

(A_Fw) 
20 5'- GGGATGCACCCACTGGCACT-3' 65.0 63.5 

R
ea

ct
io

n
 1

 

ddH2O 

Buffer α + βME 

DMSO 

BSA 

MgCl2 

dNTPs 

Primer A_F2 (Fw) 

Primer B (Rv) 

AmpliTaq* 

DNA 

- 

10x 

10% 

10 mg/mL 

0.1 M 

100 mM 

25 µM 

25 µM 

5 U/µL 

~40 ng/µL 

15.30 

2.50 

2.50 

0.40 

0.50 

0.50 

0.50 

0.50 

0.30 

2.00 

  

  

  

  

  

  

  

  

94 

94 

64 

72 

72 

4 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

5' 

1' 

1' 

1' 

10' 

pause 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

   x34 

  

  

  

  

  

  

  

  

  

1900 

A2_3’UTR_R1  

(B_Rv) 
23 5'- CTCCATTGTTGGCACATTCCGGG-3' 56.5 64.2 

R
ea

ct
io

n
 2

 

ddH2O 

Buffer α + βME 

DMSO 

BSA 

MgCl2 

dNTPs 

Primer A_F2 (Fw) 

Primer C (Rv) 

AmpliTaq* 

DNA 

- 

10x 

10% 

10 mg/mL 

0.1 M 

100 mM 

25 µM 

25 µM 

5 U/µL 

~40 ng/µL 

15.30 

2.50 

2.50 

0.40 

0.50 

0.50 

0.50 

0.50 

0.30 

2.00 

2100 

A1_3’UTR_R1 

 (C_Rv) 
20 5'-CTGCTGTCCACGCCCATGCC-3' 70.0 65.5 

* The Taq DNA polymerase used was AmpliTaq (Applied Biosystems, USA). Primers melting temperature and CG% were calculated in Oligo Analysis Tool (Eurofins Genomics, Luxembourg; 
https://www.eurofinsgenomics.eu/en/ecom/tools/oligo-analysis/). 5’ UTR – Five prime untranslated region; 3’ UTR – Three prime untranslated region;  Fw – Forward; Rv – Reverse; nt –
Nucleotide; Tm – Melting temperature; ddH2O – deionized and distilled water; βME – 2-Mercaptoethanol; DMSO – Dimethyl sulfoxide; BSA – Bovine serum albumin; MgCl2 – Magnesium 
chloride; dNTPs – Deoxynucleosides triphosphate; [conc.] – Concentration; T – Temperature; Δt – Time variation; bp – base pairs. 
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Table S.6 – Long-PCR conditions for the amplification of the gene TMPRSS6. 

Gene Region 
Primers 

ID 

Length 

(nt) 
Sequence 

CG 

% 

Tm 

(˚C) 

Master mix PCR conditions 

Fragment 

size (bp) 
Reagents [conc.] Vol (µL) 

T 

(ºC) 
Δt 

TMPRSS6 

Exon 1- 

Exon 6 

Ex1_Fw 

 (Fw) 
21 5'-CTGAGACCTCCGTCTGTCCTC-3' 61.9 63.7 

ddH2O 

BSA 

10xLA PCR Buffer II 

dNTPs 

Primer Ex1_Fw  

Primer Ex6_Rv 

Takara LA Taq HS* 

DNA 

- 

10 mg/mL 

25 mM 

100 mM 

25 µM 

25 µM 

1.25 U/µL 

30 ng/µL 

15.90 

0.35 

2.50 

4.00 

0.50 

0.50 

0.25 

1.00 

  

98 

98 

63 

72 

72 

4 

  

  

4' 

30'' 

30'' 

8' 

10' 

pause 

  

  

  

  

x30 

  

  

  

  

8266 

Ex6_Rv  

(Rv) 
21 5'-CCCTGCACACACAACAGAAGC-3' 57.1 61.8 

Exon 7 -  

Exon 10 

Ex7_Fw 

 (Fw) 
21 5'-AGGCGTGAAGCTCAGTGTGTG- 3' 57.1 61.8 

ddH2O 

BSA 

10xLA PCR Buffer II  

dNTPs 

Primer Ex1_Fw  

Primer Ex6_Rv 

Takara LA Taq HS* 

DNA 

- 

10 mg/mL 

25 mM 

100 mM 

25 µM 

25 µM 

1.25 U/µL 

30 ng/µL 

15.90 

0.35 

2.50 

4.00 

0.50 

0.50 

0.25 

1.00 

  

98 

98 

64 

72 

72 

4 

  

  

4' 

30'' 

30'' 

6' 

10' 

pause 

  

 

 

 

x30 

 

 

  

5831 

Ex10_Rv  

(Rv) 
21 5'-AGGCGTGAAGCTCAGTGTGTG- 3' 57.1 61.8 

Exon 11 -  

Exon 18 

Ex11_Fw 

(Fw) 
21 5'- AGGGAGAAATCAGGGCAGAGG-3' 57.1 61.8 

ddH2O 

BSA 

10xLA PCR Buffer II  

dNTPs 

Primer Ex1_Fw  

Primer Ex6_Rv 

Takara LA Taq HS* 

DNA 

- 

10 mg/mL 

25 mM 

100 mM 

25 µM 

25 µM 

1.25 U/µL 

20 ng/µL 

15.90 

0.35 

2.50 

4.00 

0.50 

0.50 

0.25 

1.00 

  

94 

94 

65 

72 

72 

4 

  

4' 

30'' 

30'' 

10' 

10' 

pause 

 

 

 

x30 

 

 

  

9421 

Ex18_Rv 

(Rv) 
21 5'-GAATACTTGTCCCCCTGCTTG-3' 52.4 59.8 

* The Taq DNA polymerase used was Takara LA Taq Hot Start version (Takara Bio, Japan) as well as the respective PCR buffer. Primers melting temperature and CG% were calculated in Oligo 
Analysis Tool (Eurofins Genomics, Luxembourg; https://www.eurofinsgenomics.eu/en/ecom/tools/oligo-analysis/). Fw – Forward; Rv – Reverse; nt –Nucleotide; Tm – Melting temperature; 
ddH2O – deionized and distilled water; BSA – Bovine serum albumin; dNTPs – Deoxynucleosides triphosphate; [conc.] – Concentration; T – Temperature; Δt – Time variation; bp – base pairs. 
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Table S.7 – ARMS-PCR conditions for detection of the variant rs855791 (c.2207T>C - V736A) in the TMPRSS6 gene. 

Gene 
Region/ 

Variant 
Primers ID 

Length 

(nt) 
Sequence  CG% 

Tm 

(˚C) 

  Master mix PCR conditions  

Fragment 

 size (bp) 
  Reagents [conc.] 

Volume  

(µL) 

T 

(ºC)  
Δt 

TMPRSS6 

Exon 2 

Ex2_Fw 21 5'-TGCCGCCTGATGTTGTTACTC-3' 52.4 59.8 

R
ea

ct
io

n
 1

 

Buffer β 

Ex2_Fw 

Ex2_Rv 

Primer Fw_T 

Primer Ex17_Rv 

GoTaq* 

DNA 

- 

25 µM 

25 µM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

22.90 

0.25 

0.25 

0.25 

0.25 

0.10 

0.50 

  

  

  

  

94 

94 

63 

72 

72 

4 

  

  

  

  

  

  

  

  

5' 

20'' 

20'' 

20'' 

3' 

pause 

  

  

  

  

  

  

  

  

  

  

    x32 

  

  

  

  

  

  

  

395 

Ex2_Rv 21 5'-GCCTGCTACAGTCACCCCAAG-3' 61.9 63.7 

rs855791 

V736A 

(T>C) 

V736A_Fw_T 22 5'-CACAGGACCTGTGCAGCAAGGT-3' 59.1 64.0 

175 

R
ea

ct
io

n
 2

 

Buffer β 

Ex2_Fw 

Ex2_Rv 

Primer Fw_C 

Primer Ex17_Rv 

GoTaq* 

DNA 

- 

25 µM 

25 µM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

0.30 

2.00 

15.30 

2.50 

2.50 

0.40 

0.50 

V736A_Fw_C 22 5'-CACAGGACCTGTGCAGCGAGGC-3' 68.2 67.7 

Ex17_Rv 21 5'-GATGTGAGCAAAGGGCCAGAC-3' 57.1 61.8 

* The Taq DNA polymerase used was GoTaq (Promega, USA). Primers melting temperature and CG% were calculated in Oligo Analysis Tool (Eurofins Genomics, Luxembourg; 
https://www.eurofinsgenomics.eu/en/ecom/tools/oligo-analysis/). Fw – Forward; Rv – Reverse; nt –Nucleotide; Tm – Melting temperature; [conc.] – Concentration; T – Temperature; Δt – Time 
variation; bp – base pairs. 
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Table S.8 – ARMS-PCR conditions for detection of the variants rs1799945 (c.187C>G - H63D) and rs1800562 (c.845G>A - C282Y) in the HFE gene. 

 

Gene Variant Primers ID 
Length  

(nt) 
Sequence  CG% 

Tm 

(˚C) 

  Master mix PCR conditions  

Fragment 

 size (bp) 

 

Reagents [conc.] 
Vol. 

 (µL) 

T 

(ºC)  
Δt 

HFE 

rs1799945 

H63D (C>G) 

ARMS_ 

H63D_C_Fw 
22 5'-ACATGGTTAACCGGCCTGTTGC-3' 54.5 62.1 

R
ea

ct
io

n
 1

 

ddH2O 

Buffer David  

BSA 

dNTPs 

Primer H63D_C_Fw 

Primer H63D_M_Rv 

Primer C282Y_C_Fw 

Primer C282Y_N_Rv 

GoTaq* 

DNA 

- 

10x 

10 mg/mL 

100 mM 

25 µM 

25 µM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

18.50 

2.50 

0.35 

0.50 

0.50 

0.50 

0.50 

0.50 

0.15 

1.00 

  

  

  

  

  

  

  

94 

94 

59 

72 

72 

4 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

5' 

30'' 

30'' 

30'' 

5' 

pause 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

x30 

  

  

  

  

  

  

  

  

  

  

395 

ARMS_ 

H63D_N_Rv 
30 

5'-AGTTCGGGGCTCCACACG 

GCGACTCTCAAG-3' 
63,3 73.6 

ARMS_ 

H63D_M_Rv 
30 

5'-AGTTCGGGGCTCCACACG 

GCGACTCTCAAC-3' 
63.3 73.6 

rs1800562 

C282Y 

(G>A) 

ARMS_ 

C282Y_C_Fw 
20 5'-TGGCAAGGGTAAACAGATCC-3' 50.0 57.3 

R
ea

ct
io

n
 2

 

ddH2O 

Buffer David  

BSA 

dNTPs 

Primer H63D_C_Fw 

Primer H63D_N_Rv 

Primer C282Y_C_Fw 

Primer C282Y_M_Rv 

GoTaq* 

DNA 

- 

10x 

10 mg/mL 

100 mM 

25 µM 

25 µM 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

18.50 

2.50 

0.35 

0.50 

0.50 

0.50 

0.50 

0.50 

0.15 

1.00 

175 
ARMS_ 

C282Y_N_Rv 
30 

5'-GCTGATCCAGGCCTGGGTGC 

TCCACCTGCC-3' 
70.0 76.3 

ARMS_C282

Y_M_Rv 
30 

5'-GCTGATCCAGGCCTGGGTG 

CTCCACCTGCT-3' 
66.7 75.0 

* The Taq DNA polymerase used was GoTaq (Promega, USA). Primers melting temperature and CG% were calculated in Oligo Analysis Tool (Eurofins Genomics, Luxembourg; 

https://www.eurofinsgenomics.eu/en/ecom/tools/oligo-analysis/). Fw – Forward; Rv – Reverse; nt –Nucleotide; Tm – Melting temperature; ddH2O – deionized and distilled water; BSA – Bovine 
serum albumin; dNTPs – Deoxynucleosides triphosphate; [conc.] – Concentration; T – Temperature; Δt – Time variation; bp – base pairs. 
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Table S.9 – Composition of buffer solutions used throughout the project. 

