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Abstract. Thalassemia is caused by complex mechanisms, 
including copy number variants (CNVs) and single nucleotide 
variants (SNVs). The CNV types of α‑thalassemia are typi-
cally detected by gap‑polymerase chain reaction (PCR). The 
SNV types are detected by Sanger sequencing. In the present 
study, a novel method was developed that simultaneously 
detects CNVs and SNVs by multiplex PCR and next‑genera-
tion sequencing (NGS). To detect CNVs, 33 normal samples 
were used as a cluster of control values to build a baseline, 
and the A, B, C, and D ratios were developed to evaluate‑SEA, 
‑α4.2, ‑α3.7, and compound or homozygous CNVs, respectively. 
To detect other SNVs, sequencing data were analyzed using 
the system's software and annotated using Annovar software. 
In a test of performance, 128 patients with thalassemia were 
detected using the method developed and were confirmed by 
Sanger sequencing and gap‑PCR. Four different CNV types 
were clearly distinguished by the developed algorithm, with 
‑SEA, ‑α3.7, ‑α4.2, and compound or homozygous deletions. The 
sensitivities for each CNV type were 96.72% (59/61), 97.37% 
(37/38), 83.33% (10/12) and 95% (19/20), and the specificities 
were 93.94% (32/33), 93.94% (32/33), 100% (33/33) and 100% 
(33/33), respectively. The SNVs detected were consistent with 
those of the Sanger sequencing.

Introduction

Thalassemia is caused by copy number variants (CNVs) and 
single nucleotide variants (SNVs) in the α‑globin (HBA) or 
β‑globin (HBB) genes that result in the absence or lack of α‑ or 
β‑globin chains, and ultimately hemolytic anemia. It is esti-
mated that ~7% of the world population carries the gene for the 
disease (1), and the birth rate of children with hemoglobin (Hb) 
disorders is ≥2.4% per year (2). Thalassemia occurs most in the 
Mediterranean region, East South Asia, and the subcontinents 
of India and South China (2). At present, the primary treatment 
methods are blood transfusion and iron removal. Bone marrow 
transplantation is also used but is expensive (3). Thalassemia 
primarily includes α‑ and β‑thalassemia. α‑thalassemia is most 
often caused by CNVs or SNVs in the HBA gene. The most 
common SNV types in South China are Hb Constant Spring 
(HBA2:C.427T>C), Hb Quong Sze (HBA2:c.377T>C) and Hb 
Westmead (HBA2:c.369C>G). The most common CNV types 
are the Southeast Asian type (‑SEA), the right deletion type 
(‑α3.7), and the left deletion type (‑α4.2). The ‑SEA/αα, ‑α3.7/αα, 
‑α4.2/αα, αCSα/αα, and αQSα/αα types account for ~90% of all 
α‑thalassemia cases in this population (4). Β‑thalassemia is 
primarily caused by SNVs in the HBB gene; few cases are 
caused by CNVs. At present, 889 SNV types have been found 
(http://globin. 3se.psu.edu/). In China, >60 SNVs have been 
identified (5); the most common types are CD41‑42 (‑TCTT) 
(HBB:c.126‑129delCrITIT), CDl7(A>T) (HBB:C.52A>T), 
IVS‑I I‑654(C>T) (HBB:c.316 ‑197C>T),  ‑28(A>G) 
(HBB:c.78A>C), CD71/72(+A) (HBB:c.216‑217insA), 
‑29(A>G) (HBB:c.‑79A>G), and CD26(G>A) (HBB:c.79G>A). 
These variants account for >90% of all β‑thalassemia cases in 
China (5).

The primary process for detecting thalassemia is routine 
blood examination of hematological parameters, including 
Hb content, mean corpuscular volume and mean corpuscular 
Hb, in addition to Hb electrophoresis of HbA2 and abnormal 
Hb (6,7). The molecular techniques used to diagnose thalas-
semia are primarily gap‑polymerase chain reaction (PCR) 
and reverse dot blot (RDB) detection technology for target 
gene SNVs  (8). These two methods are used in clinical 
studies; however, they detect only ~20 known variants. Sanger 
sequencing technology can detect unknown SNVs, however, 
the data analysis is too complicated and the throughput is low. 
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Fluorescence quantitative‑PRC (qPCR) analysis can determine 
CNVs but cannot determine the breakpoint location. Multiplex 
ligation‑dependent probe amplification, which involves 
designing specific probes for the globin gene cluster only, can 
detect 26 CNVs, however, the accuracy and precision of the 
results are affected by the limited number of fixed probes.

