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Resumo

As hemoglobinopatias s@o doencas genéticas relacionadas com a hemoglobina (azf2) que se
classificam em qualitativas ou quantitativas. As primeiras sdo denominadas por variantes de
hemoglobina e resultam de defeitos na estrutura da mesma, enquanto as Ultimas sdo conhecidas por
talassémias, onde se inclui a o-talassémia.

A a-talassémia €, geralmente, causada pela delegdo de um ou mais genes a-globinicos, o que leva a
redu¢do de sintese de cadeias o-globinicas e do tetrdmero da hemoglobina. Dai advém glébulos
vermelhos microciticos e/ou hipocrémicos e, nalguns casos, anemia. Existem quatro condi¢des clinicas
reconhecidas para a a-talassémia, sendo que a gravidade do fen6tipo varia consoante a razdo de sintese
entre as cadeias a- e B-globinicas. A auséncia completa de cadeias de a-globina é fatal durante a gravidez
ou logo apds o nascimento e, como tal, corresponde a forma mais grave de a-talassémia. Por outro lado,
as variantes de hemoglobina séo geralmente causadas por mutagdes missense nos genes da a-globina e
podem ser clinicamente benignas ou originar diversos graus de patogenicidade.

Os genes a-globinicos encontram-se no agrupamento génico da a-globina, localizado no brago curto
do cromossoma 16, sendo que a sua expressdo é altamente e diferencialmente regulada durante os
diferentes periodos do desenvolvimento embrionario, fetal e adulto. Esta regulacdo depende dos
promotores dos genes o e de elementos localizados a montante dos mesmos, aos quais se da o nome
Multispecies Conserved Sequences (MCS-R1 a MCS-R4). O MCS-R2, também conhecido como HS-
40 ou o-MRE (Major Regulatory Element), localiza-se 40 kb a montante dos genes a-globinicos e é
essencial para a regulacdo da expressdo dos mesmos. A sequéncia deste enhancer apresenta
variabilidade polimorfica, que é caracteristica da ancestralidade de cada populacéo, tendo sido descritos
até ao momento seis haplotipos, denominados de A a F.

Este estudo teve como objetivo contribuir para o conhecimento do espetro de delegdes e mutagdes
pontuais que causam o-talassémia ou levam ao aparecimento de variantes de hemoglobina de cadeia a,
na populacdo residente em Portugal, bem como estimar a relacdo existente entre 0s gen6tipos e 0s
fenotipos observados em cada individuo. Para além disso, pretendeu-se identificar os diferentes
haplétipos do HS-40 que estdo associados a delegdo de 3,7kb, a delecdo a-talassémica mais comum, e
determinar a sua ancestralidade na populacao Portuguesa.

Assim, foram analisadas amostras de sangue de 17 individuos com suspeita de terem a-talassémia
ou serem portadores de variantes de hemoglobina de cadeia a, previamente caracterizados a nivel
hematologico e bioquimico. O diagndstico de a-talassémia foi realizado através de técnicas laboratoriais
como Gap-PCR, Multiplex Gap-PCR Assay e Multiplex Ligation-dependent Probe Amplification
(MLPA). No que diz respeito ao diagnéstico das variantes, utilizou-se uma técnica de PCR convencional
gue permite amplificar os genes HBA2 e HBAL separadamente, seguida de sequenciacao de Sanger.

Nas 11 amostras estudadas para a-talassemia através das técnicas Gap-PCR e Multiplex Gap-PCR
foi possivel diagnosticar quatro individuos heterozigéticos (genétipo -o®’/aa) e dois homozigéticos
(gendtipo -o®7/-a>7) para a delecdo de 3,7kb, bem como um individuo com a delecdo de 4,2kb em
heterozigotia (gendtipo -a*?/aa). Para os quatro individuos que ndo apresentam nenhuma das duas
delecBes anteriores, recorreu-se a técnica de MLPA para a pesquisa de delecBes grandes e/ou
desconhecidas. Esta metodologia permitiu identificar quatro delecGes distintas em heterozigotia, a
delecdo do Sudeste Asiatico (genotipo --S¥aa) e trés delecGes que removem a regido regulatério HS-
40: delecdo (aa) T, delecdo (ao)™ e delecdo (aor)M™M.



O diagnostico molecular de variantes de hemoglobina de cadeia a foi realizado para nove amostras
e permitiu identificar oito variantes missense raras. Ap6s analise em bases de dados e realizagdo de
estudos in silico, foi possivel concluir que cinco sdo benignas (Hb J-Paris, Ho Nouakchott, Hb Brugg,
Hb Oleander e Hb Stanleyville-11), uma é provavelmente patogénica (Hb Westmead) e duas sdo
patogénicas (Hb Legnano e Hb Setif). E ainda importante salientar que a Hb Stanleyville-1l foi
encontrada em dois individuos em associagdo com a delecéo 3,7kb, e que a Hb Westmead foi encontrada
em simultdneo com a delec¢do do Sudeste Asiatico e com HbE (uma variante de cadeia B).

Com o objetivo de identificar os hapldtipos do HS-40 e determinar a ancestralidade da delegéo 3,7kb,
foi realizada uma técnica de PCR que permite amplificar um fragmento de DNA que contém a regido
de interesse, seguida de sequenciacédo de Sanger. Nesta parte do estudo foram analisadas 111 amostras
de DNA: 61 de individuos diagnosticados com esta delecdo [34 com o gendtipo -o®7/aa (grupo 1) e 27
com o genétipo -a>/-a>’ (grupo 111)], bem como 50 controlos sem a-talassémia (grupo ).

As alteracOes genéticas detetadas nas sequéncias do HS-40 revelaram quatro haplotipos distintos
denominados A, B, C e D. O haplétipo A foi encontrado em 60,4% dos alelos estudados, sendo o mais
comum em todos 0s grupos, 0 que era expectavel considerando que esta é a sequéncia ancestral. Em
geral, o segundo haplétipo mais comum foi 0 B (29,7% dos alelos), tendo sido encontrado em 39,0%
dos individuos sem a-talassémia e em 27,9% dos portadores da delegdo de 3,7kb. No entanto, nos
individuos com a delecdo de 3,7kb em homozigotia, o haplétipo D foi o segundo mais observado, em
27,8% dos alelos. Por sua vez, o haplétipo C foi apenas encontrado em 1,3% dos alelos, todos eles em
individuos controlo.

No que diz respeito aos genotipos do HS-40, foram detetadas sete combinacdes diferentes designadas
AA, AB, AD, BB, BC, BD ¢ DD. As combinag¢des AA e AB sdo as mais comuns em individuos sem a.-
talassémia (respetivamente 36,0% e 40,0%) e em individuos com o gen6tipo -o>'/ao (respetivamente
44,1% e 38,2%). No entanto, nos pacientes com o gendtipo -o®7/-a>" a combinacdo mais prevalente
corresponde a AD (37,0%). Através de testes estatisticos verificou-se que a distribuicdo tanto de
haplétipos do HS-40 como de gendtipos apresenta diferengas significativas entre individuos com e sem
a-talassémia.

O haplétipo D, primariamente descrito na populagdo Africana, foi neste trabalho identificado em
frequéncias crescentes ao longo dos grupos estudados (I a I11) com apenas 1,0% nos individuos sem a.-
talassémia, 4,4% nos portadores da delecao de 3,7kb e 27,8% nos pacientes com esta delecdo em ambos
os alelos. Na sua maioria este haplétipo foi encontrado na combinagdo AD, em individuos com a delecéo
de 3,7kb em homozigotia (grupo Il1), sendo que neste grupo, também foi possivel encontrar o haplétipo
D nas combinagdes BD e DD. Assim, é possivel concluir que o haplétipo D esta fortemente associado
em cis a esta delegdo o-talassémica, sugerindo uma origem Africana para esta dele¢do observada na
populacdo Portuguesa. Para validacdo desta conclusdo foi realizada uma analise de correspondéncia
multipla que revelou que os individuos sem a-talassémia da populagdo Portuguesa estdo agrupados com
outras populacdes europeias, enquanto que individuos com a delecdo de 3,7kb se encontram separados
destas e mais proximamente relacionadas com a populacdo Africana.

Pensa-se que a presenca do haplétipo D possa resultar numa diminuigdo da expressdo dos genes o-
globinicos, uma vez que deriva do haplétipo A devido a uma substituicdo nucleotidica no local de
ligacdo do fator transcricional NF-E2. Multiplos estudos utilizando ratinhos revelaram que esta proteina
atua como enhancer na expressdo dos genes globinicos e, como tal, a sua auséncia resulta em
microcitose, anemia ligeira e numa diminui¢do da quantidade de hemoglobina. Apds comparagdo dos
parametros hematoldgicos de individuos com os gendtipos AA, AD e DD deste ultimo grupo, ndo foi
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possivel verificar diferencas significativas entre os mesmos. Estes resultados podem dever-se ao
tamanho reduzido da amostra, bem como ao facto de a regulacdo da expressao dos genes da a-globina
em humanos diferir daquela observada em ratinhos. Assim, seria de extrema importancia realizar este
tipo de estudo numa amostra maior, bem como recorrer a testes da expressao do gene da luciferase sob
o controlo de diferentes haplétipos humanos de HS-40.

Em suma, este estudo permitiu identificar seis delecGes distintas, trés que removem um ou mais genes
a-globinicos e trés que afetam as regiGes regulatdrias que se encontram a montante do agrupamento
génico da a-globina, bem como oito variantes raras de hemoglobina de cadeia a, das quais duas sao
consideradas patogénicas (Hb Legnano e Hb Setif) e uma € considerada como sendo provavelmente
patogénica (Hb Westmead). Para além disso, foi possivel diagnosticar um caso bastante complexo
envolvendo a dele¢do a-talassémia do Sudeste Asidtico, uma variante de cadeia o Hb Westmead e uma
variante de cadeia f HbE que, segundo o nosso conhecimento, foi o primeiro caso em que estas
hemoglobinopatias foram encontradas no mesmo individuo. Este estudo revelou ainda, pela primeira
vez, uma associacdo entre um haplétipo especifico do HS-40 com a dele¢cdo comum de 3,7kb na
populacdo Portuguesa, e a sua provavel ancestralidade Africana.

Palavras-chave: haplétipos do HS-40; alfa-talassémia; genes da alfa-globina; variantes de
hemoglobina; hemoglobinopatias.
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Abstract

Hemaoglobinopathies are genetic diseases that comprise abnormal structural hemoglobin variants and
thalassemias, where a-thalassemia is included. Alpha-thalassemia is typically caused by the deletion of
one or more a-globin genes present in the a-globin gene cluster on the short arm of chromosome 16.
These deletions lead to a reduction of a-globin chain synthesis, resulting in an excess of unpaired B-
chains. The a-MRE (Major Regulatory Element), also known as HS-40, is critical for a-globin gene
expression regulation. The sequence of this enhancer presents polymorphic variability, where
haplotypes may be identified, that is characteristic of each geographic population’s ancestry.

The purpose of this research was to contribute to the knowledge of the spectrum of deletions and
point mutations that cause a-thalassemia, or lead to a-chain hemoglobin variants in the population
residing in Portugal. Furthermore, we intended to identify the different haplotypes of HS-40 associated
with the 3.7kb deletion, the most common a-thalassemia deletion, and to determine the ancestry of this
deletion in the Portuguese population.

Through this study, we were able to identify six different deletions, three that remove one or more
a-globin genes and three that affect the upstream regulatory elements, as well as eight rare a-chain
hemoglobin variants, of which two are considered pathogenic (Hb Legnano and Hb Setif) and one that
is considered likely pathogenic (Hb Westmead). Furthermore, it was possible to diagnose a very
complex clinical case involving the Southeast Asian deletion, the a-chain hemoglobin variant Hb
Westmead, and the B-chain hemoglobin variant HbE. As far as we know, this case is the first report of
the co-inheritance of these three hemoglobinopathies in the same individual. This study also revealed,
for the first time in the Portuguese population, an association between the specific HS-40 haplotype D
and the common 3.7kb a-thalassemia deletion, and its likely African ancestry.

Keywords: HS-40 haplotypes; alpha-thalassemia; alpha-globin genes; hemoglobin variants;
hemoglobinopathies.
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1. Introduction

1.1. Erythropoiesis

Erythropoiesis is a dynamic process in which the red blood cells (RBCs), also known as erythrocytes,
are produced in the bone marrow. When the required nutrients, such as folate, vitamin B1, and iron are
available, erythropoietin (EPO), a hormone produced by specific interstitial cells in the renal cortex,
stimulates the hematopoietic stem cells (HSCs). This stimulation causes the maturation of erythroblasts
to reticulocytes, which leave the bone marrow and enter the bloodstream. Reticulocytes mature in about
24 hours and give rise to RBCs. A normal human RBC has the mean lifespan of about 120 days, and the
new RBCs replace the old ones that go through senescence or premature destruction [1,2].

Aside from nutritional factors, other aspects can influence erythropoiesis, including anemia. Anemia
occurs when the number of RBCs in circulation decreases or the concentration of hemoglobin is low,
which consequently leads to a decrease in oxygen delivery to the tissues. In response to this event, EPO
production exponentially increases, resulting in an increased RBC production. The greater number of
circulating RBCs allows for more oxygen delivery, lowering EPO levels and restoring normal RBC
production. However, this is only possible if the anemia is caused by blood loss or hemolysis and both
the bone marrow and kidneys are functioning normally [1,2].

1.2.  Hemoglobin

Hemoglobin (Hb) is a two-way respiratory carrier that transports the oxygen in the RBCs from the
lungs to various tissues and organs throughout the body while also facilitating the return transport of
carbon dioxide [3].

1.2.1. Hemoglobin structure

The human hemoglobin is a globular tetrameric protein that contains two alpha-like (o or ) and two
beta-like (B, €, y or 8) globin chains [4,5] (Figure 1.1). The lengths of these chains are very similar, with
the alpha-like having 141 and the beta-like having 146 amino acid residues, but the amino acids are
arranged in different sequences [3,6]. Each globin chain forms a pocket that houses the heme group,
which is composed of a porphyrin ring with a ferrous iron atom in the center, to which oxygen binds
reversibly [3,4,6].

3 chain
Figure 1.1 — Hemoglobin structure. Hemoglobin is a protein made up of four polypeptide chains, named globins (al, 02, B1

and 2), each one containing a heme group composed of a porphyrin ring with a ferrous iron atom in the center, where oxygen
binds. Adapted from [7].



Hemoglobin is classified into different types based on the composition of the four globin chains.
Adult hemoglobin (HbA) is composed of two alpha and two beta chains (a2f32), whereas hemoglobin A;
(HbA;) has two alpha and two delta chains (a.282). Fetal hemoglobin (HbF), on the other hand, is made
up of two alpha and two gamma chains (o2y2) [8].

1.2.2. Hemoglobin during development

During human development, the expression of the alpha-like and beta-like chains must be tightly
regulated to maintain a high and balanced concentration of hemoglobin within the RBCs [9]. This is
accomplished through the complex interactions of regulatory elements and transcription factors that
switch genes on and off [4].

In the first 10 to 12 weeks of gestation, the & and € chains are synthesized in the erythroid cells
derived from the yolk sac, giving rise to the embryonic Hb Gower I (§2¢2), Hb Gower II (a0e2) and Hb
Portland (&2y2). After that period, erythropoiesis shifts to the liver and spleen, and HbF becomes the
most prevalent form of hemoglobin. The sites of erythropoiesis gradually shift to the bone marrow
before birth, and the transition from gamma- to beta-globin synthesis begins, resulting in HbA and HbA,
(Figure 1.2). Infants should have transitioned to predominantly HbA, a small amount of HbA, and
negligible HbF at the age of six months [8-11].
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Figure 1.2 — Sites of erythropoiesis and pattern of globin synthesis during development. Fetal hemoglobin (HbF) is the
most common hemoglobin type throughout the fetal period (green shade). The synthesis of B-globin chains increases just before
delivery, giving rise to the adult hemoglobin Hb A, which becomes the predominant form of hemoglobin in postnatal age (blue
shade). Adapted from [11].

1.3.  Human globin gene clusters

Two independent gene clusters on different chromosomal loci encode the alpha-like and beta-like
globin chains: the a-globin gene cluster on the short arm of chromosome 16 (16p13.3) and the -globin
gene cluster on the short arm of chromosome 11 (11p15.5) [4,12,13]. In each of the clusters, the genes
are organized in the 5° to 3’ direction in the same order in which they will be expressed during human
development [6,10,11].



1.3.1. Alpha-globin gene cluster

The a-globin genes are duplicated and clustered into two highly homologous units near the telomere
of chromosome 16, forming an 80 kb cluster [4,13-15]. This cluster includes the embryonic {2 gene
(HBZ); pseudogenes y& (HBZps), ya2 (HBA2ps), and yal (HBALpS); two fetal/adult a genes (HBA2
and HBAL) and pseudogene 6 (HBQ) of unknown function [4,13] (Figure 1.3).

Exon 1 Exon 2 Exon 3

Figure 1.3 — Organization of the a-globin gene cluster on chromosome 16. Representation of the a-locus on chromosome
16 (16p13.3). The three functional genes are represented in blue rectangles; £2 is expressed in the fetal period, while 02 and al
are expressed in both the fetal and adult periods. The white rectangles represent the pseudogenes (y&1, wo2, yal and 0). The
02 gene structure is presented below, showing the three coding exons (striped boxes), the two introns (white boxes) and the
5’UTR and 3’UTR regions (zigzag boxes) common to all globin genes. Adapted from [9].

1.3.1.1. Alpha-major regulatory element

Alpha-globin gene expression depends on both local and remote cis-acting sequences, such as the
promoter sequences and the a-Upstream Regulatory Element (a-URE), respectively [16,17]. The a-URE
is composed by four remote highly conserved noncoding regulatory elements called Multispecies
Conserved Sequences (MCS-R1 to MCS-R4) [4,14,15,18]. These enhancers correspond to the
previously identified erythroid-specific DNase | hypersensitivity sites located 48 (HS-48), 40 (HS-40),
33 (HS-33), and 10 (HS-10) kb upstream of the {-gene in chromosome 16 (Figure 1.4) [5,15,17,19].
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Figure 1.4 — Localization of the DNase I hypersensitivity sites in the a-globin gene cluster, which constitute the distal
regulatory region. DNase | hypersensitivity sites (HS), also known as Multispecies Conserved Sequences, are located 30 to
70 kb upstream the genes and control the expression of the a-globin genes. HS-40 is the most effective regulatory element and,
therefore, is represented by a red box, while HS-48, HS-33, and HS-10 are represented by cream boxes. The white boxes
correspond to the £2, a2 and al genes. Adapted from [20].

MCS-R2, also known as HS-40 or a-MRE (a-Major Regulatory Element) [21], is a 350 bp enhancer
whose main function is to activate and enhance the expression of the (-globin and a-globin promoters
[22]. The functional domain of this element is composed by several conserved nuclear binding sites,
such as two binding sites for the Nuclear Factor Erythroid 2 (NF-E2), four potential binding sites for
GATA Binding Protein 1 (GATA-1), and four CACC boxes. However, only the two NF-E2 sites, three
GATA-1 sites and one CACC bhox are occupied in vivo (black arrows in Figure 1.5). These regions
recruit general transcription factors (GTFs), as well as the RNA Polymerase Il (Poll 11), which will bind
to the promoter sequence of the a-globin genes [17,23,24].
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Figure 1.5 — Schematic representation of the a-globin gene cluster and the upstream regulatory region. Functional genes (2, a2 and oz are represented as withe boxes and the major regu latory
element or HS-40 is indicated by a black arrow. The human HS-40 sequence is shown below the o-cluster. The small bars represent sequence similarity, while the asterisks represent gaps in
comparison with the human sequence. The position and direction of the binding sites for nuclear factors GATA-1, AP-1/NF-E2, and the CAC/GT binding factors are indicated as arrows. Dark
arrows represent the binding sites occupied in vivo; white arrows represent binding sites that are not occupied in vivo. The human HS-40 haplotypes are indicated next to each sequence as A to F.
The numbers indicate the position of the polymorphic sites in the HS-40 sequence. Adapted from [25].



A variety of expression assays have been performed using different methods, including transgenic
mice and transfected murine erythroleukemia (MEL) cells in order to better understand the long-range
regulation of a-globin gene expression. All of these studies suggest that HS-40 is the only element of
the a-URE that is capable of enhancing a-globin expression on its own and, therefore, it is considered
to be critical in the regulation of the a-globin gene expression [16,22,25,26].

