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ABSTRACT

Background. B°-thalassemia deletion removing 5 8-globin promoter usually presents
phenotype with high hemoglobin (Hb) A, and Hb F levels. We report the molecular
characteristics and phenotype-genotype correlation in a large cohort of the B°-
thalassemia with 3.4 kb deletion.

Methods. A total of 148 subjects, including 127 heterozygotes, 20 Hb E-3-thalassemia
patients, and a double heterozygote with «-globin gene triplication, were recruited. Hb
and DNA analysis were performed to identify thalassemia mutations and four high Hb
F single nucleotide polymorphisms (SNPs) including four base pair deletion (-AGCA)
at Ay -globin promoter, rs5006884 on OR51B6 gene, —158 Gy-anI, BCL11A binding
motifs (TGGTCA) between 3 “Ay-globin gene and 5°§-globin gene.

Results. It was found that heterozygous B°-thalassemia and Hb E-B°-thalassemia with
3.4 kb deletion had significantly higher Hb, hematocrit, mean corpuscular volume,
mean corpuscular hemoglobin and Hb F values as compared with those with other
mutations. Co-inheritance of heterozygous B°-thalassemia with 3.4 kb deletion and
o-thalassemia was associated with even higher MCV and MCH values. The Hb E-8°-
thalassemia patients carried a non-transfusion-dependent thalassemia phenotype with
an average Hb of around 10 g/dL without blood transfusion. A hitherto undescribed
double heterozygous B°-thalassemia with 3.4 kb deletion and «-globin gene triplication
presented as a plain B-thalassemia trait. Most of the subjects had wild-type sequences
for the four high Hb F SNPs examined. No significant difference in Hb F was observed
between those of subjects with and without these SNPs. Removal of the 5 B-globin
promoter may likely be responsible for this unusual phenotype.

Conclusions. The results indicate that 8°-thalassemia with 3.4 kb deletion is a mild
B-thalassemia allele. This information should be provided at genetic counseling and
prenatal thalassemia diagnosis.
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INTRODUCTION

B-hemoglobinopathies are inherited hemoglobin (Hb) disorders caused by mutations
in the B-globin gene, resulting in quantitatively reduced (87" -thalassemia) or absent
(B°-thalassemia) B-globin chain synthesis and qualitative 8-globin chain defect called
structural B-globin chain variant. Although some f-globin gene deletions have been
reported, most defects are non-deletional mutants of the B-globin gene (Steinberg et
al., 2009). In Thailand, a high prevalence of S-hemoglobinopathies has been described,
including 20-30% of Hb E (HBB:c.79G>A) and 3-9% of S-thalassemia (Paiboonsukwong
et al., 2022). In northeast Thailand, eight S-thalassemia mutations including CD 41/42
(-TTCT) (HBB:c.126_129delCTTT), CD17 (A-T) (HBB:c.52A>T), NT-28 (A-G) (HBB:c.-
78A>G), CD71/72 (+A) (HBB:c.217dupA), IVSI-1 (G-T) (HBB:c.92+1G>T), IVSII-
654 (C-T) (HBB:c.316-197C>T), 3.4 kb deletion and IVSI-5 (G-C) (HBB:c.92+5G>C)
accounted for 97.4% of the total mutations (Yamsri et al., 2011). Generally, B-thalassemia
heterozygote has normal or slightly decreased Hb level and reduced mean corpuscular
volume (MCV) and mean corpuscular hemoglobin (MCH) with increased Hb A, to
around 5.0% and Hb F 0-3%. Homozygote or compound heterozygote of B-thalassemia
with Hb E led to B-thalassemia major and Hb E-f-thalassemia diseases, with variable
thalassemia phenotype. The B+ -thalassemia has a milder thalassemia phenotype than the
BO-thalassemia (Yamsri et al., 2011; Yamsri et al., 2015).

Interestingly, among these common mutations, it was found that the carrier of §-
thalassemia with 3.4 kb deletion was associated with higher Hb A,, Hb F, MCV, and MCH
values as compared with those with other mutations (Yamsri et al, 2011). A high Hb F
expression may presumably lead to a milder §-thalassemia phenotype in homozygotic or
compound heterozygotic forms. This 3.4 kb DNA deletion removes an entire B-globin
gene, including its 5' promoter. In this study, we have examined several genetic single
nucleotide polymorphisms (SNPs) modifiers affecting Hb A, and Hb F expression in a
large cohort of B-thalassemia with 3.4 kb deletion. The molecular basis, and phenotype
and genotype interaction observed in both heterozygote and compound heterozygote
forms, as well as a hitherto undescribed interaction of the 3.4 kb deletion B°-thalassemia
with an «-globin gene triplication, are described.