With the development of next‑generation sequencing 
(NGS) technologies, including the Roche 454 system, Illumina 
Miseq and Hiseq systems, and Life Technologies Ion Torrent 
PGM and Proton systems, there are numerous reports on the 
concurrent detection of germline SNVs associated with a 
variety of monogenic diseases, or somatic mutations associ-
ated with various types of cancer, including non‑small cell 
lung cancer  (9) and colorectal cancer  (10). Several studies 
have reported that a single testing method can simultaneously 
detect CNVs and SNVs (11‑15). However, there are no related 
reports on the simultaneous detection of CNVs and SNVs of 
thalassemia.

In the present study, a method was established to simulta-
neously detect α‑ and β‑thalassemia using 82 multiplex PCR 
and NGS and two analysis algorithms of CNV and SNV types 
in target genes (HBB and HBA genes). The CNV type of 
each sample was confirmed by gap‑PCR. The SNV type was 
confirmed by Sanger sequencing.

Materials and methods

Blood sample collection and DNA extraction. A total of 128 
blood samples of known thalassemia genotypes were collected 
from Fujian Medical University Union Hospital (Fujian, 
China) and the First Affiliated Hospital of Sun Yat‑sen 
University (Guangzhou, China). The Samples were collected 
from October 2016 to January 2017. There were 79 female and 
49 male patients, with an age range of 4 months to 86 years 
(mean age, 26). Peripheral blood samples (~5 ml) were collected 
into tubes that contained ethylenediaminetetraacetic acid. For 
each sample, genomic DNA was extracted from 100 µl whole 
blood using the DNeasy Blood and Tissue kit (Qiagen, Inc., 
Germantown, MD, USA) according to the manufacturer's 
protocol. Briefly, the blood samples were hydrated with 200 µl 
Buffer AL and 20 µl proteinase K followed by incubation for 
10 min at 56˚C, the contents were transferred to a DNeasy 
Mini Spin Column placed in a 2‑ml collection tube following 
the addition of 200 µl ethanol (96‑100%). The samples were 
centrifuged at 6,000 x g for 1 min at room temperature, at 
6,000 x g for 1 min at room temperature following the addition 
of Buffer AW1, and again at 20,000 x g for 3 min at room 
temperature following the addition of Buffer AW2. Finally, 
the samples were eluted with 200 µl Buffer AE, quantified 
on a Qubit® fluorometer (Life Technologies; Thermo Fisher 
Scientific, Inc.), and stored at ‑20˚C prior to use.

Primer design. The primer sequences were designed 
using reference sequences of the HBA2 and HBB gene 
loci [accession nos. NC_000016.9 (222846.223709) and 
NC_000011.9 (5246696.5248301)] from the NCBI database 
(http://www.ncbi.nlm.nih.gov/nuccore/NC_000016.9 and 
http://www.ncbi.nlm.nih.gov/nuccore/NC_000011.9) with Ion 
AmpliSeq™ Designer (https://www.ampliseq.com/). The Ion 
AmpliSeq™ Thalassemia Panel, which consists of two primer 

pools made up of 82 pairs of primers (72 pairs of primers for 
HBA2 and 10 pairs of primers for HBB), was designed by Life 
Technologies; Thermo Fisher Scientific, Inc.

Library construction. Each sample was used to construct 
the library using the Ion AmpliSeq™ Library Kit 2.0 (Life 
Technologies; Thermo Fisher Scientific, Inc.). In brief, 10 ng 
genomic DNA, 4 µl 5X Ion AmpliSeq™ HiFi mix, 10 µl 2X 
Ion AmpliSeq™ primer pool, and 4 µl nuclease‑free water 
were mixed to amplify the target regions. Subsequently, 2 µl 
FuPa reagent was added to each amplified sample to partially 
digest the primer sequences, and each library was ligated into 
a unique barcode and a universal adapter provided in the Ion 
Xpress™ barcode adapters (Life Technologies; Thermo Fisher 
Scientific, Inc.). Each library was purified using AMPure XP 
beads (Beckman Coulter, Inc., Brea, CA, USA). The purified 
libraries were quantified on a Qubit® 3.0 fluorometer. The 
size distributions of the libraries were verified using the 
Agilent High Sensitivity DNA kit on a 2100 Bioanalyzer 
(Agilent Technologies, Inc., Palo Alto, CA, USA).

Template preparation and enrichment. Each library was 
diluted to 100 pM according to its quantified concentration 
as determined on the Qubit® 3.0 fluorometer. Subsequently, 
one test making up 14 or 15 libraries of 100 pM was emul-
sion PCR‑amplified with Ion PGM™ Hi‑Q™ ion sphere 
particles (ISPs) using the Ion OneTouch™ 2 Instrument (Life 
Technologies; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's protocol. The template‑positive ISPs 
were enriched using the Ion OneTouch™ ES instrument 
(Life Technologies; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol.