 
PCR buffers 

 

 
Buffer β Buffer David (10x) Buffer α (10x) 

 

 

KCl2 50 mM 
Tris-HCl (pH = 8.8) 100 mM 

MgCl2 15 mM 

Gelatin – 0.01% (w/v) 

(NH4)2SO4 166 mM 
Tris-HCl (pH = 8.8) 670 mM 

MgCl2 67 mM 
EDTA 0.067 mM 

β-Mercaptoetanol 100 mM 

(NH4)2SO4 166 mM 
Tris-HCl (pH = 8.8) 670 mM 

MgCl2 15 mM 
EDTA 0.67 mM 

β-Mercaptoetanol 100 mM 

 

 

Electrophoresis 

loading buffer 

Water 8.75 μL 

Bromophenol Blue 0.22 g 
Glycerol 18.75 μL 

EDTA  75 μL 
NaOH (to turn blue) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S.5 – DNA ladders used in agarose gel electrophoresis. 
(A) DNA Ladder (L) 100 bp plus (AppliChem, USA) (B) 1Kb DNA 
Ladder (New England BioLabs, USA)  
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Table S.10 – Conventional PCR conditions for amplification of TMPRSS6 gene’s Exon 7. 

 

Gene 

 

Region 

 

Primers ID 

 

Length 

(nt) 

 

Sequence 

 

CG% 

 

Tm (˚C) 

Master mix PCR conditions  

Fragment 

size (bp) 
Reagents [conc.] 

Volume  

(µL) 

T 

(ºC)  
Δt 

TMPRSS6 Exon 7 

Ex7_Fw  21 5'-AGGCGTGAAGCTCAGTGTGTG- 3' 57.1 61.8 Buffer β 

Primer Ex7_Fw 

Primer Ex7_Rv 

Taq DNA Polymerase* 

DNA 

- 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

22.90 

0.25 

0.25 

0.10 

1.00 

94 

94 

63 

72 

72 

4 

5' 

20'' 

20'' 

20'' 

3'' 

pause 

x32 
584 

Ex7_Rv  21 5'-CTAGCCGTCCTGTCTCCCAGA- 3' 61.9 63.7 

* The Taq DNA polymerase use was Taq DNA Polymerase (Fermentas, USA). Primers melting temperature and CG% were calculated in Oligo Analysis Tool (Eurofins Genomics, Luxembourg; 
https://www.eurofinsgenomics.eu/en/ecom/tools/oligo-analysis/). Fw – Forward; Rv – Reverse; nt –Nucleotide; Tm – Melting temperature; [conc.] – Concentration; T – Temperature; Δt – Time 
variation; bp – base pairs. 

 

Table S.11 – Reaction mixture for RFLP detection of the variant rs2235324 (c.757A>G - K253E) in gene TMPRSS6. 

Gene Variant 

Reaction Mix  Reaction conditions 
 

Recognition sequence 

 
Restriction product size (bp) 

Reagents [conc.] Volume (µL)  T(ºC) Δt 
  

(-) (+) 

TMPRSS6 
rs2235324 

 K253E (A>G) 

ddH2O 

Ava I (NEB®) 

PCR product (Exon7)  

- 

10 U/µL 

- 

11 

1 

8 

 

37 3-16 h 

 
 

 

A – Wild-type 

584 

G - Mutation 

336 + 248  

  

* The restriction enzyme used was Ava I (New England BioLabs, USA). ddH2O – deionized and distilled water; [conc.] – Concentration; T – Temperature; Δt – Time variation; bp – base pairs; 
Y – pYrimidine; R – puRine. 
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Table S.12 – β-globin gene cluster MLPA probes arranged according to chromosomal location. 

Length 

(nt) 

SALSA MLPA 

probe 
Gene/ Exon  

Partial sequence 

 (24 nt adjacent to ligation site) 

Distance to next 

probe 

Centromeric flanking probes 

253  
18247-SP0630- 

L27000 
OR51M1 gene 

TGCTGGACCTGG-30 nt spanning oligo-

TGCACACAGTAG 
66.1 kb 

298  18249-L24239 OR51B2 gene TAGCAGTGTGGG-CTGCTTCCTACA 28.9 kb 

HS5/ HS4/ HS3/HS2/ HS1 

261 05804-L27001 
Upstream 

HBB-HS5 
TCCATGAAGTAT-TACAGCATTTGG 6.8 kb 

304 05806-L22542 HBB-HS4 region CACTCAGCAGCT-ATGAGATGGCTT 0.4 kb 

268 05807-L22540 HBB-HS4 region CATTTCCATGTC-ATACTGAGAAAG 2.1 kb 

328 05808-L05312 HBB-HS3 region TTCCTGCCCATT-CAGGGCTCCAGC 1.1 kb 

229 05810-L05314 HBB-HS3 region TGGCCACCAGCT-ATCAGGGCCCAG 4.1 kb 

292 06395-L05315 HBB-HS2 region GTGCCCAGATGT-TCTCAGCCTAGA 4.8 kb 

238 12189-L14345 HBB-HS1 region TCCTGAGCTCTT-ATCTATATCCAC 6.0 kb 

HBE1  

463 05813-L05317 HBE1 Exon 1 GCAGCAGCACAT-ATCTGCTTCCGA 13.8 kb 

HBG2  

373 05815-L05319 Upstream HBG2 TGAGCAGATATA-AGCCTTACACAG 2.8 kb 

427  14267-L15911 HBG2 Exon 3 GATGGTGACTGG-AGTGGCCAGTGC 0.2 kb 

472  
18109-SP0127- 

L27005 
HBG2 Exon 3 

CACATAAACACA-45 nt spanning oligo-

TAAAAAAAGAAC 
1.9 kb 

HBG1 

409 05817-L05321 Upstream HBG1 CAATGAGCAGAT-ATAAGCTTTACA 2.5 kb 

180 18245-L22954 HBG1 Intron 2 GACTAGTGCTTG-AAGGGGAACAAC 0.3 kb 

436  14267-L27004 HBG1 Exon 3 GATGGTGACTGC-AGTGGCCAGTGC 2.8 kb 

HBBP1 (pseudogene) 

283  
18248-SP0631- 

L27002 
Upstream HBBP1 

GAAATGGGGAAC-33 nt spanning oligo-

AAAGTGACTGCA 
2.1 kb 

445 06400-L05323 HBBP1 Exon 1 TGAAGCAAGGTT-AAGGTGAGAAGG 1.5 kb 

382 05820-L05324 HBBP1 Exon 3 ATGGGGGAGGTT-GGGGAGAAGAGC 4.1 kb 

HBD  

420 05821-L06327 Upstream HBD CTCATCCTCCTT-ACATACATTTCC 3.4 kb 

310 11886-L12686 HBD Exon 1 TGAACACTGTTA-TGTCAGAAGAAA 1.4 kb 

399  06397-L05327 HBD Exon 3 ATTCACCCCACA-AATGCAGGCTGC 0.2 kb 

391 
18108-SP0126- 

L15076 
HBD Exon 3 

TTATTAGGCAGA-41 nt spanning oligo-

AAATAGAATCTA 
3.0 kb 

HBB  

337 05824-L05328 Upstream HBB GATTTTCATGGA-GGAAGTTAATAT 1.9 kb 

365 11982-L24242 Upstream HBB TACCCCTACTTT-CTAAGTCACAGA 0.8 kb 

148 05827-L06319 HBB Promoter ACAGGTACGGCT-GTCATCACTTAG 0.1 kb 

189 05828-L05332 Exon 1 GTCAGAAGCAAA-TGTAAGCAATAG 0.1 kb 

219  05830-L23703 
HBB: c.20A>T 

 wildtype-specific 
TCTGACTCCTGA-GGAGAAGTCTGC - 

214  05830-L05307 
HBB: c.20A>T 

 mutation-specific 
TCTGACTCCTGT-GGAGAAGTCTGC 0.1 kb 

154 11883-L12683 Intron 1 AGGAGACCAATA-GAAACTGGGCAT 0.4 kb 

196 05833-L05335 Intron 2 GGAAACAGACGA-ATGATTGCATCA 0.9 kb 

166 13619-L15073 Exon 3 ATCCCCCAGTTT-AGTAGTTGGACT 0.3 kb 

208 11885-L25666 0.2 kb after Exon 3 GAAAAGGATTCA-AGTAGAGGCTTG 0.3 kb 

173 05836-L06321 0.5 kb after Exon 3 GTGAGCCCTTCT-TCCCTGCCTCCC 9.1 kb 

Telomeric flanking probes 

274 11980-L12803 Downstream HBB AGAGTTGAGCAA-GGCCTGAAATTT 15.8 kb 

486  18253-L22962 OR51V1 gene GAAAAGGATGAG-TATAGCATCCAA 48.3 kb 

355  18251-L27003 OR52A1 gene ATTGTGAAACTA-GCAGCAGCAAAT 45.3 kb 

223  18246-L23704 
Downstream 

OR52A5 gene 
GGCACTTCCTTA-AGAGCACAGGAA 504.3 kb 

160  18244-L22953 TRIM68 gene AAAGAGAGGTCG-CAGAGGCCTGTC - 

nt – Nucleotide; kb – Kilobase
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Table S.13 – MLPA assay conditions for detection copy number variations in β-globin gene cluster. 

Reaction Mix  Reaction conditions 

Reagents Volume (µL) Vol. Mix per tube  Steps T(ºC) Δt 

RNase - 1 μL  RNase digestion 37 30’’ 

MIX I (Hybridization Master Mix) *  
DNA denaturation 

98 5’ 

Pause* 

SALSA Probe mix (black) 

MLPA Buffer (yellow) 

1.5 

1.5 
3 μL  

25 

Hybridisation of probes to sample DNA 
95 

60 

1’’ 

16 h 
MIX II (Ligase Master Mix) **  

ddH2O 

Ligase-65 Buffer A (transparente) 

Ligase-65 Buffer B (white) 

Ligase-65 (green) 

25 

3.0 

3.0 

1.0 

32 μL 

 

Ligation of hybridized probes 

54 

54 

98 

20 

pause** 

15’ 

5’ 

pause*** 

 

MIX III (Polymerase Master Mix) ***  

PCR amplification 

of ligated probes 

95 

60 

72 

72 

15 

30‘‘ 

30‘‘   35x 

60‘‘ 

20‘ 

pause 

ddH2O 

PCR Primer mix (brown) 

SALSA polymerase (orange) 

7.5 10 μL  

* Add MIX I; ** Add MIX II; *** Add MIX III; Reagents are all from SALSA® MLPA® probemix P102-C1 HBB kit 
(MCR Holland, Netherlands). ddH2O – deionized and distilled water; T – Temperature; Δt – Time variation. 

Table S.14 – Conventional PCR conditions for confirmation of Cape Verde deletion (~7.7 kb) in β-globin gene cluster. 

Gene Region Primers ID 
Length 

 (nt) 
Sequence CG% 

Tm 

(˚C) 

Master mix PCR conditions Fragment size 

(bp) Reagents [conc.] Volume (µL) T (ºC) Δt 

HBB 

~7.7 deletion 

HBB 

 (Intron 2) - 

Downstream  

β-globin gene cluster 

Primer CV_Fw  25 5-AACAGACGAATGATTGCATCAGTGT-3 40.0 59.7 

ddH2O  

Buffer David 

BSA 

dNTPs 

Primer CV_Fw 

Primer CV_Rv 

Amplitaq* 

DNA 

- 

10x 

10 mg/mL 

100 mM 

25 µM 

25 µM 

5U/µL 

~80 ng/µL 

20.00 

2.50 

0.35 

0.50 

0.50 

0.50 

0.15 

0.50 

 

94 

94 

59 

72 

72 

4  

 

5' 

30'' 

30'' 

40'' 

5' 

pause  

 

 

 

x32 

 

 

  

419 

Primer CV_Rv  28 5-TAATCATATGGTTTGTGTCTTTGGTTCT-3 40.0 59.7 

* The Taq DNA polymerases used was AmpliTaq (Applied Biosystems, USA). Primers melting temperature and CG% were calculated in Oligo Analysis Tool (Eurofins Genomics, Luxembourg; 
https://www.eurofinsgenomics.eu/en/ecom/tools/oligo-analysis/). Fw – Forward; Rv – Reverse; nt –Nucleotide; Tm – Melting temperature; ddH2O – deionized and distilled water; BSA – Bovine 
serum albumin; dNTPs – Deoxynucleosides triphosphate; [conc.] – Concentration; T – Temperature; Δt – Time variation; bp – base pairs.
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Table S.15 – Automated Sanger sequencing reagents and conditions. 

