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Purpose: To analyze the composition of abnormal hemoglobin and the relationship between genotype and phenotype by screening
abnormal hemoglobin in a subpopulation of Guizhou, China.

Patients and Methods: Routine blood evaluation, capillary electrophoresis of hemoglobin, and mutation of o - and § - thalassemia
genes were evaluated in 19,976 individuals for thalassemia screening in Guizhou. Sanger sequencing of HBA1, HBA2 and HBB genes
was performed in samples with abnormal bands or unexplained increases of normal bands. The types of abnormal hemoglobin were
obtained by sequence analysis.

Results: Abnormal hemoglobin was detected in 84 individuals (detection rate, 0.42%). Ten types each of o and f globin chain variants
were detected, including most commonly Hb E, Hb New York and Hb Port Phillip. In this study, the abnormal Hb Mizuho was
identified for the first time in a Chinese population, and a novel abnormal hemoglobin Hb Guiyang (HBA2: ¢.151C > A) was detected
for the first time. Except for Hb Mizuho, other abnormal hemoglobin heterozygotes without thalassemia or iron deficiency had no
significant hematological changes.

Conclusion: This study enriched the molecular epidemiological data of abnormal hemoglobin in Guizhou, China and provided
reference data for genetic counseling and prenatal diagnosis of abnormal hemoglobin.
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Introduction
Hemoglobinopathy is a type of autosomal monogenic genetic disease with a globin gene mutation that results in
insufficient hemoglobin synthesis or structural abnormalities, which is widely distributed worldwide, especially in the
Mediterranean, Africa and Southeast Asia." Approximately 7% of the world’s population are hemoglobinopathy carriers,
and 330,000 newborns are born each year with hemoglobinopathy (91%, sickle cell disease), which causes 3.4% of
deaths in children under the age of 5.7 Clearly, this disorder poses a major worldwide public health problem.
Hemoglobinopathies are divided into two major categories, one is abnormal hemoglobin caused by mutations in the
globin gene resulting in abnormal structure of the globin chain, also known as hemoglobin variant, an example of
which is sickle cell disease. The other is inhibition of globin peptide chain synthesis caused by defects or mutations in
the globin gene, resulting in chronic hemolytic anemia called thalassemia.’ According to the human hemoglobin
variants and thalassemia mutation database HbVar (https://globin.bx.psu.edu/hbvar/), 1429 hemoglobin variants have
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been identified, and this number is still rising. Epidemiological data from various localities have shown that there are
ethnic and geographical differences in the incidence of hemoglobinopathy and the distribution of mutation types.* In
most hemoglobinopathy-endemic populations, o- and P-thalassemia coexist with various abnormal hemoglobins.’
Abnormal hemoglobin causes symptoms in individuals ranging from almost asymptomatic to severe hemolytic anemia
and the hemoglobin molecule is characterized by structural abnormalities due to changes in the conformation of the
globin peptide chain. Although the mutation types include base deletion and insertion, frameshift mutation, stop code
mutation, fusion genes resulting from exchange between different genes, the vast majority are single amino acid
substitutions caused by point mutations. Although most abnormal hemoglobins have limited clinical significance,
a small number of homozygotes or if combined with thalassemia will present with significant anemia, such as Hb S/S
and Hb E/p°.%7

The study of hemoglobinopathy in China was initiated in the 1960s, and in the 1980s, Chinese scientists conducted
a general survey of hemoglobinopathy in nearly one million people covering 28 provinces nationwide. That survey
showed that the average carrier rate of abnormal hemoglobin in Chinese population was 0.33%, and the distribution
showed a significant difference between the south (0.37%) and the north (0.29%).® Although genotype identification was
not performed then due to technical reasons, with the rapid development of sequencing technology, abnormal hemoglobin
genotypes have been continuously identified throughout China. Because the carrier rate of abnormal hemoglobin is much
lower than thalassemia, and often asymptomatic, only a few abnormal hemoglobins have been identified when the
indication was thalassemia screening and gene sequencing prompted by thalassemia-like clinical manifestations.
Southwest China is known as a high incidence area of thalassemia, with many reports of thalassemia in Guizhou, but
there have been no reports of a large-scale investigation of abnormal hemoglobin phenotype and genotype. The aim of
this study, therefore, was to investigate the phenotype and genotype of abnormal hemoglobin in a large cohort of people

in Guizhou, China.