NGS. The enriched templates were loaded onto one Ion 318™ 
chip V2 and sequenced on the Ion Torrent Personal Genome 
Machine (PGM; Life Technologies; Thermo Fisher Scientific, 
Inc.), a semiconductor sequencing platform.

Variant detection. Sequencing data was mapped to the human 
reference sequence hg19 (Genome Reference Consortium 
GRCh37). The variants were called (Torrent Suite v.4.4.3; 
Life Technologies; Thermo Fisher Scientific, Inc.) using 
variant calling software with optimized parameters for 
the thalassemia panel. The variants were annotated using 
Annovar (16) and the system's software. The detected vari-
ants were subjected to a rigorous manual curation process, 
which included querying variant databases, including the SNP 
database (www.ncbi.nlm.nih.gov/snp/), Exome Aggregation 
Consortium (exac.broadinstitute.org/), 1000 Genomes data-
base (www.internationalgenome.org/1000‑genomes‑browsers) 
and Clinvar database (www.ncbi.nlm.nih.gov/clinvar/) and a 
literature review.

Alignment of sequencing reads. The CNV was calculated 
by counting the reads in each amplicon with MAQ>10. The 
reads were first uniquely mapped to the hg19 sequence from 
the RAW.bam file. The CIGAR index in each read was then 
trimmed. The read counts with >50% uniquely mapped in one 
amplicon were calculated. For certain amplicons, the reads 
were calculated with MAQ>10, as their low mapping quality 
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would lead to multiple hits, which included amplicons in the 
HBA1 and HBA2 genes. The same protocol was performed 
again using MAQ>0 as the control group.

Statistical analysis for CNV detection. A novel algorithm 
was developed to identify the CNV types of α‑thalassemia. In 
these cases, the target amplicons were related to different types 
of α‑thalassemia regions, as described above. The algorithm 
consisted predominantly of four tests: A ratio, which revealed 
the α‑thalassemia‑SEA deletion type; B ratio, which revealed the 
α‑thalassemia‑α4.2 deletion type; C ratio, which revealed the 
α‑thalassemia‑α3.7 deletion type; and D ratio, which represented 
the compound heterozygous or homozygous deletion.

Initially, several basic parameters were defined, including 
the sequence read numbers of the ith reference amplicon 
(ref‑reads‑i) and the ith target amplicon (AMPL reads‑i). The 
ref‑reads was defined as the average number of reads of the 
five reference amplicons. The control reads ratio (AMPL‑i) 
was defined as AMPL‑i=(AMPL reads‑i/ref‑reads), and 28 
control reads ratio values were obtained from 34 normal 
samples as a baseline. Other parameters were defined as 
follows: Median (median value of a cluster of numbers): 
Reads ref=Σ (ref‑reads‑i)/4 (i=3, 4, 8, 9 and 10); test reads 
ratio=(AMPL reads‑i/ref‑reads); A ratio=median (test reads 
ratio/control reads ratio) (i=4, 7, 8, 9, 10, 12, 13, 15, 44, 45, 
48, 49, 50, 51, 55, 57, 58, 60, 65, 66 and 67); B ratio=median 
(test reads ratio/control reads ratio) (i=20, 21 and 22); C 
ratio=median (test reads ratio/control reads ratio) (i=32, 33 and 
35); D ratio=median (test reads ratio/control reads ratio) (i=27). 
GraphPad Prism (v. 5.0; GraphPad Software, Inc., La Jolla, 
CA, USA) software was used for all statistical analyses. Data 
are expressed as the mean ± standard error of the mean and 
were analyzed using an unpaired Student's t‑test (two tailed).

Gap‑PCR validation. All samples were amplified using the 
α‑Thalassemia Genetic Diagnostic kit (gap‑PCR method; 
DaAN Gene Co., Ltd., Sun Yat‑sen University, Guangzhou, 
China). The target products were detected by agarose gel 
electrophoresis.

Sanger sequencing validation. The HBA2 and HBB target 
genes were amplified using specific primers, and the target 
products were sequenced by Sanger sequencing. New primers 
were designed using Primer Premier 5.0 software. The primer 
sequences for HBA2 were: Forward 5'‑CCC​CAC​ATC​CCC​
TCA​CCT​ACA​TTC‑3' and reverse 5'‑CGG​GCA​GGA​GGA​

ACG​GCT​AC‑3'; the primer sequences for HBB were: Forward 
5'‑CAG​AAG​AGC​CAA​GGA​CAG​GTA​CGG​CT‑3' and reverse 
5'‑AAG​GGC​CTA​GCT​TGG​ACT​CAG​AAT​AAT​CC‑3'.