Reaction Mix  Reaction conditions 

Reagents [conc.] Volume (µL)  T(ºC) Δt 

BigDye Buffer 
BigDye 

Primer Fw or RV 
Purified PCR product 

5x 
2x 

2 pmol/µL 
- 

1.75 
0.50 
1.00 
5.25 

 

96 
96 
55 
60 
60 
4 

4' 
10'' 
5'' 
4' 
8' 

pause 

x34  

 

Table S.16 – IUPAC code for nucleotides. 

IUPAC 

Nucleotide code 
Bases Description 

A A Adenine 

C C Cytosine  

G G Guanine  

T (or U) T (or U) Thymine (or Uracil) 

W A or T Weak  

S C or G Strong 

M A or C aMino 

K G or T Keto 

R A or G puRine 

Y C or T pYrimidine 

B C or G or T not A (B comes after A) 

D A or G or T not C (D comes after C) 

H A or C or T not G (H comes after G) 

V A or C or G not T (V comes after T and U) 

N any base any nucleotide (not a gap) 

. or -  - Gap 

 

Table S.17 – IUPAC code for amino acid. 

IUPAC 

Amino acid code 

3-Letter 

code 
Description 

A Ala Alanine 

C Cys Cysteine 

D Asp Aspartic acid or aspartate 

E Glu Glutamic acid or glutamate 

F Phe Phenylalanine 

G Gly Glycine 

H His Histidine 

I Ile Isoleucine 

K Lys Lysine 

L Leu Leucine 

M Met Methionine 

N Asn Asparagine 

P Pro Proline 

Q Gln Glutamine 

R Arg Arginine 

S Ser Serine 

T Thr Threonine 

V Val Valine 

W Trp Tryptophan 

Y Tyr Tyrosine 
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Table S.18 – Conventional PCR conditions for amplification of TMPRSS6 gene for variant confirmation. 

Gene Region Primers ID 
Length 

(nt) 
Sequence CG% 

Tm 

(˚C) 

Master mix PCR conditions 
Fragment  

size (bp) 
Reagents [conc.] 

Volume 

(µL) 
T(ºC) Δt 

TMPRSS6 

Exon 2 

Ex2_Fw 21 5'-TGCCGCCTGATGTTGTTACTC-3' 52.4 59.8 Buffer β 

Primer Ex2_Fw 

Primer Ex2_Rv 

Taq DNA Polymerase* 

DNA 

- 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

22.90 

0.25 

0.25 

0.10 

0.50 

94 

94 

63 

72 

72 

4 

5' 

20'' 

20'' 

20'' 

3'' 

pause 

x32 
395 

Ex2_Rv 21 5'-GCCTGCTACAGTCACCCCAAG-3 61.9 63.7 

Exon 6 

Ex6_Fw 20 5'-AGACAAGGCTGGCTCCAAGG-3' 60 61.4 Buffer β 

Primer Ex6_Fw 

Primer Ex6_Rv 

Taq DNA Polymerase* 

DNA 

- 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

22.90 

0.25 

0.25 

0.10 

0.50 

94 

94 

63 

72 

72 

4 

5' 

20'' 

20'' 

20'' 

3'' 

pause 

x32 
255 

Ex6_Rv 21 5'-CCCTGCACACACAACAGAAGC- 3' 57.1 61.8 

Continued 

Figure S.6 – Standard genetic code. The coding sequence of a gene specifies the order in which amino acids are linked together in the 
encoded protein, with each unique triplet of nucleotide bases (codon) specifying a certain amino acid or a punctuation mark (start and 
stop).  From OpenStax College, Biology (https://cnx.org/contents/GFy_h8cu@9.87:QEibhJMi@8/The-Genetic-Code). 
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Gene Region Primers ID 
Length  

(nt) 
Sequence CG% 

Tm  

(˚C) 

Master mix PCR conditions 

Fragment  

size (bp) 
Reagents [conc.] 

Volume  

(µL) 
T(ºC) Δt 

TMPRSS6 

Exon 8 

Ex8_Fw 21 5'-GATGTCCAGACTCCCGTCCAC- 3' 61.9 63.7 Buffer β 

Primer Ex8_Fw 

Primer Ex8_Rv 

Taq DNA Polymerase* 

DNA 

- 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

22.90 

0.25 

0.25 

0.10 

0.50 

94 

94 

63 

72 

72 

4 

5' 

20'' 

20'' 

20'' 

3'' 

pause 

x32 
364 

Ex8_Rv 21 5'-GAATCTTCCCTCTCCCCATCC- 3' 57.1 61.8 

Exon 9 

Ex9_Fw 21 5'-ATTTGCTGGCAGAGGTGGTAG- 3' 52.4 59.8 Buffer β 

Primer Ex9_Fw 

Primer Ex9_Rv 

Taq DNA Polymerase* 

DNA 

- 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

22.90 

0.25 

0.25 

0.10 

0.50 

94 

94 

63 

72 

72 

4 

5' 

20'' 

20'' 

20'' 

3'' 

pause 

x32 
458 

Ex9_Rv 21 5'-GGAAACACAGAATCCCAGGTG- 3' 52.4 59.8 

Exon 11 

Ex11_Fw 21 5'-AGGGAGAAATCAGGGCAGAGG- 3' 57.1 61.8 Buffer β 

Primer Ex11_Fw 

Primer Ex11_Rv 

Taq DNA Polymerase* 

DNA 

- 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

22.90 

0.25 

0.25 

0.10 

0.50 

94 

94 

63 

72 

72 

4 

5' 

20'' 

20'' 

20'' 

3'' 

pause 

x32 
356 

Ex11_Rv 20 5'-CCTTGGTGGTTCCAGGGATG- 3' 60 61.4 

Exon 13 

Ex13_Fw 24 5'-GTGATTGGTAACGTGCAATACAGC- 3' 45.8 61 Buffer β 

Primer Ex13_Fw 

Primer Ex13_Rv 

Taq DNA Polymerase* 

DNA 

- 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

22.90 

0.25 

0.25 

0.10 

0.50 

94 

94 

63 

72 

72 

4 

5' 

20'' 

20'' 

20'' 

3'' 

pause 

x32 
285 

Ex13_Rv 22 5'-TGAAGCATGTAGCAGGCCTAGANA 3' 50 60.3 

Exon 17 

Ex17_Fw 21 5'-GTGGGCAGAGCAGGAGAGAAG- 3' 61.9 63.7 Buffer β 

Primer Ex17_Fw 

Primer Ex17_Rv 

Taq DNA Polymerase* 

DNA 

- 

25 µM 

25 µM 

5 U/µL 

~80 ng/µL 

22.90 

0.25 

0.25 

0.10 

0.50 

94 

94 

63 

72 

72 

4 

5' 

20'' 

20'' 

20'' 

3'' 

pause 

x32 
337 

Ex17_Rv 21 5'-GATGTGAGCAAAGGGCCAGAC- 3' 57.1 61.8 

* The Taq DNA polymerase use was Taq DNA Polymerase (Fermentas, USA). Primers melting temperature and CG% were calculated in Oligo Analysis Tool (Eurofins Genomics, Luxembourg; 
https://www.eurofinsgenomics.eu/en/ecom/tools/oligo-Analysis/). Fw – Forward; Rv – Reverse; nt –Nucleotide; Tm – Melting temperature; [conc.] – Concentration; T – Temperature; Δt – Time 
variation; bp – base pairs. 
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Table S.19 – Population study database variable description. 

Variable Group  Variable Variable description 

Sample 
identification 

Group 
Groups in study: BTT-Beta Thalassemia Trait; IDA - Iron Deficiency Anemia 
and Controls 

MA Subjects with microcytic anemia from BTT and IDA 

Ref Subject ID (project or DGH) 

Demographic  
characteristics 

Sex Sex (Male or Female) 

Age Age at sample – All adults (>16) 

Hematological 

 parameters 

RBC Red Blood Cells (^12/L) – Index cutoff – 5 

Hb Hemoglobin (g/dL) 

A Anemia according to WHO (L - Mild, M - Moderate and S - Severe) 

MCV Mean Cell Volume (fL) 

MCH Mean Cell Hemoglobin (pg) 

RDW Red Cell Distribution Width (%) – Bessman Index, cutoff – 15 

HbA2 Hemoglobin A2 (%) 

Hematological 
Indices 

E&F England and Fraser Index, cutoff – 0 

Mentzer Mentzer Index, cutoff – 13 

Srivastava Srivastava Index, cutoff - 3.8 

S&L Shine and Lal index, cutoff – 1530 

Ricerca Ricerca Index, cutoff - 4.4 

RDWI Jayabose Index, cutoff – 220 

G&K Green and King Index, cutoff – 65 

MDHL Mean Density of Hemoglobin per Liter Index, cutoff - 1.63 

MCHD Mean Cell Hemoglobin Density Index, cutoff - 0.3045 

Sirdah Sirdah Index, cutoff – 27 

Ehsani Ehsani Index, cutoff – 15 

Iron status 

SI Serum Iron (µg/dL) 

Tf Transferrin (mg/dl) 

TIBC Total Iron Binding Capacity (μg/dL) 

TSAT Transferrin Saturation (%) 

Ft Ferritin (μg/L) 

IS 
Iron Saturation according to WHO (ID - Iron deficiency, N - Normal and IO - 
Iron overload) 

Genetic  
variants 

HBB Molecular cause for Beta thalassemia trait - [HET] in the gene HBB 

BTT Type of Beta Thalassemia Trait (β0 or β+) 

HBD Possible variants in the gene HBD 

H63D Genotype for variant H63D in the gene HFE 

C282Y Genotype for variant C282Y in the gene HFE 

V736A Genotype for variant V736A in the gene TMPRSS6 

K253E Genotype for variant K253E in the gene TMPRSS6 
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Table S.20 – Detected variants in the TMPRSS6 gene by NGS analysis of 10 subjects with suspicion of IRIDA. 