In a study conducted by Harteveld and colleagues in 2002, six distinct HS-40 haplotypes (labelled A
to F) were discovered in European, Indonesian, Chinese and African populations. These haplotypes are
characterized by the presence of one or more single-nucleotide polymorphisms (SNPs) in specific
positions of the HS-40 region (Figure 1.5). In all studied populations, haplotype A was the most common
and, therefore, is considered the ancestral sequence. Haplotype B, which differs from A in two
substitutions at positions 130 (G—A) and 199 (G—A), was the most prevalent in the European
population. Haplotype C is the least common haplotype in all groups, and it is derived from B by a
substitution at position 209 (G—A). The haplotype D, which derives form A at position 158 (C—T),
was the second most frequent haplotype in the African population. Pygmies are the only group who had
the haplotypes E and F, which are derived from A at positions 212 (G—C) and 96 (C—A), respectively
[25].

The majority of the SNPs are located either in flanking sequences of binding sites or in sites
considered not to be active in vivo, these polymorphisms are not expected to interfere with the regulation
of a-globin gene expression. However, this is not applied to haplotype D, since the base substitution at
position 158 changes the first consensus binding site of NF-E2, which can affect the activity of HS-40
and, consequently, may be linked to different levels of a-globin gene expression [4,5,17,21,22].

1.3.2. Beta-globin gene cluster

The genes of the beta-like goblin chains form a cluster with approximately 70 kb on the interstitial
region of the 11" chromosome [6,14]. The B-globin gene cluster is constituted by the embryonic € gene
(HBE), two fetal Gy and Ay genes (HBG2 and HBG1), one pseudogene yf, and the adult 6 and B genes
(HBD and HBB) [13,14] (Figure 1.6). The expression of the 3-gene cluster is controlled by the B-locus
control region (B-LCR) [14].
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Figure 1.6 — Organization of the B-globin gene cluster on chromosome 11. Representation of the f-locus on chromosome
11 (11p15.4), with the five functional genes €, Gy, Ay, & and [ represented by blue rectangles, and the pseudogene yf3
represented by a white rectangle. The black arrows indicate the location of the B locus control region (B-LCR) composed by
the five DNA hypersensitivity sites. The B gene structure is presented below, showing the three coding exons (striped boxes),
the two introns (white boxes) and the 5’UTR and 3’UTR regions (zigzag boxes) common to all globin genes. Adapted from

[a].



1.4.  Hemoglobinopathies

Hemoglobinopathies, or inherited hemoglobin disorders, are genetic diseases usually inherited in an
autosomal recessive manner. There are two types of hemoglobinopathies: qualitative and quantitative.
The first, also known as hemoglobin variants, are caused by defects in the structure of Hb, whereas the
latter, commonly known as thalassemias, is caused by the reduction or total absence of a globin synthesis
[4,13].

Nearly 1000 mutations, located in the globin genes or in their regulatory regions, have been described
to alter the expression, structure or regulation of the globin genes and the hemoglobins they encode,
however, only a few present with clinical manifestations [27].

1.4.1. Hemoglobin variants

Hemoglobin variants generally result from point mutations in the coding regions of the a- or f-globin
genes that give rise to an amino acid substitution in the polypeptide chain of the hemoglobin molecule
(missense mutations). The functional effect of each mutation depends on the characteristics of the amino
acid change in the protein, its location or if affects the bonds between a- and f-chains and, consequently,
has an impact in the hemoglobin tetramer formation [28].

The presence of a hemoglobin variant can result in no clinical or physiological manifestation,
instability of the hemoglobin molecule, altered O affinity or an increase in polymerization tendency
[28]. The clinical manifestations of hemoglobin variants also depend on its quantitative proportion.
Since a-globin genes are duplicated, mutations in an individual locus generally produce only 25 to 30%
of an abnormal globin, while a heterozy gous mutation in the -globin locus gives rise to around 50% of
the abnormal variant [27].

The biochemical study of hemoglobins using techniques such as HPLC (High Performance Liquid
Chromatography) and capillary electrophoresis is usually used to diagnose these hemoglobin variants
[29]; however, these methodologies only allow for a presumptive diagnosis. For a definitive diagnosis,
molecular genetic methodologies, such as the amplification and sequencing of the genes suspected of
having a mutation that leads to that hemoglobin variant, are required.

The most common and with a clinical importance variants are of f-chain, such as HbS, HbC, and
HbE [30]. However, a study conducted in 1993 with blood samples of young Portuguese males, revealed
that Hb J-Paris/J-Aljezur, a hemoglobin variant of a-chain, is common in our population [31].

1.4.2. Thalassemias

Thalassemias are one of the most common genetic diseases [5], with an estimated 7% of carriers in
the whole world [13]. This disorder is characterized by the presence of mutations that cause a decrease
or total absence of globin gene expression [5].

Initially, thalassemias were only found in tropical and subtropical regions, where the carrier
frequency can go as high as 80-90% [4,19], including the Mediterranean where it was first discovered
[5,13]. These diseases are highly prevalent in areas where malaria is or was endemic, such as Southeast
Asia, the Middle East, and Africa, and carriers of hemoglobinopathies are assumed to be protected from



malaria, although the mechanisms are unknown [4,5,18,19]. However, population movement increased
the prevalence of thalassemias in Europe, North America, Australia, and South Korea [5,13,18,19].

Thalassemias can be classified into a-, -, 8-, Yop-, 8-, and y-thalassemia, depending on the specific

type of globin chain that is affected. The two most common forms are a-thalassemia and B-thalassemia
[13,32].

1.4.2.1. Alpha-thalassemia

Alpha-thalassemia is an autosomal recessive disorder that results from a deficiency or absence of a-
globin chain synthesis, which is usually caused by the deletion of one or more a-globin genes
[8,13,18,19,33]. This disease is characterized by a wide range of clinical severity and phenotypes, which
vary accordingly to the degree of a-globin chain deficiency and the unbalance between a- and non-a-
like globin chains [4,19].

1.4.2.1.1. Alpha-thalassemia diagnosis

The diagnosis of thalassemias starts with the characterization of the hematological phenotype,
through the complete blood count (CBC) performed in a hematology analyzer equipment [5]. Among
other parameters, this test evaluates the RBC count, the amount of Hb, the hematocrit (HCT), the mean
corpuscular volume (MCV), the mean corpuscular hemoglobin (MCH), the mean corpuscular
hemoglobin concentration (MCHC), and the red cell distribution width (RDW) [34]. In some situations,
these methods may disclose varying degrees of anemia (low Hb), microcytosis (reduced MCV), and/or
hypochromia (reduced MCH) [4,19]. The reference values of the RBC indices obtained in a CBC test
considered for normal adult individuals by “Dire¢do Geral de Saude” (DGS) [35] are shown in Table
1.1.

Table 1.1 — Reference values of the hematological parameters for normal adult individuals

Sex | RBC (x10'¥L) | Hb (g/dL) | HCT (%) | MCV (fL) | MCH (pg) | MCHC (g/dL) | RDW (%)
Male 431-6.40 13.6—18.0 | 39.8—52.0 L
80.0-97.0 | 26.0-340 | 320-360 | 11.5-15.0
Female | 3.85-520 11.5-16.0 | 34.7-46.0

RBC - Red Blood Cells; Hb — Hemoglobin; HCT — Hematocrit; MCV — Mean Corpuscular Volume; MCH — Mean
Corpuscular Hemoglobin; MCHC — Mean Corpuscular Hemoglobin Concentration; RDW — Red Cell Distribution Width.
Adapted from [35].

When we have a case of microcytosis (MCV < 80 fL) and/or hypochromia (MCH < 27 pg) that may
or may not be accompanied by anemia, the possibility of the patient having either a- or f-thalassemia is
raised. If the HbA, dosage is within normal levels (HbA, < 3%), which is performed by HPLC, the
diagnosis of B-thalassemia is ruled out. HPLC can also be used in combination with capillary zone
electrophoresis to separate abnormal hemoglobin fractions, and thus for demonstrating the existence of
any Hb variant associated with an o-thalassemia phenotype [4,19,33]. However, these approaches do
not contribute to the concluding diagnosis of a-thalassemia and a molecular analysis of the a-globin
genes and their gene cluster is recommended for an accurate diagnosis [4,5,33].

Molecular analysis of the a-globin genes is performed by different techniques such as Gap-
Polymerase Chain Reaction (Gap-PCR), Multiplex Ligation-dependent Probe Amplification (MLPA),
and Sanger Sequencing, depending on the type of mutation [4,13,15].



1.4.2.1.2. Molecular basis of a-thalassemia

More than 120 molecular defects causing a-thalassemia have been reported, with many of them
resulting from deletions of various lengths in the a-globin locus [5,19]. The pathophysiology of a-
thalassemia differs depending on whether these alterations occur at the level of the al gene or the a2
gene. Those involving the a2 gene have a greater impact on the hematological parameters because these
genes encode two to three times more a-globin than the al gene [4,18].

Deletional a-thalassemia

As previously mentioned, a-thalassemia is most commonly caused by deletions in one a-globin gene,
resulting in a decrease or complete absence of expression of that gene which, consequently, leads to a
a*-thalassemia phenotype, also known as a-thalassemia 2 [4,13,18,32]. The two most common types of
a*-thalassemia are the 3.7kb and 4.2kb deletions (Figure 1.7) [5,13]. The first deletion occurs when two
homologous regions 3.7 kb apart, called Z boxes, recombine unequally during meiosis, resulting in the
formation of a chromosome with one hybrid a-globin gene. Similarly, an allele with the 4.2kb deletion
is obtained by the other mispaired homologous segment, known as X boxes, which are 4.2 kb apart
[4,11,13,18,36].
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Figure 1.7 — Schematic mechanism underlying the most common deletions that cause o*-thalassemia. The homologous
duplication units X, Y and Z in which the a-globin genes are embedded are indicated as colored boxes. The pseudogene yal
is represented in both alleles by a white box; a black box on one allele and a red box on the other represents the a2 gene, while
a grey box in one allele and a pink box on the other represent the al gene. (A) A crossover between the mispaired Z boxes
gives rise to a chromosome with the 3.7kb deletion. (B) A crossover between the X boxes gives rise to a chromosome with the
4.2kb deletion. Adapted from [4].

Large deletions of both a-globin genes in one allele are less frequent, but they result in the complete
absence of a-globin chain synthesis in one chromosome, giving rise to a a’-thalassemia phenotype, also
known as a-thalassemia 1 [4,13,18,32]. The Southeast Asian (-->*#a0) and Mediterranean (--MEP/aat)
deletions are the most common in this group. Alpha®-thalassemia can be caused by deletions that



completely remove the MCS-R2 enhancer or small deletions restricted to this crucial region that leave
all the other enhancers and genes intact, but completely inactivated [5,13].

Non-deletional a-thalassemia

Less frequently, a-thalassemia can result from non-deletional defects, such as single-nucleotide
variants (SNVs) or oligonucleotides deletions/insertions in the a-globin genes or in regions that are of
extreme importance for the expression of those genes. Some of these non-deletion variants can lead to
a more significant decrease in a-globin synthesis than single a-gene deletions [4,13,18].

A wide range of mutations in the a-globin genes has been described. These mutations can have an
effect on mRNA splicing or degradation, on globin chain stability, interfere with interactions between
a- and B-globin chains or produce an unstable variant or variants with reduced or increased oxygen
affinity [4].

1.4.2.1.3. Diverse genetic conditions of a-thalassemia

Normal individuals have two a-globin genes on each chromosome, however, there are four clinical
conditions recognized for a-thalassemia: the silent carrier state, the a-thalassemia trait, the intermediate
form of hemoglobin H disease, and the hemoglobin Bart hydrops fetalis syndrome (Figure 1.8) [4,18].
These conditions increase in severity and the phenotype that follows differs depending on the amount
of a-globin chains produced in comparison to $-globin chains [18].

Normal 4 functional o-genes

Silent carrier 3 functional a-genes

o-thalassemia trait trans
2 functional o-genes
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Figure 1.8 — Classification of a-thalassemia and phenotypic expression. Each allele of the chromosome 16 (represented by
the black line) contains two o genes (represented by the boxes). The black boxes represent a functional gene, while the white
ones represent not functional genes. Adapted from [4].

The four conditions stated above can also be classified into carrier states (silent carrier state and a-
thalassemia trait) and clinically relevant forms (HbH disease and Hb Bart hydrops fetalis syndrome)
[18].

A single gene deletion (-o/aar) results in the silent carrier state, which is characterized in the newborns
by a slight increase in Hb Bart, a tetramer of y-chains that forms when there is an excess of these chains



relative to the o-chains [4,5,18]. In adults, this condition is usually asymptomatic with normal
hematologic parameters; nevertheless, it can present with mild microcytosis and hypochromia in some
cases, despite normal levels of HbA; and HbF [8,18].

People with the a-thalassemia trait have two functional a-genes, either in cis (--/aa) or in trans (-a/-
o) [4,5,18]. These individuals usually do not have anemia or other symptoms related to it because of an
increase of microcytic RBCs [4,8]. Patients with this condition are discovered by chance when their
blood analyses reveal a decrease in both MCH and MCV [8,18].

Hemoglobin H disease (HbH disease), also known as a-thalassemia intermedia, is caused by a three-
gene deletion (--/-a)) accompanied by about 30% reduction in gene expression, resulting in an excess of
B-globin chains and, consequently, in the formation of Ps-tetramers (HbH) [8,18,19]. Due to its
instability, HoH precipitates within the RBCs, causing the premature destruction of these cells in the
spleen and a moderate to severe hemolysis [18]. Aside from that, patients with this condition also present
with microcytic and hypochromic hemolytic anemia, hepatosplenomegaly, gallstones, different forms
of jaundice, and a-thalassemia-like bone modifications [4,5,8,18].

Two types of HbH disease have been reported: an acquired, which is characterized by the presence
of HbH inclusion bodies in the RBCs and is associated with severe microcytic and hypochromic anemia;
and a-thalassemia associated with mental retardation syndromes, that includes two forms, the ATR16
syndrome, and the ATRX syndrome. The ATR16 syndrome is caused by substantial deletions on
chromosome 16 (16p13.3) that remove both a-globin genes and other flanking genes. The ATRX
syndrome occurs due to the presence of point mutations in the ATRX gene, which encodes for a
chromatin-associated protein that was found to be a transcriptional regulator affecting the a-globin gene
expression. In this last syndrome, the mental retardation is more severe than in ATR16, and the patients
have additional clinical characteristics [4,18].

The deletion of four genes (--/--) leads to a large increase in the production of hemoglobin Bart’s
(Hb Bart’s) [5,8]. The most prevalent cause of this deletion is the inheritance of an allele that lacks
functional a-globin genes from both parents [4]. This causes hemoglobin Bart hydrops fetalis syndrome,
which is fatal in utero (within 20 to 38 weeks of gestation) or shortly after birth and, therefore, is the
most severe form of a-thalassemia [4,5,8,18]. The fetus is unable to produce a-globin chains to make
HbF or HbA, resulting in severe anemia, hydrops fetalis, hepatosplenomegaly, and heart failure [18].

1.4.2.1.4. Treatment of a-thalassemia

Individuals with the silent carrier state or with the a-thalassemia trait do not require any type of
treatment or long-term surveillance [8]. However, they can present with anemia as a consequence of
hematopoiesis-related nutritional deficits, in which case a ferritin level assessment is required to avoid
iron overload if iron supplements are needed [4].

HbH disease causes mild to moderate hemolysis and, depending on the severity of the clinical
condition, transfusions may be required [8]. Individuals with a deletion type of this disease may need
intermittent blood transfusions, while those with a non-deletion type of the condition will require iron
chelation therapy and more frequent transfusions [4,19]. Blood transfusions are used to give functional
RBCs, reduce ineffective erythropoiesis and minimize the thalassemia’s pathophysiological processes
[5,11].
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There is still no effective treatment for Hb Bart’s hydrops fetalis syndrome, and this condition is
usually not compatible with postnatal life [18]. Despite this, several cases of intra-uterine transfusion
have been performed following the diagnosis; however, the majority of surviving infants still developed
limb and urogenital tract abnormalities [4].

Genetic counseling before conception is advised for all persons with thalassemia [8], especially for
those couples that are both heterozygous for a large cis deletion since they have a 25% risk of having an
offspring with Hb Bart’s hydrops fetalis syndrome [33].

Multiple studies are currently looking into increasing the levels of a-globin gene expression or
reducing B-globin or y-globin synthesis in order to maintain the proper balance between a-like and -
like globin chains, thereby reducing the severity of a-thalassemia. One of these researches involves the
transplantation of HSCs for the correction of defective HSCs in thalassemia patients; however, a
matching sibling donor must be available. Another approach is to use pharmacological agents to
suppress the expression of B and y genes; however, because these medications are linked with multiple
genes, they have the potential to promote tumorigenesis [5,11].

1.4.2.1.5. Prevalence of a-thalassemia in Portugal

As far as we know, the only study of the prevalence of a-thalassemia in Portugal was performed in
1995. To determine the molecular basis of this disease in our population Peres and collaborators used
blood cord samples from 100 newborns of the Lisbon area. The authors concluded that 10% of the
individuals had deletional a-thalassemia, with a higher frequency being detected for the 3.7kb deletion
(Table 1.2). Furthermore, the authors also identified the triple a-globin gene rearrangement (oo™ 37K0)
and the 4.2kb deletion both in heterozygosity [37].

Table 1.2 — Molecular epidemiology of the a-globin gene cluster obtained from 100 blood cord samples of newborns in
Lisbon

Genotype Incidence | Gene Frequency
-0 oo 7% 0.035
-atoa 3% 0.015

aoo*E-7ga 4% 0.020

Adapted from [37].
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2. Objectives

For this study, three main goals were set:

1. Characterize the molecular basis, such as deletions and point mutations that cause a-

thalassemia or give rise to a-chain hemoglobin variants, by analyzing the a-globin genes and
their proximal and distal regulatory regions in several unusual clinical cases of
hemoglobinopathies.

Estimate the pathophysiological mechanisms involved in the aforementioned cases and the
relationship between genotypes and phenotypes.

Characterize the haplotypes of the distal regulatory region HS-40 (a-MRE) in individuals with
and without o-thalassemia, and identify which haplotype is associated with the 3.7kb a-
thalassemia deletion in Portuguese population, as well as determine the ancestry of this deletion
in our population.

In order to achieve the three previous goals, three secondary objectives were also implemented:

Implement in the lab a methodology that allows the simultaneous detection of the 3.7kb and
4.2kb deletions, the two most frequent deletional causes of a-thalassemia, using a Multiplex
Polymerase Chain Reaction Assay.

Study the Portuguese cases with suspected o-thalassemia trough different methodologies, such
as Gap-PCR for the detection of the 3.7kb deletion, and Multiplex Ligation-dependent Probe
Amplification (MLPA) for search of unknown and/or large deletions.

Amplify the DNA fragment that contains the HS-40 region and determine the variability of its
sequence by Sanger sequencing.
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3. Materials and methods

3.1. Population sample

In this study, we investigated 17 samples from individuals suspected of a-thalassemia or carrying a
hemoglobin variant of a-chain. In addition, 111 DNAs from Portuguese individuals (61 samples with
the 3.7kb a-thalassemia deletion and 50 individuals without this deletion) were also analyzed for the
HS-40 sequence characterization.

The samples are part of the existing DNA biobank at “Instituto Nacional de Saide Doutor Ricardo
Jorge” (INSA), to which “Departamento de Genética Humana” (DGH), “Departamento de Promocdo da
Salde e Prevengdo de Doengas Nao Transmissiveis” (DPS), and “Departamento de Epidemiologia”
(DEP) contributed.

DNAs were obtained within the scope of scientific research projects approved by the Ethics
Committee of INSA, namely “Investigacao Molecular em Hemoglobinopatias” (n® 2012DGH720) and
“Prevaléncia e identificacdo da base molecular da talassémia na populacdo residente em Portugal
avaliada no estudo INSEF” (n° 2019DGH1638), both taking place at DGH. In addition, clinical cases of
suspected a-thalassemia were also investigated when the patient’s physician requested a genetic analysis
to our lab.

All participants in this study signed an informed consent form, as exemplified for adults in Figure
7.1 and 7.2 of the Supplementary materials. All samples were characterized at a hematological and
biochemical level prior to the molecular investigation, and anonymized or pseudo-anonymized when
clinically relevant results were to be communicated to the clinician.

3.2. DNA extraction, quantification, and quality analysis

DNA was extracted from peripheral blood samples, collected in Ethylenediamine Tetraacetic Acid
(EDTA), of the selected individuals. Our colleagues of “Unidade de Genética Molecular” extracted de
DNA samples from DGH using the automatic extractor MagNA Pure LC 2.0 (Roche®). On the other
hand, our colleagues of DPS used a manual extraction technique based on the method described by
Lahiri and his collaborators in 1991 [38] to extract DNA from their blood samples. All DNA samples
were stored at 4°C.

Both DNA quantification and evaluation of purity were performed using a NanoDrop One (Thermo
Fisher Scientific) spectrophotometer. First, we determined the DNA concentration (ng/pL) at 230 nm,
260 nm, and 280 nm. The ratios between absorbance at 260 and 280 nm and between 230 nm and 280
nm was calculated using these values. DNA samples were considered pure if both ratios were between
1.8 and 2.0.