Results

Sequencing bases and mean reads length of 128 samples. The 
present study aimed to establish a method of simultaneously 
detecting CNVs and SNVs of thalassemia that can be applied 
to other diseases, including autism spectrum disorder (ASD), 
spinal muscular atrophy (SMA), and Duchenne muscular 
dystrophy (DMD). The samples for the study were selected 
with the aim of including as many different types of thalas-
semia as possible. Samples with sequencing reads ranging 
between 100 and 500  M were selected for analysis. The 
average number of total raw bases was 45,236,536 (range: 
22,632,244‑100,007,680). The average read length was 155 bp. 
The mean percentage of sequencing reads mapped to the 
reference hg19 genome was 98%. Following filtering of the 
low‑quality reads, polyclonal reads and primer dimer reads, 
sequenced bases with ³Q20 values ranged between 21,042,640 
and 94,594,388 (Fig. 1).

SNV spectrum in HBA2 and HBB. In the present study, 
SNVs were identified in the target region. Approximately 
11 SNVs were identified according to the reference human 
genome hg19, including eight SNVs with clear definition of 
pathogenic alleles recorded in the Clinvar database, of which 
five SNVs were located in HBB exons, one in HBA2 exons, 
and two in introns or upstream of the HBB gene. The most 
frequently mutated gene locus was NM_000517.4:c.427T>C 
(HBA2), which resulted in a termination codon mutation 
in the HBA2 gene to glutamic acid, making it difficult to 
continue synthesis of the polypeptide chain until the next stop 
password. Two samples carried a nonsynonymous variant 
causing p.Val114Glu, and three samples carried frameshift 
variants. The results were consistent with the results of Sanger 
sequencing (Figs. 2A and B and 3).

There were three other nonsynonymous variants identified 
in exons which were not recorded in the Clinvar database. 
The SIFT score (17‑19), Polyphen2_HDIV_score, Polyphen2_
HVAR_score (17,18), and PROVEAN score (20), which were 
used to predict whether an amino acid substitution or indel 
affected the biological function of a protein, were calculated 
to evaluate the possible adverse effects (i.e., deleterious or 
possibly damaging nature) of the nonsynonymous variants 

Figure 1. Sequencing bases and mean reads length of 128 samples.
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on protein function. However, the SNV carriers exhibited 
symptoms of thalassemia, supporting the prediction results 
(Tables I and II).

An additional 66 SNVs were identified that did not result 
in an amino acid change and were located in an intron, an 
intergenic region, or upstream or downstream of genes. The 
minor allele frequency (MAF) value of 20 SNVs in the 1000 
Genomes database was <0.01, indicating that these SNVs 
occur less frequently in the normal population. However, their 
potential adverse effects require further evaluation. The MAF 
value of 32 additional SNVs in the 1000 Genomes database 
was >0.01, indicating a probable polymorphism, and 1‑94 
of the 128 samples in the present study carried these SNVs. 
These SNVs may form their own polymorphism in Chinese 
individuals, providing evidence for gene haplotype and crowd 
site distribution. Of these SNVs, 14 had no information in the 
1000 Genomes database or other databases (Table III).

Determination of the quality of the sequencing reads. The 
human HBA gene cluster, located on chromosome 16, spans 
~30 kb and includes seven loci: 5'‑zeta‑pseudo‑zeta‑mu‑pseu
do‑alpha‑1‑alpha‑2‑alpha‑1‑theta‑3'. The α‑2 (HBA2) and α‑1 
(HBA1) coding sequences are identical. The similarity of these 
gene sequences is almost 97%. They differ only marginally in 
their 5'untranslated region and introns and differ significantly 
in their 3'untranslated region. The target CNVs of HBA2 
depend on an accurate alignment algorithm to avoid ambiguity 
between HBA2 and HBA1.

The present study introduced the concept of mapping 
quality, a measure of the confidence that a read actually comes 
from the position it is aligned to by the mapping algorithm. 
Align MAQ can build assemblies by mapping shotgun 
short reads to a reference genome using quality scores to 
derive genotype calls of the consensus sequence of a diploid 
genome (21). In the present study, six ‑SEA/‑α3.7 samples and 

three ‑SEA/‑α4.2 samples were analyzed using Align MAQ=10. 
The aligned reads of AMPL‑25, AMPL‑29, AMPL‑30, 
AMPL‑37, and AMPL‑38 in the ‑SEA/‑α3.7 samples using 
Align MAQ>10 were close to 0 compared with those using 
Align MAQ=0 (Fig. 4A and B). Similar results were found in 
the ‑SEA/‑α4.2 samples.