Materials and Methods

Subjects

The study cohort comprised 19,976 individuals from Guizhou Province, enrolled from October 2019 to January 2023,
who underwent thalassemia screening at Guizhou Provincial People’s Hospital. Three tubes of EDTA-anticoagulated
venous blood were collected from each individual for routine blood evaluation, hemoglobin electrophoresis, and

detection of common a and § thalassemia gene mutation types.

Hematology Test

Routine blood examination was performed using an automatic hematology analyzer (Sysmex, XN-9000, Kobe Japan),
and the hemoglobin concentration (Hb), erythrocyte mean corpuscular volume (MCV) and mean corpuscular hemoglobin
(MCH) were recorded. Hemoglobin electrophoresis was performed using an automatic hemoglobin capillary electro-
phoresis instrument (Sebia, Capillarys2, Paris, France) to assess the concentrations of Hb A, Hb A,, Hb F and any
abnormal Hbs.

Thalassemia Gene Detection

Genomic DNA was extracted from 2 mL of EDTA anticoagulated blood with TIANamp Genomic DNA Kit (Tiangen
Biotech, TIANGEN, Beijing, China) according to the manufacturer’s recommendations. o and B thalassemia gene
detection kits and matched automatic nucleic acid hybridization instruments (Hybriobio Limited, HBHM-3000S,
Guangzhou, China) were used to detect six common o-thalassemia mutations (—SEA, -7, -a*2, Hb CS CD142 TAA >
CAA, Hb QS CD125 CTG > CCG, Hb WS CD122 CAC > CAG) and 17 B-thalassemia mutations (CD41-42 -TCTT,
CD43 G > T, IVS-1I-654 C > T, CD17 A > T, CD14-15 + G, 28 A > G, —29 A > G, CD71-72 + A, BE G > A, IVS-I-1
G > A/T, CD27-28 + C, IVS-I-5 G > C, CAP A > C or -AAAC, Int T > G, CD31-C, =30 T > C and —32 C > A).
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DNA Sequencing
Sanger sequencing of HBAI, HBA2 and HBB genes was performed in those with abnormal bands or increased normal band
content on electrophoresis. From the Genbank database (www.ncbi.nlm.nih.gov), the reference sequences of HBA1, HBA2,

and HBB were obtained, and primers were designed using Primer 5.0 software and synthesized by BiOligo Biotechnology
(BiOligo Biotech, Shanghai, China) to amplify the HBA 1, HBA2, and HBB genes, respectively. Primer sequences are shown in
Table 1. The amplified products were sequenced with a sequencer (ABI, 3730XL, MA, USA), and then the sequencing results
were compared with the reference sequences to identify the mutations leading to abnormal hemoglobin.

Pathogenicity Analysis of Emerging Abnormal Hemoglobin

Using Clustal omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) for conservative mutation amino acid analysis, and using
Phyre2 (http://www.sbg.bio.ic.ac.uk) and SWISS-PDB Viewerd.10 for protein three dimensional structure prediction and
analysis, the sample was analyzed for pathogenicity according to ACMG (American College of Medical Genetics and

Genomics) guidelines.

Results

O£ 19,976 individuals screened for thalassemia, 84 cases (detection rate, 0.42%) of abnormal hemoglobin were detected, all of
which were heterozygous. There were 15 cases (18%) of a-globin variants which included 10 types: Hb Port Phillip, Hb I, Hb
Orbassano, Hb Q-Thailand, Hb J-Toronto, Hb J-Norfolk, Hb G-Waimanalo, Hb Beijing, Hb Hekinan II and Hb Guiyang; Hb
Port Phillip was the most common. The positions of HBA gene mutations, amino acid changes, abnormal hemoglobin
electrophoresis bands, and contents of a-globin variants are shown in Table 2.Hematological characteristics of hemoglobin