ID rs_ID Location QUAL MC Region NM_153609.3 NP_705837.1 

1 rs2235321 22:37066886-37066886 28507.88 Syn Ex17 c.2217C>T p.Tyr739= 

2 rs855791 22:37066896-37066896 32317.94 Miss Ex17 c.2207T>C p.Val736Ala 

3 rs796430458 22:37067030-37067033 3263.39 Int Int16 c.2141-71_2141-69del - 

4 rs6000550 22:37067410-37067410 3750.89 Int Int16 c.2141-448G>A - 

5 rs877908 22:37068584-37068584 21117.25 Int Int16 c.2140+489A>G - 

6 rs148550682 22:37070116-37070116 1071.39 Int Int15 c.1868+368G>A - 

7 rs5756504 22:37071230-37071230 3978.90 Int Int13 c.1583-198G>A - 

8 rs5756505 22:37071314-37071314 12217.90 Int Int13 c.1583-282C>G - 

9 rs5756506 22:37071352-37071352 13876.82 Int Int13 c.1583-320C>G - 

10 rs4820268 22:37073551-37073551 23514.90 Syn Ex13 c.1563C>T p.Asp521= 

11 rs13055107 22:37073781-37073781 1572.39 Int Int12 c.1469-136C>T - 

12 rs2076085 22:37074001-37074001 22941.88 Int Int12 c.1469-356G>T - 

13 rs2413450 22:37074184-37074184 20270.90 Int Int12 c.1468+426A>G - 

14 rs2076086 22:37074496-37074496 15670.09 Int Int12 c.1468+114G>A - 

15 rs2072860 22:37074564-37074564 20833.89 Int Int12 c.1468+46C>T - 

16 rs763728125 22:37075000-37075004 4193.01 Int Int11 c.1369+131_1369+134del - 

17 rs149728170 22:37075017-37075017 4336.22 Int Int11 c.1369+118A>T - 

18 rs881144 22:37075250-37075250 6859.39 Syn Ex11 c.1254C>T p.Tyr418= 

19 rs9610643 22:37075345-37075345 7098.87 Int Int10 c.1224-65C>T - 

20 rs73160055 22:37084565-37084565 7797.10 Int Int9 c.1114-161G>A - 

21 rs2111833 22:37084757-37084757 26320.92 Syn Ex9 c.1083G>A p.Ser361= 

22 rs113040183 22:37084962-37084962 4388.39 Int Int8 c.1001-123A>G - 

23 rs2179229 22:37085001-37085001 153009.04 Int Int8 c.1001-162C>G - 

24 rs2743821 22:37085303-37085303 78352.79 Int Int8 c.1001-464C>A - 

25 rs2235325 22:37085597-37085597 6931.53 Int Int8 c.1000+686G>A - 

26 rs77254882 22:37085644-37085644 5280.10 Int Int8 c.1000+639G>A - 

27 rs145053404 22:37086412-37086412 876.39 Miss Ex8 c.871G>A p.Gly291Ser 

28 rs112165669 22:37086824-37086824 27473.41 Int Int7 c.864-405C>T - 

29 rs73415576 22:37087191-37087191 37345.10 Int Int7 c.864-772G>T - 

30 rs12171211 22:37087296-37087296 32575.10 Int Int7 c.864-877T>C - 

31 rs147720102 22:37087440-37087440 3555.39 Int Int7 c.864-1021G>A - 

32 rs5756507 22:37087441-37087441 59704.95 Int Int7 c.864-1022T>C - 

33 rs11089821 22:37087651-37087651 10946.89 Int Int7 c.864-1232T>C - 

34 rs113903305 22:37087719-37087719 1680.39 Int Int7 c.864-1300G>A - 

35 rs9607412 22:37088297-37088297 98341.89 Int Int7 c.863+1281A>G - 

36 rs9610646 22:37088334-37088334 60172.96 Int Int7 c.863+1244A>C - 

37 rs9610647 22:37088904-37088904 24112.96 Int Int7 c.863+674C>T - 

38 rs2235323 22:37089153-37089153 73266.00 Int Int7 c.863+425A>G - 

39 rs2235324 22:37089684-37089684 35363.96 Miss Ex7 c.757A>G p.Lys253Glu 

40 rs2543510 22:37095782-37095782 36253.96 Int Int5 c.616+124C>T - 

41 rs2543509 22:37095799-37095799 39929.97 Int Int5 c.616+107T>C - 

42 rs2743825 22:37096161-37096161 100591.97 Int Int4 c.432-71A>C - 

43 rs73421618 22:37096398-37096398 1752.39 Int Int4 c.431+250C>T - 

Continued 
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ID rs_ID Location QUAL MC Region NM_153609.3 NP_705837.1 

44 rs5756512 22:37096545-37096545 88275.98 Int Int4 c.431+103G>A - 

45 rs116623227 22:37096747-37096747 4977.39 Int Int3 c.364-32G>A - 

46 rs34235814 22:37097097-37097097 170038.09 Int Int3 c.364-384_364-383dup - 

47 rs2160906 22:37097138-37097138 38948.11 Int Int3 c.364-423C>T - 

48 rs114477604 22:37097330-37097330 6840.39 Int Int3 c.364-615C>G - 

49 rs529311198 22:37097438-37097438 1761.39 Int Int3 c.364-723G>A - 

50 rs35771797 22:37098161-37098161 5379.53 Int Int3 c.363+255A>G - 

51 rs732755 22:37098278-37098278 8076.53 Int Int3 c.363+138A>G - 

52 rs732756 22:37098380-37098380 4683.53 Int Int3 c.363+36A>G - 

53 rs8139988 22:37098681-37098681 27468.53 Int Int2 c.230-132A>G - 

54 rs228904 22:37098774-37098774 40707.53 Int Int2 c.230-225T>C - 

55 rs2017764 22:37098875-37098875 83876.98 Int Int2 c.230-326C>T - 

56 rs732756 22:37099011-37099011 46417.94 Int Int2 c.230-462A>G - 

57 rs61382053 22:37099296-37099296 1242.39 Int Int2 c.230-747A>G - 

58 rs2281090 22:37099330-37099330 29678.53 Int Int2 c.230-781C>T - 

59 rs2281091 22:37099510-37099510 31248.53 Int Int2 c.230-961G>A - 

60 rs116189950 22:37099586-37099586 6077.39 Int Int2 c.230-1037T>G - 

61 rs2281092 22:37099595-37099595 31708.53 Int Int2 c.230-1046C>T - 

62 rs115610891 22:37099752-37099752 5544.39 Int Int2 c.230-1203T>G - 

63 rs228906 22:37099782-37099782 97379.05 Int Int2 c.230-1233T>C - 

64 rs140612996 22:37099877-37099877 19300.57 Int Int2 c.230-1353_230-1329dup - 

65 rs9610649 22:37100087-37100087 46706.96 Int Int2 c.230-1538G>A - 

66 rs4560232 22:37100243-37100243 69020.96 Int Int2 c.230-1694C>T - 

67 rs7289616 22:37100370-37100370 55206.96 Int Int2 c.230-1821C>T - 

68 rs570500627 22:37100414-37100414 86302.00 Int Int2 c.230-1866dup - 

69 rs55945931 22:37100420-37100420 93703.96 Int Int2 c.230-1871T>A - 

70 rs9619658 22:37100807-37100807 62704.96 Int Int2 c.230-2258G>A - 

71 rs228907 22:37101553-37101553 36373.09 Int Int2 c.229+1663C>T - 

72 rs74408154 22:37101811-37101811 9187.39 Int Int2 c.229+1405G>A - 

73 rs17750152 22:37101986-37101986 25137.53 Int Int2 c.229+1230G>A - 

74 rs112390782 22:37102038-37102039 42432.53 Int Int2 c.229+1177del - 

75 rs57009010 22:37102284-37102284 3210.39 Int Int2 c.229+932C>T - 

76 rs4140590 22:37102691-37102691 60012.92 Int Int2 c.229+525C>T - 

77 rs4140589 22:37102979-37102979 58856.92 Int Int2 c.229+237C>T - 

78 rs5995380 22:37103006-37103006 48367.09 Int Int2 c.229+210G>A - 

79 rs11704654 22:37103346-37103346 35720.09 Syn Ex2 c.99G>A p.Pro33= 

80 rs5756515 22:37103652-37103652 23560.92 5’UTR 5'UTR c.-113T>C - 

81 rs5756516 22:37103659-37103659 18899.92 UPS - - - 

rs_ID – reference single nucleotide polymorphism ID; QUAL – Variant quality score; NM – Reference sequence based 

on a protein coding RNA (mRNA); NP – Reference sequence based on a protein (amino acid) sequence; MC – 

Molecular consequence; UPS – Upstream; 5’ UTR – Five prime untranslated region; Miss – Missense; Syn – Synonym; 

Int – Intronic variant;  Region – Genomic Region. 
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Table S.21 – Hematological and biochemical data and comparison of case and control groups as well as sex groups. 

 Controls BTT IDA 

 Total Male Female 
MW 

Total Male Female 
MW 

Total Male Female 
MW 

Parameters (N=134) (n=42) (n=92) pa (N=116) (n=63) (n=53) pb (N=67) (n=10) (n=57) pc 

Age (y) 39±0.42 43±19 38±14 0.341 45±18 44±18 45±18 0.929 44±16 59±16 41±15 0.028 

RBC (x10^12/L) 4.34±1.24 4.71±0.4 4.18±0.31 < 0.001 5.7±0.61 6.05±0.46 5.28±0.48 < 0.001 4.45±0.43 4.68±0.46 4.41±0.41 0.458 

Hb (g/dL) 13.74±4.52 15.05±1.08 13.14±0.74 < 0.001 11.82±1.2 12.48±1.01 11.05±0.91 < 0.001 10.23±1.45 10.39±1.67 10.2±1.43 0.916 

MCV (fL) 91.45±1.93 92.6±4.67 90.93±4.38 0.079 64.8±4.21 64.06±4.03 65.66±4.29 0.103 72.4±7.67 71.22±6.34 72.6±7.91 0.684 

MCH (pg) 31.71±1.56 32.06±1.82 31.54±1.96 0.205 20.79±1.39 20.62±1.18 21±1.58 0.449 23.11±3.35 22.23±2.45 23.26±3.48 0.684 

RDW (%) 12.67±41.44 12.66±0.77 12.68±1.81 0.343 15.55±4.33 16.32±5.61 14.61±1.4 0.195 24.11±12.47 31.64±16.13 22.79±11.38 0.458 

HbA2 (%) - - - - 4.13±0.43 4.09±0.36 4.17±0.48 0.425 - - - - 

SI (µg/dL) 113.53±42.41 120.9±39.76 110.16±41.97 0.111 108.06±31.05 109.46±28.5 106.51±33.88 0.664 33.35±17.68 27.89±10.45 34.38±18.63 0.684 

Tf (mg/dL) 285.57±53 276.33±37.45 289.78±44.03 0.205 260.18±41.05 251.49±33.37 270.04±46.71 0.029 376.07±70.29 407±94.92 370.02±64.02 0.458 

TIBC (μg/dL) 356.96±12.7 345.42±46.81 362.23±55.04 0.205 326.97±54.9 314.36±41.71 341.27±64.27 0.029 470.04±87.81 508.75±118.66 462.46±79.94 0.458 

TSAT (%) 32.48±73.24 35.46±11.72 31.12±12.96 0.048 33.88±10.73 35.2±9.55 32.39±11.86 0.304 7.41±4.54 5.96±2.98 7.69±4.75 0.645 

Ft (μg/L) 81.03±12.7 139.7±89.29 53.34±42.32 < 0.001 169.36±205.21 206.56±184.81 129.55±220.22 < 0.001 8.61±10.82 14.73±20.37 7.45±7.88 0.684 
a – Comparison between the parameters of male and female subjects in the control group; b – Comparison between the parameters of male and female subjects in the BTT group; c – Comparison 
between the parameters of male and female subjects in the IDA group; BTT – Beta thalassemia trait; IDA – Iron deficiency anemia; SD – Standard deviation; p – p-value (significant < 0.05); 
MW – Mann-Whitney test; y – Years; m – Month; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell Distribution Width; 
SI – Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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Table S.22 – Hematological and biochemical data in control subjects, clustered for gender and V736A status. 

 Controls 

Sex Male (n = 37)  Female (n=86) 

Genotype TT TC CC 
KW Mann-Whitney test 

 TT TC CC 
KW Mann-Whitney test 

 WT HET HOM  WT HET HOM 

Parameters (n=2) (n=18) (n=17) pa pb pc pd  (n=6) (n=43) (n=37) pa pb pc pd 

RBC (x10^12/L) 4.45±0.21 4.67±0.40 4.69±0.43 0.751 0.610 0.633 1.000  4.43±0.19 4.13±0.25 4.16±0.37 0.633 0.053 0.115 0.665 

Hb (g/dL) 14.00±0.42 15.06±1.22 15.12±1.04 0.693 0.561 0.633 1.000  13.07±0.50 12.98±0.73 13.22±0.75 0.679 0.891 0.699 0.665 

MCV (fL) 90.75±2.47 92.59±3.91 92.94±5.82 0.693 0.610 0.633 1.000  86.32±3.19 90.19±4.34 92.03±4.01 0.633 0.086 0.048 0.632 

MCH (pg) 31.40±0.57 32.34±1.46 32.38±2.16 0.693 0.610 0.633 1.000  29.55±1.52 31.51±2.08 31.82±1.76 0.633 0.086 0.049 0.665 

RDW (%) 12.10±0.28 12.89±0.82 12.61±0.73 0.693 0.561 0.633 1.000  13.13±0.72 12.92±2.46 12.52±0.88 0.679 0.199 0.226 0.794 

SI (µg/dL) 96.00±26.87 120.33±32.20 121.82±50.32 0.693 0.610 0.633 1.000  76.83±27.77 105.26±34.00 116.65±47.21 0.633 0.125 0.054 0.665 

Tf (mg/dL) 279.50±0.71 277.39±43.77 281.18±36.43 0.693 0.674 0.894 1.000  304.67±36.87 285.44±44.56 296.68±45.75 0.633 0.285 0.600 0.665 

TIBC (μg/dL) 349.38±0.88 346.74±54.71 351.47±45.54 0.693 0.674 0.894 1.000  380.83±46.09 356.80±55.70 370.84±57.19 0.633 0.285 0.600 0.665 

TSAT (%) 27.49±7.76 35.52±10.73 34.86±13.82 0.693 0.610 0.633 1.000  20.15±6.64 30.38±11.53 32.02±14.02 0.633 0.086 0.049 0.665 

Ft (μg/L) 55.45±7.28 140.97±97.11 133.93±86.23 0.693 0.561 0.633 1.000  32.00±13.99 49.34±35.01 60.31±52.53 0.633 0.456 0.400 0.665 

Mean and standard deviation are presented. KW – Kruskal-Wallis test; WT – Wild-type ; HET – Heterozygous ; HOM – Homozygous; p – p-value (significant < 0.05); a – TT vs TC vs CC; b – 
TT vs TC; c – TT vs CC; c – TT vs CC; d – TC vs CC; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell Distribution 
Width; SI – Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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Table S.23 – Hematological and biochemical data in beta-thalassemia trait subjects, clustered for gender and V736A status. 