Evaluation of the performance of the reference gene 
amplicons by NGS. Applying reference amplicons is key to 
constructing an algorithm to detect CNVs. For an algorithm 
to be accurate, the reference gene region should be a stable 
diploid with minimal variation in the amplicon sequencing 
depth of different samples. According to thalassemia disease‑

associated genes, regions of the HBB gene (ref‑03‑chr11: 
5246753‑5246986, ref‑04‑chr11: 5246976‑5247184, ref‑08‑chr: 
5248047‑5248296, ref‑09‑chr11: 5248286‑5248485, and 
ref‑10‑chr11: 5248475‑5248641, hg19), which encodes 
β‑globin, were selected as reference amplicons. The HBB gene 
was used as the endogenous reference gene as β‑thalassemia is 
predominantly caused by SNVs in the HBB gene, rather than 
a CNV. For thalassemia of the HBB CNV types, other genes 
require selection as the reference gene. The sequencing depth 
at each base pair position in these five regions was counted in 
all 128 samples divided by seven different groups. Normalized 
ref‑reads were generated and are shown for each sample. The 
values varied between 1,136 and 13,282, with no significant 
differences in the amplicon sequencing depth among the 
samples in the seven groups, with the exception of ‑SEA/αα 
(Fig. 5A). The abnormal value in the ‑SEA/αα group may have 
been caused by deletions in the HBA2 gene region, although 
without influence on the final results.

The following step was to investigate the consistency of the 
samples. A cluster of reference reads ratios of 28 amplicons 
were built as a baseline across 33 normal samples (Fig. 5B). 
The reads ratio was defined as the ratio of the target region 

Figure 2. DNA sequences of the samples carrying single nucleotide variants in the HBB gene by Sanger sequencing. HBB, β‑globin.
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reads to the reference region reads of each sample. Examination 
of the coefficient of variation (CV) of the reference samples 
revealed that 24 of the 28 amplicons had CVs with values 
<41.1% (Fig. 5C).

CNV detection by NGS. To identify an indicator for CNV 
detection, a novel algorithm was developed based on the ratio 
of the median reads ratio of the target sample to that of the 
reference. The median ratio value, but not the mean ratio 
value, was used to evaluate the CNV type as the middle value 
is less vulnerable to a deviation as a result of a sequencing 
error. The A ratio, B ratio, C ratio and D ratio revealed 
the copy numbers of the region related to the Southeast 
Asia deletion, the ‑α4.2 deletion, the ‑α3.7 deletion, and the 
compound deletion type of α‑thalassemia, respectively. The 
A ratio ranged between 0.741 and 1.298 in the normal group, 

between 0.263 and 0.899 in the ‑SEA/αα group, between 0.246 
and 0.898 in the ‑SEA/‑α3.7 group, and between 0.232 and 0.707 
in the ‑SEA/‑α4.2 group. The discrepancy in the A ratio was 
significant (P<0.0001) between the normal (αα/αα) samples 
and heterozygous Southeast Asia deletion type (‑SEA/αα) 
samples according to Student's t‑test (Fig. 6A). Consistent 
with the heterozygous Southeast Asia deletion type (‑SEA/αα, 
‑SEA/‑α4.2, and ‑SEA/‑α3.7), the fluctuations in the B ratio and 
C ratio associated with the ‑α4.2 deletion and ‑α3.7 deletion 
were similar to that of the A ratio. The discrepancies were 
also significant (Fig. 6B and C). The D ratio was defined as 
the ratio of the AMPL‑27 reads ratio of the target sample 
to the reference median reads ratio. The AMPL‑27 ranged 
between chr16: 223333 and chr16: 223548 in the HBA2 gene 
(HBA1 and HBA2 genes encode ~97% of the total Hb). A 
homozygous deletion in this region indicates a severe type of 

Figure 3. DNA sequences of the samples carrying single nucleotide variants in the HBA2 and HBQ1 genes by Sanger sequencing. HBA, α‑globin; HBQ1, 
hemoglobin subunit q1.

https://www.spandidos-publications.com/10.3892/mmr.2019.9896
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Table III. Alleles with unclear clinical significance or polymorphisms.

