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Abstract

Thalassemia is an autosomal recessive genetic disorder and a common form of Hemoglobinopathy. It is classified

into a-thalassemia and B-thalassemia. This disease is mainly prevalent in tropical and subtropical regions, including
southern China. Severe a-thalassemia and intermediate a-thalassemia are among the most common birth defects
in southern China. Intermediate a-thalassemia, also known as Hb H disease, is characterized by moderate anemia.

Severe a-thalassemia, also known as Hb Bart’s Hydrops fetalis syndrome, is a fatal condition. Infants with severe
B-thalassemia do not show symptoms at birth but develop severe anemia later, requiring expensive treatment.
Most untreated patients with severe B-thalassemia die in early childhood. Screening for thalassemia carriers and
genetic diagnosis in high-prevalence areas significantly reduce the incidence of severe thalassemia. This review
aims to summarize the genetic diagnostic approaches for thalassemia. Conventional genetic testing methods can
identify 95-98% of thalassemia carriers but may miss rare thalassemia genotypes. Third-Generation Sequencing
offers significant advantages in complementing other genetic diagnostic approaches, providing a basis for genetic

counseling and prenatal diagnosis.

Keywords A-thalassemia, B-thalassemia, Genetic diagnosis, Third-generation sequencing, Rare thalassemia
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Background

Thalassemia is an inherited and autosomal recessive
disease, and is the most prevalent monogenic disorder
worldwide, affecting a larger population. Thalassemia
can be classified into a-thalassemia and (-thalassemia,
which occur due to an imbalance in the ratio of a to
[-globin chains [1]. It is caused by mutation or deletion
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of a or B- globin chains, however, it can also result due
to molecular defects in the a- or - globin genes or in the
cluster of these globin genes such locus control region or
main regulatory element [2]. a-thalassemia is primarily
caused by abnormal synthesis of a-globin chains in HBA 1
gene (OMIM*141800) and HBA2 gene (OMIM*141850),
with four normal a-globin genes present in individuals.
B-thalassemia is primarily caused by abnormalities in the
- globin chains in the HBB gene (OMIM*141900), with
two normal -globin genes present in individuals.
a-thalassemia is caused by a-globin gene deletion/
mutation which results in reduced or absent production
of a-globin chains [3]. a-globin gene has 4 alleles and dis-
ease severity ranges from mild to severe depending on
the number of deletions of the alleles. Four allele deletion
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is the most severe form in which no a-globin genes are
produced and the excess y-globin chains (present during
the fetal period) form tetramers. It is incompatible with
life and results in hydrops fetalis. Based on the type of
a-globin gene mutation, a-globin genes can be classified
into deletions and non-deletions. Deletions are further
categorized as o' thalassemia (deletion of one a-globin
gene, -a/) and a® thalassemia (deletion of two a-globin
genes, --/). Non-deletions involve point mutations in the
a-globin gene or the loss of several nucleotides (a’a or
aa’). B-thalassemia results from point mutations in the
[-globin gene [4]. It is divided into three categories based
on the zygosity of the B-gene mutation. A heterozy-
gous mutation (f* thalassemia) results in B-thalassemia
minor in which B chains are underproduced. It is mild
and usually asymptomatic. p-thalassemia major is
caused by a homozygous mutation (B° thalassemia)
of the B-globin gene, resulting in the total absence of 8
chains. It manifests clinically as jaundice, growth retar-
dation, hepatosplenomegaly, endocrine abnormalities,
and severe anemia requiring life-long blood transfusions
[5]. The condition in between these two types is called
[B-thalassemia intermedia with mild to moderate clinical
symptoms. It is now common practice to classify patients
as having transfusion-dependent -thalassemia (TDT) or
non-transfusion-dependent [-thalassemia (NTDT) [6].
Patients with TDT include B-thalassemia major, a few
[-thalassemia intermediate, and severe forms of HbE/[3-
thalassemia. The NTDT Patients include (B-thalassemia
intermediate and mild moderate forms of HbE/f-
thalassemia [7].