3.3. Polymerase chain reaction (PCR)

Polymerase Chain Reaction, or PCR, is a molecular biology technique developed by Kary Mullis in
1983 [39]. This approach is used to exponentially amplify a specific DNA fragment, usually up to 10
kilobases (kb). A PCR mixture requires different components such as a DNA template, two primers, a
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Tag DNA-Polymerase, a buffer suitable for the chosen enzyme, and deoxyribonucleotides triphosphates
(dNTPs). The two primers used (forward and reverse) are short, synthetic DNA strands that are
complementary to the start and end of the region to be amplified [40].

The PCR reaction is split into three main steps: (1) Denaturation; (2) Annealing; and (3) Extension.
Firstly, the double-stranded DNA needs to be heated between 94°C and 96°C to disrupt the hydrogen
bonds that connect the two strands. After dehybridization of the strands, the temperature is lowered to
allow the primers to link to the single DNA strand in specific hybridization sites. Both the sequence and
size of the primers determine the temperature of this step and the incorrect temperature can cause the
primers to bind in unexpected sites or not bind at all. Finally, the Tag DNA-Polymerase begins extending
the DNA single chain from the 3’ of the annealed primer to the end of the amplicon. The extension time
depends on the length of the amplified DNA fragment (for Tag DNA Polymerase is 1min/kb) and, in
general, this step happens at 72°C. It is also important to note that the PCR technique uses a series of
cycles (usually between 20 to 35 cycles) of heating and cooling to make an exponential number of copies
of a specific DNA region [40]. In all PCR reactions, a negative control (without DNA) is included to
ensure that any contaminations are avoided.

Following the PCR, an agarose gel electrophoresis is performed to evaluate the success of the
amplification. This is possible due to the visualization of the different amplified fragments as bands and
the comparison of their presumed molecular weight with a molecular weight marker that comprises
DNA fragments of known size. Electrophoresis requires the preparation of an agarose gel, the
concentration of which depends on the size of the fragments to be separated (the bigger the fragment,
the smaller the porosity of the gel and, consequently, the lower the concentration of the gel). A portion
of each PCR product is injected into a well of the gel, which is electrically charged, along with a
bromophenol blue solution that gives density to the amplicon. Smaller PCR products move faster toward
the positive pole of the current than bigger ones, allowing them to separate. The gel also contains
ethidium bromide (EtBr), which intercalates with the DNA and emits fluorescence when exposed to
ultraviolet (UV) light, allowing the visualization of the bands [40].

All PCRs in this study were executed in a thermal cycler (T1 Thermocycler, TGradient
Thermocycler, and TProfessional Thermocycler, Biometra®), which is a machine that heats and cools
the reaction tubes to the exact temperature required for each step [40]. The separation of the amplicons
was carried out in agarose gel (SeaKem® LE Agarose, Lonza) with different concentrations depending
on the size of the fragments, and 1x Tris-Borate-EDTA (TBE) buffer containing EtBr (Sigma). The
electrophoresis was performed in an electrophoretic system (PowerPac 300 or PowerPac Basic, Bio-
Rad), and the results were visualized in a UV chamber (UVITEC).

In this study, conventional PCR was used for the amplification of the a-globin genes, their regulatory
region (HS-40), and to confirm the presence of the (aa)"-" deletion. The DNA fragments were amplified
in a thermal cycler following the conditions shown in Tables 7.1 to 7.3 from the Supplementary
materials, respectively.

The concentration and composition of PCR and loading buffers, as well as any solutions used in this
study are described in Supplementary material's Table 7.4 and the two DNA Ladders used to compare
the sizes of PCR fragments are presented in Figure 7.3 of the Supplementary materials.
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3.3.1. Gap-PCR

Gap-PCR is a variation of the PCR technique implement for the detection of large deletions in a
DNA sequence, using primers that flank that known deletion. For each deletion, three primers are
designed (one forward and two reverses), allowing the amplification of both the normal gene and a
hybrid gene that results from this deletion [41]. In this type of PCR, two different PCR’s mixtures (mix
Iand mix I) are prepared, differing only in the reverse primer. Through this methodology, and following
the PCR conditions presented in Table 7.5 from the Supplementary materials, it was possible to
determine the presence of the 3.7kb a-thalassemia deletion (Figure 3.1).
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Figure 3.1 - Representation of the HBA2 and HBA1 genes, as well as the hybrid gene obtained in the presence of the
3.7kb a-thalassemia deletion. The HBA2 (02) gene is represented in blue and the HBAL (al) gene is in orange. The hybrid
gene a2al that results from the 3.7kb o-thalassemia deletion is represented in both colors. It also represented the ligation sites
of the three primers (C10, C3, and C2) used for the amplification, plus the expected sizes of the three obtained fragments.

After separation of the amplified fragments by electrophoresis, the analysis of the band is used to
diagnose the 3.7kb a-thalassemia deletion. In case there is a 1.9 kb band in mix | and a 2.1 kb band in
11, the individual is a normal homozygous (ao/aa). If it is possible to observe a 1.9 kb band in mix I and
two bands of 1.9 kb and 2.1 kb in mix 11, the patient is a heterozygous for the deletion (-a>/aa). In the
case of the individual having the deletion in homozygosity (-a*’/-a"), it is possible to see one band of
1.9 kb in mix I1, while no band is present in mix | (Figure 3.2).
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Figure 3.2 — Schematic representation of the electrophoretic profile that can be obtained for the diagnosis of 3.7kb a-
thalassemia deletion. Interpretation of Gap-PCR results according to the subject genotype. M — molecular weight marker (1kb
DNA Ladder, BioLabs)
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3.3.2. Multiplex Gap-PCR

Multiplex Polymerase Chain Reaction Assay, also known as Multiplex Gap-PCR, allows for the
simultaneous identification of multiple a-thalassemia deletions [42,43]. Because the 3.7kb and the 4.2kb
single gene deletions are the most common causes of a-thalassemia, we implemented a methodology in
the lab that allows the diagnosis of these deletions in a single PCR reaction (Table 7.6, Supplementary
materials). This approach requires the use of three pairs of primers, two for each deletion and one for
the detection of the HBA2 gene (Figure 3.3).
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Figure 3.3 - Representation of the HBAlps, HBA2, and HBA1 genes in (A) a normal allele; (B) an allele with the 3.7kb
deletion; and (C) an allele with the 4.2kb deletion. The HBA1ps (yal) gene is represented in pink, the HBA2 (a2) gene in
blue, and the HBA1 (al) gene is in orange. The hybrid gene o2al that results from the 3.7kb deletion is represented in both
blue and orange. It also represented the ligation sites of the five primers (4.2-F, a2/3.7-F, o2-R, 4.2-R, and 3.7/20.5-R) used
for the amplification, plus the expected sizes of the three obtained fragments.

Because both deletions either partially or completely remove the o2 globin gene, its positive
amplification indicates heterozygosity when a deletion allele is also present (two bands of different
sizes) or a normal individual if just one 1.8 kb band is present. The presence of a 2.1 kb band indicates
an allele with the 3.7kb deletion while the 4.2kb deletion is noted through a smaller band of 1.6 kb
(Figure 3.4).
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Figure 3.4 - Schematic representation of the electrophoretic profile that can be obtained for the diagnosis of both 3.7kb
and 4.2kb a-thalassemia deletions. Interpretation of Gap-PCR results according to the subject genotype. M — molecular
weight marker (1kb DNA Ladder, BioLabs).
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3.4. Sanger sequencing

DNA sequencing is a biochemical process that determines the correct order in which the nucleotide
bases of a DNA macromolecule are arranged [44]. Sanger Sequencing was the first sequencing
technology developed by Sanger and collaborators in 1977 [45] and, despite being a first-generation
sequencing method, it has subsequently become the most widely used sequencing technique due to its
high efficiency [44].

Sanger Sequencing, also known as chain termination method, consists in the synthesis of DNA
fragments using one strand of the double-stranded DNA as a template, dNTPs for the extension of the
fragment, an enzyme and a suitable buffer. The sequencing process is possible due to the use of
chemically modified nucleotides called dideoxy-nucleotides (ddNTPs), which are labeled with distinct
colored fluorophores: ddGTP - black, ddATP - green, ddTTP - red, and ddCTP - blue. The fragments
differ from one another by only one nucleotide and are separated through capillary electrophoresis
according to their size [44].

In this study, the amplified PCR products were purified using the JET quick PCR Product
Purification Spin Kit (GENOMED) according to the manufacturer's instructions, followed by a PCR
reaction with the conditions described in Table 7.7 from the Supplementary materials. The sequencing
reactions were carried out with the BigDye® Terminator v1.1 Cycle Sequencing commercial kit (Applied
Biosystem). The nucleotide sequences were obtained through capillary electrophoresis in the automated
sequencer 3130XI Genetic Analyser (Applied Biosystem) and the results were analyzed with the FinchTV
v.1.4.0 (Geospiza) software.

In this work, Sanger sequencing was used to determine the sequence of different HS-40 haplotypes
and for the molecular diagnosis of patients with suspected a-chain hemoglobin variants. For the analysis
of the results, it is important to take into consideration the genetic code and the nomenclature established
by the International Union of Pure and Applied Chemistry (IUPAC) (Figure 7.4, Table 7.8 and 7.9,
Supplementary materials).

3.5. Multiplex ligation-dependent probe amplification (MLPA)

Although PCR-based techniques can be used to detect frequent deletions in the a-globin genes, most
exons deletions and duplications are undetectable because a normal allele is present. Multiplex Ligation-
dependent Probe Amplification (MLPA), first described in 2002 by Schouten and collaborators, is a
simple approach used for the molecular diagnosis of a variety of genetic disorders, including deletional
a-thalassemia. This technique allows the detection of deletions and duplications in the screened region
and has been proven to find known and unknown deletions. This is possible through the detection of the
copy number variation (CNV), a DNA sequence longer than 1 kb with a variable copy number when
compared to the reference genome and is responsible for a wide range of pathologies [13,32,46—48].

MLPA is a multiplex-PCR assay that evaluates the relative copy number of a DNA sequence using
up to 60 probes specific for each sequence. Each probe consists of two DNA oligonucleotides (5' and 3'
half-probe) that will hybridize to specific DNA sequence targets (Figure 3.5). One or both half-probes
contains a stuffer sequence that enable each probe to be distinguished during electrophoresis based on
its length, allowing the determination of the amplification product size [46-48].
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Figure 3.5 - MLPA probe. Schematic representation of an MLPA probe, which consists of two parts: a left and a right probe
oligonucleotide (5° and 3”). Both the 5” and 3’ half-probes contain a PCR primer and a hybridization sequence. The 3’ half-
probe also contains a stuffer sequence. Adapted from [46].

The MLPA reaction is split into five steps: (1) DNA denaturation and probe hybridization; (2)
ligation reaction; (3) PCR amplification; (4) separation of the amplification products by capillary
electrophoresis; and (5) data analysis using the Coffalyser.Net software (MRC Holland). After
denaturation of the DNA sample, purified DNA is incubated with a probe mixture over night, and each
probe will hybridize with its target sequence. During the subsequent PCR reaction, a universal pair of
primers will be utilized for simultaneous amplification of all probes, resulting in a set of unique
amplicons that are a measure of the number of target sequences in the initial sample. One of the primers
used in the PCR reaction is fluorescently labeled, allowing each fragment to be detected during capillary
electrophoresis, where the PCR products are separated based on their size. This separation gives rise to
an eletropherogram called the sample peak pattern [46—48].

The interpretation of the results in MLPA is performed by a comparison of the sample peak pattern.
When compared to the relative heights in distinct reference DNA samples, the relative height of each
probe peak in the sample under analysis indicates the relative copy number of the corresponding target
sequence. A decrease in the relative height of the peaks reflects deletions of a target sequence, whereas
an increase in this height reflects a rise in the number of copies. It is also worth noting that homozygous
or hemizygous deletions are evidenced by the absence of specific target genes peaks, while heterozygous
deletions result in variable heights and/or areas of the peaks [46,48].

In this study, MLPA was performed using the SALSA® MLPA® probemix P140-C1 HBA kit (MRC-
Holland), following the manufacturer's instructions (Table 7.10 and 7.11 and Figure 7.5, Supplementary
materials). This kit is used for the detection of deletions and duplications in the a-globin gene cluster
and in its regulatory regions in genomic DNA isolated from peripheral blood samples, to confirm or
diagnose potential causes of a-thalassemia [49]. In an MLPA reaction, each sample is tested
simultaneously with three normal controls, one positive control, and one negative control. The amplified
fragments were separated by capillary electrophoresis in the 3500 Genetic Analyser, Abi Prism (Applied
Biosystem). The quality of the peaks was evaluated through the software Microsatellite Analysis v1.0.1
(Applied Biosystems) and the quantitative data were obtained with the Coffalyser.Net software (MRC-
Holland). After standardization, the areas of the peaks were used to determine the relative number of
copies in the genomic sequences of each sample.
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3.6. Bioinformatics analysis of the hemoglobin variants

For the bioinformatics analysis of the hemoglobin variants found during this study, we used different
online databases: Ensembl (https://www.ensembl.org/index.html); IthaGenes
(https://lwww.ithanet.eu/db/ithagenes); HbVar (https://globin.bx.psu.edu/hbvar/nbvar.html); ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/); PubMed (https://pubmed.ncbi.nim.nih.gov/); and UniProt
(https://www.uniprot.org/blast/). These databases allow us to obtain the genomic location of the genes
that are being studied, the nucleotide sequence, the amino acid sequence that results from the translation
of each gene, as well as an in silico prediction of the clinical importance of the variants found during
the study.

In these analyses, we used as a reference the Ensembl sequence ENSG00000188536 for the HBA2
gene and the transcript ENST00000251595.11. In regards to the HBAL gene, we used the Ensembl
reference sequence ENSG00000206172 and the transcript ENST00000320868.9. Both genes encode the
same corresponding protein sequence according to the UniProtKB identifier P69905.

3.6.1. Analysis of the impact of variants at the protein level

The majority of human genetic variations occur due to SNPs that lead to different phenotypes. When
these SNPs are located in coding regions, they are called non-synonymous SNPs (nsSNPs) and result in
amino acid changes (missense variants) in the protein sequence. Missense variants can cause human
hereditary diseases and, because of that, it is important to study their impact at a structural and functional
level [50].

PolyPhen-2

To study the impact of missense variants we used the online software PolyPhen-2
(http://genetics.bwh. harvard.edu/pph2/). This automatic tool predicts the possible impact of amino acid
substitutions on the function and stability of human proteins using structural and comparative
evolutionary factors. Based on these properties, the software estimates the probability of the variant
being pathogenic, likely pathogenic, or benign [50,51].

PolyPhen-2 uses two different models to make the predictions: HumDiv and HumVar. All damaging
alleles (present in the UniProt database) known to cause human Mendelian diseases, as well as non-
damaging differences between human proteins and their mammalian homologs are included in HumDiv.
HumVar consists of all the mutations (also present in the UniProt database) that cause disease in
humans, along with nsSNPs without annotations of being involved in human diseases. The HumDiv
model is used for evaluating rare alleles that may be involved in complex phenotypes and natural
selection analysis, while the HumVar model is used for Mendelian diseases diagnosis, which require the
differentiation between mutations that have drastic effects from all other human variations, including
numerous mildly deleterious alleles [51].

The score given by the software corresponds to the probability of the missense mutation being
damaging and ranges from 0.00 to 1.00: between 0.00 and 0.50, the variants are considered benign,
while between 0.50 and 1.00, they are considered likely pathogenic or pathogenic.
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Sorting Intolerant From Tolerant (SIFT)

To give better support to the impact that a missense mutation can have on a protein, we also used the
SIFT (Sorting Intolerant From Tolerant) software (https://sift.bii.a-star.edu.sg/). This program predicts
if an amino acid substitution affects protein function and, thus, the phenotype, using sequence homology.
Because SIFT assumes that essential amino acids would be conserved within a protein family, any
alterations in well-conserved positions tend to be predicted as probably deleterious [52]. This software
can also predict the impact of insertions/deletions (indels) in the coding regions of a gene, which might
result in frameshift mutations or changes in amino acid sequence [53].

Although this software gives a score in the same range as PolyPhen-2, the classification is the
opposite: between 0.00 and 0.05, the mutations are considered to be damaging and between 0.05 and
1.00, they are considered benign (tolerated).

3.7. Statistical analysis

The statistical treatment of all data obtained during this study was performed using R software and
RStudio v.2021.09.1+372. For all analyses, the statistical significance was established for a p_value
lower than 0.05.

All data were tested for its normality distribution using Shapiro-Wilk’s test (Tables 7.12 to 7.15,
Supplementary materials). When the normality of both populations was confirmed, the parametric test
T-test was used to compare hematological parameters between patients with a-thalassemia and healthy
individuals, as well as between those with the 3.7kb deletion in heterozygosity and homozygosity. The
non-parametric test of Mann-Whitney was applied when there were statistically significant differences
between one or both samples and a normal distribution. The same process was implemented upon the
comparison of HS-40 haplotypes between the group with the 3.7kb deletion in heterozygosity and
healthy individuals, or between the former and the group with the same deletion in homozygosity.

In order to determine the ancestry of the 3.7kb a-thalassemia deletion in the Portuguese population,
a multiple correspondence analysis was performed using the R software and a specific function to draw
the respective graphical representation.
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4. Results and discussion

4.1. Population characterization

Based on the results of the hematological and biochemical analyses, the samples used in this study
were divided considering the previously set aims: 1) to characterize the deletions and point mutations
that cause a-thalassemia and give rise to a-chain hemoglobin variants, respectively; and 2) to identify
the haplotypes of the distal regulatory region HS-40.

Thus, 17 individual clinical cases were selected for the diagnosis of hemoglobinopathies. For the
identification of the HS-40 haplotypes, we selected 111 Portuguese individuals that were split into two
groups:

e Individuals without a-thalassemia: including 50 individuals equally divided between males and
females with a mean age of 48 + 17 years old (range 20 to 86 years old) that presented normal
hematological parameters and gave a negative result for the presence of the 3.7kb deletion.

e Individuals with the 3.7kb a-thalassemia deletion: including 61 individuals (22 males and 39
females) with a mean age of 47 £ 14 years old (range 16 to 77 years old) that were previously
studied through Gap-PCR for the presence of the 3.7kb deletion and gave a positive result (34
have the genotype -a3"/ao and 27 with the -a37/-a®7 genotype).

4.2. Characterization of the hematological parameters according to the a-
globin genotype

In this study, all the statistical analysis were performed with the following hematological parameters:
RBCs, Hb, HCT, MCV, MCH, MCHC, and RDW. It is important to note that during this study we
followed the guidelines from DGS [35], which considers as adults all individuals above 11 years old
because after that age the hematological parameters do not change. Considering that hematological
values also change during pregnancy, four pregnant females were excluded from the statistical analysis.

Firstly, we analyzed the presence of outliers through the representation of all hematological
parameters in boxplots (Figures 4.1 to 4.5) available for three groups: individuals without a-thalassemia
(genotype aa/oa), individuals with the 3.7kb deletion in heterozygosity (genotype -a*7/oa), and
individuals with the 3.7kb deletion in homozygosity (genotype -a7/-a>7). Since the number of RBCs
and the amount of Hb varies with the individual’s sex, for these two parameters they were subdivided
into females and males. All the outliers observed were removed from any further statistical analysis to
allow for more reliable results.
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Figure 4.1 — Boxplot of the RBC count according to the a-globin genotype group: aa/aa, -03"/00, and -a37/-037. (A)
females and (B) males. Lower and upper box boundaries represent 25t and 75t percentiles, respectively, the bold line inside
the boxes represent the median, lower and upper error lines represent the 10t and 90" percentiles, and the white circles
correspond to data falling out of the 10th and 90t percentile (outliers).
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Figure 4.2 — Boxplot of the amount of Hb according to the a-globin genotype group: aa/aa, -037/aa, and -a37/-a37. (A)
females and (B) males. Lower and upper box boundaries represent 25t and 75t percentiles, respectively, the bold line inside
the boxes represent the median, lower and upper error lines represent the 10t and 90t percentiles, and the white circles
correspond to data falling out of the 10t and 90t percentile (outliers).

22



100
1

a0

-
- !

