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Abstract

Thalassemia is a common monogenic disease in southwestern China, especially in
Guizhou province. In this study, 18 309 neonates were examined for thalassemia.
The thalassemia carrier rate was 12.90%, which is associated with geographical
regions, with carrier frequencies significantly differing between regions (p < 0.0001).
The carrier rates for a-thalassemia and p-thalassemia were 8.91% and 3.36%, respec-
tively. There are 22 genotypes identified among 1632 «a-thalassemia cases, and
18 genotypes detected among 615 B-thalassemia cases. The birthrates of individuals
with intermediate thalassemia and B-thalassemia major were 0.153% and 0.055%,
respectively. Methodologically, NGS-Gap-PCR is superior to traditional detection
methods, with 65 more cases detected by NGS-Gap-PCR. Since thalassemia-rich
genotypes were highly prevalent in this region, early detection of thalassemia carriers
would be meaningful for genetic counseling and prevention/treatment of thalasse-
mia. NGS-Gap-PCR provides a powerful tool for neonate genetic testing and clinical

diagnosis of thalassemia, especially in high-prevalence regions.

KEYWORDS
gap-PCR, genetic counseling, hemoglobin, neonates, next-generation sequencing, thalassemia
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transfusions to survive.® Early identification of thalassemia is benefi-
cial for timely prevention and control of thalassemia major.* Thalasse-

Thalassemia is manifested primarily as chronic progressive hemolytic
anemia.! The degree of anemia varies, depending on the type and
amount of hemoglobin that is synthesized. Thalassemia minor may
present as mild anemia or a complete lack of clinical symptoms, while
thalassemia major often leads to severe anemia that is a serious threat
to the lives and health of children.? Each year, approximately 5500
severe a-thalassemia patients die during the perinatal period, and
50 500 p-thalassemia major patients are born throughout the entire

world, which at least 30 000 require lifetime standard blood

* Mei Tan, Yue Bai, Jindong Chen and Yan Chen contributed equally to this work.

mia gene screening and related genetic counseling are the most
effective ways to reduce the incidence of thalassemia major.>

Guizhou province, China consists of nine states with a population
of 36 229 500 under 176 167 km?, bordering the southern provinces
of Yunnan, Guangxi, Hunan, Sichuan, and Chongging City. Like its
neighbor provinces such as Yunnan and Guangxi, Guizhou province
has a high prevalence of thalassemia. Qianxinan State, one of its
states, located in southwestern Guizhou Province, and adjacent to
Yunnan and Guangxi, is geographically linked to the high incidence of
thalassemia in this region. Previous studies on thalassemia have been

limited due to small sample size, and most of the study subjects were
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children plus adults.>” The thalassemia carrier rate in the Guizhou
population has not yet been subjected to a large-scale and more com-
prehensive epidemiological survey. Therefore, we used next-
generation sequencing (NGS) combined with Gap-PCR to detect the
prevalence of the thalassemia gene mutations in neonates born from
June 2016 to June 2017 in Qianxinan State to assess the thalassemia
carrier rate, incidence of thalassemia major and provide a theoretical

basis for the screening, prevention, and treatment of thalassemia.

2 | MATERIALS AND METHODS

21 | Participants and study design

The study was approved by Beijing Genomics Institute (BGlI) institu-
tional review board on bioethics and biosafety (BGI-IRB), and all indi-
viduals' parents provided written informed consent. Qianxinan State
in Guizhou Province is composed of eight cities/districts including
Anlong, Ceheng, Puan, Qinglong, Wangmo, Xingren, Xingyi and
Zhenfeng. From June 2016 to June 2017, 18 309 umbilical cord blood
samples were collected from all the neonates born in all eight cities/
districts of Qianxinan State Four blood spots of umbilical cord blood

were collected from each neonate at birth.

2.2 | Testing methods

DNA extraction was performed using the Magen nucleic acid extrac-
tion kit (GenMagbio DOF-9696PRO, Guangzhou, China). Screening of
thalassemia gene mutations was carried out by Beijing Genomics
Institute-Shenzhen (BGI-Shenzhen) through its NGS plus Gap-PCR
routine protocol that has been described in previous study.® Briefly,
full length of HBA1, HBA2, HBZ, HBQ1, HBB, HBD, HBG1, HBG2, and
HBE1 and the key regulatory regions (5’HVR, 3'HVR, HS40, HS-1,
HS-2, HS-3, HS-4, and HS-5) of the human a-and B-globin gene clus-
ters, which covers nearly all reported pathogenic SNVs/Indels coding
and non-coding regions in the two gene clusters. Sequencing libraries
were constructed according the Illumina HiSeq sequencing library
preparation protocol. These libraries were further paired-end-
sequenced for 100 base pairs (PE100) with an lllumina HiSeq 2000
machine. The bioinformatic analysis of identifying hemoglobin gene
variations was described in detail previously.® Variations from 63 cases
were further validated with Sanger sequencing. Gap-PCR was used to
identify a-globin deletions and p-globin deletions including the three

SEA 3.7
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most common a-thalassemia-associated deletions ( and

—a*?), two rare deletions (=" and —""), and two common B-globin

gene deletions (SEA-HPFH and Gy*[**y5p]).