Table | Primers Used for Sanger Sequencing of HBAI, HBA2 and HBB

Gene
Gene | Primers Primer sequence (5’—3’) Product (bp)
HBAI alF CTCCGCGCCAGCCAATGAG 1020
HBAI alR AGCTGCAGAGAGGTTCTAGCCAT
HBA2 a2F CTCCGCGCCAGCCAATGAG 1006
HBA2 a2R CAGCTGCAGAGAGGTCCTTGGTC
HBB BIF CGGCTGTCATCACTTAGACCT 582
HBB BIR CAGCTCACTCAGTGTGGCAAA
HBB B2F GCTGTTATGGGCAACCCT 818
HBB B2R TTGCTATTGCCTTAACCCAGA
HBB B3F ATGTATCATGCCTCTTTGCAC 587
HBB B3R GTTTTAAATGCACTGACCTCC

Table 2 o Variation Types, Electrophoresis Bands and Average Content of Globin Chain

a globin variant | a gene mutation | Amino acid changes n % Zone and content %
Hb Port Phillip HBA2:c.275T>C 91 (FG3) Leu>Pro 4 26.67 7878
Hb | HBA2:c.49A>G 16 (Al4) Lys>Glu 2 13.33 Z15,21
Hb Orbassano HBA2:c.46G>T 15 (A13) Gly>Cys 2 13.33 Z13,15.1
Hb Q-Thailand HBA[:c.223G>C 74 (EF3) Asp>His | 6.67 Z(F),28.2
Hb J-Toronto HBA2:c.17C>A 5 (A3) Ala>Asp | 6.67 712,242
Hb J-Norfolk HBA2:c.173G>A 57 (E6) Gly>Asp | 6.67 Z13,32.1
Hb G-Waimanalo HBA2:c.193G>A 64 (E13) Asp>Asn | 6.67 Z(D),25
Hb Beijing HBA2:c.51G>T 16 (Al4) Lys>Asn | 6.67 Z13,24.5
Hb Hekinan Il HBA[:c.84G>T 27 (B8) Glu>Asp | 6.67 Z(A),97.7
Hb Guiyang HBA2:c.I5IC>A 50 (CE8) His>Asn | 6.67 Z12,23.6
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with abnormal o globin chain are shown in Table 3. Sixty-nine cases (82%) of B-globin variation were detected, which
included 10 types: Hb E, Hb New York, Hb J Bangkok, Hb D-Punjab, Hb Lome, Hb G-Taipei, Hb G-San Jos¢, Hb Hope and
Hb Mizuho; Hb E (50/84) was the most common, followed by Hb New York (10/84). The positions of HBB gene mutations,
amino acid changes, abnormal hemoglobin electrophoresis bands and contents of B-globin variants are shown in Table 4.
Hematological characteristics of hemoglobin with abnormal B globin chain are shown in Table 5.

In the present study, a novel abnormal hemoglobin (HBA2: ¢.151C > A) was detected, named Hb Guiyang because it
was first identified in Guiyang city. The individual with Hb Guiyang was a 29-year-old woman who had red cell indices
of RBC 4.45x10'%/L, Hb 136 g/L, MCV 90.6 fL, MCH 30.6 pg; hemoglobin electrophoresis results of HbA 74.3%,
HbA; 2.1%, and abnormal hemoglobin 23.6% in Z12 region (Figure 1). Her thalassemia screening genotypes for a- and
B-thalassemia were ao/aa and /BN, respectively, and Sanger sequencing results showed that she was a heterozygous
carrier of HBA2: ¢.151C > A (Figure 2). The conserved analysis of mutant amino acids in six species was highly
conserved, and the three-dimensional structure prediction of the protein showed no change in hydrogen bonds and only
charge changes (Figure 3). The pathogenicity of HBA2: c.151C > A was a variant of uncertain significance (VUS) as
evidenced by PM2 according to the ACMG guidelines. In addition, one case of Hb Mizuho (HBB: ¢.206T >C) was
detected in a 2-year-old girl with severe hemolytic anemia, the first time Hb Mizuho was found in a Chinese population.

