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Abstract

Introduction: To evaluate a next-generation sequencing (NGS) workflow in the screening and
diagnosis of thalassemia.

Methods: In this prospective study, blood samples were obtained from people undergoing
genetic screening for thalassemia at our centre in Guangzhou, China. Genomic DNA was poly-
merase chain reaction (PCR)-amplified and sequenced using the lon Torrent system and results
compared with traditional genetic analyses.

Results: Of the 359 subjects, 148 (41%) were confirmed to have thalassemia. Variant detection
identified 35 different types including the most common. Identification of the mutational sites by
NGS were consistent with those identified by Sanger sequencing and Gap-PCR. The sensitivity
and specificities of the lon Torrent NGS were 100%. In a separate test of 16 samples, results were
consistent when repeated ten times.

Conclusion: Our NGS workflow based on the lon Torrent sequencer was successful in the
detection of large deletions and non-deletional defects in thalassemia with high accuracy and
repeatability.
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been estimated to be approximately 10—
15%, which is much higher than other
areas.>* However, because of economic
improvements and population migration,
thalassemia is thought to be spreading to
other parts of China and so in the future
is likely to become a major public health
concern.’

Screening and prevention programmes
for thalassemia have been widely adopted,’
but they require accurate identification of
couples at high risk of this genetic disorder.
Thalassemia is classified into two types,
namely, alpha- and beta-, according to
defects in the globin genes (HBA and
HBB, respectively).*® Although more than
200 different thalassemia-causing mutations
have been identified in the HBB gene,’ usu-
ally only 6-20 mutations account for the
large majority of HBB disease-causing
alleles in each at-risk population.® This
finding has greatly facilitated molecular
genetic testing. Mutations of the HBB
gene can be detected by a number of poly-
merase chain reaction (PCR)-based proce-
dures including, restriction fragment length
polymorphism (RFLP) analysis, denaturing
gradient gel electrophoresis,” reverse dot-
blot hybridization (RDB),'® amplification
refractory mutation system (ARMS),"!
and real-time PCR."?

Alpha-thalassemia most frequently is
caused by deletions of one (—«) or both
(-) HBA genes from the normal chromo-
some (¢x).” In Southern China, the
Southeast Asian deletion (-SF4) s
the most common, followed by the
rightward deletion (—«"), leftward deletion
(—o*?), non-deletional ~ Haemoglobin
(Hb)Constant Spring and HbQuong Sze .13 PCR
related techniques such as Gap-PCR and
multiplex ligation-dependent probe amplifi-
cation (MLPA) are typically used for detec-
tion of common deletions in alpha-
thalassemia.'?

Currently, separate tests are required for
alpha- and beta-thalassemia and so testing

is complex, time consuming, and cumber-
some. However, over recent years, tremen-
dous  improvements in  sequencing
technology and computational methods
have led to the emergence of next-
generation sequencing (NGS) platforms
that have drastically decreased the time
and cost associated with comprehensive
genome analysis.'>'*'> This process allows
for the simultancous evaluation of many
genes and the generation of millions of
DNA fragments in parallel. In addition, the
application of NGS in many clinical labora-
tories has facilitated the detection of novel
genetic mutations and rare aberrations.'®!”
The purpose of this study was to estab-
lish and evaluate a NGS workflow using an
Ion Torrent next-generation sequencer (Life
Technologies) as a routine method for com-
prehensive genetic screening of thalassemia.

Methods

Subjects

In this prospective study, blood samples
were obtained from subjects of any age
who attended the clinical laboratory
department at the First Affiliated Hospital
of Sun Yat-sen University, Guangzhou,
China from 01 July to 31 October 2015
for genetic testing of suspected thalassemia.
Inclusion criteria were: Hb<120g/L; mean
corpuscular volume (MCV)<28fl; HbA,
outside the normal range of 2.5-3.5%; a
family history of thalassemia. This study
was approved by the Research Ethics
Committee of the Sun Yat-sen University.
Written informed consent for participation
was obtained from subjects prior to sample
collection.

DNA extraction

Venous blood samples (2ml) were collected
into EDTA-anticoagulated tubes and
stored at —80°C until analysis. Genomic
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DNA were extracted using the QIAamp
DNA Blood Kits (Qiagen, Valencia, CA).
The DNA samples were quality-checked on
agarose gels and quantified using a micro-
volume spectrophotometer (NanoDrop
1000; Thermo Fisher Scientific Inc). For
each sample, a total amount of 5Sng genomic
DNA was used for subsequent PCR
amplification.