2.3 | Statistical analysis

A chi-square (y?) test was used to evaluate the differences in thalasse-

mia carrier rates (a-thalassemia, B-thalassemia and combined

a-/p-thalassemia) between different regions and sexes. Two separate
analyses were conducted to address the different types of thalassemia
compared to a healthy group: a and combined o-/p-thalassemia and §
and combined a-/B-thalassemia. The crude thalassemia carrier rate for
each type was calculated for each region and sex; crude odds ratios
(ORs) and 95% confidence intervals (Cls) for comparing each region to
Xingren (reference, the largest population surveyed) and females to
males were calculated using a univariate logistic regression model. A
multivariate logistic regression model was used for the adjusted analy-
sis. The variables in the multivariate models included sex and region.
The adjusted ORs (adj.ORs) and 95% Cls were determined. A 95% Cl
that did not include 1.00 was considered statistically significant at an
o = .05 level of significance. The analyses were performed using SAS
9.4 (Proc Logistic, SAS Institute, Cary, NC, USA).

3 | RESULTS

3.1 | Thalassemia carrier rates

Among the 18 309 subjects, 10 057 were males and 8252 were
females (Table 1). Of them, 2362 (12.9%) were identified to be carriers
of the thalassemia genes, including 1632 a-thalassemia, 615 p-thalas-
semia, 115 combined «-/p-thalassemia (Table 1). In addition, we
observed 93 abnormal hemoglobinopathies. The characterization and
annotation of the globin gene mutations/deletions were performed as
described in previous studies.”'® Geographically, Ceheng presented
the highest carrier rate (27.98%, 394/1408), and Anlong showed the
lowest rate (5.56%, 3/54). These frequencies showed statistically sig-
nificant differences between the regions (p < 0.0001). In addition, var-
iants from 63 cases were further confirmed through Sanger
sequencing, and the results were consistent with the NGS data. The
variant types and corresponding numbers were listed in the Supple-
mentary Table S1.

For the frequencies of the a-thalassemia, p-thalassemia, and com-
bined o-/p-thalassemia, no statistically significant associations were
observed between the gender and the detection rates (p > 0.05). The
crude ORs and adjusted ORs (adj.ORs) for each region compared to
the reference (Xingren, which had the largest survey population and
was used as a reference baseline) are presented in (Table 2). For a
only and combined a-/p-thalassemia, the odds were 3.2 times higher
in Cehen and 2.6 times higher in Wangmo (adj.OR [95% ClI]: 4.15
(3.52-4.90); adj.OR [95% Cl]: 3.56 (3.01-4.22)). A similar pattern was
observed for § only and combined o-/f-thalassemia in these two
regions. With respect to sex, we did not observe any statistically sig-

nificant associations.

3.2 | Frequency of the a-globin genotypes and
a-thalassemia

There were 1632 (8.91%) a-thalassemia mutation carriers identified,

including 1604 cases of a-thalassemia minor and 28 cases of
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TABLE 1 Carrier frequencies of a-thalassemia, p-thalassemia, and combined a-/f-thalassemia
Health (%) wa-thalassemia (%) B-thalassemia (%) Combined «-/p- thalassemia (%) Total Frequency (%)
Total N (%) 15 947 (87.10) 1632 (8.91) 615 (3.36) 115(0.63) 18 309 12.9
Region
Anlong 51 (=94.45) 1(1.85) 2 (3.70) 0(0.00) 54 5.56
Ceheng 1014 (72.02) 271 (19.25) 84 (5.96) 39 (2.77) 1408 27.98
Puan 1060 (92.09) 67 (5.82) 19 (1.65) 5(-0.44) 1151 7.91
Qinglong 1822 (-86.85) 192 (9.15) 76 (3.62) 8(0.38) 2098 13.16
Wangmo 1055 (74.14) 251 (17.64) 91 (6.39) 26(1.83) 1423 25.86
Xingren 4967 (90.8) 350 (6.4) 137 (-2.51) 16 (0.29) 5470 9.20
Xingyi 3846 (91.35) 250 (5.94) 106 (2.52) 8(0.19) 4210 8.65
Zhenfeng 2132 (85.45) 250 (10.02) 100 (4.01) 13(0.52) 2495 14.55
Sex
Female 7213 (87.41) 723 (8.76) 266 (3.22) 50 (0.61) 8252 12.59
Male 8734 (86.84) 909 (9.04) 349 (3.47) 65 (0.65) 10 057 13.16

Abbreviation: Total N, total subject number.