 BTT 

Sex Male (n=49)  Female (n=40) 

Genotype TT TC CC 
KW Mann-Whitney test 

 TT TC CC 
KW Mann-Whitney test 

 WT HET HOM  WT HET HOM 

Parameters (n=5) (n=15) (n=29) pa pb pc pd  (n=5) (n=15) (n=20) pa pb pc pd 

RBC (x10^12/L) 6.00±0.53 5.44±0.60 5.97±0.51 0.531 0.921 0.721 0.721  5.44±0.60 5.20±0.61 5.32±0.42 0.755 0.950 0.709 0.973 

Hb (g/dL) 11.82±0.98 11.40±0.48 12.56±1.03 0.697 0.231 0.499 0.499  11.40±0.48 11.03±1.08 11.14±0.92 0.863 0.964 0.709 0.973 

MCV (fL) 61.50±2.89 66.34±5.72 64.90±3.47 0.653 0.199 0.327 0.327  66.34±5.72 66.36±5.39 65.28±3.67 0.755 0.964 0.709 0.973 

MCH (pg) 19.64±0.80 21.24±2.50 21.05±0.87 0.653 0.045 0.205 0.205  21.24±2.50 21.37±1.96 20.98±1.20 0.863 0.950 0.709 0.973 

RDW (%) 13.64±1.20 14.36±1.04 17.11±6.61 0.653 0.114 0.205 0.205  14.36±1.04 14.69±1.14 14.63±1.49 0.863 0.950 0.709 0.973 

SI (µg/dL) 95.60±26.80 101.60±28.50 104.19±29.39 0.653 0.921 0.655 0.655  101.60±28.50 112.93±39.03 112.45±33.07 0.863 0.950 0.709 0.973 

Tf (mg/dL) 242.40±52.29 287.80±29.63 240.06±32.04 0.653 0.921 0.655 0.655  287.80±29.63 288.86±55.15 256.45±45.13 0.755 0.964 0.709 0.636 

TIBC (μg/dL) 303.00±65.36 359.75±37.04 300.08±40.05 0.653 0.921 0.655 0.655  359.75±37.04 361.07±68.94 330.25±73.52 0.755 0.964 0.709 0.661 

TSAT (%) 32.07±8.01 28.16±6.97 34.87±9.30 0.653 0.921 0.725 0.725  28.16±6.97 32.77±13.08 35.45±12.49 0.755 0.950 0.709 0.973 

Ft (μg/L) 232.60±202.73 100.88±33.59 284.53±263.12 0.653 0.921 0.655 0.655  100.88±33.59 93.18±89.86 160.25±332.61 0.755 0.950 0.709 0.973 

Mean and standard deviation are presented. BTT – Beta-thalassemia trait; KW – Kruskal-Wallis test; WT – Wild-type ; HET – Heterozygous ; HOM – Homozygous; p – p-value (significant < 

0.05); a – TT vs TC vs CC; b – TT vs TC; c – TT vs CC; c – TT vs CC; d – TC vs CC; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; 
RDW – Red Cell Distribution Width; SI – Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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Table S.24 – Hematological and biochemical data in iron deficiency anemia subjects, clustered for gender and V736A status. 

IDA 

Sex Male (n=9)  Female (n=29) 

Genotype TC CC Mann-Whitney  
test 

 TT TC CC 
KW Mann-Whitney test 

 HET HOM  WT HET HOM 

Parameters (n=5) (n=4) p  (n=4) (n=23) (n=22) pa pb pc pd 

RBC (x10^12/L) 4.68±0.29 4.43±0.31 0.905  4.88±0.47 4.39±0.39 4.38±0.40 0.636 0.388 0.538 0.979 

Hb (g/dL) 10.50±1.45 9.43±0.83 0.905  10.75±1.34 10.71±1.13 9.60±1.51 0.636 0.900 0.773 0.078 

MCV (fL) 72.24±5.44 69.40±8.58 0.905  69.10±2.28 75.80±7.69 69.23±8.47 0.636 0.388 0.960 0.078 

MCH (pg) 22.42±2.23 21.53±3.09 0.905  22.08±1.21 24.58±3.48 22.01±3.65 0.636 0.388 0.960 0.084 

RDW (%) 33.24±16.67 27.28±18.73 0.905  23.98±11.3 20.09±9.93 19.91±4.98 0.636 0.615 0.960 0.306 

SI (µg/dL) 26.60±9.07 29.50±13.23 0.905  27.00±8.89 35.06±20.21 35.10±20.13 0.699 0.900 0.960 0.979 

Tf (mg/dL) 433.00±102.38 374.50±86.70 0.905  390.50±62.93 377.65±62.76 375.35±62.85 0.636 0.900 0.960 0.979 

TIBC (μg/dL) 541.25±127.98 468.13±108.38 0.905  488.13±78.67 472.10±78.42 469.00±78.41 0.636 0.900 0.960 0.979 

TSAT (%) 5.20±2.12 6.93±3.94 0.905  5.71±1.54 7.90±5.22 7.39±4.92 0.636 0.900 0.960 0.979 

Ft (μg/L) 10.00±8.72 18.28±27.20 0.905  5.00±1.84 7.10±6.54 5.49±2.88 0.699 0.900 1.000 0.979 

Mean and standard deviation are presented. IDA – Iron deficiency anemia; KW – Kruskal-Wallis test; WT – Wild-type ; HET – Heterozygous ; HOM – Homozygous; p – p-value (significant < 

0.05); a – TT vs TC vs CC; b – TT vs TC; c – TT vs CC; c – TT vs CC; d – TC vs CC; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; 
RDW – Red Cell Distribution Width; SI – Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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Table S.25 – Hematological and biochemical data in control subjects, clustered for gender and K253E status. 

 Controls 

Sex Male (n=36)  Female (n=83) 

Genotype AA AG GG AG+GG 
KW MW 

 AA AG GG AG+GG 
KW MW 

 WT HET HOM HET+HOM  WT HET HOM HET+HOM 

Parameters (n=24) (n=5) (n=7) (n=12) pa pb  (n=49) (n=23) (n=11) (n=34) pa pb 

RBC (x10^12/L) 4.72±0.44 4.66±0.41 4.51±0.31 4.58±0.34 0.670 0.534  4.19±0.31 4.14±0.33 4.1±0.33 4.13±0.33 0.885 0.443 

Hb (g/dL) 15.18±1.29 14.76±0.67 14.83±0.73 14.8±0.68 0.670 0.534  13.04±0.65 13.14±0.88 13.2±0.81 13.16±0.85 0.885 0.794 

MCV (fL) 92.18±4.96 93.36±6.08 93.46±3.77 93.42±4.6 0.670 0.696  90.21±4.43 91.2±4.97 91.73±2.93 91.37±4.37 0.784 0.443 

MCH (pg) 32.24±1.82 31.9±2.01 32.96±1.62 32.52±1.79 0.793 0.696  31.18±1.86 31.77±2.23 32.42±1.95 31.98±2.14 0.784 0.259 

RDW (%) 12.85±0.87 12.78±0.37 12.36±0.53 12.53±0.5 0.670 0.534  12.66±0.95 13.12±3.26 12.65±0.77 12.97±2.7 0.784 0.973 

SI (µg/dL) 118.96±47.82 111.6±28.92 128.71±23.04 121.58±25.91 0.670 0.534  108±39.62 105.87±43.44 114.82±43.23 108.76±42.93 0.839 0.973 

Tf (mg/dL) 275.92±37.98 273±40.7 303.14±32.92 290.58±37.87 0.670 0.534  301.9±44.51 271.83±44.43 296.18±35.39 279.71±42.77 0.784 0.237 

TIBC (μg/dL) 344.9±47.47 341.25±50.88 378.93±41.15 363.23±47.34 0.670 0.534  377.37±55.64 339.78±55.54 370.23±44.24 349.63±53.46 0.784 0.237 

TSAT (%) 34.91±13.72 33.44±10.66 34.37±7.72 33.98±8.61 0.670 0.960  29.17±11.64 31.86±13.49 32.11±15.57 31.94±13.96 0.784 0.559 

Ft (μg/L) 138.03±85.26 157.14±116.44 74.41±47.68 108.88±89.36 0.670 0.534  53.34±43.5 51.77±31.71 50±62.39 51.18±43.32 0.784 0.973 

Mean and standard deviation are presented. KW – Kruskal-Wallis test; MW – Mann-Whitney test; WT – Wild-type ; HET – Heterozygous ; HOM – Homozygous; p – p-value (significant < 

0.05); a – AA vs AG vs GG; b – Recessive model: AA vs AG+GG; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell 
Distribution Width; SI – Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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Table S.26 – Hematological and biochemical data in beta-thalassemia trait subjects, clustered for gender and K253E status. 

 BTT 

Sex Male (N=45)  Female (N=36) 

Genotype AA AG GG AG+GG 
KW MW 

 AA AG GG AG+GG 
KW MW 

 WT HET HOM HET+HOM  WT HET HOM HET+HOM 

Parameters (n=30) (n=6) (n=9) (n=15) pa pb  (n=23) (n=7) (n=6) (n=13) pa pb 

RBC (x10^12/L) 6.08±0.51 5.87±0.45 6.06±0.44 5.98±0.44 0.584 0.697  5.27±0.51 5.34±0.49 5.65±0.29 5.48±0.42 0.734 0.961 

Hb (g/dL) 12.4±1.01 12.47±0.48 12.76±1.01 12.64±0.83 0.584 0.645  11.04±0.84 11.6±0.87 11.42±0.51 11.52±0.7 0.734 0.961 

MCV (fL) 62.91±3.19 65.85±4.06 65.28±2.94 65.51±3.3 0.584 0.163  65.47±4.47 66.17±5.12 65.05±4.99 65.65±4.88 0.734 0.961 

MCH (pg) 20.4±0.93 21.35±1.63 21.09±0.85 21.19±1.18 0.677 0.174  21.1±1.66 21.89±2.03 20.27±0.92 21.14±1.76 0.734 0.961 

RDW (%) 17.56±7.29 18.43±7.01 15.24±1.04 16.52±4.56 0.584 0.378  14.45±1.1 14.69±0.77 15.25±2.27 14.95±1.59 0.734 0.961 

SI (µg/dL) 109.58±26.13 111.83±32.62 96.44±25.23 102.6±28.36 0.584 0.645  113.39±34.05 113.43±16.74 126.67±34.22 119.54±25.98 0.734 0.961 

Tf (mg/dL) 256.31±31.69 226±13.91 252.44±26.87 241.87±25.72 0.584 0.350  264.73±50.39 265.29±44.66 274.33±22.9 269.46±35.18 0.734 0.961 

TIBC (μg/dL) 320.38±39.61 282.5±17.39 315.56±33.59 302.33±32.15 0.584 0.350  330.91±62.99 331.61±55.83 375.21±81.58 351.73±69.59 0.734 0.961 

TSAT (%) 34.72±9.61 39.71±11.95 30.58±7.42 34.23±10.19 0.584 1.000  35.49±12.44 34.66±5.56 35.18±12.28 34.9±8.85 0.734 0.961 

Ft (μg/L) 198.19±200.65 268.6±279.96 199.71±123.63 228.42±195.18 0.584 0.645  94.59±89.32 132.63±96.79 327.68±581.87 240.99±428.22 0.734 0.961 

Mean and standard deviation are presented. BTT – Beta-thalassemia trait; KW – Kruskal-Wallis test; MW – Mann-Whitney test; WT – Wild-type ; HET – Heterozygous ; HOM – Homozygous; 
p – p-value (significant < 0.05);  a – AA vs AG vs GG; b – Recessive model: AA vs AG+GG; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell 
Hemoglobin; RDW – Red Cell Distribution Width; SI – Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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Table S.27 – Hematological and biochemical data in iron deficiency anemia subjects, clustered for gender and K253E status. 