dbSNP ID	 Location	 Gene	 MAF (1000g2015aug_all)	 Sample number

rs184435680 	 Intronic	 HBQ1	 T=0.0026/13	 2
rs2541669 	 Upstream	 HBA2	 T=0.3423/1714	 3
rs281864524 	 Downstream	 HBB	 T=0.0006/3	 1
rs565600725 	 Intergenic	 HBM, HBA2	 T=0.0002/1	 1
rs180783444 	 Downstream	 HBB	 A=0.0016/8 	 1
rs551376957 	 Upstream	 HBA1	 C=0.0002/1 	 1
rs571103784 	 Intergenic	 HBQ1, LUC7L	 C=0.0002/1	 1
rs75154897 	 Intergenic	 HBQ1, LUC7L	 A=0.0014/7	 1
rs570069684	 Upstream	 HBA2	 C=0.0004/2 	 2
rs529931134 	 Intronic	 HBB	 G=0.0006/3	 1
rs556749777 	 Intergenic	 HBQ1, LUC7L	 A=0.0006/3 	 2
rs14010613	 Intergenic	 HBM, HBA2	 A=0.0012/6	 1
rs75154897	 Intergenic	 HBQ1, LUC7L	 A=0.0014/7 	 2
rs76306358 	 Upstream	 HBB	 C=0.0018/9 	 2
rs189144293 	 Intronic	 HBQ1	 A=0.0024/12	 1
rs181879924 	 Intronic	 HBQ1	 A=0.0024/12	 1
rs376289816	 Intergenic	 HBQ1, LUC7L	 T=0.0036/18	 2
rs200410739	 Intergenic	 HBQ1, LUC7L	 ‑=0.0046/23 	 1
rs181734727 	 Intergenic	 HBA2, HBA1	 A=0.0068/34	 1
rs193110122 	 Intergenic	 HBQ1, LUC7L	 A=0.0080/40 	 11
chr11:5247070G>T	 Intronic	 HBB	‑	  1
rs11431675	 Intronic	 HBM	‑	  81
rs377158360 	 Intergenic	 HBM, HBA2	‑	  1
chr16:220861delC	 Intergenic	 HBM, HBA2	‑	  1
rs373693318	 Intronic	 HBA2	‑	  3
chr16:223997C>G	 Downstream	 HBA2	‑	  1
chr16:228779A>C	 Intergenic	 HBA1, HBQ1	‑	  1
chr16:229068T>C	 Intergenic	 HBA1, HBQ1	‑	  1
rs117470710	 Upstream	 HBQ1	‑	  1
chr16:230614C>A	 Intronic	 HBQ1	‑	  1
rs5018713	 Intergenic	 HBQ1, LUC7L	‑	  126
chr16:233238G>C	 Intergenic	 HBQ1, LUC7L	‑	  1
chr16:233605C>T	 Intergenic	 HBQ1, LUC7L	‑	  1
rs67113805 	 Intergenic	 HBQ1, LUC7L	‑	  41
rs3760046 	 Downstream	 HBA1	  C=0.0120/60	 7
rs75368786 	 Utr3	 HBM	 A=0.0198/99 	 13
rs2238370 	 Downstream	 HBA2	 A=0.0304/152	 13
rs72763686	 Intergenic	 HBQ1, LUC7L	 A=0.0389/195 	 1
rs72763688	 Intergenic	 HBQ1, LUC7L	 T=0.0413/207	 1
rs72763685 	 Intergenic	 HBA2, HBA1	 A=0.0425/213 	 1
rs72763684 	 Intergenic	 HBA2, HBA1	 T=0.0447/224 	 1
rs28444102 	 Intergenic	 HBM, HBA2	 T=0.0561/281 	 1
rs78502923 	 Intergenic	 HBQ1, LUC7L	 T=0.0405/203	 15
rs12574989 	 Downstream	 HBB	 T=0.0465/233	 25
rs1203834 	 Downstream	 HBQ1	 T=0.0703/352	 15
rs7946748 	 Intronic	 HBB	 A=0.0992/497 	 6
rs2685118 	 Intergenic	 HBQ1, LUC7L	 A=0.1645/824	 21
rs11639532 	 Intergenic	 HBA2, HBA1	 A=0.1975/989	 21
rs1203833	 Intergenic	 HBM, HBA2	 C=0.2196/1100 	 15
rs2858016	 Intergenic	 HBQ1, LUC7L	 T=0.2466/1235	 13
rs10837631	 Downstream	 HBB	 A=0.2480/1242 	 54
rs2541677 	 Upstream	 HBM	 A=0.2943/1474 	 4
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thalassemia. AMPL‑27 is a common deletion region in these 
three types. Therefore, the D ratios in the ‑α3.7/‑α3.7, ‑SEA/‑α3.7, 
and ‑SEA/‑α4.2 groups were close to zero (Fig. 6D).