TABLE 2 Comparison of crude and adjusted odds ratios between regions and sexes by thalassemia type

a-thalassemia and combined «-/g-thalassemia

p-thalassemia and combined «-/g-thalassemia

Regions Crude odds ratio (95% CI) Adjusted odds ratio (95% Cl) Crude odds ratio (95% Cl) Adjusted odds ratio (95% Cl)
Anlong 0.27 (0.04-1.93) 0.27 (0.04-1.94) 1.27 (0.31-5.28) 1.28 (031-5.30)
Ceheng 4.15 (3.52-4.90) 4.15 (3.52-4.90) 3.94 (3.08-5.04) 3.95(3.08-5.05)
Puan 0.92(0.71-1.20) 0.92(0.71-1.20) 0.74 (0.48-1.14) 0.73(0.48-1.13)
Qinglong 1.49 (1.24-1.78) 1.49 (1.24-1.78) 1.50(1.14-1.96) 1.50(1.14-1.96)
Wangmo 3.56 (3.01-4.22) 3.56 (3.01-4.22) 3.60 (2.81-4.62) 3.60 (2.80-4.62)
Xingyi 0.91(0.77-1.07) 0.91(0.77-1.07) 0.96 (0.75-1.23) 0.96 (0.75-1.23)
Zhenfeng 1.67 (1.41-1.98) 1.67 (1.42-1.98) 1.72 (1.34-2.21) 1.72 (1.34-2.20)
Xingren Ref
Sex
Female 0.96 (0.87-1.06) 0.96 (0.87-1.07) 0.92 (0.80-1.07) 0.92 (0.79-1.07)
Male Ref

intermediate thalassemia, caused by 22 distinct genotypes including
deletion (1315 cases), nondeletion mutations (292 cases), and deletion
combined with nondeletion mutations (25 cases). More than 42.71%
(697/1632) of the carriers harbored an ao/-0>” gene deletion, and
ao/->FA was less common, at 26.47% (432/1632). Hb CS heterozygo-
sis was the most common genotype (12.75%, 208/1632). There was
no association between genotype and sex (p > 0.05). The 28 cases
(1.72%, 28/1632) of intermediate thalassemia were identified as hav-
ing a genotype-predictive phenotype (Table 3).

3.3 | Frequency of the p-globin genotypes and
p-thalassemia

The B-thalassemia mutation frequency was 3.36% (615/18309). There
were 18 genotypes found, all of which were point mutations. Among

these mutations, codon 17 (A- > T) ﬁo heterozygosis was the most com-
mon alteration (44.39%, 273/615), followed by codon 41/42 (-TTCT)
B° heterozygosis (27.48%, 169/615) and IVS-11-654 C > T p * heterozy-
gosis (9.27%, 57/615). In addition, 10 cases (0.055%, 10/18309) of
B-thalassemia major and five related genotypes were detected. The
codon 17 (A >T) ﬁo homozygosis accounted for 60% (6/10) (Table 3).

34 | Composite a-/p-thalassemia

We identified a total of 115 cases of combined a-/p-thalassemia, with
a carrier rate of 0.63% (115/18309) across 65 males and 50 females.
There were 29 types of genotypes detected. Among these genotypes,
the most frequently occurring gene mutation was aa/-a>” combined
with codon 17 (A->T) ﬁo heterozygosis, accounting for 19.13%

(22/115) (Table 3).
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3.5 | Other types of hemoglobinopathy

We identified 93 (0.51%, 93/18309) cases of other types of
hemoglobinopathy with 21 types of gene mutation. Hb Hekinan
Il heterozygosis, Hb Q-Thailand heterozygosis and Hb New York
heterozygosis ranked among the top three, accounting for
32.26% (30/93), 17.2% (16/93), and 11.83% (11/93), respectively.
In addition, 23 cases of hemoglobinopathy were also suffers of
a-thalassemia; seven cases were suffers of p-thalassemia; and
four cases were associated with
(Table 3).

combined—/p-thalassemia

3.6 | NGS combined with gap-PCR is superior to
traditional screening technology

Of the2,362 thalassemia-carriers, 65 (2.75%, 29 males, 36 females)
were undetectable by traditional gene screening technology, including
8 cases of a-thalassemia, 45 cases of p-thalassemia, and 12 cases of
combined a-/p-thalassemia. -50 (G > A) B* heterozygosis was the

most common genotype, accounting for 50.77% (33/65).

