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Abstract
Genetic hemoglobin disorders are caused by mutations and/or deletions in the α-globin or β-globin genes. Thalassemia is caused by quantitative defects and hemoglobinopathies by structural defect of hemoglobin. The incidence of thalassemia and hemoglobinopathy is increased in Korea with rapid influx of people from endemic areas. Thus, the awareness of the disease is needed. α-thalassemias are caused by deletions in α-globin gene, while β-thalassemias are associated with decreased synthesis of β-globin due to β-globin gene mutations. Hemoglobinopathies involve structural defects in hemoglobin due to altered amino acid sequence in the α- or β-globin chains. When the patient is suspected with thalassemia/hemoglobinopathy from abnormal complete blood count findings and/or family history, the next step is detecting hemoglobin abnormality using electrophoresis methods including high performance liquid chromatography and mass spectrometry. The development of novel molecular genetic technologies, such as massively parallel sequencing, facilitates a more precise molecular diagnosis of thalassemia/hemoglobinopathy. Moreover, prenatal diagnosis using genetic testing enables the prevention of thalassemia birth and pregnancy complications. We aimed to review the spectrum and classification of thalassemia/hemoglobinopathy diseases and the diagnostic strategies including screening tests, molecular genetic tests, and prenatal diagnosis.
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INTRODUCTION
Red blood cells (RBCs) are biconcave disk-shaped cells without nuclei and are the most common cells found in the blood. RBCs deliver oxygen to peripheral tissues and thus play a critical role in maintaining the life of organisms. The oxygen delivery is carried out by hemoglobin molecules in the cytoplasm of RBCs, which are highly specialized machinery that bind, carry, and release oxygen. A hemoglobin molecule consists of 4 globin polypeptide chains (2α and 2β), each harboring a heme molecule inside that binds with oxygen. The quantitative balance among the globin chains and their structural stability are important to the hemoglobin molecules and RBCs. When the genes encoding the globin chains (HBA for α-globins and HBB for β-globins) have defects (pathogenic variants) leading to the changes in the quantity or structure of globins, hemolytic anemia occurs. Thalassemia is the most common form of hemoglobinopathy in humans and is caused by pathogenic variants leading to the defective synthesis of protein, thus resulting in the quantitative imbalance in globin chains [1, 2]. Other pathogenic variants that result in structural abnormalities in globin chains cause hemoglobinopathies such as sickle cell disease [3].
The diagnosis of thalassemia/hemoglobinopathy begins with suspicion of the disease in anemic patients based on phenotype, family history, and relevant laboratory screening test results. Molecular genetic confirmation by detecting pathogenic variants establishes the diagnosis. In the past, molecular genetic diagnosis was complicated by the genetic heterogeneity of the disease and the mutations that were missed by conventional sequence analyses. Recently, however, the introduction of novel molecular genetic technologies such as dosage mutation tests to detect large deletion/duplication mutations and multiple gene panel tests by massively parallel sequencing facilitated a more precise molecular diagnosis of hereditary hemolytic anemia and a better understanding of the genetic/genomic mechanisms of the disease [4, 5].
We aimed to review the spectrum and classification of thalassemia/hemoglobinopathy diseases and the diagnostic strategies including screening tests, molecular genetic tests, and prenatal diagnosis, sharing the data obtained from Korea.

CLASSIFICATION
Hemoglobinopathies are genetic hemoglobin disorders caused by mutations and/or deletions in the α-globulin or β-globulin genes. These are divided into 2 main categories: thalassemias and structural hemoglobin variants. The synthesis defects of hemoglobin chains cause thalassemias, classified as α- or β-thalassemia depending on the involved α- or β-globin chain, respectively. Structural hemoglobin variants including those involved in sickle cell disease, hemoglobin C (HbC) disease, and hemoglobin E (HbE) disease are produced by gene defects that change the hemoglobin structure. In addition, there are many mixed forms that combine the features of both thalassemia and structural variants (Table 1) [6, 7].
[image: Table  ]Table 1
Classification of major hemoglobinopathies.