MATERIALS AND METHODS

Subjects and hematological analysis

Ethical approval of the study protocol was obtained from the Institutional Review Board
(IRB) of Khon Kaen University, Khon Kaen, Thailand (HE632216). A total of 618 leftover
specimens of B-thalassemia carriers were selectively recruited from our archival at the
Center for Research and Development of Medical Diagnostic Laboratories (CMDL), Faculty
of Associated Medical Science, Khon Kaen University and Department of Pathology, Faculty
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of Medicine, Prince of Songkla University, during January 2008 to December 2021. These
included leftover DNA specimens of 8-thalassemia carriers with 3.4 kb (n = 148), Filipino
(n=9), and 105 bp (n=7) deletions. The 454 representative specimens of 8T -thalassemia
trait (n =70), B°-thalassemia trait (n =259), and Hb E- B°-thalassemia disease (n = 125)
with non-deletional 8-thalassemia mutations were used to compare with the deletional
B°-thalassemia mutation. Study was done on leftover DNA specimens; consent was not
required. Hematological parameters were recorded on a standard blood cell counter;
Sysmex XN-9000 (Sysmex Europe SE, Norderstedt, Germany), and Hb analysis was
performed using capillary electrophoresis (Capillary II Flex piercing, Sebia, France).

Routine DNA analysis

Genomic DNA was prepared from peripheral blood leukocytes using the GF-1 Blood
DNA extraction kit (Vivantis Technologies Sdn. Bhd, Selangor Darul Ehsan, Malaysia).
Identification of «°-thalassemia (SEA and THAI deletions), o -thalassemia (3.7 kb
and 4.2 kb deletions), Hb Constant Spring, Hb Paksé, a-globin gene triplication and
common f-thalassemia mutations were performed using polymerase chain reaction
(PCR)-based techniques (Yamsri ef al., 2010; Singha et al., 2013; Chaibunruang et al., 2018;
Charoenwijitkul et al., 2019). Identification of the Filipino deletion and the 105 bp deletion
B-thalassemia were performed using gap-PCR assays as described previously (Nopparatana
et al., 1999; Yamsri et al., 2012). The Xmn I polymorphism at —158 Sy (C>T) (rs7482144)
was determined by PCR-restriction fragment length polymorphism (PCR-RFLP) as
described elsewhere (Phanrahan et al., 2019).

DNA sequencing

Direct DNA sequencing was used to determine deletion breakpoints of the 8°-thalassemia
with 3.4 kb deletion generated using primers G9 (5'-TCCCCAGTTAACCTCCTATT-
3’) and N1 (5'-ACATATGAGCAAGGTTGTGT-3") on a specific fragment of 456 base
pair (bp). To examine three BCL11A binding motifs (TGGTCA) located between

+3 kb 3'of *y-globin gene and about 1 kb 5'§-globin gene, the three amplified
fragments using primer pairs F29 (5-CACGAGTCAGCCTTCAGAAA-3") & G188 (5'-
GCAGAGGAGACCAGCATACA-3') (1,386 bp), F18 (5'-GACATGGACTATTGTTCAATGA-
3’) & G191 (5'-AGACAACGGGCTAATCCCTC-3') (1,286 bp), and F31 (5'-ACCCACATT
GGCATTACAC-3') & G192 (5'-AGAATGTGTTTGTGAGGGAGGA-3') (1,111 bp) were
generated as shown in Fig. 1 and the fragments were sequenced directly. To analyze
the whole y-globin genes, primer F22 (5-TACTGCGCTGAAACTGTGGC-3') & y35
(5'-AGGTAGTTGTTCCCCTTCAA-3') and SF5 (5'-TTAACGTCTTCAGCCTACAA-3')
& SF6 (5'-CAATCTGCACACTTGAGGGC-3') were used to amplify DNA fragments

of 1,843 and 993 bp, specific for Ay -globin gene, and primers y4 (5'-GGCCTAAAACC
ACAGAGA-3") & y34 (5-AGGTAGTTGTTGTTGTTGCA-3') and SF3 (5'-GTTTGTGTGTG
TGTGAGAGC-3') & SF4 (5-TCTTTAGGCATGCGTCAACA-3') were used to amplify
DNA fragments of 1,787 and 1,121 bp of ©y-globin gene, followed by DNA sequencing
(Fucharoen, Shimizu & Fukumaki, 1990; Panyasai et al., 2004; Svasti et al., 2007; Singha et
al., 2015) [9-12]. DNA sequencing was carried out using Sanger sequencing method on an
ABI PRISM ™ 3730XL analyzer (Applied Biosystems, Foster City, CA, USA).
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Figure 1 Locations and orientations of amplification primers for BCL11A. Locations and orientations
of amplification primers for identification of BCL11A binding motifs (TGGTCA) by DNA sequencing
within DNA sequences between +3 kb 3’ of 4y -globin gene to about —1 kb 5’ of §-globin gene.