Thalassemia is more prevalent in the coastal regions
of southern China, with Guangxi, Guangdong, Hainan
being high-risk areas. The average carrier rate of thal-
assemia in the general population is approximately
16.45~24.14% [8—17](Table 1). The spectrum of thalas-
semia gene mutations exhibits distinct regional and eth-
nic characteristics. The Human Hemoglobin Variants and
Thalassemia (HbVar, http://globin.cse.psu.edu/) contains
over 1800 gene mutations, with the majority being related
to hemoglobin variants and approximately 500 associated

Table 1 Statistical of Thalassemia carrier rate in southern China

PROVINCE/Region Thalassemia frequency, %
Guang Xi 24.14 (6]
Guang Dong 16.45 [7]
Hai Nan 21.37(8]
Hu Nan 7.109]
Gan Nan 14.55[10]
Fu Jian 6.8 [11]
Yun Nan 12.5[12]
Gui Zhou 14.66 [13]
Hong Kong 841[14]
Macao 9.8 [15]
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with thalassemia. The treatment of moderate or severe
thalassemia is costly, and currently, there are no effective
treatment options available, resulting in low cure rates
and imposing a heavy burden on families and the health-
care system. While thalassemia is difficult to cure, it can
be prevented and controlled. Pre-marital, pre-pregnancy,
or prenatal screening is crucial for the prevention of
moderate and severe thalassemia. China has established
a comprehensive screening and genetic diagnosis pro-
cess for thalassemia prevention and control [18]. Couples
who carry the same kind of thalassemia genes with a nor-
mal phenotype have a 25% chance of having a child with
minor, intermediate or severe thalassemia whether they
carry the same mutation or different mutation. Therefore,
pre-marital and pre-pregnancy screening, as well as pre-
natal genetic diagnosis, are key in preventing the birth of
infants with moderate to severe thalassemia.

Main text

Current status of traditional thalassemia screening
Traditional methods for thalassemia screening and diag-
nosis include complete blood count (CBC), hemoglobin
electrophoresis and genetic testing. Key indicators for
thalassemia screening in CBC include mean corpuscu-
lar volume (MCV) and mean corpuscular hemoglobin
(MCH), while key indicators for hemoglobin electropho-
resis screening include Hemoglogbin A2 (HbA,), Hemo-
glogbin A (HbA), Hemoglogbin F (HbF) and other
abnormal hemoglobin variants [19]. The reference values
for MCV and MCH in normal adults are 80-97 fL and
27.5-33.5 pg, respectively, and the relative content of
HbA, is 2.5-3.5%. Individuals with MCV <80 fL and/or
MCH<27 pg are considered positive, indicating charac-
teristics of microcytic hypochromic anemia, after ruling
out iron deficiency as the cause of anemia. Data shows
that thalassemia carriers can be detected even in indi-
viduals with completely normal MCV and MCH, with a
missed diagnosis rate of approximately 21% [20]. On the
other hand, hemoglobin electrophoresis has a missed
diagnosis rate of about 57% for a small number of carriers
of mild and silent -thalassemia, as well as some carriers
of mild and silent a-thalassemia genes [20]. The a-globin
gene is located on 16p13.3, and 104 mutations have been
identified in the Chinese population. The three common
deletion types [-a” (rightward), -a*? (left-ward), --SEA
(Southeast Asian)] and three non-deletion types [Con-
stant Spring (Hb CS or HBA2: ¢.427T>C), Hb Quong
Sze (Hb QS or HBA2: ¢.377>C) and Hb Westmead (Hb
WS or HBA2: ¢.369 C>G@G)] account for over 99% of cases
[8]. The P globin gene is located on 11p15.3, and 129
mutations and 16 deletions have been found in the Chi-
nese population. The 17 common mutations account for
over 98% of cases [8, 21]. Currently, routine PCR reagent


