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Hemoglobinopathies are among the most common autosomal-recessive disorders worldwide. A comprehensive
next-generation sequencing (NGS) test would greatly facilitate screening and diagnosis of these disorders. An
NGS panel targeting the coding regions of hemoglobin genes and fourmodifier geneswas designed.Wevalidated
the assay by using 2522 subjects affectedwith hemoglobinopathies and applied it to carrier testing in a cohort of
10,111 couples whowere also screened through traditional methods. In the clinical genotyping analysis of 1182
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β-thalassemia subjects, we identified a group of additional variants that can be used for accurate diagnosis. In the
molecular screening analysis of the 10,111 couples, we detected 4180 individuals in total who carried 4840 mu-
tant alleles, and identified 186 couples at risk of having affected offspring. 12.1% of the pathogenic or likely path-
ogenic variants identifiedby ourNGS assay,whichwere undetectable by traditionalmethods. Comparedwith the
traditional methods, our assay identified an additional at-risk 35 couples. We describe a comprehensive NGS-
based test that offers advantages over the traditional screening/molecular testing methods. To our knowledge,
this is among thefirst large-scale population study to systematically evaluate the application of anNGS technique
in carrier screening and molecular diagnosis of hemoglobinopathies.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hemoglobinopathies, including sickle cell anemia and α-/β-thalas-
semia, are the most common monogenic diseases worldwide (Higgs et
al., 2012). Approximately 340,000 children with significant hemoglobin
(Hb) disorders are born worldwide each year, 90% of whom are in de-
veloping and low-income countries, where they represent a massive
public health burden (Williams andWeatherall, 2012). Prevention pro-
grams based on carrier screening and prenatal diagnosis have resulted
in a continuous decline in rates of thalassemiamajor at birth in theMed-
iterranean region (Cao and Kan, 2013). Such prospective screening has
recently been introduced in at-risk countries in Asia (Ahmed et al.,
2002; Cao and Kan, 2013). Because the identification of high-risk cou-
ples by carrier testing is necessary for effective prevention, prevention
programs must determine how to perform comprehensive carrier
screening in large populations.

A traditional routine strategy for thalassemia carrier screening first
identifies people with phenotypic traits associated with thalassemia
by using hematological and biochemical tests and subsequent molecu-
lar genetic testing in this selected group to generate definitive diagnoses
(Cao andKan, 2013; Traeger-Synodinos et al., 2015). However, a pheno-
typic screening approach in carrier testing would not detect individuals
with “silent” forms of thalassemia, most of whom may be missed be-
cause they have normal or borderline red cell indices and/or HbA2 levels
(Piel andWeatherall, 2014; Traeger-Synodinos et al., 2015). In addition,
the characterization of disease-causing defects in samples from individ-
uals suspected of having thalassemia may require various labor-inten-
sive methodologies (Cao and Kan, 2013; Traeger-Synodinos et al.,
2015). At least 1530mutations causing thalassemia or abnormal hemo-
globin variants, ranging from single-base changes to large rearrange-
ments, have been characterized to date (HbVar database for human
hemoglobin variants and thalassemia mutations, n.d). Moreover, sever-
al variants that modify β-thalassemia phenotypes have been identified
at various loci (Giardine et al., 2011; Sankaran and Weiss, 2015; Thein,
2013). The application of high-throughput molecular approaches to di-
rectmass screening and accuratemolecular diagnosis of hemoglobinop-
athies raises several challenges.

Next-generation sequencing (NGS) has been shown to allow rapid,
multiplex and high-throughput detection of genetic variants (Korf and
Rehm, 2013). NGS technologies—applied to the whole genome, the
exome, or targeted gene panels—have been effectively used in research
settings, as well as in clinical testing and diagnosis of genetic disorders
(Stark et al., 2016; Yang et al., 2013). Recently, target capture and NGS
have been validated in patient-based and population-based carrier test-
ing ofMendelian recessive diseases, thereby yielding high-quality geno-
type calls and acceptable false-positive and false-negative rates and
cost-effectiveness (Chong et al., 2012; Haque et al., 2016).

Here, to evaluate whether NGS might be suitable for application in
clinical management of monogenic diseases in a large-scale population,
we retrospectively analyzed 2522 subjects with various hemoglobinop-
athies by using a targetedNGS approach and validated this assay for car-
rier testing of multiple genetic defects in a cohort of 20,222 individuals
pre-typed by routine screening methods. A population-based study of
hemoglobinopathies in southern China was also performed. Our results

demonstrated that NGS, compared with traditional methods, can detect
pathogenic or likely pathogenic variants in a more precise and general
manner, thus providing an effective platform for molecular screening
and clinical genotyping in subjects with hemoglobinopathies.

2. Materials and Methods

2.1. Study Participants

The study was approved by the Medical Ethics Committee in accor-
dance with the Declaration of Helsinki. The study methodology was de-
signed with guidance by STROBE (von Elm et al., 2007).

Samples from two groups of subjectswere collected for this study. In
Group I, 2522 subjects included 2087 samples used for studymethodol-
ogy of NGS assay and the sample data of 435 Thalassemia Intermedia
(TI)/Thalassemia Major (TM) patients from our previous cohort (Fig.
1) (Liu et al., 2014). The 2087 subjects were from China and Malaysia
and included 49 normal controls and 2038 clinical sampleswith various
hemoglobinopathies (Table S1 in the Supplementary appendix). They
were used for assessing the performance of the NGS-based assay in de-
tecting hemoglobinopathy-causing mutations in a retrospective study.
The 49 controls had been sequenced previously, and they did not
carry any pathogenic or likely pathogenic variants. The 2038 clinical
samples had been analyzed by traditional molecular genotyping tech-
niques (See the “Genotypic Analysis Using Traditional Methods” sec-
tion). NGS analysis was performed on these pre-typed results with
blinding, and the results were subsequently compared with the pre-
typed results to obtain the concordance rate. Sanger sequence analysis
and multiplex ligation-dependent probe amplification (MLPA) were
performed to verify sampleswith discrepancies. Because somemodifier
genes had been shown to be responsible for modifying β-thalassemia
phenotypes, we also analyzedwhether genotypes at these locimight as-
sist in β-thalassemia diagnosis in 1182 β-thalassemia patients with
thalassemia major (TM) or thalassemia intermedia (TI; 747 patients of
the 2087 samples described above and 435 patients from the cohort de-
scribed in a previous study by our group (Fig. 1; Liu et al., 2014). Among
the 747 samples, 510 were β0/β0, and 237 were β0/β+. Among the 435
samples, 300wereβ0/β0 and 135wereβ0/β+. In total, the 1182 samples
included 810 β0/β0 and 372 β+/β0.

Group II, which included a total of 10,111 couples (either before or
during pregnancy) were randomly selected from five provinces
(Guangxi, Guandong, Yunnan, Guizhou and Hainan) in southern China
(Fig. 2). The age range of these sampleswas 18–48years old.Weapplied
the assay in a blind analysis for carrier testing on these couples, who
were also enrolled in prevention programs for thalassemias using tradi-
tional screeningmethods (See the “Hematological Analysis” and “Geno-
typic Analysis Using Traditional Methods” sections). They were also
included in an epidemiological survey of hemoglobinopathies.

2.2. Thalassemia Genotype Definition and Clinical Diagnosis in Thalassemia
Patients

HBB genotype categories are defined as follows: (β0):
HBB:c.124_127delTTCT, HBB:c.52ANT, HBB:c.316-197CNT,
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