Targeted CNVs detected by NGS. The Southeast Asia, ‑α4.2, 
and ‑α3.7 deletions were identified using the following criteria: 
A ratio <0.8, B ratio <0.4, and C ratio <0.8, respectively. 
Subsequently, gap‑PCR was used to evaluate the sensitivity 
and specificity of the approach. A total of 61 heterozygous 
Southeast Asia deletion (‑SEA/αα, ‑SEA/‑α4.2, and ‑SEA/‑α3.7) 
samples were detected with 96.72% (59/61) sensitivity and 
93.94% (31/33) specificity, 12 heterozygous ‑α4.2 deletion 
(‑α4.2/αα and ‑SEA/‑α4.2) samples were detected with 83.33% 
(10/12) sensitivity and 100% (33/33) specificity, and 38 ‑α3.7 
deletion (‑α3.7/αα, ‑α3.7/‑α3.7, and ‑SEA/‑α3.7) samples were 
detected with 97.37% sensitivity (37/38) and 93.94% (31/33) 
specificity. Compound homozygous thalassemia was identified 
using the following criterion: D ratio <0.002. In total, 

20 homozygous deletions of AMPL‑27 were detected with 
95% (19/20) sensitivity and 100% specificity (33/33).

Correlation between target CNVs and SNVs. As NGS 
technology is able to simultaneously detect target gene CNVs 
and SNVs, their correlation was investigated in the present 
study. When a gene exhibits a loss of heterozygosity, only a 
haploid gene exists, not a diploid. Once this gene acquires 
SNVs, 100% frequency can be detected; this abnormal sample 
is defined as a compound heterozygous CNV and SNV. In the 
present study, certain samples had compound heterozygous 
CNVs and SNVs (e.g., ‑SEA/αα and CD122).

Discussion

Human genetic diseases are generally caused by changes in 
genetic material that are considered to affect performance by 
controlling the expression of traits. These changes include 

Table III. Continued.

dbSNP ID	 Location	 Gene	 MAF (1000g2015aug_all)	 Sample number

rs2858935	 Upstream	 HBM	 C=0.3181/1593 	 19
rs3859140 	 Intergenic	 HBQ1, LUC7L	 C=0.3379/1692	 65
rs2238369	 Downstream	 HBA2	 C=0.3550/1778 	 57
rs78928216	 Downstream	 HBB	 C=0.3614/1810	 33
rs7480526 	 Intronic	 HBB	 C=0.3690/1848 	 52
rs56308933	 Intergenic	 HBQ1, LUC7L	 T=0.4077/2042 	 94
rs3859139 	 Intergenic	 HBQ1, LUC7L	 C=0.4225/2116 	 63
rs57397665	 Intergenic	 HBM, HBA2	 T=0.4637/2322	 50
rs28673162 	 Intergenic	 HBQ1, LUC7L	 A=0.4858/2433 	 38
rs2974771	 Intergenic	 HBM, HBA2	 T=0.4748/2378 	 85
rs10742583	 Upstream	 HBB	 G=0.2817/1411	 94
rs2858942	 Upstream	 HBA1	  A=0.2616/1310 	 69
rs11863726 	 Intronic	 HBQ1	 G=0.2039/1021 	 11
rs2541675	 Intergenic	 HBM, HBA2	 A=0.2560/1282 	 70

MAF, minor allele frequency.

Figure 4. Comparison of Aligned reads using Align MAQ>0 and Align MAQ>10. The red dashed boxes indicate that the aligned reads using Align MAQ>10 
were close to 0, compared with those using Align MAQ>0. (A) Aligned reads of six samples of ‑SEA/‑α3.7. (B) Aligned reads of three samples of ‑SEA/‑α4.2.
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SNVs and structural variations, which are operationally 
defined as CNVs, inversions and translocations  (22‑31). 
There are different detection methods for different diseases. 
SNVs are usually detected by Sanger sequencing, Southern 
blotting  (32), PCR‑RDB  (33,34) or matrix‑assisted laser 
desorption ionization time‑of‑flight mass spectrometry (35). 
Partial CNVs, including deletions and duplications, 
are often detected by qPCR  (36), array comparative 
genomic hybridization  (37) and massively parallel DNA 
sequencing (38). However, the genetic profile is so complex 
that the concurrent detection of an SNV and a structural 
chromosomal abnormality is difficult. In previous years, with 
the development of NGS technologies, several reports have 
described a single testing method that can simultaneously 
detect an SNV and an CNV (11‑15). These reports provide 
insight into novel methods of detecting inherited diseases. 
However, in the majority of studies, massive probes have 
been used to capture target gene regions, following which the 
target DNA was detected by massively parallel sequencing or 
NGS. In other studies, the whole genome was sequenced and 
only the target gene region was analyzed. The use of massive 

probes or the whole genome requires higher costs and labor 
requirements compared with the use of multiple primers to 
capture target gene regions.