£  —

S B :

O —_— _—
s 2 '

7o
|
o

|0
1

T T T
/oo - o —B7)-BT

Alpha-globin genotype

Figure 4.3 — Boxplot of the MCV according to the a-globin genotype group: ada/aa, -03’/aa, and -037/-a37. These
representations include both females and males. Lower and upper box boundaries represent 25 and 75t percentiles,
respectively, the bold line inside the boxes represent the median, lower and upper error lines represent the 10t and 90t
percentiles, and the white circles correspond to data falling out of the 10t and 90t percentile (outliers).
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Figure 4.4 — Boxplot of the MCH according to the a-globin genotype group: ao/aa, -03"/aa, and -037/-a37. These
representations include both females and males. Lower and upper box boundaries represent 25t and 75t percentiles,
respectively, the bold line inside the boxes represent the median, lower and upper error lines represent the 10t and 90t
percentiles, and the white circles correspond to data falling out of the 10t and 90t percentile (outliers).
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Figure 4.5 — Boxplot of the RDW according to the a-globin genotype group: ao/aa, -03’/aa, and -037/-a37. These
representations include both females and males. Lower and upper box boundaries represent 25t and 75t percentiles,

respectively, the bold line inside the boxes represent the median, lower and upper error lines represent the 10t and 90t
percentiles, and the white circles correspond to data falling out of the 10t and 90t percentile (outliers).

In order to investigate a possible association between the presence of a-thalassemia and specific
alterations in the hematological parameters we compared the values available simultaneously for 83
individuals with a-thalassemia with a group of 47 individuals without this condition (Table 4.1).

Table 4.1 - Association between the hematological parameters of our population with and without a-thalassemia

Individuals with a-thalassemia* Individuals without a-thalassemia
Hematological (n=83) (n=47) p_value

parameters Mean Median | Min | Max Mean Median | Min | Max
RBC (x 1012/L)

Females 4.99 £ 0.06 4.89 429 6.08 | 4.05+0.07 4.04 3.53 4.59 <0.001

Males 5.90+0.09 5.92 4.76 6.71 | 4.57+0.06 4.50 4.07 5.07 <0.001
Hb (g/dL)

Females 12002 12.1 9.9 14.8 13.1x0.1 13.0 12.2 14.1 < 0.001

Males 142+02 14.2 11.8 16.5 149+0.2 14.9 13.3 16.1 0.001
MCYV (fL) 76.4+ 0.6 75.7 65.2 86.9 929+ 0.6 93.5 83.2 102.1 <0.001
MCH (pg) 24202 23.7 20.8 26.9 32503 325 27.9 36.4 < 0.001
RDW (%) 144+0.1 14.3 12.1 16.7 12.8+0.1 12.9 11.6 14.0 < 0.001

*This group includes 39 individuals -a37/aa and 44 -a37/-037; RBC — Red Blood Cells; Hb — Hemoglobin; MCV — Mean
Corpuscular Volume; MCH — Mean Corpuscular Hemoglobin; RDW — Red Cell Distribution Width; Min — Minimum; Max
— Maximum. All comparisons were performed using T Test. We considered a statistically significant difference when p_value
< 0.05 (highlighted in bold).

Through the statistical analysis, we found significant differences in RBCs of both males and females
(p_value < 0.001), Hb for males (p_value = 0.001) and females (p_value < 0.001), MCV (p_value <
0.001), MCH (p_value < 0.001), and RDW (p_value < 0.001) between individuals with a-thalassemia
and individuals without a-thalassemia. Besides that, we can also see that having a-thalassemia is
associated with a higher count of RBCs for both males and females, which is denominated
erythrocytosis. Erythrocytosis occurs when erythropoiesis is stimulated to produce a greater number of
RBCs and, consequently, compensate for the fact that these cells are smaller and contain less Hb than
normal [54]. Besides that, having a-thalassemia is associated with lower levels of Hb for males and
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females, lower MCV, and lower MCH. We can also see that individuals with a-thalassemia have a higher
RDW because the RBCs present more variability in their sizes — anisocytosis.

After removing the outliers, all individuals with a-thalassemia present with hypochromia (MCH <
27 pg), with a minimum of 20.8 pg and a maximum of 26.9 pg. However, the same thing does not happen
with the MCV. Although our population has a median of MCV equal to 75.7 fL, which is lower than the
value considered for microcytosis (MCV < 78 fL), not all individuals present with this condition
(minimum of 65.2 fL and a maximum of 86.9 fL). Thus, it is possible to conclude that, in general, the
MCH is a more reliable parameter than the MCV to distinguish individuals with a-thalassemia from
those without this pathology.

It is also important to note that usually individuals with the 3.7kb deletion in heterozygosity are
asymptomatic and present normal hematological parameters [8,18]. However, our population with a-
thalassemia only includes the individuals who arrived at our lab due to an abnormal phenotype that
needed to be clarified. Thus, they are not representative of the entire population, which can explain why
our results show such large differences between the individuals with and without a-thalassemia.

4.3. Hemoglobinopathies involving the a-globin genes

Seventeen clinical cases arrived at the lab for the diagnosis of complex or uncommon
hemoglobinopathies. Eight of these patients were suspected of having a hemoglobin variant of a-chain
(cases 1 to 7, and 11). Another eight were suspected of having a-thalassemia due to changes in their
hematological parameters (cases 8 to 10, and 12 to 16), and one patient arrived at the lab with the
suspicion of presenting both a-thalassemia and an a-chain hemoglobin variant (case 17). All of these
patients’ hematological parameters are included in Table 4.2.

Table 4.2 — Hematological parameters available for 16 clinical cases of hemoglobinopathies involving the a-globin genes

nf:j)eer RBC (x 101%/L)) | Hb (g/dL) | MCV (fL) | MCH (pg) | MCHC (g/dL) | RDW (%) Suspected
1 4.74 13.7 85.0 28.9 33.7 15.0 Hb Variant
2 4.29 12.3 91.1 28.7 31.5 12.9 Hb Variant
3 4.48 114 82.8 254 30.7 13.9 Hb Variant
4 5.40 11.7 74.4 21.7 202 20.8 Hb Variant
5 5.27 14.7 96.0 27.9 20.1 14.6 Hb Variant
6 5.02 13.1 81.0 26.0 32.1 154 Hb Variant
7 3.94 12.9 95.7 32.8 34.3 12.7 Hb Variant
8 4.83 12.7 79.5 26.3 331 13.1 o-thalassemia
9 4.60 12.9 78.0 28.0 35.9 12.5 o-thalassemia
10 2.61 8.5 92.5 325 352 16.9 o-thalassemia
11 4.52 10.3 71.8 22.9 31.9 152 Hb Variant
12 6.08 12.7 68.3 20.9 30.6 14.8 o-thalassemia
13 5.40 14.4 79.6 26.4 332 14.3 o-thalassemia
14 5.41 11.9 674 21.9 325 16.8 o-thalassemia
15 5.31 10.8 64.7 20.3 314 16.1 o-thalassemia
16 5.29 10.7 68.9 20.3 294 14.4 o-thalassemia
17 432 9.7 69.7 225 322 14.1 Hb Variant and
o-thalassemia

RBC - Red Blood Cells; Hb — Hemoglobin; MCV — Mean Corpuscular Volume; MCH — Mean Corpuscular Hemoglobin;
MCHC - Mean Corpuscular Hemoglobin Concentration; RDW — Red Cell Distribution Width.
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In total, thirteen patients present with anemia (Hb < 12 g/dL for females and Hb < 13 g/dL for males),
microcytosis (MCV < 78 fL) and/or hypochromia (MCH < 27 pg) (Table 4.2). Each clinical case will
be presented either individually or in groups based on the outcome of the diagnosis.

4.3.1. Diagnosis of a-chain hemoglobin variants

The initial presumptive diagnosis of a-chain hemoglobin variants was performed for nine samples
using biochemical methodologies, such as HPLC and/or capillary zone electrophoresis. These diagnoses
were performed using peripheric blood from the individuals in “Unidade de Diagnostico Laboratorial e
Referéncia” of DPS/INSA, and revealed abnormal hemoglobin migration patterns. In Figure 4.6 it is
possible to see an example of both biochemical techniques (executed in DPS) for an individual with an
a-chain Hb variant, presumably called Hb Setif, which will be discussed later on this dissertation.
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Figure 4.6 — Biochemical characterization of a hemoglobin variant: presumably Hb Setif. Example of biochemical results
obtained through (A) High Performance Liquid Chromatography and (B) capillary zone electrophoresis. A black arrow
highlights the Hb variant detected in both profiles. These figures were kindly provided by DPS for illustration purposes.

To perform the molecular diagnosis of these uncommon cases, each of the a-globin genes were
amplified individually in a conventional PCR technique as described in the Materials and methods
section. This methodology uses two distinct mixtures, only differing in the reverse primer, and therefore
allowing the HBA2 and HBAL genes to be amplified with mix I and mix Il, respectively. The amplicons
were visualized in a 1% agarose gel through the presence of a 1 kb band in both mixtures (Figure 4.7).

Figure 4.7 — Visualization of the amplified DNA fragments corresponding to HBA2 and HBA1 genes. Electrophoretic
profile of the 1 kb amplified fragment in a 1% (m/v) agarose gel, in an electrophoretic system at 70V during 60 minutes. M —
molecular weight marker (1 kb DNA Ladder, BioLabs); 1 and 3 —PCR product corresponding to the HBA2 gene using mix I;
2 and 4 —PCR product corresponding to the HBA1 gene using mix II; 5 and 6 — negative control for mix | and Il, respectively.
The size of the fragment in kb is included on the right side of the image.
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Following the PCR reaction and purification of the PCR products, Sanger sequencing was used to
sequence both amplicons using different primers from those used in the amplification (Table 7.16,
Supplementary materials). The obtained HBA2 and HBAL sequences were compared to their references
(Table 4.3) in the RefSeq database (https://www.ncbi.nlm.nih.gov/refseq/).

Table 4.3 - Reference sequences of the HBA2 and HBA1 genes from RefSeq used in the comparative analysis of the
results obtained from Sanger Sequencing

Gene Chromosome NC NG NM NP Transcript size (bp)

HBA2 NG 059271.1 | NM 000517.6 | NP 000508.1 576
16p13.3 NC 000016.10

HEAI - NG 059186.1 | NM 000558.5 | NP 000549.1 577

NC — chromosome reference sequence; NG — gene reference sequence; NM — mRNA reference sequence; NP — protein reference
sequence; bp — base pairs.

In the nine investigated cases, HBA2 and HBAL Sanger sequencing analyses revealed eight missense
variants in coding regions that confirmed the suspected a-chain hemoglobin variants (Table 4.4). In a
first approach, the clinical significance of all variants was evaluate using the ClinVar database, which
classifies the variants as benign, unknown pathogenicity, likely pathogenic or pathogenic, according to
previous described clinical cases.

Table 4.4 — Variants found through Sanger Sequencing in the HBA2 and HBA1 genes in nine clinical cases

m.(ljr:;eer Common name rs_ID Gene Region NM NP ClinVar

1 Hb J-Paris rs281864809 HBA2 Exon 1 c.38C=A p.Alal2Asp Benign

2 Hb Nouakchott rs33910377 HBA2 Exon3 | ¢.344C>T | p.Proll4Leun Benign

3 Hb Brugg rs281864502 HBAI Exon 1 c.63C=A p.His20GIn Benign

4 Hb Legnano rs63751282 HBA2 Exon3 | ¢.425G>T | p.Argl4lLeu | Likely Pathogenic

5 Hb Setif rs281864878 HBA2? Exon2 | ¢.283G>T | p.Asp94Tyr Unknown

0 Hb Oleander rs03749882 HBA2 Exon3 | ¢.349G>C | p.Glull6Gln Unknown
7and 11 | Hb Stanleyville-II | rs281860607 | HBAI and HBA2 | Exon2 | ¢.237C>A | p.Asn78Lys Unknown

17 Hb Westmead rs41479357 HBA2? Exon3 | ¢.369C>G | p.His122GIn Pathogenic

rs_ID - rs identification; NM — mRNA reference sequence; NP — protein reference sequence.

In this dissertation we will go into further detail in the variants that were classified as pathogenic,
likely pathogenic or with unknown pathogenicity. Thus, Hb J-Paris, Hb Nouakchott, and Hb Brugg,
corresponding to cases 1, 2, and 3 in Table 4.2 will not be discussed. It is important to note that Hb
Stanleyville-1l and Hb Westmead were found simultaneously with other hemoglobinopathies and,
therefore, will be discussed in detail in the “Clinical cases involving deletions and Hb variants of a-
chain” section of this dissertation.

In addition, we also detected one substitution at the 3’UTR of the HBA2 gene (HBA2:¢c.*107A>G)
that was present in all the nine samples studied. This alteration is a polymorphism not associated with
any thalassemia features.

4.3.1.1. Clinical cases involving only Hb variants of a-chain

4.3.1.1.1. Heterozygous for Hb Legnano

A 65-year-old male (case 4 in Table 4.2) exhibiting microcytosis (MCV = 74.4 fL), hypochromia
(MCH = 21.7 pg), anemia (Hb = 11.7 g/dL), low MCHC (29.2 g/dL), and elevated RDW (20.8%) was
studied by genetic molecular methodologies variant after HPLC revealed 25% of a suspected Hb variant.
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Sanger sequencing of the HBA2 gene revealed a mutation in heterozygosity in codon 141
(HBA2:c.425G>T) (Figure 4.8) leading to a substitution of arginine for leucine, which gives rise to a
hemoglobin variant called Hb Legnano [55-57].
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Figu re 4.8 — Molecular identification of a hemoglobin variant: Hb Legnano. Partial Sanger sequencing eletropherogram
of the HBA2 gene at exon 3 showing (A) the wild-type and (B) the mutation HBA2:¢c.425G>T (p.Argl41lLeu) in heterozygosity
responsible for Hb Legnano. The black arrows indicate the wild type and mutated positions and codon 141 is highlighted in a
blue shaded box.

In silico studies using software PolyPhen-2 and SIFT, predict this variant to be probably damaging
at a protein level, with a score of 1.0 (Figure 4.9) and 0.0, respectively.

(A)

This mutation is predicted tobe PROBABLY DAMAGING with a score of 1.000 (sensitivity: 0.00; specificity: 1.00)

8,86 8,28 8,48 B8.68 8,80 1.88

(B) This mutation is predicted tobe  PROBABLY DAMAGING with a score of 1.000 (sensitivity: 0.00; specificity: 1.00)

B.IBB 8128 8148 B.IBB B.IBB 1.‘88
Figure 4.9 — Prediction of the pathogenic effect of the p.Argl41Leu in the a-globin protein through the PolyPhen-2
software. (A) The HumDiv model predicts the mutation to be probably damaging. (B) The HumVar model predicts the mutation
to be probably damaging.

In Hb Legnano the amino acid substitution happens in the a-globin chain C-terminus, a critical
position responsible for the formation of salt bridges with neighboring amino acids involved in the
structure stabilization of the deoxyhemoglobin (deoxyHb). Thus, a disruption in these salt bridges
reduces the stability of deoxyHb, resulting in an increased oxygen affinity. Due to a lower oxygen
delivery in the tissues, a compensatory erythrocytosis takes place in order to rise the hemoglobin
concentration [55-57].

This Hb variant was previously described in individuals from the Italian [55], Japanese, and Chinese
[57] populations. In these clinical cases, the presence of Hb Legnano in heterozygosity was associated
with abnormal RBC indices, as well as microcytosis (low MCV), anisocytosis (high RDW),
hypochromia (low MCH) and mild polycythemia (high RBC) [55]. Therefore, the altered hematological
parameters in our patient can be explained by the presence of Hb Legnano, which has now been found
in a patient with Portuguese nationality.

4.3.1.1.2. Heterozygous for Hb Setif

A 51-year-old male (case 5 in Table 4.2) arrived at the lab for the molecular identification of an Hb
variant of a-chain. His HPLC profile analysis revealed an abnormal peak of a putative 12.1% structural
Hb variant. This patient presented all hematological parameters within the normal range, except for a
low MCHC of 29.1 g/dL.
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The obtained eletropherogram of Sanger sequencing for the 02 gene revealed a substitution in
heterozygosity in codon 94 (HBA2:¢.283G>T) (Figure 4.10), which leads to an alteration of the aspartic
acid in that position for a tyrosine, and, consequently, gives rise to a Hb variant designated Hb Setif
[58-60].

A o

Figure 4.10 — Molecular identification of a hemoglobin variant: Hb Setif. Partial Sanger sequencing eletropherogram of
the HBA2 gene at exon 2 showing (A) the wild-type and (B) the mutation HBA2:c.283G>T (p.Asp94Tyr) in heterozygosity
responsible for Hb Setif. The black arrows indicate the wild type and mutated positions and codon 94 is highlighted in a blue
shaded box.

PolyPhen-2 and SIFT software were used to perform studies in silico to understand the impact of
this nucleotide substitution at the protein level, and both predict Hb Setif to be probably damaging, with
a score of 1.0 (Figure 4.11) and 0.0, respectively.

A
( ) This mutation is predicted to be PROBABLY DAMAGING with a score of 1.000 (sensitivity: 0.00; specificity: 1.00)

r T T T 1
a.88 a.2e a.48 a.608 0.808 1.688

( ) This mutation is predictedto be PROBABLY DAMAGING with a score of 0.998 (sensitivity: 0.18; specificity: 0.98)

Figure 4.11 — Prediction of the pathogenic effect of the p.Asp94Tyr in the a-globin protein through the PolyPhen-2
software. (A) The HumDiv model predicts the mutation to be probably damaging. (B) The HumVar model predicts the mutation
to be probably damaging.

Hb Setif was first described in an Algerian family, and since then, there have been several reports
from the Middle East and European populations, including Greece [58], Iran [59,61], Saudi Arabia
[62,63], Turkey [64], Malta [65,66], Italy [67], and Spain [68].

The evolutionary conservation profile of the acid aspartic at position 94 (Figure 4.12) revealed that
this amino acid is conserved within similar mammal species. Codon 94 of the a2-globin gene is located
in a position prone to the formation of a DNA hairpin, which potentially can lead to a variety of acid
aspartic substitutions with other amino acids [59]. Besides that, this position is very important in the
a1z contact [61,69], because it is the only polar interaction in the a1f3; interface of the oxyhemoglobin
(oxyHb) conformation. Therefore, a substitution of the acid aspartic for tyrosine leads to an unstable
hemoglobin with oxygen affinity below the normal range [59-61].
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Figure 4.12 — Evolutionary conservation profile of the p.Asp94 amino acid in the a-globin protein. Multiple amino acid
sequence alignment of homolog proteins of 15 related mammal species, obtained through the PolyPhen-2 software. The amino
acid substitution pattern is highlighted with an arrow and inside a black box, in which the letter D represents aspartic acid.

Despite in silico studies and the evolutionary conservation profile indicate that Hb Setif can have an
adverse clinical impact, carriers usually present with hematological indices on the low limit of the
normal range [59]. This is probably due to the low percentage of Hb variant observed in heterozygous
individuals (between 12.0 and 15.0%) [60,61]. Therefore, our patient’s phenotype can be explained by
the presence of Hb Setif.

4.3.1.1.3. Heterozygous for Hb Oleander

A 39-year-old female (case 6 in Table 4.2) arrived at the lab after the analysis of her HPLC profile
revealed an abnormal peak of a 23.3% structural Hb variant. Besides that, she presented all
hematological parameters within the normal range, with the exception for a slight hypochromia (MCH
= 26.0 pg).

Sanger sequencing eletropherogram of the HBA2 gene revealed a substitution in heterozygosity of
nucleotide 349 (HBA2:¢.349G>C) (Figure 4.13). This substitution occurs in codon 116 and leads to a
substitution of glutamic acid for glutamine in the a-globin chain, which consequently gives rise an Hb
variant called Hb Oleander [70].
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Figure 4.13 — Molecular identification of a hemoglobin variant: Hb Oleander. Partial Sanger sequencing eletropherogram
of the HBA2 gene at exon 3 showing (A) the wild-type and (B) the mutation HBA2:c.349G>C (p.Glu116GIn) in heterozygosity
responsible for Hb Oleander. The black arrows indicate the wild type and mutated positions and codon 116 is highlighted in a
blue shaded box.

In silico studies using the software PolyPhen-2 and SIFT predict Hb Oleander as benign at the protein
level with a score of 0.0 (Figure 4.14) and 0.056, respectively.
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(A)

This mutation is predicted to be BENIGN  with a score of 0.000 (sensitivity: 1.00; specificity: 0.00)
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a.88 a.28 a.48 8.68 a.38 1.88

B
( ) This mutation is predicted to be BENIGN  with a score of 0.002 (sensitivity: 0.99; specificity: 0.18)

T T T T
a.88 a.28 8,48 B.68 a.88 1.88

Figure 4.14 — Prediction of the pathogenic effect of the p.Glu116Gln in the a-globin protein through the PolyPhen-2
software. (A) The HumDiv model predicts the mutation to be benign. (B) The HumVar model predicts the mutation to be
benign.

The amino acid substitution that happens in Hb Oleander results in the loss of one carboxyl group in
each a-chain, affecting the electrophoretic mobility of this Hb variant. Despite this, oxygen equilibrium
curve studies of RBCs containing Hb Oleander revealed no differences between this fraction and those
of normal hemoglobin [70].