4 | DISCUSSION

Thalassemia is considered an epidemic in Guizhou province of south-
western China. Early identification and diagnosis of thalassemia are
essential for predicting the clinical manifestations based on
genotype-phenotype correlation for genetic counseling. Herein, by
using NGS combined with Gap-PCR, we for the first time performed a
large-scale screening of thalassemia, focusing only on the neonates
(18 309 cases) born in Qianxinan State between June 2016 and June
2017. Since no adults were included, the carrier rate obtained in this
study accurately reflected the incidence of the thalassemia carriers in
this subpopulation.

The incidence of thalassemia carriers in Qianxinan State is
12.90%, which is significantly higher than the national average carrier
rate of thalassemia of 3.62%,'* and indicating thalassemia is a serious
public health problem in this region. The region with the highest prev-
alence was Ceheng (27.98%), followed by Wangmo (25.86%). The rea-
son for this trend may be that Ceheng and Wangmo are inhabited by
many ethnic minorities with interethnic marriage and living habits that
can increase the risk of thalassemia.

The carrier rate (8.91%) for a-thalassemia in this study was sig-
nificantly higher than the previously reported 3.28% in Guizhou.”
These differences may be related to the sample sizes and the
detection method of thalassemia gene. In addition, we detected
20 types of a-thalassemia genotypes. While previous reports indi-
cated that aa/->EA was most common in southern China,” we iden-
tified that aa/—37 was the most common mutation (42.71%) in
this subpopulation, followed by aa/—5%* (26.47%) and Hb CS het-
erozygosis (12.75%).

The prevalence of p-thalassemia (3.36%) in this study is much
higher than the reported average 0.67% in China. Of the18 detected
p-thalassemia genotypes, the codon 17 (A- >T) p° heterozygote
(44.39%), codon 41/42 (-TTCT) [30 heterozygote (27.48%), and IVS-II-
654 (C > T) B* heterozygote (9.27%) were the three most common
mutations, which is consistent with the reported data in Guizhou
Province.>*? However, these results differed from findings from
Guangdong Province and Hainan Province, where the most common
gene mutation was codon 41/42.134 These results suggest that prev-
alence of B-thalassemia and the genotype distribution are geographi-
cally associated.

By using NGS-Gap-PCR, we detected 65 thalassemia-carriers and
related mutations that are undetectable by traditional method, includ-
ing the high-prevalent -50 G > A mutation and a series of rare muta-
tions such as the poly A (A- > G) AATAAA- > AATGAA, Hb Phnom
Penh, and initiation codon (-T) mutations. This finding further suggests
that NGS combined with Gap-PCR can effectively identify new muta-
tions and reduce the rate of misdiagnosis.*”

Approximately 0.51% of the neonates were carriers of abnormal
hemoglobinopathy in Qianxinan State, caused by 21 genotypes. The
Hb Hekinan 1l heterozygote was the most common mutation
(32.26%), followed by the HbQ-Thailand heterozygote (17.2%). Hb
Hekinan and HbQ-Thailand were not previously reported in Guizhou.
In addition, we detected four rare genotypes for the first time in
China: the Hb Zurich-Langstrasse hybrid, Hb Fuchu-I heterozygous,
Hb Shizuoka hybrid and Hb Broomhill heterozygous types.

In addition, we identified 28 cases of intermediate a-thalassemia
and 10 cases of p-thalassemia major. During the follow-up observa-
tions, three cases of B-thalassemia major presented clinical symptoms,
and one of them had started to receive regular blood transfusions. For
B-thalassemia major, if regular blood transfusions and iron chelation
therapy are administered in a timely and correct manner, patient life
expectancy may approach normal. Therefore, a precise diagnosis of
B-thalassemia major during the neonatal period and early intervention
at the onset of symptoms are of particular importance.

In summary, we first used NGS combined with Gap-PCR to
screen 18 309 neonates for thalassemia carriers in Qianxinan State,
Guizhou Province. This study established an epidemiological thalasse-
mia database in Qianxinan State, Guizhou Province, and enriched the
genetic spectrum of thalassemia. Since thalassemia-rich genotypes
were highly prevalent in this region, early detection of thalassemia
carriers would be meaningful for genetic counseling and prevention/
treatment of thalassemia in this region. In addition, NGS-Gap-PCR
provides a powerful tool for the neonate genetic testing and clinical

diagnosis of thalassemia.
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