Among the 15 cases of abnormal a-chain hemoglobin, 12 were heterozygotes only, none of whom had clinical
manifestations, their Hb content was above 110 g/L, and both their MCV and MCH were in the normal range. Two
heterozygote cases of abnormal a-chain hemoglobins with silent a-thalassemia had no anemia phenotype, but their MCV
and MCH were below the normal range.The study identified a novel mutation for a-thalassaemia and Hb Portland that is

Table 3 Hematological Characteristics of Hemoglobin with Abnormal o Globin Chain

a globin variant n Hb(g/L) | MCYV (fl) | MCH(pg)
Hb Port Phillip heterozygote 2 11 823 27.5
Hb Port Phillip heterozygote Combined iron deficiency | 62 72 27.6
Hb Port Phillip heterozygote/-a*’ I 121 79.3 24.5
Hb | heterozygote 2 126 92 29.9
Hb Orbassano heterozygote 2 145.5 924 327
Hb Q-Thailand heterozygote/-a*? | 143 789 26.3
Hb J-Toronto heterozygote | 158 88.6 31.6
Hb J-Norfolk heterozygote | 155 88.3 29.3
Hb G-Waimanalo heterozygote | 178 84.9 29.7
Hb Beijing heterozygote | 124 94.6 31.7
Hb Hekinan Il heterozygote | 110 88.4 26.9
Hb Guiyang heterozygote | 136 90.6 30.6

Table 4  Variation Types, Electrophoresis Bands and Average Content of Globin Chain

P globin variant | p gene mutation | Amino acid changes n % Zone and content %
Hb E HBB:c.79G>A 26 (B8) Glu>Lys 50 725 Z(E),25.2
Hb New York HBB:c.341T>A 113 (G15) Val>Glu 10 14.5 Z11,42.8
Hb ] Bangkok HBB:c.170G>A 56 (D7) Gly>Asp 2 29 Z12,46.7
Hb D-Punjab HBB:c.364G>C 121 (GH4) Glu>GIn | 1.5 Z(D),40.7
Hb J-Lome HBB:c.180G>C 59 (E3) Lys>Asn | 1.5 Z13,50.7
Hb G-Taipei HBB:c.68A>G 22 (B4) Glu>Gly | 1.5 Z(D),384
Hb G-Coushatta HBB:c.68A>C 22 (B4) Glu>Ala | 1.5 Z(D),40
Hb G-San José HBB:c.23A>G 7 (A4) Glu>Gly | 1.5 Z(F),31.9
Hb Hope HBB:c.410G>A 136 (H14) Gly>Asp | 1.5 Z10,35.2
Hb Mizuho HBB:c.206 T>C 68 (E12) Leu>Pro | 1.5 Z(F),18.9
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Table 5 Hematological Characteristics of Hemoglobin with Abnormal  Globin Chain

p globin variant n Hb (g/L) | MCV (fl) | MCH(pg)
Hb E heterozygote 41 121.5+16 78+5.8 26+2.2
Hb E heterozygote combined with iron deficiency 4 84.8+12.2 | 72.2482 21.7+2.6
Hb E heterozygote combined with -a7/aa 2 138.5 823 28
Hb E heterozygote combined with —**/a0, I 121 66.2 20.6
Hb E heterozygote/p<P'7 I 73 86.3 25.6
Hb E heterozygote/pP?7 28 I 59 77.6 245
Hb New York heterozygote 8 129.5+3.4 | 86.5+3.2 29.1%1.9
Hb New York heterozygote combined with iron deficiency | 94 76.9 23.1
Hb New York heterozygote combined with —***/aa | 112 63.7 20.6
Hb | Bangkok heterozygote | 124 97.6 329
Hb ] Bangkok heterozygote combined iron deficiency | 64 788 21.5
Hb D-Punjab heterozygote | |14 108.2 36.7
Hb J-Lome heterozygote | 132 89.5 314
Hb G-Taipei heterozygote | 132 844 28.2
Hb G-Coushatta heterozygote | 124 84.6 29.3
Hb Mizuho heterozygote | 67 99.1 28.6
Hb G-San José heterozygote combined iron deficiency | 97 79.6 235
Hb Hope heterozygote combined with —**/oa | 107 69.3 225

not common in Southwest China. One heterozygote case of abnormal a-chain hemoglobin with iron deficiency anemia
had significant anemia manifestations (Hb: 62 g/L), and MCV and MCH were also below the normal range.