http://globin.cse.psu.edu/

Li and Ye Molecular Cytogenetics (2024) 17:32

kits are used in clinical practice, including gap-PCR,
PCR-reverse dot blot hybridization, and liquid bead array
technology. These methods can only cover 23 hotspot
mutations in thalassemia genes. Common a-globin (--5F4,
37, a2, a5, a5, a™S) and B-globin (HBB: c.316-
197 C>T, HBB: c.-11_-8delAAAC, HBB: ¢.216_217insA,
HBB: ¢.130G>T, HBB: c.124 127delTTCT, HBB:
¢.94delC, HBB: ¢.92+5G>C, HBB: ¢.92+1G>T, HBB:
c.84_85insC, HBB: ¢.79G>A, HBB: c.45 46insG, HBB:
¢.2T>G, HBB: c.-78 A>G, HBB: c.-79 A>G, HBB: c.-
80T>C, HBB: c.-82 C>A), which account for approxi-
mately 98% of the overall mutation spectrum in the
Chinese population. Rare thalassemia other than the 23
common mutations may account for 2%. Next-Genera-
tion Sequencing can increase the detection of mutations
and detect abnormal hemoglobin variants addition-
ally, and may detect more deletion types of thalassemia
or aaor and acaer variations in a-thalassemia, but highly
dependent on coverage, read depth, and CNV analysis
tools.

Polymerase chain reaction (PCR)-based genetic
testing for thalassemia

Gap-polymerase chain reaction (Gap-PCR) is a com-
monly used method for detecting deletion types of
a-thalassemia [22]. The principle involves designing a
pair of primers on either side of the deletion sequence.
In the normal DNA sample, the distance between the
upstream and downstream primers is far apart, result-
ing in a long amplification fragment that may exceed the
effective amplification range and fail to generate PCR
product. However, the presence of a deletion brings the
ends closer together, allowing for the amplification of a
specific fragment of a defined length. By using combina-
tions of multiple primers, wild-type, heterozygous and
homozygous can be differentiated based on the amplifi-
cation products. However, this method can only detect
known deletion types, including three o-thalassemia
deletion mutations: --5t4, o7, and -a*?,

Reverse dot blot (RDB) and Flow-through hybridiza-
tion are based on the principle of immobilizing a series
of allele-specific oligonucleotide (ASO) probes target-
ing known mutations on a membrane [23, 24]. The PCR
amplified target products are then hybridized with the
probes on the membrane, and the hybridization signals
are visualized through a chemical color reaction. This
method allows for the analysis of multiple point muta-
tions that may be present in a specimen through a sin-
gle hybridization reaction. These methods can currently
the most commonly used technique in clinical practice.
However, it can only detect known mutations, including
a-globin (--SEA, -o37, -a*2, o5, a5, a¥S) and B-globin
(HBB: ¢.316-197 C>T, HBB: c¢.216_217insA, HBB:
¢.130G>T, HBB: c.124 127delTTCT, HBB: c.94delC,
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HBB: c.92+5G>C, HBB: ¢.92+1G>T, HBB: c.84_85insC,
HBB: ¢.79G>A, HBB: c.45_46insG, HBB: ¢.2T >G, HBB:
c.-11_-8delAAAC, HBB: c.-78 A>G, HBB: ¢.-79 A>G,
HBB: ¢.-80T>C, HBB: c.-82 C>A).

The bead-based suspension array consists mainly of
microspheres, with each microsphere fixed with differ-
ent probe molecules [25]. The principle involves antigen-
antibody, enzyme-substrate, and ligand-receptor binding
reactions, as well as nucleic acid hybridization reactions,
on microspheres with different fluorescent codes. Laser
detection is used to measure the fluorescent codes of
the microspheres and report the fluorescence signals for
qualitative and quantitative analysis. This method can
only detect known thalassemia mutation genotypes.

Melting curve analysis (MCA) refers to the change in
absorbance (A260) plotted against temperature during
the continuous heating denaturation process of DNA
molecules, typically resulting in an S-shaped curve [26].
The temperature at which the absorbance reaches 50%
of its maximum value is called the melting tempera-
ture (Tm), at which 50% of the double-stranded DNA
becomes single-stranded. Due to changes in the DNA
sequence caused by mutations, the Tm value and melt-
ing curve also change. By comparing the Tm values and
melting curves of wild-type and mutant DNA and refer-
ring to existing data in databases, the specific genotype
of the mutant DNA can be determined. This method also
has the advantages of being fast and simple, but it can
only detect known mutation types.