Amplification

To sequence the alpha-thalassemia, seven
primers were designed using the freely avail-
able software Primer Premier 5.0 (Thermo
Fisher Scientific Inc.). Multiplex PCR was
performed to reduce the number of ampli-
fication reactions. The resulting amplicons
were then purified using AMPure beads,
and the concentration was measured using
the Qubit dsDNA HS Assay kit (Life
Technologies) and the fragment size was
detected using Agilent 2100 Bioanalyzer.

Mutation analysis

A work flow diagram to illustrate our
sequencing strategy is shown in Figure 1.
Data analysis was performed using the
Genome Analysis Toolkit (GATK) Best
Practices guidelines.'® Picard (v.1.69) was
used to duplicate reads for each raw
Binary Alignment Map (BAM) file. For
detection of variants, we applied the
GATK UnifiedGenotyper, GATK
HaplotypeCaller, and bcftools utility in
SAMtools."” Variant calling was performed
on each sample separately as well as all
samples simultaneously (combined analy-
sis). GATK tools were used to recalibrate
base mass value of reads and the local re-
alignment near indel in the BAM file.
Guidance published by the American
College of Medical Genetics and
Genomics (ACMG) was used in the inter-
pretation of sequence variants.

Library preparation and lon Torrent
sequencing were performed according to
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Figure |I. Workflow diagram.
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standard procedures detailed in the manu-
facture’s guideline and previous publica-
tion.” The Ion Xpress'™ Plus Fragment
Library Kit for AB Library Builder™
System, Ton PI™ Chip Kit v2 and Ton
PI™ Sequencing 200 Kit v2 chemistry
(200 base pairs [bp] read length, Life
Technologies, Thermo Fisher Scientific,
Waltham, MA) were used. For all samples,
a fragment library was constructed and
sequenced with 500 s flows ensuring that
200 bp read length could be achieved. The
distribution of read lengths was similar on
all chips with the highest peak around 150
bp. On average, 9.5 Gb sequence data, cor-
responding to ~73.3 million single reads
with a mean read length of 130 bp was pro-
duced by each chip. For each sample, an
average of 0.5 M of reads was generated
per sample, and the average sequencing
depth for each sample was >500x. All
reads were aligned to the human reference
genome sequence using TorrentSuit 3.6
software with default settings. The quality
of obtained alignments was assessed using
FastQC v0.7.2.

To identify the known deletions causing
alpha-thalassemia, three paired primers
were designed based on Gap-PCR method
and included: Chrl6: 215284-215308;
Chrl6: 235908-235888; Chrl6: 221913-
221936; Chrl6: 227726-227702; Chrl6:
219303-219327; Chrl6: 225173-225148;
Chrl6: 223631-223612. The read depth of
each base was calculated using an analysis
plugin (backup depth). Samples with the
read depth of each base over 500x in both
regions of Chrl6: 221913-221936 and
Chrl6: 223631-223612 and not in other
regions, were considered not to have large
deletions. Samples with the read depth of
each base over 500x in both Chrlé6:
219303-219327 and Chrl6:  225173-
225148, and not in other regions, were con-
sidered to indicate o-thalassemia 4.2-kb
(—o*?  deletion) homozygous deletion.
Samples with the read depth of each base

over 500x in both regions of Chrl6:
221913-221936 and Chrl6: 227726-227702
and not in other regions, were considered to
indicate o-thalassemia 3.7-kb homozygous
deletion (—o*” deletion). Samples with the
read depth of each base over 500x in both
regions of Chrl6: 235908-235888 and
Chrl16: 215284-215308 and not in other
regions, were considered to indicate a-thal-
assemia SEA homozygous deletion (—SE%).
Samples with the read depth of each base
over 500x in the regions mentioned above
and also in Chrl6: 221913-221936 and
Chrl6: 223631-223612, were considered to
have loss of heterozygosity (LOH).

Validation of variants by Sanger
sequencing

The sequence of o2 cluster and f cluster
were characterised by Sanger DNA
sequencing analysis. All regions containing
variants were amplified by PCR and
sequenced by a 3730x]I DNA Analyzer
(Thermo Fisher Scientific, USA) according
to standard procedures.

Validation of large deletion by Gap-PCR

Gap-PCR was used to detect three common
a-thalassemia deletions (—o’7, —o*? and
—SEAY with commercial kits from Yaneng
Biosciences Ltd (Shenzhen, China) accord-

ing to the manufacturer’s instructions.