Among the 69 cases of abnormal B-chain hemoglobin, 55were heterozygotes only, including 41 Hb E heterozygotes, and their
mean hemoglobin content was normal (121.5 + 16 g/L), but their MCV and MCH were below the normal range. One heterozygote
case of Hb Mizuho had significant manifestations of anemia (Hb: 67 g/L), with both MCV and MCH in the normal range. The
other 13 heterozygotes of abnormal B-chain hemoglobin had no clinical phenotype, and their hemoglobin content, MCV and
MCH were within the normal range. Seven heterozygote cases of abnormal -chain hemoglobin with iron deficiency anemia
showed moderate to severe anemia, and their MCV and MCH were also below the normal range. There were three heterozygote
cases of abnormal -chain hemoglobin with a-thalassemia minor, of which two cases had no anemia, one case had mild anemia,
and the MCV and MCH of three cases were below the normal range. Two Hb E heterozygotes with silent a-thalassemia had no
clinical phenotype, and both their MCV and MCH were within the cut-off range. Two Hb E heterozygotes with 3-thalassemia
minor showed moderate to severe anemia, and their MCV and MCH were below the normal range.

Discussion

In this study, 84 cases of abnormal hemoglobin were detected in 19,976 Guizhou patients with thalassemia screening,
including 15 cases of a globin chain and 69 cases of B globin chain, with a total detection rate of 0.42%, higher than the
carrier rate of 0.2% in Guizhou in the 1980s.® It was lower than 0.78% in Yunnan,’ 0.59% in Guangxi,10 0.57% in
Chongging,'" 0.49% in Hunan,'? and 0.44% (excluding Hb E) in Guangxi, Yunnan-Guizhou junction,'®> which may be
related to regional and population differences.
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Figure | Hemoglobin capillary electrophoresis of the patient with Hb Guiyang.
Notes: The red arrow indicates the area where abnormal hemoglobin Hb Guiyang is located.
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Figure 2 Sanger sequencing peak of HBA2 gene in patients with Hb Guiyang.
Notes: The red arrow in the sequencing graphs indicate the position of the HBA2: c.I51C > A mutation.

According to reports in the 1980s, there were differences in the type of abnormal hemoglobin between the South and
North of China; the most common abnormal hemoglobins in the South were Hb E, Hb New York, Hb G Chinese, Hb
Q Thailand, and Hb J Bangkok; the most common abnormal hemoglobin in the North was Hb D Punjab.® In recent years,
a large screening sample (311,042 people) in Southern China found the detection rate of abnormal hemoglobin was
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HBA2:¢151C>A p.His50Asn

Mutation MVLSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHFDLSNGSAQVKGHG

Human MVLSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHFDLSHGSAQVKGHG
Capra MVLSAADKSNVKAAWGKVGSNAGAYGAEALERMFLSFPTTKT YFPHFDLSHGSAQVKGHG
Horse MVLSAADKTNVKAAWSKVGGHAGEFGAEALERMFLGFPTTKTYFPHFDLSHGSAQVKAHG
Hvlobates MVLSPADKTINVKTAWGKVGAHAGD Y GAEALERMFLSFPTTKTYFPHFDLSHGSAQVKGHG
Pan MVLSPADKINVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHFDLSHGSAQVKGHG
Macaca MVLSPADKSNVKAAWGKVGGHAGEYGAEALERMFLSFPTTKTYFPHFDLSHGSAQVKGHG

Figure 3 Protein three-dimensional structure prediction and conservation analysis of the Hb Guiyang. (A, B and C) are the three dimensional structure prediction and the
partial enlargement of wild-type protein. (D, E and F) are the mutant protein. (G): the positions p.His50 in the HBA2 protein are highly conserved among six species.