The evolutionary conservation profile of the glutamic acid at position 116 (Figure 4.15) revealed that
this residue is conserved among similar mammal species and that for some of those it can be replaced
by an aspartic acid, due to the similar biochemical properties of both amino acids (negative charged side
chains). The polar properties and uncharged side chains of glutamine can explain why the substitution
of the glutamic acid for that residue is considered benign in terms of pathogenicity.
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Figure 4.15 — Evolutionary conservation profile of the p.Glu116 amino acid in the a-globin protein. Multiple amino acid
sequence alignment of homolog proteins of 15 related mammal species, obtained through the PolyPhen-2 software. The amino
acid substitution pattern is highlighted with an arrow and inside a black box, in which the letter E represents glutamic acid and
D represents aspartic acid.

Hb Oleander was first described in a newborn black infant and his mother [70] and, since then, was
discovered in a 16-year-old black female from Georgia [71]. Clinical and functional studies show that
Hb Oleander has no adverse biological effects in these cases, besides minor morphologic changes in
RBCs [70]. Therefore, the slight hypochromia presented by our patient can be explained by the presence
of Hb Oleander. It is important to note that our patient was born in Guinea, which explains the diagnosis
of an Hb variant with African ancestry.
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4.3.2. Alpha-thalassemia diagnosis

The diagnosis of a-thalassemia was performed using three different techniques: Gap-PCR, Multiplex
Gap-PCR, and MLPA, as described in the Materials and methods section. These analyses were applied
to nine samples suspected of having a-thalassemia and two individuals with the Hb Stanleyville-I1, a
hemoglobin variant of a-chain that can be associated with the 3.7kb deletion.

4.3.2.1. Search of common a-thalassemia deletions

Firstly, we performed Gap-PCR to detect the presence of the 3.7kb deletion, the most common a-
thalassemia deletion, which removes part of the a2- and a.1-globin genes and gives rise to a functional
hybrid a201 gene, as represented in Figure 3.1 of the Materials and methods section. This technique
requires two different PCR mixtures, called mix I and mix Il, that only differ in the reverse primer. Mix
I'is used for the amplification of the HBA2 gene, while mix Il allows both the HBAL gene and the hybrid
gene to be amplified.

After the PCR reaction, the electrophoretic profile of each amplified PCR product was visualized in
a 1% agarose gel (Figure 4.16). In a normal homozygous individual (ao/ac), there is a 1.9 kb band in
mix | and a 2.1 kb band in mix 1I. A carrier of the 3.7kb deletion (-0 /o) will give rise to a 1.9 kb band
in mix I and two bands of 1.9 kb and 2.1 kb in mix Il. Lastly, if a patient has the deletion in homozygosity
(-a>"[-0®7), it is possible to see one band of 1.9 kb in mix I, while there is no band in mix I.
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Figure 4.16 — Visualization of the DNA fragments obtained in a Gap-PCR experiment for the diagnosis of the 3.7kb
deletion. Electrophoretic profile of the three possible genotypes that can be obtained through the detection of the 3.7kb deletion
in a 1% (m/v) agarose gel, in an electrophoretic system at 70V during 75 minutes. M — molecular weight marker (1kb DNA
Ladder, BioLabs); 1 and 2 - ao/aa individual with a 1.9 kb band in Mix I and a 2.1 kb band in Mix II; 3 and 4 - -037/00
individual with a 1.9 kb band in Mix | and two bands of 1.9 and 2.1 kb in Mix Il; 5 and 6 - -o®7/-037 individual with a 1.9 kb
band in Mix Il; 7 and 8 — negative control. The size of the fragment in kb is included on the right side of the image.

One of the secondary aims of this study was to implement in our lab a Multiplex Polymerase Chain
Reaction Assay that allows the simultaneous detection of the 3.7kb and 4.2kb deletions, since these are
the two most frequent deletional causes of o-thalassemia in our population. This methodology is
described in the Material and Methods section and was implemented based on the technique described
by Tan and collaborators in 2001 [43]. This approach requires the use of three pairs of primers, two for
each deletion and one for the detection of the HBA2 gene as described in Figure 3.3 of the Materials and
methods section.
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The amplified PCR products obtained in this technique were visualized in a 1% agarose gel (Figure
4.17). In this methodology, the presence of a single 1.8 kb fragment indicates a normal individual
(genotype ao/aa). If an allele with a deletion is also presence, it is possible to observe an extra fragment
of 2.1 kb in the presence of a heterozygosity for the 3.7kb deletion, and a fragment of 1.6 kb in the
presence of the 4.2kb deletion, both in heterozygosity.

Figure 4.17 — Visualization of the DNA fragments obtained in a Multiplex Gap-PCR experiment for the simultaneous
diagnosis of the 3.7kb and 4.2kb deletions. Electrophoretic profile of four genotypes obtained through the detection of the
3.7kb and 4.2kb deletions in a 1% (m/v) agarose gel, in an electrophoretic system at 70V during 90 minutes. M — molecular
weight marker (1 kb DNA Ladder, BioLabs); 1 and 2 — ao/aa individuals with a 1.8 kb fragment; 3 and 6 —-a37/0a individuals
with two fragments of 1.8 kb and 2.1 kb; 4 — -a37/-037 individual with a single fragment of 2.1kb; 5 — -0*2/00 individual with
two fragments of 1.6 kb and 1.8 kb; 7 — negative control. The size of the fragments in kb is included on the right side of the
image.

After optimization of the Multiplex Gap-PCR, we were able to use it in the diagnosis of two
individuals, one with the 3.7kb deletion and other with the 4.2kb deletion, both in heterozygosity.
Although this technique requires a larger number of primers, it only calls for the use of one mixture, and
a single PCR reaction allows the detection of multiple common deletions, which is a great advantage
when compared to Gap-PCR.

In the 11 clinical cases studied for a-thalassemia through these PCR techniques, we found four
heterozygous (-o®7/aa) (cases 7 to 10 in Table 4.2) and two homozygous (-o®7/-a37) (cases 11 and 12
in Table 4.2) for the 3.7kb deletion, as well as one heterozygous (-a*?/aa) for the 4.2kb deletion (case
13 in Table 4.2).

The 3.7kb and 4.2kb o-thalassemia deletions are the two most common types of a*-thalassemia
[5,13]. Both of these deletions are prevalent in Middle Eastern, Mediterranean, and Asian populations,
but the 3.7kb deletion is also very common in African populations [72]. A study conduct in 1995
revealed that these deletions are the two most frequent in Portugal [37]. The 3.7kb deletion occurs due
to an unequal recombination between homologous segments called Z boxes that are 3.7 kb apart,
resulting in the formation of a chromosome with a hybrid a-globin gene. On the other hand, the 4.2kb
deletion happens through the same mechanism but between X boxes that are 4.2 kb apart [4,13,18].

Individuals with a single a-globin gene deletion are typically asymptomatic [8,18]; however this was
only the case for one of our clinical cases, who was diagnosed with the 3.7kb deletion in heterozygosity
and had all hematological parameters within normal range (case 7 in Table 4.2). Despite this, individuals
with a -o/aa genotype can present with mild microcytosis and/or hypochromia [8,18], as was the case
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for four of our patients with a single gene deletion (three with a -a*/aa genotype and one with a -a*%/ao
genotype).

When it comes to individuals with two functional a-genes, the CBC usually reveals both microcytosis
and hypochromia [8,18]. This was also true for our patients that were diagnosed with the 3.7kb deletion
in homozygosity, as both of them presented with low levels of MCV and MCH.

4.3.2.2. Search of rare a-thalassemia deletions

For the four individuals that did not present with the 3.7kb nor the 4.2kb deletions we searched for
CNVs in the a-globin gene cluster through MLPA using the SALSA® MLPA® probemix P140-C1 HBA
kit (MRC-Holland). After the analysis of the obtained MLPA profiles, we used the IthaCNVs database
(https://www.ithanet.eu/db/ithacnv) to determine which deletion was more similar to the ones we had
found. Thus, with this technique we found four different deletions in heterozygosity similar to deletions
that had already been described (Figure 4.18). One was similar to the known Southeast Asian (--84)
deletion, and three that completely remove the regulatory region HS-40 and were similar to the already
described (ao)™T, (0a)™, and (ao)™ deletions.
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Figure 4.18 — Schematic representation of the deletions diagnosed through MLPA. Representation of a 500 kb from the sub-telomeric region of chromosome 16, containing the a-globin gene
cluster, its distal regulatory regions (HS-48, -40, -33, and -10), as well as other non-globinic genes located in this sub-telomeric region. Black arrows indicate MLPA probe hybridization sites and
each probe is numbered according to their sequential order of chromosomal hybridization. Black bars represent deleted DNA sequence as determined by MLPA analysis. Thin lines indicate the
region of uncertainty for deletion breakpoints. The oval shape represents the telomere.
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4.3.2.2.1. Southeast Asia deletion

The first MLPA profile (Figure 4.19) revealed that the proportion of MLPA probes 8 to 28 was
reduced to 0.5. This indicates the presence of a large deletion in heterozygosity that completely removes
HBAP1, HBA2, HBAL, and HBQ genes. As the 5’-breakpoint occurs in an uncertainty region between
probes 7 and 8, in which the HBZP1 and HBAP2 genes are located is not possible to know if these genes
are also removed. This deletion has its 3’-breakpoint in an uncertainty region between probes 28 and
29, and is similar to the previously described Southeast Asian deletion (--5%4). Our colleagues from
DPS later confirmed this diagnosis through a Gap-PCR methodology.
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Figure 4.19 — MLPA results of an individual heterozygous for the Southeast Asian deletion (--S¥aa). Graphic
representation of the search for SN'Vs in the a-globin gene cluster through MLPA. The MLPA probe numbers are indicated on
the abscissa. The proportion of each MLPA probe, determined through the comparison of their relative peak with three different
reference DNA samples, is indicated in the ordinate. Probe number 1 to 7 and 29 to 33 have the normal ratio of 1.0, while probe
8 to 28 have a hybridization ratio of 0.5 revealing the presence of a deletion in heterozygosity. Probe number 34 only amplifies
in the presence of Hb Constant Spring and, therefore, in normal individuals the proportion is zero.

The Southeast Asian deletion (--54) is the most common and severe form of a-thalassemia in China
and multiple Southeast Asian populations, such as Thailand, Vietnam, The Philippines, Laos, and
Cambodia [73-75]. This o°-thalassemia deletion of about 20.5 kb occurs on chromosome 16 and
removes the HBA2ps, HBA1ps, HBA2, HBA1, and HBQ genes, with its 5’-breakpoint in the 5* end of
the HBA2ps gene and the 3’-breakpoint upstream of the 3 hypervariable region (HVR) [73,75].

It is important to note that this deletion was found in individual 17, who have co-inherited other
hemoglobinopathies and, therefore, will be discussed into further detail in the “Clinical cases involving
deletions and Hb variants of a-chain” section.

4.3.2.2.2. Deletions that remove the upstream regulatory elements

Three unrelated individuals (cases 14 to 16 in Table 4.2) arrived at the lab with abnormal
hematological parameters but with normal biochemical analysis. Because of that, the phenotype could
only be explained by the presence of an a-thalassemia deletion. MLPA results revealed three different
deletions that remove one or more of the a-globin gene cluster upstream regulatory elements and that
are similar to the (o) ", (aa)™, and (aa)M deletions.
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Individual 14 is a 5-year-old boy presenting with microcytosis (MCV = 67.4 fL), hypochromia
(MCH = 21.9 pg), low levels of HCT (36.5%), and high levels of RDW (16.8%). MLPA results revealed
that the proportions of probes 2 and 3 were reduced to 0.5 (Figure 4.20), which indicates the presence
of a small heterozygous deletion with both breakpoints within uncertainty regions. The 5’-breakpoint
occurs between probes 1 and 2, and the 3’-breakpoint between probes 3 and 4. These results suggest
that only the HS-40 site was removed. This deletion of at least 300 bp is similar to the (aa) - deletion
previous described by Coelho et al. [12] in three individuals from the Alentejo region in Portugal and
by Phylipsen et al. [76] in one Australian individuals.
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Figure 4.20 — MLPA results for patient number 14 revealing the (aa)”-" deletion in heterozygosity. Graphic
representation of the search for CNVs in the a-globin gene cluster through MLPA. The MLPA probe numbers are indicated on
the abscissa. The proportion of each MLP A probe, determined through the comparison of their relative peak with three different
reference DNA samples, is indicated in the ordinate. Probe number 1 and 4 to 33 have the normal ratio of 1.0, while probe 2
and 3 have a hybridization ratio of 0.5 revealing the presence of a deletion in heterozygosity. Probe number 34 only amplifies
in the presence of Hb Constant Spring and, therefore, in normal individuals the proportion is zero.

To confirm the diagnosis of the (aa)*'" deletion, a specific Gap-PCR reaction was performed using
the conditions shown in Table 7.5 from the Supplementary materials, and the resulting fragments were
visualized in a 1% agarose gel (Figure 4.21). In this technique, the presence of a 1.1 kb fragment
indicates an individual with the (ao)*-T deletion. In a normal individual, no PCR fragment is obtained
as the primers are located 4.4 kb apart.

1.1kb

Figure 4.21 — Visualization of the amplified DNA fragment generated from the (aa)”-T deletion by Gap-PCR.
Electrophoretic profile of the 1.1 kb fragment in a 1.0% (m/v) agarose gel, in an electrophoretic system at 70V during 60
minutes. M —molecular weight marker (1 kb DNA Ladder, BioLabs); 1 — PCR product generated from a previously diagnosed
homozygous (ao)ALT deletion case; 2 —PCR product generated from individual 14 revealing the (o)A deletion; 3 — negative
control. The size of the fragment in kb is included on the right side of the image.
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Through the previous electrophoretic profile it is possible to confirm the diagnosis of (a.c)*-T deletion
on our patient (well number 2). This small deletion of 3.3 kb happens within the NPRL3 gene and only
removes the HS-40 region. It is expected that the deletion of this element is replaced by a 39 nt insertion
[12,15,76], which is hypothesized to be a sequence that resembles a functionally important motif inside
the HS-40 and could be responsible for the levels of a-globin chain synthesis seen in another Portuguese
individuals with this deletion [12,15].

Individual 15 is a 10-year-old boy that arrived at the lab with hematological parameters showing
mild anemia (Hb = 10.8 g/dL), microcytosis (MCV = 64.7 g/dL), hypochromia (MCH = 20.3 fL), low
levels of HCT (34.4%), and high levels of RDW (16.1%). MLPA results revealed that MLPA probes 1
to 3 have a 0.5 proportion of hybridization in this individual (Figure 4.22).
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Figure 4.22 — MLPA results for patient number 15 revealing a deletion similar to the (a.a)™ deletion in heterozygosity.
Graphic representation of the search for CNVs in the a-globin gene cluster through MLPA. The MLPA probe numbers are
indicated on the abscissa. The proportion of each MLPA probe, determined through the comparison of their relative peak with
three different reference DNA samples, is indicated in the ordinate. Probe number 4 to 33 have the normal ratio of 1.0, while
probe 1 to 3 have a hybridization ratio of 0.5 revealing the presence of a deletion in heterozygosity. Probe number 34 only
amplifies in the presence of Hb Constant Spring and, therefore, in normal individuals the proportion is zero.

The MLPA profile indicates the presence of a deletion in heterozygosity with at least 66 kb that starts
in the sub-telomeric region of chromosome 16 and ends in an uncertainty region between probes 3 and
4. It removes at least two of the upstream regulatory elements (HS-48 and HS-40) located within the
NPRL3 gene. As HS-33 is located within the uncertain 3’-breakpoint region, it is not known if it is also
removed by this deletion. Using the database IthaCNVs, it is possible to conclude that this deletion is
similar to the (aa)™ deletion previously described by Wilkie et al. [77] in two British individuals, by
Sollaino et al. [78] in an Italian family, and by Ferrdo et al. [15] in two Portuguese individuals.

The (o)™ deletion is a large deletion, not less than 88.1 kb long, that involves the sub-telomeric
region of chromosome 16. This deletion removes three upstream regulatory elements (HS-48, HS-40,
and HS-33) located within the NPRL3 gene. In previously described clinical cases with this deletion,
the individuals presented with microcytosis, hypochromia and, in some cases, anemia [15,78]. In the
(ao)™ chromosome, the 5°-HVR is deleted, which suggests that the a-thalassemia phenotype could be
caused by the loss of multiple upstream regulatory elements [77].
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Individual 16 is a 31-year-old female with erythrocytosis (RBC =5.29 x 10*?/L), anemia (Hb = 10.7
g/dL), microcytosis (MCV = 68.9 fL), hypochromia (MCH = 20.3 pg), and low levels of MCHC (29.4
g/dL). The MLPA profile showed that the hybridization of MLPA probes 1 to 4 were reduced to a 0.5
proportion (Figure 4.23).
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Figure 4.23 — MLPA results for patient number 16 revealing a deletion similar to the (aa)MM deletion in heterozygosity.
Graphic representation of the search for CNVs in the a-globin gene cluster through MLPA. The MLPA probe numbers are
indicated on the abscissa. The proportion of each MLPA probe, determined through the comparison of their relative peak with
three different reference DNA samples, is indicated in the ordinate. Probe number 5 to 33 have the normal ratio of 1.0, while
probe 1 to 4 have a hybridization ratio of 0.5 revealing the presence of a deletion in heterozygosity. Probe number 34 only
amplifies in the presence of Hb Constant Spring and, therefore, in normal individuals the proportion is zero.

The results indicate the presence of a deletion of at least 96 kb in heterozygosity that starts in the
sub-telomeric region of chromosome 16. The 3’-breakpoint of this deletion is in an uncertainty region
between probes 4 and 5, where the HS-10 site is located and, therefore, it is not possible to know if this
element is removed by this deletion. Despite that, it completely removes three upstream regulatory
elements (HS-48, HS-40, and HS-33) located within the NPRL3 gene. This deletion is similar to the
(aa)MM deletion previously described by Romao et al. [79] in a child from Azores, and by Wenning et
al. [80] and Mota et al. [81] in Brazilian individuals.

The (ac)"™ deletion is a large deletion of at least 97 kb that starts in the sub-telomeric region of
chromosome 16 and with the 3’-breakpoint located upstream of the HBZ gene [12]. On the allele that
has the deletion, both HBA2 and HBAL genes are unexpressed [79]. A study using hybrids constructs
containing the human chromosome 16 in murine erythroleukemia (MEL) cells revealed that deletions
that remove HS-48, HS-40, and HS-33 all at once cause a more complete silencing of a-globin
expression (less than 0.1%) [24]. In the absence of HS-40 alone, the remaining interactions can recruit
the GTFs to the a-globin gene promoters, but not Polll [16,24]. Because all four regulatory elements are
missing in the (a.c)™™ deletion, both GTFs and Polll recruitment are affected, which may explain why
individual 16 has a more severe phenotype than the other previous two patients.

Experiments with stable transfectants, transgenic mice, and MEL cells revealed that when a-globin
genes are not linked to the upstream regulatory elements, a-globin expression occurs at very low levels
(less than 1% to 5% of normal) [16,17,24,82]. As a result, deletions that remove these elements, such as
those found in these individuals, can cause severe down regulation of a-globin genes [12,23]. These
deletions are not very common and comprise a particular group of deletional a-thalassemia, in which
the a-globin genes are intact but functionally inactive [17].
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In previously described clinical cases, heterozygotes for a deletion that removes the HS-40 are
indistinguishable from individuals with two functional a-genes in terms of hematological parameters,
as they present with low MCV and low MCH [17,83]. There have been multiple reports of individuals
with these deletions combined with the 3.7kb a-thalassemia deletion that manifest clinically as HbH
disease [17,79,80], and those with these deletions combined with the Southeast Asian deletion having
Bart’s hemoglobin [83]. Despite the fact that none of our patients have these genotypes, it is crucial in
genetic counseling to analyze the a-globin cluster of their potential partners as both of the conditions
mentioned can have serious consequences in the life of a future child.

4.3.3. Clinical cases involving deletions and Hb variants of a-chain
4.3.3.1. Association of Hb Stanleyville-11 and the 3.7kb a-thalassemia deletion

Two individuals (case number 7 and 11) arrived at the lab for the molecular identification of an Hb
variant of a-chain after their hemoglobin biochemical analyses performed by HPLC revealed an
abnormal peak.

Case 7 (Table 4.2), a 66-yearl-old male, had all the hematological parameters within normal limits
except for a low RBC count (RBC = 3.94 x 10%?/L), and a 27.7% of an Hb variant. Case 11 (Table 4.2),
a 31-year old female, presented with anemia (Hb = 10.3 g/dL), microcytosis (MCV = 71.8 fl), and
hypochromia (MCH = 22.9 pg), as well as an HPLC profile that revealed a 45.1% of an Hb variant.

Sanger sequencing eletropherograms revealed that case 7 had a heterozygous substitution in codon
78 of the HBA1 gene (HBA1:c.237C>A), and that case 11 had the same mutation but in codon 78 of
HBA2 gene (HBA2:c.237C>A) (Figure 4.24). This nucleotide substitution results in the alteration of
asparagine for a lysine residue, and, consequently, gives rise to Hb Stanleyville-11 [84,85].