α-thalassemias almost result from partial deletions (α+) or complete deletions (α0) of α-globin gene. Individuals with gene more deletions present more severe clinical symptoms. Fatal hemoglobin Bart's hydrops fetalis, related to homozygous α0-thalassemia, is generally characterized by severe hemolytic anemia, hydrops, and ascites in utero or just after birth, which can lead to fetal death [8, 9].
β-thalassemias are associated with insufficient (β+–β++) or absent (β0) synthesis of β-globin due to β-globin gene mutations. The severity of symptoms is related to the extent of absent production of β-globin chain [10].
Contrary to thalassemias, abnormal hemoglobins have structural defects due to altered amino acid sequence in the α- or β-globin chains. The common hemoglobin abnormalities include hemoglobin S (HbS), HbC, and HbE. HbS is the most dangerous of all hemoglobinopathies. Vascular obliterations and infarctions in main organs could result from the sickle cells [11]. HbC disease course is similar to progression of sickle cell disease but is less fatal. However, HbE disease is like β-thalassemias. There are other abnormal hemoglobins with structural detects.

COMPLETE BLOOD COUNT
For screening of thalassemia, mean corpuscular volume (MCV) of less than 80 fL and/or mean corpuscular hemoglobin (MCH) value of less than 27 pg can be generally used as cutoff levels for a positive screening result [12]. These cutoff levels are derived from 2 standard deviations of the normal distribution of MCV and MCH from the normal population. The advantage of the thalassemia screening by MCV and MCH is achievement of rapid, cost effective, reproducible, and accurate results from automated hematology analyzers. However, microcytic anemias such as iron deficiency anemia (IDA) can also induce low MCV; in contrast with MCH, which seems to be consistent among different automated hematology analyzers, variation in the MCV from different automated blood cell counters had also been reported [13]. In addition, a low MCV is not suitable for screening HbE carriers and individuals with single α-globin gene deletion (−α3.7 and −α4.2) or nondeletional α-globin gene mutations [i.e., Hb Constant Spring (Hb CS) and Hb Quong Sze] [14]. Moreover, the interaction of heterozygous β-thalassemia with α-thalassemia trait alone or with glucose-6-phosphate dehydrogenase deficiency may lead to normal MCV and a false-negative result during thalassemia screening [15]. Therefore, it would be more appropriate to screen thalassemia using both MCV and MCH than using MCV only; it would be very important to determine their cutoff levels using the automated hematology analyzer utilized in each laboratory.
Using both MCV and MCH, the interpretation of peripheral blood smear would be considered as an important screening method for thalassemia. Typical RBC morphology in thalassemia disease consists of microcytosis, hypochromia, and anisopoikilocytosis. Microcytes can be evaluated by comparing the size of RBC with those of nucleus of small lymphocytes, and hypochromic RBCs are defined as having an increase in the diameter of central pallor of RBCs, that is, more than one-third of their diameter. Anisopoikilocytosis results from various abnormal RBC morphologies including schistocytes, microspherocytes, target cells, polychromasia, and nucleated RBCs. However, peripheral blood smear results might only suggest certain types of thalassemias from other causes of anemia, such as IDA or anemia of inflammation, and it is not possible to define a specific type of thalassemia disease based on RBC morphology only.
The red cell distribution width (RDW) is a measure of the degree of variations in red cell size, and some causes of microcytic anemia, most notably IDA, are characterized by an increase in RDW. Although thalassemia produces uniform microcytic red cells without a concomitant increase in RDW, this observation is variable among the thalassemia syndromes, including notable increases in RDW in the Hb H disease and β-thalassemia minor [16]. Therefore, the RDW may provide information that might be used as an adjunct to diagnosis but is not useful as single screening indicator [16]. The RBC count is also useful as a diagnostic adjunct because thalassemia produces a microcytic anemia with increase in the RBC number, but IDA and anemia of chronic disease are typically associated with a decrease in the RBC number that is proportional to the degree of anemia. However, the RBC count should not be used as a sole screening tool for thalassemia and hemoglobinopathies.
Given all this, various indices utilizing complete blood count (CBC) components have been developed for the screening of thalassemia and hemoglobinopathies, but none exceed the value of the combination of MCV and MCH in selecting cases for subsequent investigations.