Multiplex ligation dependent probe
amplification(MLPA) involves hybridizing probes with
target sequences, followed by ligation and PCR amplifica-
tion [27, 28]. The PCR products are separated by capillary
electrophoresis, and the data is collected and analyzed
using software to draw conclusions. This method can
simultaneously detect known and unknown copy num-
ber variations (deletions or duplications), but it requires
a Sanger sequencing instrument and has higher costs
for reagents and consumables. The experimental proce-
dure is more complex and requires high experimental
standards.

Sanger sequencing is to design primers targeting
known pathogenic genes (HBA2, HBA1l, HBB) and
directly sequence the PCR amplified products. This
method can detect known and unknown point mutations
and is still considered the gold standard for sequencing
technology. However, it cannot detect large deletions and
has low throughput, making it less widely applicable.

Next-generation sequencing (NGS) can generate a
large amount of genomic data compared to conventional
PCR methods and has significantly improved detection
range (mainly SNP/Indel) and accuracy compared to
traditional screening methods [20]( Supplemental Table
S1). However, NGS is limited by read length and cannot
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directly obtain complete sequences of the a and p-genes.
Therefore, it cannot effectively detect tandem repeat
sequences and complex structural rearrangements. NGS
relies on PCR amplification, which can result in uneven
coverage in regions with extreme GC content. As a result,
the sensitivity for detecting structural variations, such as
copy number variations, is unstable. It is often necessary
to combine NGS with Gap-PCR strategies to improve the
detection rate [29]. Furthermore, the application of NGS
in the diagnosis of thalassemia faces challenges such as
the inability to distinguish homologous region variations
in the HBA2 and HBA1 genes.

Third-generation sequencing (TGS)

TGS, also known as long-read sequencing (LRS), includes
nanopore sequencing technology from Oxford Nano-
pore Technologies (ONT) and single molecule real time
sequencing (SMRT) from Pacific Biosciences (PacBio)
[30]. TGS offers several technical advantages, such as
ultra-long read lengths and no base preference. It can
accurately sequence complex regions with high GC con-
tent and highly repetitive regions. TGS overcomes the
limitations of NGS in thalassemia gene detection and
demonstrates significant advantages in genome assem-
bly, full-length transcript analysis, detection of structural
variations, haplotype construction, and epigenetic analy-
sis [31] (Supplemental Table S2).

The ONT sequencing device is lightweight and capable
of generating extremely long sequencing reads, with the
longest reads reaching up to 300,000 to 400,000 bases.
The core component of the sequencing process is the
protein nanopore. It forms a channel in a membrane,
and the nanopore is embedded in the membrane where
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a voltage can be applied. When ions pass through the
protein pore, moving from one side of the membrane
to the other, the flow of ions is hindered when a single-
stranded DNA molecule passes through the nanopore.
The degree of hindrance varies depending on the differ-
ent bases. Transducer proteins detect changes in electri-
cal current caused by the five bases (A, C, G, T, U). By
analyzing the spectrum of current changes and applying
pattern algorithms, the sequence of bases can be deter-
mined (Fig. 1). Zhou et al. [32] reported the combina-
tion of nanopore sequencing technology with Gap-PCR
to target the human globin gene, specifically addressing
the challenges posed by high homology and complex
secondary structures affecting amplification efficiency.
This technology can effectively detect «-deletion types
(--BA/, -aB7, -a*?/, --THAL)) B_deletion types in Chinese
GY*(AySB)° and SEA-HPFH, as well as structural varia-
tions of a-globin trios (HKaa, aoa®37, aao®™*?) and
various point mutations in o and p-thalassemia genes.
Comprehensive analysis of hemoglobin gene variations
can be achieved through accurate genotype description
and characterization.