Results

In total, blood samples were provided by
359 subjects (156 males and 203 females;
age range, 7 months to 72 years). Of the
359 samples, 82 (23%) were from the hae-
matology department, 103 (29%) the
obstetrics department, 90 (25%) the paedi-
atrics department, and 84 (23%) the ante-
natal counselling department.
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PCR-amplification, NGS and analysis

The results of variant detection identified 35
different types, including the most common
variants which cause o« and [ thalassemia.
Of the 359 subjects, 148 (41%) were con-
firmed to have thalassemia. Point mutations
in the beta-cluster (48 subjects) and dele-
tions in the alpha-cluster (49 subjects)
were the main causes of thalassemia. Point
mutations in the alpha-cluster were detected
in 15 subjects and more than one variant
was detected in 36 subjects.

Validation by Sanger sequencing and
Gap-PCR

To validate point mutations and small
indels detected by Ion Torrent sequencing,
genomic DNA fragments were amplified
and sequenced by Sanger sequencing meth-
ods. For the 359 samples, the mutational
sites were consistent between the two meth-
ods (Table 1). To validate deletions in the
alpha-cluster, multiplex Gap-PCR was con-
ducted and the results were consistent with
Ton Torrent sequencing (Table 2). Results
indicated that the sensitivity and specificity
of these methods for thalassemia diagnosis
were 100%.

Repeatability and stability

To assess repeatability and stability of the
method, 16 samples were chosen at random
and processed ten times using Ion Torrent

sequencing. All samples provided consistent
results (Table 3). The mean coefficient of
variance (CV) of the mutation frequency
of heterozygous mutations was under
10%. These data indicated that the
method had high stability and the results
were reproducible.

Discussion

Thalassemia is the most common autoso-
mal recessive single-gene disorder in
Southern China.?' Over the past decade,
various diagnostic methods have been
developed and with advances in NGS tech-
nologies, more effective methods are being
tested and introduced into clinical screening
of genetic diseases than were previously
available. However, there is a need for eval-
uation of each new method that generates
sequencing data comparing it against other
sequencing methods as well as non-
sequence-based techniques.”*** The pur-
pose of this present study was to investigate
if NGS can be a suitable screening or diag-
nostic method for the sequencing of large
numbers of samples from an area in
Southern China with a high incidence of
thalassemia.

We designed multiple PCR amplification
of HBA and HBB genes for targeted
sequencing. Our primers were designed to
cover the complete HBA and HBB spec-
trum of mutations and deletions thought
to occur in the local population.

Table I. Analysis of (alpha- and beta-) thalassemia point mutations by lon Torrent and Sanger sequencing.

Sanger sequencing

Positive Negative No samples
Positive 99 0 99
lon Torrent Negative 0 260 260
No samples 99 260 359

The sensitivity of lon Torrent was calculated as 99/(99 +

0)*100%; the specificity of lon Torrent was calculated as 260/

(0+260) *100%; the consistency of lon Torrent was calculated as 99 + 260/(99 + 0+0 + 260) *100%.



6 Journal of International Medical Research

Table 2. Analysis of alpha-thalassemia large deletion by lon Torrent and Gap-PCR.

Gap-PCR
lon Torrent Positive Negative No samples
Positive 73 0 73
Negative 0 286 286
No samples 73 286 359

The sensitivity of lon Torrent was calculated as 73/(73 4 0)*100%; the specificity of lon Torrent was calculated as 286/
(0 +286) *100%; the consistency of lon Torrent was calculated as 73 + 286/(73 + 040 + 286) *100%.

Table 3. Repeatability and stability of the results from lon Torrent sequencer.