 IDA 

Sex Male (n=7)  Female (n=45) 

Genotype AA AG 
MW 

 AA AG GG AG+GG 
KW MW 

 WT HET  WT HET HOM HET+HOM 

Parameters (n=6) (n=1) p  (n=29) (n=8) (n=8) (n=16) pa pb 

RBC (x10^12/L) 4.45±0.32 4.70 0.642  4.35±0.42 4.38±0.5 4.58±0.31 4.48±0.42 0.595 1.000 

Hb (g/dL) 9.8±0.81 8.30 0.556  10.09±1.49 10.34±1.72 10.51±1.11 10.43±1.4 0.595 1.000 

MCV (fL) 71.52±5.14 59.90 0.556  72.73±8.5 73.06±10.46 72.14±6.28 72.6±8.35 0.595 1.000 

MCH (pg) 22.1±1.67 17.70 0.556  23.33±3.78 23.76±4.37 23.14±2.86 23.45±3.58 0.595 1.000 

RDW (%) 34.98±19.19 18.60 0.857  19.81±7.9 20.34±8.66 20.89±9.24 20.61±8.66 0.595 1.000 

SI (µg/dL) 27.5±10.01 13.00 0.556  34.34±19.33 45.14±25.29 28±6.11 36.57±19.79 0.712 1.000 

Tf (mg/dL) 393±113.64 467.00 0.857  361.48±53.56 402.17±85.61 413.83±57.6 408±69.83 0.595 0.262 

TIBC (μg/dL) 491.25±142.05 583.75 0.857  451.74±66.77 502.71±107.01 517.29±72 510±87.29 0.595 0.262 

TSAT (%) 6.23±3.27 2.23 0.556  7.93±5.11 8.49±6.06 5.65±1.59 7.07±4.47 0.595 1.000 

Ft (μg/L) 15.98±24.09 3.20 0.556  5.93±3.78 8.73±10.16 5.18±1.69 7.31±7.85 0.595 1.000 

Mean and standard deviation are presented. IDA – Iron deficiency anemia; KW – Kruskal-Wallis test; MW – Mann-Whitney test; WT – Wild-type ; HET – Heterozygous ; HOM – Homozygous; 
p – p-value (significant < 0.05); a – AA vs AG vs GG; b – Recessive model: AA vs AG+GG; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell 
Hemoglobin; RDW – Red Cell Distribution Width; SI – Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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Table S.28 – Hematological and biochemical data in control subjects, clustered for gender and H63D status. 

 Controls 

Sex Male (n=42)  Female (n=91) 

Genotype CC CG GG CG+GG 
KW MW 

 CC CG GG CG+GG 
KW MW 

 WT HET HOM HET+HOM  WT HET HOM HET+HOM 

Parameters (n=30) (n=10) (n=2) (n=12) pa pb  (n=56) (n=31) (n=4) (n=35) pa pb 

RBC (x10^12/L) 4.69±0.44 4.73±0.33 4.95±0.21 4.77±0.32 0.577 0.880  4.17±0.28 4.20±0.36 3.98±0.34 4.17±0.36 0.579 0.974 

Hb (g/dL) 15.04±1.17 15.04±0.84 15.30±1.13 15.08±0.84 0.577 0.978  13.11±0.68 13.23±0.87 12.73±0.63 13.17±0.85 0.579 0.830 

MCV (fL) 92.76±4.93 92.45±4.10 90.80±5.66 92.18±4.14 0.577 0.880  90.69±4.36 91.25±4.53 92.45±4.48 91.39±4.48 0.758 0.575 

MCH (pg) 32.19±1.85 31.89±1.54 31.05±3.46 31.75±1.77 0.577 0.880  31.50±1.86 31.62±2.15 31.98±2.29 31.66±2.13 0.579 0.575 

RDW (%) 12.76±0.75 12.47±0.80 12.15±0.92 12.42±0.79 0.577 0.880  12.39±0.88 13.25±2.82 12.68±0.15 13.19±2.66 0.579 0.232 

SI (µg/dL) 121.80±38.32 126.70±44.95 78.50±9.19 118.67±44.87 0.577 0.978  108.41±42.96 115.65±42.83 96.75±22.9 113.49±41.25 0.735 0.575 

Tf (mg/dL) 278.90±37.63 271.80±40.54 260.50±27.58 269.92±37.85 0.577 0.880  293.20±43.97 287.10±45.22 276.25±37.62 285.86±44.06 0.579 0.575 

TIBC (μg/dL) 348.63±47.03 339.78±50.65 325.63±34.47 337.42±47.30 0.577 0.880  366.50±54.97 358.87±56.52 345.31±47.02 357.32±55.08 0.579 0.575 

TSAT (%) 35.38±11.03 37.94±14.00 24.40±5.41 35.68±13.81 0.577 0.978  30.26±12.93 32.99±13.76 28.68±8.71 32.50±13.25 0.579 0.575 

Ft (μg/L) 128.71±89.31 167.50±95.93 165.50±9.19 167.17±86.82 0.577 0.880  49.44±41.52 58.08±44.49 75.73±37.54 60.10±43.63 0.579 0.575 

Mean and standard deviation are presented. KW – Kruskal-Wallis test; MW – Mann-Whitney test; WT – Wild-type ; HET – Heterozygous ; HOM – Homozygous; p – p-value (significant < 

0.05); a – CC vs CG vs GG; b – Dominate model: CC vs CG+GG; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell 
Distribution Width; SI – Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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Table S.29 – Hematological and biochemical data in beta-thalassemia trait subjects, clustered for gender and 

H63D status. 

 BTT 

Sex Male (n=63)  Female (n=53) 

Genotype CC CG 
MW 

 CC CG 
MW 

 WT HET  WT HET 

Parameters (n=42) (n=21) p  (n=37) (n=16) p 

RBC (x10^12/L) 6.05±0.37 6.06±0.61 0.765  5.24±0.49 5.38±0.47 0.622 

Hb (g/dL) 12.34±0.79 12.74±1.32 0.123  11.06±0.95 11.00±0.84 0.622 

MCV (fL) 63.32±3.77 65.63±4.19 0.123  66.06±4.23 64.73±4.4 0.317 

MCH (pg) 20.42±1.19 21.01±1.09 0.123  21.19±1.68 20.57±1.27 0.317 

RDW (%) 16.78±6.15 15.43±4.38 0.271  14.69±1.51 14.43±1.15 0.633 

SI (µg/dL) 105.36±24.80 117.45±33.89 0.230  100.70±37.13 119.94±19.84 0.132 

Tf (mg/dL) 258.46±33.49 237.90±29.36 0.123  274.86±48.71 258.13±40.42 0.317 

TIBC (μg/dL) 323.08±41.86 297.38±36.7 0.123  348.82±68.24 322.67±50.52 0.317 

TSAT (%) 33.02±8.54 39.45±10.17 0.123  30.14±12.65 37.94±7.40 0.092 

Ft (μg/L) 192.00±177.26 236.65±202.52 0.585  135.6±257.26 113.93±65.62 0.317 

Mean and standard deviation are presented. BTT – Beta-thalassemia trait; MW – Mann-Whitney test; WT – Wild-type 

; HET – Heterozygous ; HOM – Homozygous; p – p-value (significant < 0.05); RBC – Red blood cells; Hb – 

Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell Distribution Width; SI 

– Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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Table S.30 – Hematological and biochemical data in iron deficiency anemia subjects, clustered for gender and H63D status. 

 IDA 

Sex Male (N=10)  Female (N=53) 

Genotype CC CG 
MW  

CC CG GG CG+GG 
KW MW 

 WT HET WT HET HOM HET+HOM 

Parameters (n=9) (n=1) p  (n=35) (n=15) (n=3) (n=18) pa pb 

RBC (x10^12/L) 4.73±0.46 4.20 0.889  4.37±0.43 4.45±0.39 4.70±0.10 4.49±0.37 0.555 0.495 

Hb (g/dL) 10.59±1.64 8.60 0.889  10.39±1.38 10.11±1.54 9.47±0.29 10.01±1.42 0.555 0.495 

MCV (fL) 71.11±6.72 72.20 1.000  74.05±7.55 71.93±8.42 64.13±4.80 70.63±8.37 0.555 0.495 

MCH (pg) 22.41±2.53 20.60 0.889  23.97±3.45 22.76±3.56 20.13±0.91 22.32±3.39 0.555 0.495 

RDW (%) 29.64±15.75 49.60 1.000  20.62±10.15 24.47±12.81 24.17±9.74 24.42±12.09 0.555 0.495 

SI (µg/dL) 28.75±10.82 21.00 1.000  36.77±20.37 32.31±15.21 15.10±5.80 30.01±15.40 0.555 0.495 

Tf (mg/dL) 422.63±88.24 282.00 0.889  371.62±62.43 370.54±61.06 327.50±19.09 364.80±58.75 0.555 0.843 

TIBC (μg/dL) 528.28±110.30 352.50 0.889  464.40±77.93 463.17±76.33 409.77±23.91 456.05±73.40 0.555 0.843 

TSAT (%) 5.97±3.19 5.96 1.000  8.13±5.10 7.42±4.34 3.72±0.96 6.92±4.23 0.555 0.632 

Ft (μg/L) 16.18±21.91 6.00 1.000  7.99±8.82 6.80±7.62 6.55±0.64 6.76±6.96 0.555 0.746 

Mean and standard deviation are presented. IDA – Iron deficiency anemia; KW – Kruskal-Wallis test; MW – Mann-Whitney test; WT – Wild-type ; HET – Heterozygous ; HOM – Homozygous; 
p – p-value (significant < 0.05); a – CC vs CG vs GG; b – Dominate model: CC vs CG+GG; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; 
RDW – Red Cell Distribution Width; SI – Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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Table S.31 – Hematological and biochemical data in control subjects, clustered for gender and C282Y status. 