The PacBio single-molecule fluorescent sequencing
platform has the longest read lengths, reaching up to
20 kb to 30 kb bases, with an average of 10 kb to 15 kb,
which is over 100 times longer than the next generation
sequencing. The process involves extracting nucleic acids
from the sample and performing long fragment multi-
plex PCR amplification of the target regions. A library
is then constructed, and sequencing is carried out using
the PacBio sequencing platform. The PacBio sequenc-
ing platform has fast sequencing speed, but it has a rel-
atively high error rate, reaching 10-15%, but the errors
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are random and can be corrected by taking multiple mea-
surements of the same sequence [33]. To address this, the
PacBio sequencing platform utilizes circular consensus
sequencing (CCS) by sequencing single DNA molecules
in a rolling circle manner to achieve self-correction of
sequencing errors. When the sequencing depth reaches
10x, the accuracy of CCS reads can reach 99.9% [34]. The
PacBio sequencing technology for detecting mutations in
a-thalassemia and -thalassemia genes is called Compre-
hensive Analysis of Thalassemia Alleles (CATSA) (Fig.2).
CATSA meets the requirements of clinical testing and
provides ultra-long read lengths (>10 kb) while main-
taining sequencing accuracy (QV30, >99.9% accuracy).
Leveraging the advantages of long-read sequencing in
third-generation sequencing, CATSA can detect the cis/
trans relationship of two mutations in the HBA2, HBA1,
or HBB genes, accurately differentiate highly homologous
HBAI and HBA2 genes, achieve single-base resolution,
as well as detect a-thalassemia oo and oo [35, 36].
Traditional screening and diagnosis of thalassemia
require the combination of multiple testing techniques,
such as CBC, hemoglobin electrophoresis, Gap-PCR,
Sanger sequencing etc(Table 2), but all these meth-
ods have limitations. Several clinical studies have con-
firmed that CATSA enables comprehensive detection
in a single test, covering all genes and mutation types
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of a-thalassemia and [-thalassemia, accurately detect-
ing thalassemia-related variant sites. CATSA addresses
the limitations of traditional screening methods, such
as known detection range, high false-negative rate, low
testing throughput, and difficulties in gene typing, sig-
nificantly improving the clinical diagnostic rate of thal-
assemia. Compared to the combined use of traditional
PCR, NGS, MLPA, and other methods for thalassemia
gene testing, TGS can still improve the diagnostic rate
of rare types of a-thalassemia and -thalassemia, respec-
tively. Xu L et al. [37] published an important retrospec-
tive study confirming that CATSA has comprehensive
site coverage, high accuracy, high throughput, and the
ability to achieve precise gene typing. It can be applied
in clinical settings for large-scale screening of thalas-
semia carriers. The study included 74 clinical samples,
including 64 positive samples detected by conventional
PCR and 10 negative samples detected by conventional
PCR, which were retrospectively tested using CATSA.
Inconsistent results were validated using “gold standard”
methods such as Sanger sequencing. The results showed
100% accuracy and repeatability of CATSA. One false-
negative result was found using conventional PCR, where
CATSA detected -a>”/aa while the traditional PCR result
was negative. The CATSA result was validated to be cor-
rect. Linggian Wu et al. [38] published an important

The Workflow of the CATSA based TGS

Sample preparation

genomic DNA

N

SMRT Squencing

/

Library construction

l Multiplex long-PCR

l PacBio barcode

IVG visualization

c
C

>~ ann

C I CACTI

N

Subread 1
Subread 2

/!

Data analysis

Subread o

-~ RN
JLVAVAVAVAY RN

l Analysis
High quality CCS read

Refi

Fig. 2 Workflow and amplicons of CATSA based TGS method detection of hemoglobinopathy variants