0.35% (117 people), and the most common abnormal hemoglobins were: Hb E, Hb New York, Hb J Bangkok, and Hb
Q Thailand."* In the present study, 20 types of abnormal hemoglobin were detected, including 10 kinds each of a and p
globin chains, and the three most common abnormal hemoglobins were Hb E (50/84), Hb New York (10/84), and Hb Port
Phillip (4/84). Hb E is undoubtedly the most common abnormal hemoglobin in Southern China, followed by Hb
New York, consistent with previous reports. Surprisingly, however, four cases of Hb Port Phillip were found in this
study, and only a few cases have been reported in the literature worldwide,'*'® indicating that Hb Port Phillip is
surprisingly not rare in Guizhou. Additionally, abnormal hemoglobin Hb Mizuho, Hb Orbassano, Hb J-Toronto, and Hb
J-Norfolk were also reported for the first time in the Chinese population, and abnormal hemoglobin Hb Beijing and Hb
G-San José were reported for the first time in the Guizhou population of China.

By querying the HbVar database, this study found an abnormal hemoglobin (HBA2: c.151C > A) that had not been
previously reported worldwide; it was caused by the substitution of histidine by asparagine at codon 50 CAC > AAC of
the 02 globin gene. According to international nomenclature, this abnormal hemoglobin was named Hb Guiyang. In this
case, the newly identified abnormal hemoglobin carriers had a normal hematological phenotype, and 23.6% of the
abnormal peak profiles appeared in the Z12 region only in hemoglobin capillary electrophoresis. Although the conserva-
tion analysis of amino acids at the mutation point was highly conserved, protein structure prediction showed that only the
charge of amino acids at the mutation point was changed, and amino acids before and after mutation were polar amino
acids, consult NCBI (https://www.ncbi.nlm.nih.gov). This mutation site is known not to be located in the position where

it binds to the heme moiety, and not at the tetramer contact surface; it is speculated that it does not affect protein
structural stability. Combined with the pathogenicity analysis of ACMG, together with the abnormal hemoglobins Hb
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South Yorkshire (HBA2: ¢.151C > T) and Hb J-Sardegna (HBA2: c.151C > G) being caused by different base
substitutions at the same locus but with no clinical manifestations, in the present case, it was comprehensively speculated
that this mutation would not cause abnormal hemoglobin function.

Most abnormal hemoglobins have only mild clinical manifestations or none at all because their mutated amino acids
are located outside the hemoglobin molecule. Nevertheless, a few can cause moderate to severe anemia, especially
referring to certain abnormal hemoglobin homozygotes, combined thalassemia, or other abnormal hemoglobins.
Concordant with this study, Hb E heterozygotes alone have been shown to cause mild microcytic hypochromia with
or without anemia, and there were two cases of significant anemia when Hb E was combined with BO, which was due to
the fact that Hb E/B° had little B-chain synthesis, there was little HbA production, and hemoglobin naturally
decreased.'”® One case of Hb Hope complex—""/aa showed mild microcytic hypochromic anemia, consistent with
Pornprasert’s report.>' Although Hb Port Phillip has been documented on HbVar to cause hemoglobin instability due to
loss of the heme interface, Hb Port Phillip heterozygotes alone in this study did not have significant manifestations of
anemia and were only significantly anemic when combined with —5**/aq, consistent with the findings of Du et al.'’
Because Hb Port Phillip is rarely reported in the literature, the study of phenotype needs to be further accumulated. From
the literature and our previous report,” Hb Mizuho caused severe hemolytic anemia because the mutated amino acid
affected the binding of distal histidine 63 (E7) to the heme moiety. Relative to clinical management of unexplained
anemia, DNA sequencing of the globin gene should be performed to identify the cause even if routine hemoglobin
component tests reveal no abnormalities.

Conclusion

In summary, this study confirmed that there were a wide variety of abnormal hemoglobin species in Guizhou, China. This
study enriched the molecular epidemiological data of abnormal hemoglobinopathy in Guizhou, and also provided
reference data for genetic counseling and prenatal diagnosis in Guizhou.
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