In the present study, α‑ and β‑thalassemia was used as 
the study model, including CNVs and SNVs in the HBA gene 
or SNVs in the HBB gene. Multiplex PCR‑NGS technology 
can detect CNVs and SNVs in disease‑specific genes. For the 
detection of SNVs, the coincidence rate using gold‑standard 
generation sequencing was 100%. For the detection of CNVs, 
although 100% accuracy was not achieved in the present study, 
there were few false negatives, and false positives could be 
reduced using a subsequent validation technique, including 
Sanger sequencing and/or gap‑PCR technology. Furthermore, 
the technology can also detect CNVs and SNVs in the entire 
region in addition to the specific region. This method has 
similar accuracy to Sanger sequencing for detecting SNVs. In 
the present study, a novel algorithm was developed to detect 
target CNVs and SNVs simultaneously using NGS data. In this 
algorithm, Align MAQ=10 was used to align the sequencing 
reads at a specific position and to remove mismatches, 
which may lead to the false detection of variants. The results 

Figure 5. Evaluation of reference amplicons. (A) Normalized ref‑reads of the reference amplicons. ***P<0.001. (B) Baseline built by a cluster of reference reads 
ratios. (C) Coefficient of variation of each amplicon.

https://www.spandidos-publications.com/10.3892/mmr.2019.9896
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indicated that the method was accurate, with high sensitivity 
and specificity, using MAQ=10.

The reference gene region was selected to normalize 
the PCRs for the quantity of genomic DNA added to the 
sequencing reactions. A ratio was set using the reads in the 
target gene relative to that in the reference gene. The read 
count data were converted into a standardized normal score. 
In the present study, the HBB gene was used as the endog-
enous reference gene for detecting the α‑thalassemia CNV 
type, as β‑thalassemia is predominantly caused by an SNV 
in the HBB gene, not a CNV. For thalassemia of the HBB 
CNV type, other genes require selection as the reference gene. 
In the present study, an algorithm was developed based on 
a previously reported relative qPCR method (39). However, 
standard housekeeping genes, including GAPDH and β‑actin, 
are typically used as internal control genes (40,41). Suitable 
internal controls for algorithm building are necessary. Some 
bias of the normalized ref‑reads (Fig. 5A) remained present 
in the ‑SEA/αα group (i.e., expression of the reference gene 
region in the ‑SEA/αα group was significantly higher than in 
other groups). Therefore, based on the algorithm built in the 
present study, the reference gene can be used instead of other 
housekeeping genes, and the results are likely to be more 
accurate.

The present study also provides an example of CNV 
detection that can be exploited for other CNV‑related diseases. 

Several diseases are related to target CNVs and SNVS; these 
include neurological disorders, including ASD  (42) and 
schizophrenia (43), muscular disorders including SMA (44) 
and DMD (45), and certain types of cancer (46‑48) However, 
only a few uncommon diagnostic methods can simultaneously 
resolve these problems. The ability to combine CNV and SNV 
analyses using one method can save on labor costs.

In conclusion, the simultaneous detection of target CNVs 
and SNVs of thalassemia by multiplex PCR and next‑gener-
ation sequencing is a valid strategy for thalassemia studies. 
The previous method for SNV detection involves PCR‑RDB 
or Sanger sequencing. These methods are currently used 
in clinical studies; however, they detect only known vari-
ants. Sanger sequencing technology can detect unknown 
gene SNVs, but the data analysis is too complicated and the 
throughput is low. The present study used multiplex PCR 
and next‑generation sequencing to detect novel mutations 
and target SNVs. For CNV detection, the previous method 
of gap‑PCR can detect the ‑SEA, ‑α4.2, and ‑α3.7 deletion type 
with good accuracy, but samples require re‑testing, which 
increases labor. Therefore, the present study built a novel 
algorithm for CNV detection. The use of a cluster of control 
values to build a baseline and the ratios of the target ampli-
cons to the reference amplicons increased the precision of 
the algorithm. Overall, the present study demonstrates the 
feasibility of using NGS data to detect both targeted CNVs 

Figure 6. A, B, C, D read ratios. (A) A, (B) B, (C) C and (D) D read ratios were obtained for each sample in seven groups. ***P<0.001. n.s., not significant.
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and CNVs. This strategy allows for the use of multiplex PCR 
and NGS as routine methods, however, further computational 
and technological developments are required.
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