Li and Ye Molecular Cytogenetics

(2024) 17:32

Table 2 Genetic testing methods for thalassemia
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METHODS Detection Principle Detection range
Gap-PCR Primers are designed on either side of the target deletion fragment, the primers upstream and downstream of known deletion
the wild-type sequence are too far apart to amplify the product, and if the deletion is present, a fragment ofa  types.
specific length can be amplified.
RDB Based on the principle of immobilizing a series of allele-specific oligonucleotide (ASO) probes targeting known mutation
known mutations on a membrane. The PCR-amplified target products are then hybridized with the probes on  types.
the membrane, and the hybridization signals are visualized through a chemical color reaction.
MCA The fluorescence intensity change of the temperature is monitored in real time PCR, and the melting curve Known deletion
is generated to analyze the dissolution temperature (Tm value) of the hybrids formed by the probe and the and mutation types,
target sequences, and different target sequences have different Tm values. unknown mutation
types within the
coverage of probes.
MLPA The probe is hybridized to the target sequence, followed by ligation, PCR amplification, and the product gene copy number
is passed through capillary electrophoresis to achieve detection and quantitative analysis of the target variations (CNVs).
sequence.
Sanger Primers were designed at both ends of the sequence to be tested, and after PCR amplification, the sequence  Known or unknown
sequencing was sequenced by double deoxy chain termination method, and then analyzed against the reference mutation types
sequence. within the amplified
sequences.
NGS Mutation types are captured and enriched by target region probes, and screened by library preparation, Next-  Known or unknown
Generation Sequencing and bioinformatics analysis. mutation types
within the amplified
sequences.
TGS The target region of the a-globin genes clusters is amplified by long-fragment multiplex PCR amplification Known or unknown

and Third-Generation Sequencing, deletion variants, mutation variants, and complex structural variants were

detected.

mutation, Indel and
structural variations.

prospective clinical study, including 1759 prospective
clinical samples with positive results in complete blood
count or hemoglobin testing. The study was conducted in
a double-blind manner and validated using various “gold
standard” methods such as Sanger sequencing and Gap-
PCR. The study confirmed the 100% accuracy of CATSA.
CATSA detected 33 more positive results compared to
traditional PCR technology and identified 1 false-nega-
tive and 8 false-positive results in traditional PCR test-
ing. CATSA detected 3 types of single nucleotide variants
(SNVs) in the HBA2 and HBAI genes and 8 types of
insertions and deletions (Indels) compared to traditional
PCR technology, resulting in a 2.8% increase in the detec-
tion rate of a-thalassemia. It was found that traditional
PCR testing misclassified 3 cases of HKaa/ao as -o>7/
ao. CATSA detected 6 cases of SNVs/indels in the HBB
gene compared to traditional PCR, resulting in a 2.1%
increase in the detection rate of -thalassemia. Li Du et
al. [39] used SMRT sequencing, which enables long-read
single-molecule sequencing to detect rare and complex
variations in Chinese patients with microcytic hypo-
chromic anemia who tested negative for common muta-
tions. Considering the limitations of traditional methods
in detecting rare types of thalassemia, which may lead to
misdiagnosis or missed diagnosis, SMRT sequencing has
been proven to be a feasible method for discovering rare
and complex variations in thalassemia.

Conclusions

The large-scale clinical application of TGS technology is
still limited. The bioinformatics algorithms based on the
TGS platforms are not yet comprehensive enough, and
standardized analysis methods are lacking. The interpre-
tation and clinical consultation of the large amount of
data obtained pose a major challenge. Currently, the cost
of sequencing is reduced by targeting and enriching the
regions of interest, thereby reducing data redundancy. It
is believed that with platform updates and further devel-
opment and application of related algorithms and anal-
ysis software, the cost of TGS will gradually decrease.
With its technical advantages, it will overcome the detec-
tion bottleneck of NGS and bring new opportunities for
genetic disease diagnosis. In summary, the application of
TGS technology in the detection of thalassemia allows
for the direct acquisition of complete sequences of a and
B-thalassemia. It can detect structural variations in thal-
assemia genes that cannot be detected by conventional
PCR and NGS, thereby increasing the detection rate of
thalassemia and reducing the rate of missed diagnosis
and misdiagnosis. It represents a new model for thalas-
semia testing, which can better address the correlation
between hematological phenotypes and genotypes, and is
helpful for genetic counseling and prenatal diagnosis.

Abbreviations

Gap-PCR  Gap polymerase chain reaction

RDB Reverse dot blot hybridization

PMCA Probe melting curve analysis for genotyping
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MLPA Multiplex ligation-dependent probe amplification
NGS Next-generation sequencing

TGS Third-generation sequencing

LRS Long-read sequencing

ONT Oxford nanopore technologies

SMRT Single-molecule real-time sequencing

Cccs Circular consensus sequencing

CATSA Comprehensive analysis of thalassemia alleles
SNVs Single nucleotide variants

Indels Insertions and deletions
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