(A) l l

(B)

A T G C C C A AC GC GC T C CAAMOGTEC
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Figure 4.24 — Molecular identification of a hemoglobin variant: Hb Stanleyville-11 in case 11. Partial Sanger sequencing
eletropherogram of the HBA2 gene at exon 2 showing (A) the wild-type and (B) the mutation HBA2:c.237C>A (p.Asn78Lys)
in heterozygosity responsible for Hb Stanleyville-11. The black arrows indicate the wild type and mutated positions and codon
78 is highlighted in a blue shaded box.

This variant is predicted to be benign at the protein level by in silico studies performed using the
software PolyPhen-2 and SIFT, which gave a score of 0.0 (Figure 4.25) and 0.105, respectively.

40



(A)

This mutation is predicted tobe BEMNIGN with a score of 0.000 (sensitivity: 1.00; specificity: 0.00)

(B) 0.00 0.20 0.40 0.60 8,80 1.00

This mutation is predicted to be  BENIGN  with a score of 0.007 (sensitivity: 0.97; specificity: 0.46)

T T T T T 1
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Figure 4.25 — Prediction of the pathogenic effect of the p.Asn78Lys in the a-globin protein through the PolyPhen-2
software. (A) The HumDiv model predicts the mutation to be benign. (B) The HumVar model predicts the mutation to be
benign.

Hb Stanleyville-11 was first described in two Congolese families and, thereafter, has been identified
in a third family from Uganda, as well as in a Chinese woman [84,85]. In these previous cases, there
were no hematological changes that could be linked with this hemoglobin variant [84]. It is important
to note that individual 7 is of Cape Verdean nationality and individual 11 is of Angolan nationality,
which could explain the diagnosis of an Hb variant with African ancestry.

The evolutionary conservation profile of the asparagine residue at position 78 revealed that this
amino acid is not conserved among similar mammal species (Figure 4.26). The fact that lysine has the
same biochemical properties has histidine, one of the residues that can replace asparagine in other
mammals, can explain why the amino acid substitution observed in Hb Stanleyville-11 is considered

benign. ¢

Homo sapiens (human) EK [f]{ALSALSDLHAHK LRVD(;
Mandrillus sphinx (mandrill) G4 1] AL S[ELSDLHAHK LRVD &
Nycticebus coucang (sunda slow loris) HK [ (AL SALSDLHAHK LRVD
Cercocebus atys (sooty mangabey) EK H ALSE LSDLHAHKLRVD
Otolemur crassicaudatus (brown greater galago) ﬁ}( I (AL SALSDLHAHK LEV[] P
Loris tardigradus (red slender loris) G 5 IALSALSDLHAHK LRVD 2
Otolemur crassicaudatus (brown greater galago) h-‘K I IALSALSDLHAHK LRVDZ
Papio anubis (olive baboon) HK Q ALSE LSDLHAHKLRVD S
Gorilla gorilla gorilla (western lowland gorilla) EK M |ALSALSDLHAHK LRVD S
Cephalopachus bancanus (horsfield’s tarsier) G4 [1J|IALSALSDLHAHK LRVDZ
Otolemur garnettii (northern greater galago) EK b [ALSALSDLHAHKLRVD S
Theropithecus gelada (gelada baboon) ﬁ-K 0 ALSE LSDLHAHK LRVDZ
Gorilla gorilla gorilla (western lowland gorilla) ﬁK [IIALSALSDLHAHK LRVDZ
Marmota marmota marmota (alpine marmot) hﬂ( i ALSALSDLHAHK LRVDX
Myotis lucifugus (little brown bat) HE[4KVEDA 6] |ALSALSDLHATK LRV

Figure 4.26 — Evolutionary conservation profile of the p.Asn78 amino acid in the a-globin protein. Multiple amino acid
sequence alignment of homolog proteins of 15 related mammal species, obtained through the PolyPhen-2 software. The amino
acid substitution pattern is highlighted with an arrow and inside a black box, in which the letter N represents asparagine, Q
represents glutamine, S represents serine, H represents histidine, and G represents glycine.

A studied conducted by Costa and collaborators in 1991 revealed that Hb Stanleyville-11 may be
associated with the 3.7kb a-thalassemia deletion. The authors discovered that individuals who were
homozygous for Hb Stanleyville-11 also had the 3.7kb deletion in homozygosity, whereas those who had
the Hb variant in heterozygosity were also heterozygous for the gene deletion [86]. As a result, we
decided to amplify the a-globin genes using Gap-PCR in order to evaluate if this was the case for our
samples. This technique revealed that individual 7 has the 3.7kb deletion in heterozygosity, while
individual 11 has the same deletion in homozygosity. In Figure 4.27, it is possible to see a representation
of the genotypes diagnosed for both of these individuals, to better understand the location of Hb
Stanleyville-11 in relation to the 3.7 kb deletion. Given that Hb Stanleyville-11 is a benign Hb variant,
the presence of the 3.7kb a-thalassemia deletion explains the phenotypes presented by these patients.
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Figure 4.27 —Representation of the genotype diagnosed for (A) individual 7 and (B) individual 11. The HBA2 (a2) gene
is represented in blue and the HBA1 (al) gene is in orange. The hybrid gene a2al that results from the 3.7kb a-thalassemia
deletion is represented in both colors. A black X marks the location of the mutation that leads to Hb Stanleyville-11.

4.3.3.2. Complex case of --SEA deletion, Hb Westmead, and HbE

A 47-year-old male (case 17 in Table 4.2) arrived at the lab with a complex hematological and
biochemical phenotype. His hemoglobin analysis by HPLC revealed an abnormal peak suggesting the
presence of a structural Hb variant with the same eletrophoretic migration as HbA, (15.9%), which
suggests a probable presence of HbE (a variant of B-chain). This patient presented with anemia (Hb =
9.7 g/dL), microcytosis (MCV = 69.7 fL), hypochromia (MCH = 22.5 pg), and low levels of HCT
(30.1%), which led to the suspicion of a deletion afecting the a-globin gene cluster. Besides that, a
reverse-phase HPLC analysis revealed the presence of another unknown variant (of a-chain), which is
indistinguishable from HbA by HPLC.

As previously mentioned, we performed a MLPA technique on a DNA sample from this individual
and found out that he has the Southeast Asian deletion in heterozygosity (-->54/aa genotype). Previously
described clinical cases with this genotype presented with microcytosis, hypochromia, anisocytosis, and
reduced a- and PB-chain synthesis ratio [73]. It is worth noting that, not only, an association of this
deletion with a milder form of o*-thalassemia leads to HbH disease (--¥4/-a)), but a homozygous for a’-
thalassemia (--SE4/--SE4) can cause Hb Bart’s hydrops fetalis [75]. Therefore, it is of extreme importance
to analyze the a-globin gene cluster of this individual’s potential partner for any deletions and to perform
prenatal diagnosis during pregnancy.

To perform the molecular identification of the unknown o-chain variant, the a-globin genes were
amplified and sequenced. The eletropherogram of the HBA2 gene revealed a substitution at position
369 (HBA2:c.369C>G) (Figure 4.28), which appears to be in homozygosity; however, given the
previous diagnosis of the SEA deletion, we can conclude that this change occurs in hemizygosity. This
substitution affects codon 122 and results in the replacement of histidine for glutamine, which
consequently gives rise to an Hb variant known as Hb Westmead [87,88].

(A) il (B) Il

GC G GTGC AC GC CT CCC GC G G T GC A G GC CT CC
450 450 450

A an]

Figure 4.28 — Molecular identification of a hemoglobin variant: Hb Westmead. Partial Sanger sequencing eletropherogram
of the HBA2 gene at exon 3 showing (A) the wild-type and (B) the mutation HBA2:c.369C>G (p.His122GIn) in hemizygosity
responsible for Hb Westmead. The black arrows indicate the wild type and mutated positions and codon 122 is highlighted in
a blue shaded box.
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In silico studies of Hb Westmead revealed discordant impacts at the protein level. SIFT predicts this
variant to be tolerated with a score of 0.178, whereas PolyPhen-2 (Figure 4.29) classifies this variant as
possibly damaging by the HumDiv model and benign by the HumVar with scores of 0.943 and 0.282,
respectively.

(A

This mutation is predicted tobe POSSIBLY DAMAGING with a score of 0.943 (sensitivity: 0.80; specificity: 0.95)

r T T T T 1
8,86 8.28 8,48 B8.68 8,80 1.88

(B)

This mutation is predicted to be  BENIGN  with a score of 0.282 (sensitivity: 0.87; specificity: 0.76)

r T T T T 1
8,86 8.28 8,48 B8.68 8,80 1.88

Figure 4.29 — Prediction of the pathogenic effect of the p.His122GlIn in the a-globin protein through the PolyPhen-2
software. (A) The HumDiv model predicts the mutation to be possibly damaging. (B) The HumVar model predicts the mutation
to be benign.

The amino acid substitution in Hb Westmead occurs in the fifth amino acid residue of the a-chain
helix H, where the histidine residue is involved in van der Waals contact between al and B1 chains.
Despite this, heat denaturation and modified isopropanol precipitation tests revealed that the substitution
for a glutamine residue does not increase the instability of the o131 contact area [89].

The evolutionary profile of the histidine residue in position 122 of the a-globin chain revealed that
this amino acid residue is highly conserved among similar mammal species (Figure 4.30), suggesting
that the histidine substitution can result in a pathogenic Hb variant. Furthermore, in Hb Westmead there
is a change of peptide charge and, consequently, in its acid-base properties, which can also explain why
this variant is considered to be pathogenic.

Homo sapiens (human) ASLDKFLASVSTVLTSKE
Mandrillus sphinx (mandrill)
Nycticebus coucang (sunda slow loris)
Cercocebus atys (sooty mangabey)

* ASLDKFLASVSTVLTSKR
ASLDKFLASVSTVLTSKR

Otolemur crassicaudatus (brown greater galago) (Nal=a AN T VP ' ASLDKFJASVSTVLTSKIY
Loris tardigradus (red slender loris) dY
Otolemur crassicaudatus (brown greater galago) Myl 4By P ASLDKFEASVSTVLTS KA

Papio anubis (olive baboon)

Gorilla gorilla gorilla (western lowland gorilla)
Cephalopachus bancanus (horsfield’s tarsier) * ASLDKFYASYSTVLTSKES
Otolemur garnettii (northern greater galago) * ASEDI{F ASVSTVLTSKE
Theropithecus gelada (gelada baboon) * ASLDKFLASVSTVLTSKY
Gorilla gorilla gorilla (western lowland gorilla) [H3RZ[4RAN Y P * ASLDKFLASVSTVLTSKYS
Marmota marmota marmota (alpine marmot) * ASLDKFLASVSTVLTSKR
Myotis lucifugus (little brown bat)

Figure 4.30 — Evolutionary conservation profile of the p.His122 amino acid in the a-globin protein. Multiple amino acid
sequence alignment of homolog proteins of 15 related mammal species, obtained through the PolyPhen-2 software. The amino
acid substitution pattern is highlighted with an arrow and inside a black box, in which the letter H represents histidine.

ASLDKFLASVSTVLTSKR

Hb Westmead, one of the most common Hb variants in China [87,90], was first described in a 30-
year-old Chinese female [89]. It has since then been detected in a Laotian family [91] and four Thai
individuals [90]. In these previously described clinical cases, the individuals presented with multiple
abnormal hematological conditions, including anemia, microcytosis, hypochromia, anisocytosis,
poikilocytosis, and polychromasia [88,89,91]. Furthermore, this Hb variant has already been found in
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association with HbE and the 3.7kb a-thalassemia deletion [91], in compound heterozygosity with the
SEA deletion [88], and in coinheritance with B-thalassemia major [88,90].

As previously mentioned, this patient’s HPLC profile revealed a 15.9% peak suggestive of HbE,
because it has a similar retention time as HbA; [92]. Therefore, one of our colleagues used a PCR
technique to amplify the HBB gene and sequenced the resulting fragments through Sanger sequencing.
The obtained results revealed a heterozygous substitution in HBB gene (HBB:c.79G>A) codon 26 that
confirms the presence of HbE.

Hb E results from the alteration of the glutamic acid at position 26 for a lysine residue. Althought
HbE has no clinical significance on its own, its interactions with forms of a-thalassemia can cause a
wide range of clinical symptoms of varying severity. HbE is extremely common in many Asian
countries, including India, Laos, Cambodia, and Thailand [92-94].

To summarize, our 47-year-old male patient represents a very complex clinical case involving the
Southeast Asian a-thalassemia deletion, the a-chain variant Hb Westmead, and the 3-chain variant HbE.
The combination of these three modifications can explain the patient’s phenotype. Aside from that, the
fact that our patient is of Asian descent may help to explain why these alterations were discovered all at
once. Although Hb Westmead has previously been linked to HbE and the SEA deletion separately, as
far as we know, this is the first case in which all three alterations were found in the same individual.

4.4. Haplotypes of the distal regulatory region HS-40

One of the primary goals of this study was to identify the distal regulatory region HS-40 haplotypes
that are associated with the 3.7kb deletion in the Portuguese population with a-thalassemia, as well as
in the general population without this deletion. For that, we performed the identification of the HS-40
haplotypes in 111 Portuguese individuals that were subdivided in three different groups according to
their a-globin genotype:

() Individuals without o-thalassemia: including 50 individuals with normal hematological
parameters and with no common deletions in the a-globin gene cluster.

(1) Carriers of the 3.7kb deletion in heterozygosity: including 34 individuals with the 3.7kb
deletion in heterozygosity (this individuals had been previously studied in our lab for the presence
this deletion).

(111 Individuals with the 3.7kb deletion in homozygosity: including 27 individuals with a
-a’/-0*" genotype (this diagnosis was previously determined by our colleagues from DPS/INSA).

To determine the sequence of the different HS-40 haplotypes, firstly we amplified a DNA fragment
of 400 bp containing the o-MRE, using conventional PCR as described in Table 7.2 of the
Supplementary materials. The amplicons were then visualized in a 2.5% agarose gel (Figure 4.31).
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Figure 4.31 — Visualization of the amplified DNA fragment that includes the HS-40, the principal distal regulatory site
of the a-globin genes. Electrophoretic profile of the 400 bp fragment in a 2.5% (m/v) agarose gel, in an electrophoretic system
at 70V during 60 minutes. M — molecular weight marker (100 bp plus DNA Ladder, BIORON); 1, 2, 3 and 4 —PCR product
including the HS-40 region of four individuals; 5 — negative control. The size of the fragment in bp is included on the right side
of the image.

Following the PCR reaction, Sanger sequencing was used to sequence the DNA fragment containing
the region we intend to study and the results were compared to those described by Harteveld and his
collaborators in 2002 [25].

4.4.1. HS-40 haplotypes in the Portuguese population

The HS-40 sequences of the 111 Portuguese individuals revealed four distinct haplotypes across all
studied groups, labelled A, B, C, and D (Table 4.5).

Table 4.5 — HS-40 haplotypes in the Portuguese population without the a-thalassemia 3.7kb deletion, with the deletion
in heterozygosity and in homozygosity

Individuals Slihestobin A ?_40 hapl"typés D
SRS x (%) x (%) x (%) x (%)
Group I (n=50; x=100) oo/oo 57 (57.0) 39 (39.0) 3(3.0) 1(1.0)
Group II (n=34; x = 68) -0 7 oa 46 (67.7) 19 (27.9) 0(0.0) 3(44)
Group IIT (n=27: x = 54) -3 /=037 31(57.4) 8(14.8) 0(0.0) 15 (27.8)
Total (n=111; x =222) 134 (60.4) 66 (29.7) 3(1.3) 19 (8.6)

n — number of Portuguese individuals; x — number of alleles.

Haplotype A, was found in 134 of the 222 studied alleles (60.4%) and is the most common across all
studied groups, which was expected given that this is the ancestral sequence [25]. In general, the second
most frequent haplotype is B, found in 66 out of the 222 alleles (29.7%). This is the second most frequent
haplotype in individuals without a-thalassemia (group 1) and in carriers of the 3.7kb deletion (group II)
where it represents 39.0% and 27.9% of the alleles, respectively. However, in group I11, where all alleles
have the 3.7kb deletion, haplotype D is the second most prevalent (27.8%). Haplotype C, in general,
was least frequent as it was found in only 1.3% of the 222 studied alleles, all of them in the group with
the wild-type genotype (group ).

When it comes to the HS-40 genotypes, we found seven different combinations designated AA, AB,
AD, BB, BC, BD, and DD. The number of HS-40 genotypes and their distribution within each group
are shown in Table 4.6 and Figure 4.32.
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Table 4.6 — HS-40 genotypes in the Portuguese population without the a-thalassemia3.7kb deletion, with the deletion in
heterozygosity and in homozygosity

. HS-40 genotypes
.. Alph b
Individuals :e;;tg;;em AA AB AD BB BC BD DD
n (%) n (%) n (%) n (%) n (%) n (%) n (%)
Group I (n=50) ao/ua 18(36.0) | 20(40.0) | 1(2.0) 8(16.0) | 3(6.0) 0(0.0) | 0(0.0)
Group II (n = 34) -o37oq 15(44.1) | 13(38.2) | 3(8.8) 3(8.8) 0(0.0) 0(0.0) | 0(0.0)
Group ITI (n=27) -a37/-a37 7(25.9) | 7(25.9) | 10(37.0) | 0(0.0) 0 (0.0) 1(3.7) | 2(7.9)
Total (n=111) 40 (36.0) | 40(36.0) | 14 (12.6) | 11(10.0) | 3(2.7) 1(0.9) | 2(1.8)
n — number of Portuguese individuals.
(I) 6.0% (I I) 8.8%
16.0% 8.8%
36.0%
44.1%
2.0%
38.2%
40,0%
) 7.4%
3.7%
25.9%
AA AB AD
BB BC BD
37.0% DD

259%

Figure 4.32 — Graphic distribution of the different HS-40 genotype frequencies (in %) according to the corresponding
a-globin genotypes of the studied Portuguese individuals. (1) in the group without the 3.7kb a-thalassemia deletion (ao/o0);
(I1) in the group with the 3.7kb deletion in heterozygosity (-a37/aa); (111) in the group with the 3.7kb deletion in homozygosity

(~a37/-037).
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The graphic representations above show that the AA and AB combinations are the two most common
in patients without a-thalassemia (36.0% and 40.0%, respectively), as well as in those with the -o®7/aa
genotype (44.1% and 38.2%, respectively). However, the same cannot be said for patients with a
-a’/-0®7 genotype, which have a higher prevalence of the AD combination (37.0%).

Haplotype B presents with a decrease in frequencies across studied groups, with 39.0% in the
individuals without a-thalassemia, 27.9% in carriers of the 3.7kb deletion, and 14.8% in patients with
the same deletion in homozygosity. This is especially noticeable when it comes to the BB genotype
(represented in purple), which is the third most frequent genotype in the first group mentioned (16.0%),
but was not found in patients with the 3.7kb deletion in homozygosity.

On the other hand, haplotype C was only found in individuals without a-thalassemia, in combination
with B, resulting in the BC genotype (represented in yellow).

Haplotype D shows a tendency contrary to that displayed in haplotype B. In this case, it is possible
to observe an increase in the frequency along the studied groups, with only 1.0% in the individuals
without a-thalassemia, 4.4% in individuals with a -o*/aa genotype, and 27.8% in patients with the
3.7kb deletion in both alleles. This haplotype was found in three different combinations: AD, BD and
DD. The majority of haplotype D was found in combination with haplotype A, giving rise to genotype
AD (represented in green). This genotype was found in a total of 14 individuals, with 10 of them being
homozygous for the 3.7kb deletion (71.4%). Thus, this is the most frequent genotype in the group with
the 3.7kb deletion in homozygosity and, through the graphic representations shown above, it is possible
to observe an increase of the frequency in which this combination was detected across the studied
groups. Both genotype BD (represented in orange) and genotype DD (represented in grey) were only
found in individuals diagnosed with the 3.7kb deletion in homozygosity.

In order to evaluate if the distribution of the HS-40 haplotypes and genotypes is different between
groups and is related with the presence of 3.7kb a-thalassemia deletion, we compared the proportions
of haplotypes and genotypes between group | (without a-thalassemia) and group Il (individuals with
the 3.7kb deletion in homozygosity). Through this statistical analysis (using the Test of Equal or Given
Proportions), it was possible to conclude that the distribution of HS-40 haplotypes and genotypes are
significantly different between individuals with and without the 3.7kb a-thalassemia deletion (p_value
< 0.001) and, consequently, there is an association between specific HS-40 haplotypes and the presence
of this deletion in the Portuguese population. For this conclusion, it certainly weighs a lot the presence
of haplotype D, as well as the genotypes AD, BD, and DD that were found in group IlI.