 Controls 

Sex Male (N=42)  Female (N=92) 

Genotype GG GA 
MW 

 GG GA AA GA+AA 
KW MW 

 WT HET  WT HET HOM HET+HOM 

Parameters (n=38) (n=4) p  (n=86) (n=5) (n=1) (n=6) pa pb 

RBC (x10^12/L) 4.66±0.39 5.20±0.08 0.067  4.17±0.30 4.32±0.52 4.32 4.27±0.48 0.003 0.806 

Hb (g/dL) 14.95±1.02 16.03±1.23 0.290  13.12±0.75 13.34±0.83 13.34 13.33±0.74 0.207 0.806 

MCV (fL) 92.76±4.52 91.08±6.52 0.867  90.96±4.42 89.46±3.69 89.46 90.50±4.17 0.738 0.887 

MCH (pg) 32.19±1.78 30.83±1.98 0.290  31.55±1.95 31.12±2.42 31.12 31.43±2.30 0.928 0.887 

RDW (%) 12.69±0.78 12.35±0.65 0.733  12.72±1.86 12.12±0.70 12.12 12.07±0.64 0.928 0.333 

SI (µg/dL) 115.63±31.33 171.00±76.19 0.282  107.80±40.62 152.60±51.14 152.60 144.00±50.36 0.920 0.170 

Tf (mg/dL) 275.29±38.73 286.25±22.88 0.867  291.69±42.01 279.00±58.040 279.00 262.50±65.79 0.928 0.254 

TIBC (μg/dL) 344.12±48.41 357.81±28.6 0.867  364.61±52.51 348.75±72.55 348.75 328.13±82.24 0.928 0.254 

TSAT (%) 34.18±10.10 47.61±20.04 0.290  30.13±12.21 45.42±18.04 45.42 45.33±16.13 0.738 0.170 

Ft (μg/L) 140.14±91.47 135.45±75.83 0.983  50.21±39.20 108.76±61.49 108.76 96.72±62.41 0.738 0.235 

Mean and standard deviation are presented. KW – Kruskal-Wallis test; MW – Mann-Whitney test; WT – Wild-type ; HET – Heterozygous ; HOM – Homozygous; p – p-value (significant < 

0.05); a – GG vs GA vs AA; b – Dominate model: GG vs GA+GA; RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell 
Distribution Width; SI – Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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Table S.32 – Hematological and biochemical data in beta-thalassemia trait subjects, clustered for gender and 

C282Y status. 

  BTT 

Sex Male (n=63)   Female (n=53) 

Genotype  GG GA 
MW   

GG GA 
MW 

  WT HET WT HET 

Parameters  (N=60) (N=3) p   (N=50) (N=3) p 

RBC (x10^12/L) 6.07±0.45 5.83±0.59 0.680   5.30±0.47 4.97±0.64 0.418 

Hb (g/dL) 12.50±1.01 12.03±1.21 0.680   11.06±0.90 10.83±1.23 0.686 

MCV (fL) 64.13±4.08 62.87±2.96 0.692   65.29±3.98 71.80±5.50 0.136 

MCH (pg) 20.62±1.21 20.60±0.10 0.987   20.95±1.59 21.93±1.40 0.237 

RDW (%) 16.07±5.16 21.37±12.21 0.692   14.45±1.16 17.23±2.57 0.136 

SI (µg/dL) 108.89±28.84 125.50±3.54 0.680   105.74±34.40 119.33±24.21 0.584 

Tf (mg/dL) 252.42±32.88 225.00±50.91 0.680   272.18±46.02 216.50±38.89 0.160 

TIBC (μg/dL) 315.53±41.10 281.25±63.64 0.680   344.10±63.55 270.63±48.61 0.160 

TSAT (%) 34.82±9.36 45.94±11.65 0.680   31.86±11.77 45.69±3.56 0.160 

Ft (μg/L) 200.90±185.46 331.00±159.81 0.680   97.69±109.33 554.40±703.06 0.136 

Mean and standard deviation are presented. BTT – Beta-thalassemia trait; MW – Mann-Whitney test; WT – Wild-
type; HET – Heterozygous; p – p-value (significant < 0.05); RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean 

Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell Distribution Width; SI – Serum iron; Tf –  Transferrin; 
TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 

 

 

Table S.33 – Hematological and biochemical data in iron deficiency anemia subjects, clustered for gender and 

C282Y status. 

 IDA 

Sex Male (n=10)  Female (n=54) 

Genotype GG  GG GA 
MW 

 WT  WT HET 

Parameters (n=10)  (n=50) (n=4) pa 

RBC (x10^12/L) 4.68±0.46  4.40±0.41 4.60±0.56 0.980 

Hb (g/dL) 10.39±1.67  10.25±1.40 10.37±1.50 1.000 

MCV (fL) 71.22±6.34  73.10±8.11 69.43±1.98 0.962 

MCH (pg) 22.23±2.45  23.46±3.59 22.67±0.87 0.980 

RDW (%) 31.64±16.13  21.68±10.86 25.80±12.91 0.962 

SI (µg/dL) 27.89±10.45  34.91±19.35 27.00±0.00 1.000 

Tf (mg/dL) 407.00±94.92  370.62±61.62 341.50±24.75 0.962 

TIBC (μg/dL) 508.75±118.66  463.20±76.93 426.88±30.94 0.962 

TSAT (%) 5.96±2.98  7.79±4.92 6.35±0.46 1.000 

Ft (μg/L) 14.73±20.37  7.67±8.17 2.80 0.962 

Mean and standard deviation are presented. IDA – Iron deficiency anemia; MW – Mann-Whitney test; WT – Wild-
type; HET – Heterozygous; p – p-value (significant < 0.05); a – Female GG vs GA; RBC – Red blood cells; Hb – 
Hemoglobin; MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell Distribution Width; SI 

– Serum iron; Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin. 
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Table S.34 – Association of genetic variants with hematological and iron parameters in control group. 

Locus, SNP (risk allele)  Controls 

Parameters  β (SE) 95% CI p 

TMPRSS6, V736A (T)  TC vs CC   HET-HOM 

RBC (x10^12/L)  -0.10 (0.62) (-1.33,1.12) 0.869 

Hb (g/dL)  -0.04 (0.26) (-0.56,0.48) 0.886 

MCV (fL)  0.06 (0.05) (-0.04,0.16) 0.237 

MCH (pg)  0.02 (0.11) (-0.19,0.23) 0.861 

RDW (%)  -0.18 (0.19) (-0.64,0.1) 0.352 

SI (µg/dL)  0.01 (0.01) (-4.08x10-03,0.02) 0.267 

Tf (mg/dL)  4.43x10-03 (4.94x10-03) (-0.01,0.01) 0.371 

TIBC (μg/dL)  3.54x10-03 (3.96x10-03) (-4.15x10-03,0.01) 0.371 

TSAT (%)  0.01 (0.02) (-0.02,0.04) 0.613 

Ft (μg/L)  -9.78x10-04 (3.84x10-03) (-0.01,0.01) 0.799 

     

TMPRSS6, K253E (G)     

RBC (x10^12/L)  -1.14 (0.66) (-2.48,0.11) 0.083 

Hb (g/dL)  -0.14 (0.26) (-0.67,0.37) 0.583 

MCV (fL)  0.05 (0.05) (-0.05,0.14) 0.328 

MCH (pg)  0.20 (0.11) (-0.01,0.43) 0.068 

RDW (%)  0.07 (0.12) (-0.18,0.38) 0.591 

SI (µg/dL)  2.77x10-04 (4.90x10-03) (-0.01,0.01) 0.955 

Tf (mg/dL)  -0.01 (0.01) (-0.02,4.37x10-03) 0.281 

TIBC (μg/dL)  -4.31x10-03 (4.00x10-03) (-0.01,3.50x10-03) 0.281 

TSAT (%)  0.01 (0.02) (-0.02,0.04) 0.601 

Ft (μg/L)  -0.01 (0.01) (-0.02, -7.70x10-04) 0.051 

   
HFE, H63D (G)   

RBC (x10^12/L)  -0.05 (0.63) (-1.31,1.19) 0.943 

Hb (g/dL)  0.01 (0.27) (-0.52,0.53) 0.981 

MCV (fL)  0.02 (0.05) (-0.07,0.11) 0.664 

MCH (pg)  0.01 (0.11) (-0.19,0.22) 0.889 

RDW (%)  0.53 (0.26) (0.09,1.08) 0.042 

SI (µg/dL)  1.21x10-03 (4.84x10-03) (-0.01,0.01) 0.803 

Tf (mg/dL)  5.29x10-04 (0.01) (-0.01,0.01) 0.917 

TIBC (μg/dL)  4.23x10-04 (4.04x10-03) (-0.01,0.01) 0.917 

TSAT (%)  3.78x10-03 (0.02) (-0.03,0.03) 0.810 

Ft (μg/L)  8.20x10-04 (4.13x10-03) (-0.01,0.01) 0.843 

From logistic regression models adjusted for sex and age. β – Beta coefficient; SE – Standard error; CI – Confidence 
interval p – p-value (significant < 0.05); RBC – Red blood cells; Hb – Hemoglobin; MCV – Mean Cell Volume; 
MCH – Mean Cell Hemoglobin; RDW – Red Cell Distribution Width; SI – Serum iron; Tf –  Transferrin; TIBC – 
Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin.
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Table S.35 – Association of genetic variants with hematological and iron parameters in beta-thalassemia 

group. 

Locus, SNP (risk allele)  BTT 

Parameters  β (SE) 95% CI p 

TMPRSS6, V736A (T)  TC vs CC   HET-HOM 

RBC (x10^12/L)  0.49 (0.5) (-0.48,1.51) 0.327 

Hb (g/dL)  0.11 (0.25) (-0.38,0.61) 0.659 

MCV (fL)  -0.03 (0.07) (-0.17,0.09) 0.598 

MCH (pg)  -0.23 (0.21) (-0.65,0.18) 0.275 

RDW (%)  0.01 (0.05) (-0.09,0.11) 0.902 

SI (µg/dL)  -1.62x10-03 (0.01) (-0.02,0.01) 0.844 

Tf (mg/dL)  -2.27x10-03 (0.01) (-0.02,0.01) 0.733 

TIBC (μg/dL)  5.00x10-04 (4.76x10-03) (-0.01,0.01) 0.916 

TSAT (%)  1.25x10-03 (0.02) (-0.05,0.05) 0.958 

Ft (μg/L)  -9.05x10-04 (1.28x10-03) (-3.75x10-03,1.60x10-03) 0.479 

     

HFE, H63D (G)     

RBC (x10^12/L)  -0.61 (0.49) (-1.60,0.32) 0.208 

Hb (g/dL)  -0.20 (0.23) (-0.66,0.25) 0.384 

MCV (fL)  0.01 (0.06) (-0.10,0.12) 0.810 

MCH (pg)  0.13 (0.17) (-0.19,0.47) 0.448 

RDW (%)  0.07 (0.06) (-0.04,0.22) 0.297 

SI (µg/dL)  -0.02 (0.01) (-0.04,-0.01) 0.006 

Tf (mg/dL)  0.01 (0.01) (-4.34x10-04,0.02) 0.066 

TIBC (μg/dL)  0.01 (4.89x10-03) (7.78x10-04,0.02) 0.042 

TSAT (%)  -0.08 (0.02) (-0.13,-0.04) 0.001 

Ft (μg/L)  3.96x10-04 (1.20x10-03) (-1.88x10-03,3.10x10-03) 0.742 

From logistic regression models adjusted for sex and age. BTT – Beta-thalassemia trait; β – Beta coefficient; SE – 

Standard error; CI – Confidence interval p – p-value (significant < 0.05); RBC – Red blood cells; Hb – Hemoglobin; 
MCV – Mean Cell Volume; MCH – Mean Cell Hemoglobin; RDW – Red Cell Distribution Width; SI – Serum iron; 
Tf –  Transferrin; TIBC – Total Iron Binding Capacity; TSAT –  Transferrin saturation; Ft – Ferritin 
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Table S.36 – Diagnostic accuracy findings for all considered indices used in microcytic anemia subjects. 