ELECTROPHORESIS INCLUDING HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
In 1978, the International Committee for Standardization in Haematology has recommended laboratory tests for 3 types of laboratories [17]. In that guideline, screening laboratory should be able to perform alkaline electrophoresis. The reference laboratory had to perform very difficult tests like citrate agar electrophoresis and globin electrophoresis. Those electrophoresis techniques required manual steps throughout hemoglobin analysis from reagent preparation, electrophoresis, and data analysis, and thus experience of the laboratory professional was a key to successful identification. Recent development of laboratory techniques and increased knowledge on thalassemia and hemoglobinopathy has driven the publication of updated guidelines [18]. The British Committee for Standards in Haematology recommends presumptive identification of hemoglobins on a minimum of 2 techniques and regards definitive identification as that based on DNA analysis, mass spectrometry, or protein sequencing.
High performance liquid chromatography
High performance liquid chromatography (HPLC) technique is a method used to separate compounds or molecules based on their chemical characteristics. Many separation principles such as size, affinity, and partition are available; for hemoglobin, ion-exchange chromatography is the most efficient and most widely used. The method can be also manually operated, but recently fully automated systems are available. Those systems may be dedicated to hemoglobin analysis; however, in low prevalence areas, the systems that can switch between glycated hemoglobin analysis for diabetes and variant hemoglobin analysis for thalassemia and hemoglobin variants may be more feasible to use.
It is known to be useful for the diagnosis of β-thalassemia trait because HbA2 can be accurately quantitated [18]. Similar to other HPLC techniques, careful control of analytical conditions such as column temperature, flow rate, and buffer conditions is essential.

Electrophoresis
Electrophoresis is a technique used to separate molecules or compounds based on their migration pattern in a gel and electrical field. It is still widely used in clinical laboratories for protein electrophoresis and differentiation of some isoenzymes. Manual preparation of gel and electrophoresis is rarely used in developed countries as more advanced and automated techniques such as capillary electrophoresis are available.
Cellulose acetate electrophoresis is a representative custom electrophoresis technique. It is known to enable identification of Hb A, F, S/G/D, C/E, and H and other variants [18]. Automated capillary electrophoresis is widely used and showed benefits in the identification of some variants indistinguishable in many automated HPLC systems [19].

Mass spectrometry
Mass spectrometry is a technique to identify molecules based on their mass (molecular weight) to charge ratio. The strong advantage of the technique is that it uses minimal specific binding reagent for the molecules of interest. The simple analytical principle enables less interference and more accurate identification. The analysis of hemoglobin with mass spectrometry is not simple because the laboratory should have both technical expertise for analysis of proteins and very expensive instrument. Besides identification of hemoglobin based on intact molecule's molecular weight, it can also analyze the sequence of amino acids in some degree. It is useful for the identification of new variants and confirmation of DNA sequencing [20].


MOLECULAR CHARACTERIZATION
α-thalassemia is caused by gene deletion in over 90% of cases. A minority of α-thalassemia cases are due to sequence variations like single nucleotide substitution, insertion, or short insertion/deletion. α gene cluster is composed of highly homologous genes as well as 2 HBA genes encoding identical proteins. Gene deletion is likely due to unequal crossing between these homologous regions during meiosis. Several breakpoints including the most common deletion of 3.7 kb have been reported thus far [21].
Over 90% of β-thalassemia cases, as compared with α-thalassemia cases, are caused by sequence variations. More than 280 sequence variants are reported to be associated with β-thalassemia [21]. Some β-thalassemia is due to gene deletion encompassing the HBB gene.
Many different molecular techniques are used to detect globin gene mutations. Molecular techniques can be grouped by mutation type to be targeted as follows: 1) detection methods for structural variations such as gene deletion, duplication, or triplication and 2) detection methods for sequence variations such as nucleotide substitution, insertion, or short insertion/deletions.
Known gene deletions can be detected by gap polymerase chain reaction (PCR) specifically designed for the deletion concerned. Southern blotting using labeled complementary gene probes may be used for unknown gene deletions. The multiplex ligation-dependent probe amplification (MLPA) method can detect both known and unknown gene deletions. MLPA is widely used because it is highly sensitive, is easy to use, and can detect various deletions.
Common sequence variations can be detected in a cost-effective manner for some ethnic populations using techniques such as allele-specific PCR, reverse dot blotting, denaturing gradient gel electrophoresis, and amplification refractory mutation system. Rapid improvement and cost reduction of sequencing technology made it possible to sequence the globin gene including promoter, 3′ UTR, exon-intron boundaries, and deep introns in many laboratories. In particular, massively parallel sequencing technology can be applied to targeted genes, exomes, or even genomes.