4.4.1.1. Ancestry of the 3.7kb a-thalassemia deletion in the Portuguese
population

After determining that specific HS-40 haplotypes are associated with the 3.7kb a-thalassemia
deletion in the Portuguese population, we wanted to investigate the ancestry of this deletion in our
population.

As previously revealed by our results, in the Portuguese population, haplotype D is the second most
common (27.8%) in the group of individuals with the 3.7kb deletion in homozygosity, and was found
in three different combinations: AD, BD, and DD. Initially, these genotypes were only reported in
African people [25]; however, in a more recent research, they were also detected in Uruguayans [95].
In these two populations, genotypes AD, BD, and DD have been found mostly in individuals with the
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3.7kb deletion. Thus, there is a strong possibility that haplotype D is associated in cis with this o-
thalassemia deletion.

In order to better visualize the similarities between the Portuguese population with the 3.7kb deletion
and other populations, we performed a multiple correspondence analysis using R software. This analysis
revealed that individuals who do not have a-thalassemia (PRT Normal) are grouped with other European
populations, while samples with the 3.7kb deletion (PRT -a3.7/aa and PRT -a3.7/-a3.7) are isolated
from these and found to be more closely related to the African population (Figure 4.33).

Dim 2 (11.11%)

*
URY -a3.7/aa
PYG‘Normal i

IDN Normal |

0.0+ CHN Normal -BEA-N:C.}F.H’I@ -----------------------------------------

URY Hlormal
IND Normal |

IRN Normal l
1

ITA Normal
DEU.Normal

Dim 1 (11.11%)

Figure 4.33 — Multiple correspondence analysis of the HS-40 genotypes in multiple geographic populations. AFR:
African; BRA: Brazilian; CHN: Chinese; DEU: Dutch; IDN: Indonesian; IND: Indian; IRN; Iranian; ITA: ltalian; PRT:
Portuguese; PYG: Pygmies; URY: Uruguayan. All the genotypes from foreign populations were collected from [25,26,95,96].
The Portuguese populations investigated in this study are marked as PRT normal (group I); PRT —03.7/a0. (group II) and PRT
—03.7/-03.7” (group III).

In conclusion, our results show a predominant African origin of the 3.7kb a-thalassemia deletion in
the Portuguese population.

4.4.2. Influence of haplotype D in the long-range regulation of a-globin gene
expression

Haplotype D derived from haplotype A by a nucleotide substitution at position +158, which leads to
a change in the consensus sequence for the AP-1/NF-E2 binding site [25], a composite binding site that
is recognized by the transcription factor NF-E2 [97,98].
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NF-E2 belongs to the basic region-leucine zipper (BZIP) family and is composed by two protein
dimers: a widely expressed 18 kDa (p18Nfe2) and a hematopoietic-specific 45 kDa subunit (p45Nfe2).
The protein p45Nfe2 is expressed in hematopoietic cells of the erythroid, megakaryocytic, and mast cell
lineages and, therefore, its expression is considered hematopoietic restricted [98-100].

Multiple studies have been performed in order to understand the role of NF-E2 in the regulation of
globin gene expression. Studies using MEL cells revealed that this transcription factor acts as an
enhancer-binding protein for long-range regulation of globin gene expression and that, consequently, a-
globin gene expression is highly dependent on NF-E2 [100]. Analysis of mice lacking NF-E2 showed
that erythroid development is only subtly disturbed, with red cells presenting a slightly decrease in
hemoglobin content and exhibit some microcytosis. These mice were also associated with an increased
erythropoiesis and mild anemia [97,98]. Besides that, the same study showed that a mutation in NF-E2
leads to a 25% reduction in a-globin gene expression [98].

As a result, interference in the NF-E2 binding site, as seen in haplotype D, may result in decreased
a-globin gene expression; even so, the presence of this HS-40 haplotype in heterozygosity is not enough
to cause a-thalassemia. Moreover, the interference with this transcription factor binding site may have
a greater impact in individuals that either have the genotype DD or that have a combination of haplotype
D and an o-thalassemia defect, such as the 3.7kb deletion. When it comes to individuals that are both
homozygotes for the HS-40 haplotype D and for the 3.7kb deletion, a-globin gene expression may
reduce below a critical level and result in the formation of HbH (B4 tetramers), due to an excess of
unpaired B-globin chains [25]. However, due to the small humber of homozygous individuals for the
HS-40 DD genotype and the 3.7kb deletion that have been found, this association is yet to be established.

Considering the effects that the interference in the NF-E2 binding site had in the hematological
parameters of NF-E2 deficient mice (mild anemia, slight microcytosis and hypochromia), we would like
to investigate if this could be applied to our studied population. For that, we compared the hematological
parameters available for individuals with the HS-40 AA, AD, and DD genotypes, in the group with the
3.7kb a-thalassemia deletion. However, according to the results of the statistical analysis, there are no
significant differences (p_value > 0.05) for any hematological parameters. These results may be justified
by many reasons. One of them could be that the sample size is too small to draw any conclusions.
Another reason could be that long-range regulation of a-globin gene expression in mice differs from
that in humans, as suggested by other studies [12,101,102] and is probably under a more complex
mechanism.

To go further into this subject, it would be essential to carry out this investigation in a larger
population sample. Furthermore, in vitro expression experiments using constructs with the luciferase
gene under the control of different human HS-40 haplotypes would be extremely beneficial in better
understanding the influence of the D-allele in a-globin gene expression.
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5. Conclusion

One of the primary goals of this study was to contribute to the knowledge of the spectrum of deletions
and point mutations that cause a-thalassemia or give rise to a-chain hemoglobin variants in the
Portuguese population. For that, 17 samples from individuals suspected of having one or both conditions
were analyzed through different molecular methodologies.

In the 11 samples studied for the diagnosis of deletional a-thalassemia using Gap-PCR and Multiplex
Gap-PCR techniques, we were able to identify four heterozygous (-o®'/ao genotype) and two
homozygous individuals (-a*’/-0*7 genotype) for the 3.7kb deletion, as well as one carrier of the 4.2kb
deletion (-a*2/a0 genotype). For the four individuals that did not have neither the 3.7kb nor the 4.2kb
deletions, an MLPA technique was used to search for large and/or unknown deletions. This methodology
allow the identification of four distinct deletions in heterozygosity, the Southeast Asian deletion (--
SEAlao, genotype), and three very rare deletions that remove the upstream regulatory element HS-40:
(ao)T deletion, (aa)™ deletion, and (a.a)™M deletion.

The molecular diagnosis of the a-chain hemoglobin variants was performed for nine samples and
allowed the identification of eight different missense variants in coding regions of HBA genes. These
structural hemoglobin variants have different pathogenicity classifications: five are benign (Hb J-Paris,
Hb Nouakchott, Hb Brugg, Hb Oleander, and Hb Stanleyville-11), one is likely pathogenic (Hb
Westmead), and two are pathogenic (Hb Legnano and Hb Setif). It is worth noting that Hb Stanleyville-
Il was discovered in two individuals alongside with the common 3.7kb a-thalassemia deletion, and that
Hb Westmead was found simultaneously with the Southeast Asian deletion and with HbE (a hemoglobin
variant of f-chain).

The second main goal of this study was to identify the different HS-40 haplotypes (A to F) that are
associated with the 3.7kb deletion, the most common a-thalassemia deletion, in the Portuguese
population, and determine its ancestry. In this part of the study, 61 samples from individuals diagnosed
with this deletion (34 with the -a>/ao genotype and 27 with the -o®7/-a®" genotype), as well as 50
controls without a-thalassemia were analyzed.

The sequence of HS-40 haplotypes revealed four distinct haplotypes labelled A, B, C, and D.
Haplotype A was the most common in all studied groups, and in individuals without a-thalassemia and
in the carriers of the 3.7kb deletion the second most frequent haplotype was B. However, in the
individuals with this deletion in homozygosity, haplotype D was the second most common.

When it comes to the HS-40 genotypes, we found seven different combinations designated AA, AB,
AD, BB, BC, BD, and DD. The AA and AB combinations were the most common in individuals without
a-thalassemia and in those with the -a*"/aa genotype, while in patients with the -o®7/-a*’ genotype the
most prevalent combination was AD. Using statistical tests, we verified that the distribution of HS-40
haplotypes and genotypes has significant differences between individuals with and without a-
thalassemia.

In individuals with the 3.7kb deletion in homozygosity, the AD genotype was the most frequent and,
in this group, it was also possible to find the BD and DD combinations. Therefore, it is possible to
conclude that haplotype D is associated in cis with the 3.7kb o-thalassemia deletion. These results may
have clinical importance as this haplotype has an alteration in the consensus sequence of the NF-E2
binding site and in vitro experiments showed a decrease in its enhancer activity on a-globin genes.
Furthermore, a multiple correspondence analysis revealed that Portuguese individuals without -
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thalassemia are grouped with other European populations, while samples with the 3.7kb deletion are
separated from these and more closely related to the African population.

To summarize, this study allowed the identification of six different deletions, three that remove one
or more of the a-globin genes and another three, very rare, that affect the upstream regulatory elements,
as well as eight a-chain hemoglobin variants, two of which are considered pathogenic (Hb Legnano and
Hb Setif) and one that is likely pathogenic (Hb Westmead). This way contributing to the knowledge of
deletions and point mutations that cause a-thalassemia and lead to a-chain hemoglobin variants, which
allows a better referral to genetic counseling, especially for couples with a chance of having a child with
HbH disease or Hb Bart’s hydrops fetalis.

Furthermore, this study revealed for the first time an association between a specific HS-40 haplotype
and the common 3.7kb a-thalassemia deletion in the Portuguese population, and its likely African
ancestry. To go further into this subject, it would be extremely beneficial to perform in vitro experiments
using constructs with the luciferase gene under control of different HS-40 haplotypes, in order to better
understand the effect of haplotype D in the expression of a-globin genes.
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ELEMENTOS DE INFORMACAQ AO PARTICIPANTE

Titulo do projeto: INVESTIGACAD MOLECULAR EM HEMOGLOBINOPATIAS — APOIO DE 12D AO PNCH E
A PRESTACAD DE SERVICOS DIFERENCIADOS NESTA AREA REALIZADOS MO INSA

Referéncia: Proj. INSA n® 20000G720; 2010-2023

Investigador responsavel pelo projeto:
Paula Fausting; Investigadora Auxiliar
Departamento de Genética Humana, Instituto Macional de Sadde Dr Ricardo Jorge (INSA)
Avenida Padre Cruz; 1649-016 LISBOA
Telefone: 217508164, e-mail: paula.faustinoi@insa. min-saude.pt

Objetivos do projeto:

Az hemoglobinopatias sd0 um conjunto de doencas genéticas reladonadas com a hemoglobing, o
principal constituinte dos globulos vermelhos do sangue. Na base destas doencas podem estar lesdes nos
genes gue codificam as cadeias globinicas (por ex., em HBB, HBA, HBD, HBG) constituintes da
hemoglobina efou nas suas regides regulatorias.

Dada a possibilidade de ocorrerem, simultaneamente no mesmo individuo, maltiplas lesbes nos diversos
genes globinicos efou nas suas regides regulatorias existe grande variabilidade e complexidade nas
manifestacbes da doenca. Contribuem ainda para isso um conjunto de fatores genéticos nao-globinicos
[por ex., variantes em genes tais como BCLI1A, KLF1, VCAM1, NOS3, CD36).

Com este projeto pretende-se esclarecer a base molecular & compreender o5 mecanismos subjacentes 3
doenca nos casos complexos de hemoglobinopatias que ndo ficaram totalmente esclarecidos no
diagndstico anteriormente oferecido pela prestacio de servigos realizada no INSA. Ainda, a descoberta de
variantes genéticas novas, ou muito raras, durante o processo de diagnostico anteriormente realizado
pode requerer uma investigacdo complementar para esclarecimento da respetiva patogenicidade.

Condigdes para a participacao:

Para participar neste projeto de investigagdo & necessaria a colheita de uma amostra de sangue periférico
[cerca de 5 mL) que sa destina a realizacdo de estudos genéticos envolvendo ofs) gene(s) efou as regides
regulatarias acima mencionado(s).

A participacdo neste estudo & de caracter voluntario e os riscos fisicos, psicologicos ou sociais associados
a essa participacdo sdo considerados minimos.

As amostras colhidas no dmbito deste projeto ndo podem ser utilizadas em atividades com fins lucrativas,
pelo que ndo existe qualguer contrapartida financeira para os individuos que as tenham cedido. Assim,
nao esta previsto qualguer pagamento de eventuais despesas derivadas da sua participacdo.

Para garantir a privacidade das pessoas participantes e a confidencialidade e protecdo dos dados, as
amostras de produtos bioldgicos e os eventuais dados demogréficos e clinicos correspondentes serdo
pseudonimizados e tratados exclusivamente por pessoal sujeito a sigilo profissional.

O participante neste projeto tem o direito de decidir, a qualquer momento, a sua retirada do estudo
através de solicitacdo escrita dirigida ao investigador responsavel adma identificado, sem que dai possa
advir qualguer prejuizo na assisténda que lhe € prestada.

{No verso desta foiha encantro-se a declarocdo de consentimento informado € esclarecida)
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Figure 7.1 - Information given to the adult participants for the molecular study of hemoglobinopathies.
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SERVICOS DIFERENCIADOS NESTA AREA REALIZADOS NO INSA Designagio da Estuda

Eu, {mome complefo do parbicipants)
abaivo-assinado, compreendi a explicacio escrita e verbal que me foi dada acerca deste estudoiprojeto de investigagso,
tomando conhecimento dos objetivos, metodos, beneficios previsivels & nscos potenciats, bem como das garantias dz
confidencialidade previstas.

Foi-me dado tempo de reflexdo e oportunidade de fazer as pergunias que julgusi necessanas, obtendo respostas
satisfatirias.

Sel que as minhas decizbes, abaixo assinaladas, ndo €m qualquer efeito prejudicial na assisténcia que me & prestada.
Sei tambem gue ndo serei ressarcido de quaisguer despesas decorrentes da participagso.

* Pretende ser informado, atraves do seu meédico assistente, dos resultados da investigagdo que possam vir
a demonstrar-se de utilidade clinica para a sua doenga? OSm 0O Nao
» Autoriza a utilizagdo dos resultados obtidos, devidamente anonimizades, para publicagtes cientificas?
OS%im OMNao

Autorizagio para BIOBANCO™- Se terminado este estudo restar ainda alguma amostra biclogica por =i facultada,
autorza que esta seja conservada no DGH por tempo indeterminado (sendo o seu acesso condicionade a pessoal
devidamente autorizado) para utiizagio em estudos futuros devidaments aprovados pela Comissdo de Efica para a Salds
do INSA? O Sim O Nio
*  Serespondeu sim, pretende que essas amostras ssjam anonimizadas de forma definitva? O Sim O Nao
®  Se ndo, pretende ser informado, através do seu médico assistents, dos resultados da investigacdo que
possam vir a demonstrar-se de utilidade clinica para o seu caso pessoal elou da sua descendéncia?
O 5im O Nao

Tratamento dos seus dados pessoais e respetiva informatizagao

0= seus dados pessoais, nos quais poderdo estar incuides dados que revelem informacao sobre o estado da sua salde, serdo objeto
de tratamento pelo Departamento de Genética Humana do INSA IP, com total garantia de sigilo, sendo utilizados exclusivamente para
efeifos de gestdo e processaments das afividades de prestacio de senigos, cuidados e tratamentos de salide visando o dagndstico e
eventual fratamento da sua situagao clinica bem como a investigagSo biomedica.

0 responsavel pelo fratamento & o INSA. IP, sendo-lhe possivel aceder e retificar oz seus dados & requerer, a fodo o tempo, & refirada
de qualquer um dos congentimentos gue tenha prestado para 0 repetive Tatamento, solictando-0 por e4mail para o endereco de
comeio slefrdnico dooinsa. min-saude pt.

Concorda com o trataments dos seus dados pessoais & respefiva informatizacio? O Sim O Mo

Declaro que li e compreendi a informagio que me foi transmitida.

| Assingturg do participants Data: |

| Aszinatuny do investigador responsavel ow do madico colaborador do estudo |

Investigador responsavel: Pawla Fausting
Confactos: Departamento de Genética Humana; telef: 217508164; e-mail pawla. faustino insa min-zaude pt

il Considerande = “DeclarsgSo de Helsinguiz” da Associagso Médics Mundial (Brasilia 2013); 1 Com copia para o interessado; 4 De acordo como
estipulado na Lei 12/2005 de 26 de Janeiro, Artigo 19202 5
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Figure 7.2 - Informed consent signed by adult participants for the molecular study of hemoglobinopathies.




Table 7.1 - Conventional PCR conditions for the amplification of the genes HBA2 and HBA1

Primers PCR Mixture PCR reaction
Genes 1D Sequence e . Reagents Concentration TEm e Ll Time
@9 | ¢O) (L) (Y]
o Buffer + PME 10x 2.5
DMSO 5% 25
A S'UTR F1 , , BSA 10 mg/mL 0.4
(Fw) 5' - GGACTCCCCTGCGGTCCAGG - 3 20 | 62.0 . MeCl, 01M 0.5
2 dNTPs 100 mM 0.5
-,;—5 Primer A 5°UTR F1 (Fw) | 25 pmol/uL 0.5
= Primer C3 (Rv) 25 pmol/puL 0.5
H,0 - 16.3 95 10 min
B4 3 ' ' AmpliTaq SU/uL 0.3 95 1 ml:.n
and RV) 5'- CTCCATTGTTGGCACATTCCGGG - 3' | 23 | 58.8 DNA = 100 ng 1.0 61 1 min |x 32
HBAJ o Buffer + pME 10x 2.5 72 1 Ill]l.Tl
DMSO 5% 2.5 72 10 min
BSA 10 mg/mL 0.4 4 10 min
= MgCl, 0.1M 0.5 - 15 min
2 dNTPs 100 mM 0.5
o2 g Primer A_S’UTR_F1 (Fw) | 25 pmol/uL 0.5
'd_ 5' - CTGCTGTCCACGCCCATGCC - 3' 20 | 60.0| = Primer C2 (Rv) 25 pmol/pL 0.5
(Rv)
H,0 - 16.3
AmpliTaq 5U/ul 0.3
DNA = 100 ng 1.0

ID — Identification; Fw — Forward; Rv — Reverse; nt — Nucleotides; Tm — Melting Temperature; BME — B-mercaptoethanol; DMSO — Dimethyl Sulfoxide; BSA — Bovine
Serum Albumin; MgClz — Magnesium Chloride; dNTPs — Deoxyribonucleotide Triphosphate; AmpliTag® DNA Polymerase (Applied Biosystems); min - Minutes




Table 7.2 - Conventional PCR conditions for the amplification of the regulatory region HS-40

Primers PCR mixture PCR reaction
Reglon ID Sequence Size "{m Reagents Concentration Volume Tempoerature Time
(nt) | CC) (L) (C)
o Buffer + PME 10x 25
DMSO 5% 25
h-MI3-aMRE 5' - CGACGTTGTAAAACGACGGCCAGTCGGCCGGGAGGCTCTCAGGAACAAGA - 3' 50 | 76.1 BsA 10 mg/mL 0.4 94 5 min
Fw) .
MeCly 0.1 M 0.5 94 1 min
MREHS. 40 dNTPs 100 11M 0.5 61 1 min |x 34
Primer h-M13-oMRE (Fw)| 25 pmol/uL 0.5 72 1 min
hobi Primer h-bio-aMRE (Rv) | 25 pmol/uL 0.5 72 10 min
) l?l;i?m 5'- CGCCCGCCCCGCCCCCGTGCCCCCCGlGCGlCCGlCGCGGLCGCAGCCTGGCTGTGAACACTTT -3 | 65 | 88.6 H,O - 16.3 4 10 min
AmpliTaq 5U/uL 0.1 - 15 min
DNA = 100 ng 1.0

oMRE - a-Major Regulatory Element; ID — Identification; Fw — Forward; Rv — Reverse; nt — Nucleotides; Tm — Melting Temperature; BME — p-mercaptoethanol; DMSO - Dimethy| Sulfoxide; BSA — Bovine Serum
Albumin; MgCl. — Magnesium Chloride; dNTPs — Deoxyribonucleotide Triphosphate; AmpliTag® DNA Polymerase (Applied Biosystems); min — Minutes

Table 7.3 — Gap-PCR conditions for the amplification of a fragment containing the (aa)”L" deletion

Primers PCR mixture PCR reaction
Gene Volume | Temperature .
1D Sequence Size (nt) | Tm (°C Reagents Concentration o Time
m (S (nL) CO)
LA PCR Buffer II Mgz_ plus 10x 2.50
- "j .
Cl6orf35.2) 5 GCACAGGGACACAGCTGGACAC 3 | 22 60.4 BSA 10 mg/mL | 0.35 3 3 min
(Fw) dNTPs 25 mM 4.00 95 1 min
(aa)'”‘r Primer C160rf35.2 (Fw) 15 pmol/uL 0.50 65 1 min x 30
deletion Primer C1601f35.5 (Rv) 15 pmol/pL 0.50 72 15 sec
. ) S i
CL60r35.5| § G ATCAGGGAGTGGGGCCAGTGG 3 | 22 62.3 H0 16.9 2 10 min
(Rv) TaKaRa LA Taq Hs 1.25 U/uL 0.25 4 -
DNA =2ng 1.0

ID — Identification; Fw — Forward; Rv — Reverse; nt — Nucleotides; Tm — Melting Temperature; BSA — Bovine Serum Albumin; dNTPs — Deoxyribonucleotide Triphosphate; min — Minutes;
sec - Seconds

61




Table 7.4 - Composition of the buffer solutions used during the study

o Buiffer TBE Buffer (10x) Bromophenol Blue Solution (10 mg/mL)
(NH,),S0, 166 mM Tris HCL 108 g Glicerol 18.75 uL
Tris HCIL 670 mM Boric acid 55¢g EDTA 75.00 uL
MeCl, 15 mM EDTA 74g Bromophenol Blue 022¢g
EDTA 0.67 mM H,0 until 1L H,O 8.75 pL
H;O0 - TBE Buffer (1x) NaOH (until it furns blue)
p-mercaptoethanol 100 mM [ 250 mL TBE (10x) + H,O until 2.5L

(NH4)2SO4 — Ammonium Sulfate; HCI — Hydrochloric Acid; MgClz — Magnesium Chloride;
EDTA - Ethylenediamine Tetraacetic Acid; TBE — Tris-Borate-EDTA; NaOH - Sodium

Molecular
A Molecular B ¢
*) weight (bp) ®) weight (kb)

1,500

1,000
900
800

700
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Figure 7.3 - Molecular markers used in electrophoresis performed in an agarose gel. (A) 100 bp plus DNA Ladder
(BIORON) marker in a 1.5% agarose gel. (B) 1 kb DNA Ladder (BioLabs) marker in a 0.8% agarose gel. The molecular weight
of each band is presented in base pairs (bp) and kilobases (kb), respectively.