Repeat Correct Incorrect Agreement

Sample  Results Count Results Results Undetected Rate

I CDI125(CTG>CCQG) 10 10 0 0 100%
Heterozygous mutation

2 CDI122(CAC>CAQG) 10 10 0 0 100%
Heterozygous mutation

3 DEL (Sea Heterozygous) 10 10 0 0 100%

4 IVS-1-1(G>T) Heterozygous 10 10 0 0 100%
mutation

5 CD26(GAG>AAG) 10 10 0 0 100%
Heterozygous mutation

6 —28(A>G) Heterozygous 10 10 0 0 100%
mutation

7 CDI7(AAG>TAG) 10 10 0 0 100%
Heterozygous mutation

8 Initiation codon 10 10 0 0 100%
Heterozygous mutation

9 IVS-11-654(C>T) 10 10 0 0 100%
Heterozygous mutation

10 CD71-72(+A) 10 10 0 0 100%
Heterozygous mutation

I CD41-42(_CTTT) 10 10 0 0 100%
Heterozygous mutation

12 Wild Type 10 10 0 0 100%

13 Wild Type 10 10 0 0 100%

14 Wild Type 10 10 0 0 100%

I5 DEL (3.7 Heterozygous) 10 10 0 0 100%

16 DEL (4.2 Heterozygous) 10 10 0 0 100%

Totals Sa=160 Yb=160 > c=0 > d=0 100%

Agreement rate of repeatability, > b/>"a =100% =160/160.

We decided that targeted sequencing and obtained blood samples from a population
multiple PCR amplification would signifi- of 359 subjects originating from four differ-
cantly reduce costs and avoid lengthy pro- ent departments within the hospital (i.e.,
cedures. To evaluate our methods, we haematology, obstetrics, paediatrics and
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psychotherapy). The selection of these
departments and our chosen inclusion crite-
ria increased our opportunity to include dif-
ferent types of mutations or deletions in the
study.

We found that &7 and o*? heterozygosis
were common in our group of subjects from
Guangzhou. The sequencing data showed
that 35 different types of thalassemia were
retrieved that covered most of the common
mutations or deletions. Results from the
NGS test were consistent with Sanger
sequencing and traditional Gap-PCR anal-
ysis and 100% sensitivity and specificity
were achieved. In addition, the results
were stable and repeatable; the mean CV
for mutation frequency was less than
10%. and the results were consistent when
repeated ten times. These data suggest that
the NGS method is a robust method and
will provide reliable results as a routine test.

An advantage of using NGS in the
screening of thalassemia carriers is that it
may assist in the detection of novel and
rare variants.”* While no unusual cases
were identified in this study, this may have
been related to the relatively small sample
size because rare variants have been esti-
mated to occur at less than 3%.*** An addi-
tional advantage of NGS is that compared
with traditional methods such as RDB,
Sanger sequencing and Gap-PCR, NGS
requires less DNA, sometimes as low as
10ng/ul. This may be useful in prenatal
diagnosis or other situations when only a
small sample can  be  collected.
Furthermore, another benefit of the NGS
procedure in thalassemia detection is its
high speed. For example, in this current
study, the sequencing and data analysis
procedures only required eight hours per
run to analyse 100 samples; most of the
time was spent on library construction.
Moreover, the introduction of automated
instruments for the entire workflow will
decrease the test turnaround time even
further.

Although other laboratories have exam-
ined the use of NGS in screening thalasse-
mia, they did not integrate HBA deletions
into their procedures.”**> We suggest that
compared with previous methods, our inte-
grated sequencing strategy will be much
more convenient in clinical practice. In
addition, while other NGS protocols have
been suggested for use in China based on
protocols constructed using the Illumina or
Beijing Genomics Institute (BGI) plat-
forms,?**> we suggest that the Ion Torrent
platform is more flexible for small or
medium size laboratories. The major limit-
ing factor in the application of NGS for
screening  thalassemia is the  cost.
However, with the introduction of locally
produced instruments and reagents, the
costs associated with NGS should reduce
significantly in the future. Another possible
imitation of NGS, is that the detection of
large deletions has been reported to be less
accurate compared with MLPA or
Comparative  Genomic  Hybridization
(CGH) analysis.”® However, our data
showed that the detection of common dele-
tions was accurate. We suggest that the
sequencing and data analysis strategy are
critical factors in the success of the method.

Our study had some limitations. For
example, some deletions previously
reported in the local area, such as gamma-
delta-beta-thalassemia, the Thailand dele-
tion (-THAI) and the Fil (-FIL) deletion,
were not analysed. Ideally, these deletions
and more loci, such as globin genes and
validated modulators (KLF1, BCLI1A,
and MYB) should be included in the NGS
diagnostic strategy, which is important for
the precise diagnosis and treatment of thal-
assemia. Additionally, our sample size was
not large enough to evaluate the perfor-
mance of NGS in detecting novel or rare
mutations in thalassemia. Nevertheless,
our data showed that the NGS method
may facilitate screening and diagnosis of
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thalassemia in our region with high accura-
cy and repeatability.
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