PRENATAL DIAGNOSIS
Prenatal diagnosis includes carrier screening, genetic counseling, and prenatal genetic studies. To date, the prenatal diagnosis of thalassemia and hemoglobinopathy represent 1 of the most frequent genetic analyses performed worldwide. Because of population migration, hemoglobinopathies are common in many immigration countries as well as endemic regions [22, 23, 24, 25]. The purpose of the prenatal diagnosis is to identify and counsel asymptomatic individuals whose offspring are at risk of an inherited hemoglobinopathy and to monitor the pregnancy for complications. The clinical types of hemoglobinopathies that are targets of prenatal diagnosis are associated with potentially severe sequelae and intervene, such as sickle cell disease, β-thalassemia major resulting from homozygosity of β-thalassemia, and hemoglobin Bart's nonimmune hydrops fetalis caused by deletion or dysfunction of all 4 α-globin genes [26]. Despite the early lethality of hydrops fetalis, prenatal diagnosis is useful in this condition because a significant number of women carrying fetuses with this abnormality develop severe toxemia and severe postpartum hemorrhage [27]. Therefore, a profound understanding of genotype-phenotype correlation, the effect of genetic modifiers, and rare cases including dominantly inherited β-thalassemia, uniparental isodisomy, and de novo mutation is warranted [28].
The prenatal diagnosis involves the study of fetal material from chorionic villi, amniotic fluid, cord blood, and fetal DNA in maternal circulation. Invasive prenatal diagnosis involves the performance of chorionic villus sampling at the first trimester and amniocentesis or cordocentesis at the second trimester. Although analysis of fetal hemoglobin types is successfully performed by automated HPLC, it is assessable through analysis of fetal blood obtained by cordocentesis and the procedure is prone to errors due to contamination by maternal tissue [29]. DNA analysis is valuable especially in prenatal diagnosis because abnormal hematologic findings are detected and samples can be more easily obtained postnatally. Advances in molecular testing have facilitated the diagnosis of complex thalassemias and hemoglobinopathies observed in ethnically diverse populations. Universal screening programs aimed at detecting carriers and offering prenatal diagnosis in pregnancies at risk for thalassemia have been adopted in Canada and European countries [30, 31]. The parental screening is not invasive and can be performed without increasing risks to the fetus. The recent development of noninvasive prenatal diagnostic testing using cell-free fetal DNA from maternal plasma allows active investigation of genetic analysis of fetus avoiding invasive procedure [32]. Another advantage of this approach is that fetal DNA can be isolated from maternal blood earlier than using invasive procedures [33]. Various techniques have been applied to identify fetal hemoglobinopathies such as mass spectrometry, next-generation sequencing, and genotyping assay [34, 35, 36]. The techniques are still challenging; therefore, more studies are needed to develop and validate them and ultimately lead to efficient, precise, and reliable noninvasive prenatal diagnosis of thalassemia and hemoglobinopathies [37].

CONCLUSION
Thalassemia and hemoglobinopathies are no longer uncommon in Korea, and the incidence increases according to the migration of people from endemic areas. The physicians should carefully review CBC, especially MCV and MCH, in addition to family history to suspect thalassemia and hemoglobinopathies in anemic patients. Quantitative and structural abnormalities of hemoglobin can be more sensitively and accurately detected by using advanced electrophoresis techniques involving HPLC and mass spectrometry. Various molecular tests are used for molecular diagnosis of thalassemia and hemoglobinopathy, and the recent improvement in sequencing technology such as massively parallel sequencing technology enables more precise genetic diagnosis. We should also focus on prenatal diagnosis and genetic counseling on thalassemia and hemoglobinopathy to prevent thalassemia births and pregnancy complication. Suspicion of disease by carefully reviewing the results of screening tests and advanced molecular testing can assist in the early diagnosis and intervention of the disease. Furthermore we expect the development of treatment modality through the understanding of molecular and protein characteristics of thalassemia and hemoglobinopathies.
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