Table 7.5 - Gap-PCR conditions for the detection of the 3.7kb a-thalassemia deletion

Primers PCR Mixture PCR reaction
Genes ID Sequence fe Reagents Concentration Volume | Temperature Time
@y | o) (L) ¢o
a Buffer + pME 10x 2.5
DMSO 5% 2.5
C10 BSA 10 mg/mL 0.4
5' - GGGATGCACCCACTGGCACT - 3' 20 (579
(Fw) - MgCl, 0.1M 0.5
E|  avtes 100 mM 0.5
-%-3 PriJ.ner C10 (Fw)| 25 pmol/uL 0.5
Primer C3 (Rv) | 25 pmol/pL 0.5
H,0 - 16.3 94 5 min
HBA?Z, C3 AmpliTaq 5U/uL 0.3 94 1 min
HBAI and ®RY) 5'- CTCCATTGTTGGCACATTCCGGG - 3' | 23 | 58.8 DNA =100 ng 1.0 64 1 min |x 34
Hybrid a Buffer + pME 10x 25 72 1 min
Gene DMSO 5% 25 72 10 min
BSA 10 mg/mL 04 4 10 min
= MeCl, 0.1M 0.5 - 15 min
g dNTPs 100 mM 0.5
o2 g Primer C10 (Fw)| 25 pmol/puL 0.5
- 5' - CTGCTGTCCACGCCCATGCC - 3' 20 | 60.0| | Primer C2 (Rv) | 25 pmol/puL 0.5
(Rv)
1,0 - 163
AmpliTaq S5U/uL 0.3
DNA = 100 ng 1.0

ID — ldentification; Fw — Forward; Rv — Reverse; nt — Nucleotides; Tm — Melting Temperature; pME — (-
mercaptoethanol; DMSO - Dimethyl Sulfoxide; BSA — Bovine Serum Albumin; MgCl2 — Magnesium Chloride;
dNTPs — Deoxyribonucleotide Triphosphate; AmpliTag® DNA Polymerase (Applied Biosystems); min — Minutes
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Table 7.6 - Multiplex Gap-PCR conditions for the detection of the 3.7kb and 4.2kb a-thalassemia deletions

Primers PCR mixture PCR reaction
G i Tm Temperature
e ID Sequence Size o Reagents Concentration Volume pu Time
@t | CO) (uL) (9]
A i 2+ 5
a2/3.7-F 5 - CCCCTCGOCAAGTCCACCC - 31 19 597 LA PCR Buffer Il Mg~ plus 10x 2.50
(Fw) BSA 10 mg/mL 0.35
p .
3.7/20.5-R 5. AGCACTCTAGGGTCCAGCG - 3' 21 | 363 . dNTPs 100 mM 4.00 96 15 min
(Rv) Primer a2/3.7-F (Fw) 50 pmol/pL 1.00 98 45 sec
HBA2, 2 Primer 3.7/20.5-R (Rv) | 25pmoluL | 0.50 64 90sec | x30
Hfl“ié ?;‘d ‘;‘I'{') 5' - AGACCAGGAAGGGCCGGTG - 3' 19 576 Primer o2-R (R¥) 25pmol/ul | 0.50 72 120 sec
. v
ge;; Primer 4.2-F (Fw) 25 pmol/pL 0.50 72 5 min
4.2-F Primer 4.2-R (Rv) 25 pmol/pL 0.50 4 10 min
5' - GGTTTACCCATGTGGTGCCTC - 3' 21 |56.3 .
(Fw) H,0 - 14.9 - 15 min
> 1.25 U/ 2
42R ) o  CCCGTTGGATCTTCTCATTTCCC -3 | 23 |57.1|  TRaRalATaqHs mLo 025
(Rv) DNA =15ng 1.00

ID — Identification; Fw — Forward; Rv — Reverse; nt — Nucleotides; Tm — Melting Temperature; BSA — Bovine Serum Albumin; dNTPs — Deoxyribonucleotide
Triphosphate; min — Minutes; sec - Seconds

Table 7.7 - Conditions for Sanger sequencing

PCR mixture PCR reaction
Reagents Concentration| Volume (nL)| Temperature (°C) Time
Big Dye Buffer 5x 1.75 96 4 min
Big Dye 2x 0.50 96 10 sec
Primer Fw or Rv 2 pmol/ puL. 1.00 55 Ssec [x25
H,O - 5.25 60 4 min
PCR amplification product - 1.50 60 8 min
4 10 min
- 15 min

Fw — Forward; Rv — Reverse; min — Minutes; sec - Seconds



Figure 7.4 - Genetic code. Association between the DNA nucleotide sequence and the respective amino acids in the protein:
a set of three nucleotides (codon) corresponds to the initiation codon (start), one amino acid or one termination codon (stop).

Taken from [103].

Table 7.8 - Nucleotide code from the International Union of Pure and Applied Chemistry (IUPAC)

Nucleotide Code Base Description
A A Adenine
C C Cytosine
G G Guanine
T T Thymine
R Aor G Purine
Y CorT Pyrimidine
S GorC Amino
W AorT Keto
K GorT Strong interaction
M AorC Weak interaction
B CorGorT Not A
D AorGorT Not C
H Ao CorT Not G
\ AorCor G Not T
N AorCorTorG Any base
. Or - None Gap
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Table 7.9 - Amino acids code from the International Union of Pure and Applied Chemistry (IUPAC)

Aminoacid |Nomenclature| Symbol
Alanine Ala A
Arginine Arg R

Asparagine Asn N

Aspartic acid Asp D
Cysteine Cys C
Glutamine Gln Q
Glutamic acid Glu E
Glycine Gly G
Histidine His H
Isoleucine lle |
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T

Tryptophan Trp W

Tyrosine Tyr Y
Valine Val 4

Table 7.10 - MLPA conditions for the detection of CNV in the a-globin gene cluster

Reaction Mixtures Reaction Conditions

Mixture Reagents Volume (uL)| Volume/tube (pL) Step Temperature (°C) Time
Rnase A (0.5 mg/mL) 1.0 RNase Digestion 37 30 min

Mix 0 DNAH(:(ZS ng) ;g 30 DNA Denaturation g? 10 1;;; .
Mix I SALSA Probe Mix 1.5 10 95 1 min

MLPA Buffer 1.5 Hybridation Reaction 60 l6h

Ligase-65 Buffer A 3.0 54 Mix II
Mix II Ligas§-65 Buffer B 3.0 320 54 15 11?'111
Ligase-65 1.0 ' Ligation Reaction 98 5 min

H,0 25.0 20 Mix III
95 30 sec

Primer Mix 2.0 60 30sec [x35

MixIII | SALSA Polymerase 0.5 10.0 PCR Reaction 72 60 sec
H,0 7.5 72 20 min
15 10 min

min — Minutes; sec —Seconds. All the reagents used in Mix I, Il and 111 are from the SALSA® MLP A® probemix
P140-C1 HBA kit. Adapted from [40].

463

NEH10d

382 436 292

178

l

346

364

l

Ob-SH
TdZgH

S =t
CakliEigk

\
\
\

184 391

373

|

147

Repeat 1

328 160
|

1721190

il

214

]

136 202

256

Repeat 2 :
|
226 165 |

172 | 283

|
ZSOJ/ |154
Lo

337 214

]

l

TvaH

vaH

310 400

277 445

—

£2NM1
£9411

TNIXY
7¥o3a

Figure 7.5 - Representation of the location of the probes in the SALSA MLPA probemix P140-C1 HBA. The blue boxes
represent the genes in the a-globin gene cluster. The numbers above the arrows represent the amplification size (in nt) of the
respective probes. The two regions between the two dashed blue lines present high similarity regarding the probes. This picture
is not at scale and it only intends to provide an illustration of the sequential order of the probes. Taken from [40].
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Table 7.11 - MLPA probes for the a-globin gene cluster arranged according to their chromosomal location

Length SALSA MLPA probe Cene/Exon Partial sequ.em:.e (24. nt adjacent to | Distance to next
(nt) lization site) probe (kb)
- - - From p-telomere to POLR3K probe 372
463 19236-L25316 POLR3IK ATATGCTCTGTG-TAAAGTCCTATT 66.4
178 04799-L04797 HS-40 CTGCCCAAGCCA-AGGGTGGAGGCA 0.2
382 04800-L04175 HS-40 GGTACTGCTGAT-TACAACCTCTGG 300
Jo4 04926-1.23386 9.2 kb before HBZ GGCTGGGGCTCA-AACCAAGGCCCA 57
346 04622-L04001 3.5 kb before HBZ CGCAGTGCTAGA-AGGGAGTTCCTG 33
436 | 17214-SP0457-L20489 0.2 kb before HBZ TTCCTCTCCTGT-37 0t spannmg 6.9
oligo-AGTCTAGGAGAG
292 04624-L04004 Between HBZ and HBZPI GTGGAGTAGGCT-TTGTGGGGAACT 718
184 04637-L0O4018 Between HBAP? and HBAP] | AGTGGCCACAAT-TTGGCAGACAGA 235
391 18097-L22521 3.0 kb before HBA2 AGGAAGGGGTGA-GAATGAGAGAAA 0.5
373 18090-L0O8415 2.5 kb before HBA?2 ATGTCCAGAAGA-AAAGCGGTGACA 1.6
147 18098-L22522 0.9 kb before HBAZ GATAAACAAACT-TGGCTCTGGGTA 0.2
328 18092-L22516 0.6 kb before HBAZ CCGGGAAGGAAC-AAACACCAGGAC 0.6
220 18099-L22524 HBAT e HBAZ  exon 1 AAGAGTGCCGGG-CCGCGAGCGCGC 0.1
214 18881-L0O6288 HBAT e HBAZ exon 1 CGOGCCGACCTT-ACCCCAGGCGGC 0.4
160 08498-L08422 HBAZ _ntron 2 GCGCCTTCCTCT-CAGGGCAGAGGA 0.1
244 04633-L23748 HBAZ _intron 2 GGGCCTGGGCCG-CACTGACCCTCT 0.1
172 15857-L21812 HBAT e HBA2 exon3 GCAGGGGTGAAC-TCGGCGGGGAGG 0.1
136 | S0585-SP0043-1.09493 | Hb Constant Spring mutation CCAAATACCGTC-28 nt spanning 0.5
oligo-TGCCCGCTGGGC
150 18096-L22520 2.5 kb before HEAI TTCTCTCATTCC-CACCCCTTCCTG 0.5
(0.4 kb after HBA2)
202 18880-L24428 2.0 kb before HBA GTCACTGCTTTC-CTTCTGGACATG 0.6
256 08494-L0O8417 1.5 kb before HBA T TTCTCTGCCCAA-GGCAGCTTACCC 0.6
337 14855-L23604 0.9 kb before HBA T CTGGAGCATTCA-ACCTCCTCTGGG 0.3
226 18093-L22517 0.6 kb before HBAT TCCTGGTGTTTA-TTCCTTCCCGGT 0.6
220 18099-L.22524 HBAI e HBAZ  exon 1 AAGAGTGCCGGG-CCGCGAGCGCGC 0.1
214 18881-L06238 HBA4! e HBA4Z exon CGCGCCGACCTT-ACCCCAGGCGGC 0.4
165 08498-L21607 HBAI _intron 2 GCGCCTTCCTCG-CAGGGCAGAGGA 0.1
230 04633-L23600 HBAI . intron 2 GGCCCTCGGCCC-CACTGACCCTCT 0.1
172 15857-L21812 HBAI e HBAZ2 exon3 GCAGGGGTGAAC-TCGGCGGGEGAGG 03
154 0845%-1.23594 0.1 kb after HBAI TGGGACACACAT-GGCTAGAACCTC 0.3
283 04638-L23602 0.4 kb after HBAI AAGTCCCACTCC-AGCATGGCTGCA 1.9
310 04639-L04020 2.3 kb after HBAI GTTCACTGCCCT-GAAGAAACACCT 14
400 19233-1L.25313 HBQI . exon3 TGCTCTCTCGAG-GTCAGGACGCGA 251
277 15859-L21960 LUCTL ATGTTCCAATGA-AACCAGTGGCAC 335
445 17227-L20554 ITFG3 GCTGTGATACTT-TTGCCTTTGTCA 319
472 18102-L20488 RGSII GAACCTGAGGTT-CCGTGGAATATT 16.3
418 17212-1.13393 AXINI GATCATCGGCAA-AGTGGAGAAGGT 1194
262 17613-L23601 DECRZ CAGAATCGACAT-TCTCATTAACTG

nt — Nucleotides; kb — kilobase. Adapted from [40].
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Table 7.12 - Descriptive statistics of the hematological parameters and Shapiro-Wilk’s normality test for the population
with a-thalassemia

Standard Normality Test
Mean |SE Mean| Median L. Minimum || Maximum| Shapire-Wilk
Deviation
(p_value)

RBC (x 10"/L)
Females 5.01 0.07 4.97 0.27 3.62 6.23 0.188
Males 5.76 0.10 5.80 0.63 3.78 6.71 0.014
Hb (g/dL)
Females 11.9 0.2 12.0 1.3 8.5 14.8 0.733
Males 13.9 0.2 14.0 1.5 8.6 16.5 0.006
HCT (%) 40.2 0.5 40.2 4.7 29.2 493 0.286
MCYV (fL) 75.8 0.7 75.1 6.8 56.0 98.8 0.010
MCH (pg) 24.0 0.3 23.6 2.7 16.5 349 <0.001
MCHC (g/dL) 315 1.0 3l.6 1.0 28.8 33.5 0.173
RDW (%) 14.9 0.2 14.5 1.8 12.1 23.0 <0.001

RBC - Red Blood Cells; Hb — Hemoglobin; HCT — Hematocrit; MCV — Mean Corpuscular
Volume; MCH - Mean Corpuscular Hemoglobin;, MCHC — Mean Corpuscular Hemoglobin
Concentration; RDW — Red Cell Distribution Width; SE — Standard Error. It is considered a normal
distribution when p_value > 0.05 (highlighted in bold).

Table 7.13 - Descriptive statistics of the hematological parameters and Shapiro-Wilk’s normality test for the population
without a-thalassemia

Standard Normality Test
Mean |SE Mean| Median . . |Minimum|Maximum| Shapiro-Wilk
Deviation
(p_value)

RBC (x 10"/L)
Females 4.05 0.06 4.04 0.33 3.53 4.59 0.339
Males 4.67 0.08 4.63 0.40 4.07 5.77 0.923
Hb (g/dL)
Females 13.1 0.1 13.0 0.6 122 14.1 0.954
Males 15.0 0.2 152 0.9 13.3 17.3 0.974
MCYV (fL) 92.6 0.7 93.2 4.6 82.1 102.1 0.966
MCH (pg) 323 0.3 324 1.9 27.9 36.4 0.962
RDW (%) 12.9 0.1 12.9 0.7 11.6 144 0.978

RBC - Red Blood Cells; Hb — Hemoglobin; MCV — Mean Corpuscular Volume; MCH — Mean
Corpuscular Hemoglobin; RDW — Red Cell Distribution Width; SE — Standard Error. It is
considered a normal distribution when p_value > 0.05 (highlighted in bold).

Table 7.14 - Descriptive statistics of the hematological parameters and Shapiro-Wilk’s normality test for the population
with the -037/aa genotype

Standard Normality Test
Mean |SE Mean| Median L. Minimum Maximum| Shapiro-Wilk
Deviation
(p_value)

RBC (x 10'/L)
Females 4.83 0.07 4.80 0.36 3.95 5.77 0.663
Males 5.52 0.12 5.64 0.51 4.30 6.36 0.149
Hb (g/dL)
Females 12.7 0.2 12.7 0.8 11.3 14.8 0.688
Males 14.5 0.3 14.6 1.4 11.1 16.5 0.292
HCT (%) 41.9 0.6 41.5 4,0 34.2 493 0.171
MCYV (fL) 82.0 0.5 82.0 3.7 732 98.8 <0.001
MCH (pg) 26.4 0.3 26.4 2.0 224 349 <0.001
MCHC (g/dL) 31.9 0.1 31.8 0.8 30.3 33.5 0.383
RDW (%) 14.1 0.2 13.9 1.4 12.1 19.1 <0.001

RBC - Red Blood Cells; Hb — Hemoglobin; HCT — Hematocrit; MCV — Mean Corpuscular Volume;
MCH — Mean Corpuscular Hemoglobin; MCHC — Mean Corpuscular Hemoglobin Concentration;
RDW — Red Cell Distribution Width; SE — Standard Error. It is considered a normal distribution when
p_value > 0.05 (highlighted in bold).
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Table 7.15 - Descriptive statistics of the hematological parameters and Shapiro-Wilk’s normality test for the population
with the -037/-037 genotype

Standard Normality Test
Mean |SE Mean| Median . . |Minimum|Maximum| Shapiro-Wilk
Deviation
(p _value)

RBC (x 10"/L)
Females 5.15 0.10 5.15 0.58 3.62 6.23 0.601
Males 5.97 0.14 6.20 0.66 3.78 6.71 0.001
Hb (g/dL)
Females 11.2 0.2 11.0 1.2 8.5 134 0.720
Males 13.4 0.3 13.7 1.5 8.6 15.5 0.001
HCT (%) 38.6 0.7 37.7 4.9 292 48.9 0.118
MCYV (fL) 70.7 0.5 71.3 3.9 56.0 77.3 0.012
MCH (pg) 22.1 0.2 222 1.4 16.5 24.6 <0.001
MCHC (g/dL) 31.2 0.2 313 1.0 28.8 32.9 0.163
RDW (%) 15.6 0.3 15.1 1.8 13.6 23.0 <0.001

RBC — Red Blood Cells; Hb — Hemoglobin; HCT — Hematocrit; MCV — Mean Corpuscular VVolume;
MCH — Mean Corpuscular Hemoglobin; MCHC — Mean Corpuscular Hemoglobin Concentration;
RDW - Red Cell Distribution Width; SE — Standard Error. It is considered a normal distribution
when p_value > 0.05 (highlighted in bold).

Table 7.16 - Description of the primers used for the sequencing of the HBA2 and HBAL genes

Primers
Genes -
1D Sequence Size (nt) | Tm (°C)
A S'UTR_F1
- (Fw) - 5'- GGACTCCCCTGCGGTCCAGG - 3' 20 62.0
HBA2 (Ei) 5' - CTCCATTGTTGGCACATTCCGGG - 3' 23 58.8
D71
(Fw) 5' - AGAGGATCACGCGGGTTGC - 3' 19 554
A 5SUTR F1
- - 5'- GGACTCCCCTGCGGTCCAGG- 3" 20 62.0
(Fw)
HBAI Cll3
(Rv) 5'- AAAACTCAGGCACACACAGG -3 20 51.8

Fw — Forward; Rv — Reverse; nt — Nucleotides; Tm — Melting Temperature
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