 Total 

Indices  
BTT 

 (N= 111) 
IDA 

(N=61) 
Correctly 
diagnosed 

Accuracy 
(Efficiency)  

SENS  SPEC PPV NPV  YI  AUC 

RBC           

BTT > 5 100 5 
156 0.91 

0.90 0.92 0.95 0.84 
0.82 0.947 

IDA < 5 11 56 0.92 0.90 0.84 0.95 

England and Fraser (E&F) 

BTT < 0 76 1 
136 0.79 

0.68 0.98 0.99 0.63 
0.67 0.953 

IDA > 0 35 60 0.98 0.68 0.63 0.99 

Mentzer           

BTT < 13 96 9 
148 0.86 

0.86 0.85 0.91 0.78 
0.72 0.941 

IDA > 13 15 52 0.85 0.86 0.78 0.91 

Srivastava           

BTT < 3.8 70 2 
129 0.75 

0.63 0.97 0.97 0.59 
0.60 0.917 

IDA > 3.8 41 59 0.97 0.63 0.59 0.97 

Shine and Lal (S&L)          

BTT < 1530 111 50 
122 0.71 

1.00 0.18 0.69 1.00 
0.18 0.749 

IDA > 1530 0 11 0.18 1.00 1.00 0.69 

Bessman (RDW) 

BTT < 15 73 5 
129 0.75 

0.66 0.92 0.94 0.60 
0.58 0.890 

IDA > 15 38 56 0.92 0.66 0.60 0.94 

Ricerca           

BTT < 4.4 106 30 
137 0.80 

0.95 0.51 0.78 0.86 
0.46 0.952 

IDA > 4.4 5 31 0.51 0.95 0.86 0.78 

Jayabose (RDWI)          

BTT < 220 98 1 
158 0.92 

0.88 0.98 0.99 0.82 
0.87 0.957 

IDA > 220 13 60 0.98 0.88 0.82 0.99 

Green and King (G&K)          

BTT < 65 96 0 
157 0.91 

0.86 1.00 1.00 0.80 
0.86 0.957 

IDA > 65 15 61 1.00 0.86 0.80 1.00 

MDHL           

BTT > 1.63 92 2 
151 0.88 

0.83 0.97 0.98 0.76 
0.80 0.951 

IDA < 1.63 19 59 0.97 0.83 0.76 0.98 

MCHD           

BTT > 0.3045 94 49 
106 0.62 

0.85 0.20 0.66 0.41 
0.04 0.609 

IDA < 0.3045 17 12 0.20 0.85 0.41 0.66 

Sirdah           

BTT < 27 81 2 
140 0.81 

0.73 0.97 0.98 0.66 
0.70 0.945 

IDA > 27 30 59 0.97 0.73 0.66 0.98 

Ehsani           

BTT < 15 92 9 
144 0.84 

0.83 0.85 0.91 0.73 
0.68 0.931 

IDA > 15 19 52 0.85 0.83 0.73 0.91 

BTT – Beta thalassemia trait; IDA – Iron deficiency anemia; RBC – Red blood cells; RDW – Red cell distribution 
width; RDWI – Red cell distribution width index; MDHL – Mean Density of Hemoglobin per Liter; MCHD – Mean 
Cell Hemoglobin Density SENS – Sensitivity; SPEC – Specificity; PPV – Positive predictive values; NPV – Negative 
predictive values; YI – Youden’s index; AUC – Area under the curve. 
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Table S.37 – Diagnostic accuracy findings for all considered indices used in microcytic anemia male subjects. 

 Male 

Indices  
BTT 

(n=60) 
IDA 

(n=10) 
Correctly 
diagnosed 

Accuracy 
(Efficiency)  

SENS  SPEC PPV NPV  YI  AUC 

RBC                     

BTT > 5 60 1 
69 0.99 

1.00 0.90 0.98 1.00 
0.90 0.979 

IDA < 5 0 9 0.90 1.00 1.00 0.98 

England and Fraser (E&F)                 

BTT < 0 57 1 
66 0.94 

0.95 0.90 0.98 0.75 
0.85 0.983 

IDA > 0 3 9 0.90 0.95 0.75 0.98 

Mentzer                     

BTT < 13 59 2 
67 0.96 

0.98 0.80 0.97 0.89 
0.78 0.989 

IDA > 13 1 8 0.80 0.98 0.89 0.97 

Srivastava                     

BTT < 3.8 51 1 
60 0.86 

0.85 0.90 0.98 0.50 
0.75 0.983 

IDA > 3.8 9 9 0.90 0.85 0.50 0.98 

Shine and Lal (S&L)                   

BTT < 1530 60 8 
62 0.89 

1.00 0.20 0.88 1.00 
0.20 0.815 

IDA > 1530 0 2 0.20 1.00 1.00 0.88 

Bessman (RDW)                     

BTT < 15 37 0 
47 0.67 

0.62 1.00 1.00 0.30 
0.62 0.914 

IDA > 15 23 10 1.00 0.62 0.30 1.00 

Ricerca                     

BTT < 4.4 55 4 
61 0.87 

0.92 0.60 0.93 0.55 
0.52 0.952 

IDA > 4.4 5 6 0.60 0.92 0.55 0.93 

Jayabose (RDWI)                   

BTT < 220 54 0 
64 0.91 

0.90 1.00 1.00 0.63 
0.90 0.958 

IDA > 220 6 10 1.00 0.90 0.63 1.00 

Green and King (G&K)                   

BTT < 65 54 0 
64 0.91 

0.90 1.00 1.00 0.63 
0.90 0.960 

IDA > 65 6 10 1.00 0.90 0.63 1.00 

MDHL                     

BTT > 1.63 58 1 
67 0.96 

0.97 0.90 0.98 0.82 
0.87 0.973 

IDA < 1.63 2 9 0.90 0.97 0.82 0.98 

MCHD                     

BTT > 0.3045  52 8 
54 0.77 

0.87 0.20 0.87 0.20 
0.07 0.707 

IDA < 0.3045 8 2 0.20 0.87 0.20 0.87 

Sirdah                     

BTT < 27  55 1 
64 0.91 

0.92 0.90 0.98 0.64 
0.82 0.987 

IDA > 27 5 9 0.90 0.92 0.64 0.98 

Ehsani                     

BTT < 15 56 1 
65 0.93 

0.93 0.90 0.98 0.69 
0.83 0.988 

IDA > 15 4 9 0.90 0.93 0.69 0.98 

BTT – Beta thalassemia trait; IDA – Iron deficiency anemia; RBC – Red blood cells; RDW – Red cell distribution 
width; RDWI – Red cell distribution width index; MDHL – Mean Density of Hemoglobin per Liter; MCHD – Mean 
Cell Hemoglobin Density SENS – Sensitivity; SPEC – Specificity; PPV – Positive predictive values; NPV – Negative 
predictive values; YI – Youden’s index; AUC – Area under the curve. 
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Figure S.7 – Receiver operating characteristics (ROC) curves constructed to visualize the area under the curve 

(AUC) of Red blood cells, England and Fraser, Mentzer and Srivastava hematologic indices to distinguish BTT 

cases from IDA. The plots represent analysis with the total population (left) and only the male (middle) and female 
(right) subjects. In the curve is marked the calculated best thresholds of each index and respective 95% confidence 
interval. 
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Figure S.8 – Receiver operating characteristics (ROC) curves constructed to visualize the area under the curve 

(AUC) of Shine and Lal, Bessman (RDW; Red cell distribution width), Ricerca and Jaybose (RDW; Red cell 

distribution width index) hematologic indices to distinguish BTT cases from IDA. The plots represent analysis 

with the total population (left) and only the male (middle) and female (right) subjects. In the curve is marked the 
calculated best thresholds of each index and respective 95% confidence interval. 
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Figure S.9 - Receiver operating characteristics (ROC) curves constructed to visualize the area under the curve 

(AUC) of Green and King, Mean Density of Hemoglobin per Liter (MDHL), Mean Cell Hemoglobin Density 

(MCHD) and Sirdah hematologic indices to distinguish BTT cases from IDA. The plots represent analysis with the 
total population (left) and only the male (middle) and female (right) subjects. In the curve is marked the calculated best 
thresholds of each index and respective 95% confidence interval. 
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Figure S.10 – Receiver operating characteristics (ROC) curves constructed to visualize the area under the curve 

(AUC) of Ehsani hematologic index to distinguish BTT cases from IDA. The plots represent analysis with the total 
population (left) and only the male (middle) and female (right) subjects. In the curve is marked the calculated best 
thresholds of each and respective 95% confidence interval. 

 

 

Table S.38 – Accuracy findings for all calculated new best thresholds. 

 Total  

Indices Cutoff Indices Cutoff Indices Cutoff Indices 

RBC 5 5.05 0.95 0.88 0.82 0.97 

England and Fraser (E&F) 0 4.39 0.95 0.87 0.81 0.97 

Mentzer 13 12.73 0.95 0.83 0.75 0.97 

Srivastava 3.8 4.06 0.87 0.81 0.72 0.92 

Shine and Lal (S&L) 1530 1072.55 0.59 0.86 0.71 0.79 

Bessman (RDW) 15 16.55 0.82 0.90 0.82 0.90 

Ricerca 4.4 3.16 0.98 0.88 0.82 0.99 

Jayabose (RDWI) 220 222.40 0.98 0.90 0.85 0.99 

Green and King (G&K) 65 67.08 1.00 0.88 0.82 1.00 

MDHL 1.63 1.60 0.95 0.89 0.83 0.97 

MCHD 0.3045 0.3260 0.75 0.44 0.43 0.77 

Sirdah 27 28.66 0.95 0.83 0.75 0.97 

Ehsani 15 12.36 0.98 0.75 0.68 0.99 

RBC – Red blood cells; RDW – Red cell distribution width; RDWI – Red cell distribution width index; MDHL – 

Mean Density of Hemoglobin per Liter; MCHD – Mean Cell Hemoglobin Density SENS – Sensitivity; SPEC – 

Specificity; PPV – Positive predictive values; NPV – Negative predictive values; YI – Youden’s index; AUC – Area 

under the curve. 
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Table S.39 – Accuracy findings for all calculated new best thresholds for male microcytic anemia subjects. 

 Male  

Indices Cutoff Indices Cutoff Indices Cutoff Indices 

RBC 5 5.05 0.90 1.00 1.00 0.98 

England and Fraser (E&F) 0 7.35 0.90 1.00 1.00 0.98 

Mentzer 13 12.70 1.00 0.93 0.71 1.00 

Srivastava 3.8 4.24 0.90 1.00 1.00 0.98 

Shine and Lal (S&L) 1530 918.73 0.90 0.72 0.35 0.98 

Bessman (RDW) 15 17.20 0.90 0.88 0.56 0.98 

Ricerca 4.4 3.17 1.00 0.90 0.63 1.00 

Jayabose (RDWI) 220 214.95 1.00 0.90 0.63 1.00 

Green and King (G&K) 65 67.24 1.00 0.90 0.63 1.00 

MDHL 1.63 1.59 0.90 0.98 0.90 0.98 

MCHD 0.3045 0.3179 0.80 0.63 0.27 0.95 

Sirdah 27 25.82 1.00 0.90 0.63 1.00 

Ehsani 15 11.63 1.00 0.90 0.63 1.00 

RBC – Red blood cells; RDW – Red cell distribution width; RDWI – Red cell distribution width index; MDHL – 

Mean Density of Hemoglobin per Liter; MCHD – Mean Cell Hemoglobin Density SENS – Sensitivity; SPEC – 

Specificity; PPV – Positive predictive values; NPV – Negative predictive values; YI – Youden’s index; AUC – Area 

under the curve. 

 

Table S.40 – Accuracy findings for all calculated new best thresholds for female microcytic anemia subjects. 

 Female 

Indices Cutoff 
Predicted 

Cutoff 
SENS SPEC PPV NPV 

RBC 5 4.95 0.92 0.80 0.82 0.91 

England and Fraser (E&F) 0 8.01 0.86 0.86 0.86 0.86 

Mentzer 13 12.73 0.94 0.71 0.76 0.92 

Srivastava 3.8 4.54 0.73 0.84 0.82 0.75 

Shine and Lal (S&L) 1530 982.68 0.65 0.78 0.75 0.69 

Bessman (RDW) 15 16.05 0.82 0.94 0.93 0.84 

Ricerca 4.4 3.16 0.98 0.86 0.88 0.98 

Jayabose (RDWI) 220 222.40 0.98 0.90 0.91 0.98 

Green and King (G&K) 65 71.26 0.94 0.92 0.92 0.94 

MDHL 1.63 1.60 0.96 0.78 0.82 0.95 

MCHD 0.3045 0.3213 0.59 0.53 0.56 0.56 

Sirdah 27 32.42 0.78 0.86 0.85 0.80 

Ehsani 15 13.99 0.90 0.69 0.74 0.88 

RBC – Red blood cells; RDW – Red cell distribution width; RDWI – Red cell distribution width index; MDHL – 
Mean Density of Hemoglobin per Liter; MCHD – Mean Cell Hemoglobin Density SENS – Sensitivity; SPEC – 
Specificity; PPV – Positive predictive values; NPV – Negative predictive values; YI – Youden’s index; AUC – Area 

under the curve. 

 

 

 