Full-size B8 DOI: 10.7717/peerj.15308/fig-1

Identification of the four bp deletion (-AGCA) of the“y-globin gene
promoter

The PCR-RFLP assay was developed to detect four bp deletion (-AGCA) at —225 to —222
of the Ay -globin gene promoter (rs1451276553). Specific amplification of Ay -globin gene
promoter was performed using primers F22 and y35 to produce a fragment of 1,847
bp wild-type or 1,843 bp specific for the four bp deletion. This was confirmed by DNA
sequencing and PCR-RFLP assay. The PCR product was digested with a Mse I restriction
enzyme (5'-TYTAA-3") (Vivantis Technologies Sdn. Bhd, Selangor Darul Ehsan, Malaysia).
After digestion, the 1,021 bp and 167 bp indicate wild type, whereas the 1,184 bp is a specific
fragment for the AGCA deletion, as shown in Fig. 2.

Allele-specific PCR assay for identification of rs5006884 polymorphism
in the OR51B6 gene

Allele-specific PCR was developed to identify the rs5006884 (NC_000011.10:2.5352021C>T)
in the OR51B6 gene on chromosome 11. In this system, primers G197 (5'-AAGACCAGG
ATGCAGCAGAT-3") and G198 (5'-ACCTCGGAGTGACATTGACC-3') were used to
produce an amplified fragment of 544 bp internal control. Specific amplification of the
C allele (252 bp) and T allele (331 bp) were obtained using primers G197 & G199 (5'-
CCTACTGTCGATCCCATGTAC-3'), and G200 (5'-AGACAGAAAGCATGGGAGAA-3')
& G198, respectively. The PCR reaction mixture (50 pL) contains 50-200 ng of genomic
DNA, 200 uM of dNTPs, 30 pmol of each primer, and 1 unit of Tag DNA polymerase
(New England Biolab, Inc., USA) in 10 mM Tris—HCI buffer pH 8.3, 50 mM KCl, 3 mM
MgCl,, and 0.01% gelatin. The PCR consists of an initial denaturation at 94 °C for 3 min
followed by 30 cycles of amplification at (94 °C for 1 min and 65 °C for 90 s). The PCR
product was analyzed on 2% agarose gel electrophoresis and visualized under UV light
after ethidium bromide staining. Confirmation of SNP rs5006884 was done using DNA
sequencing (Fig. 3).

Statistical analysis

Hematological parameters of the subjects were presented as descriptive statistics, mean
and standard deviation. The Mann—Whitney U test or Wilcoxon test was performed to
compare variables between two dependent groups with non-normal distribution using the
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Figure 2 DNA sequencing profile and identification of four bp (-AGCA) deletion in the A-gamma
globin gene. (A) DNA sequencing profile of a representative subject with heterozygosity for the four bp
deletion (-AGCA) between —225 to —222 of A/ -globin gene. (B) Identification of four bp deletion (-
AGCA) between —225 to —222 of #-globin gene using PCR-RFLP by Mse I digestion. Locations and ori-
entations of primers F22 and y 35 are indicated to produce PCR fragment of 1,843 bp or 1,847 bp. The
Mse 1-digested fragments of 1,021 bp and 167 bp for wide-type allele and 1,184 bp for mutant allele are
depicted. M represents the GeneRular 100 bp Plus DNA ladder. Lane 1: undigested amplified DNA, lanes
2 & 3: Mse I-digested amplified DNA of homozygous wide-type allele, and lanes 4 & 5: Mse I-digested am-
plified DNA of heterozygous for the four bp deletion (-AGCA) of y -globin gene.

Full-size Gl DOI: 10.7717/peerj.15308/fig-2

R software (version 4.1.0) (The R Foundation, Vienna, Austria). Statistical significance was
set at P-value <0.05.

RESULTS

DNA sequencing of the deletion breakpoint of the B°-thalassemia with 3.4 kb deletion en-
countered in Thai patients identified the deletion as NG_000007.3:2.69825_73314del3488
or NC_000011.10:g.5224302_5227791del3490 (GenBank Accession no. OQ161123),

exactly the same with that reported previously in a Chinese patient (He et al., 2018). Table 1
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Figure 3 DNA sequencing profile and identification of the rs5006884 on OR51B6. (A) DNA sequenc-

ing profile of a representative subject with heterozygosity for the rs5006884 on OR51B6 gene. (B) Char-
acterization of the rs5006884 on OR51B6 gene by allele-specific PCR. The locations and orientations of

primers (G197 & G198), (G200 & G198), and (G197 & G199) are indicated to produce fragments of 544
bp, 331 bp, and 252 bp specific for internal control, T-specific allele (mutant) and C-specific allele (wide-

type) of rs5006884, respectively. M represents the GeneRular 100 bp Plus DNA ladder. Lanes 1 & 2: ho-

mozygous wide-type allele (C/C), lanes 3 & 4: heterozygous for C/T alleles, and lanes 5 & 6: homozygous

for T/T alleles.

Full-size G4l DOI: 10.7717/peerj.15308/fig-3

and Fig. 4 demonstrated the hematological parameters associated with the 8°-thalassemia
trait with 3.4 kb deletion (17 = 103) compared to those of the 8°-thalassemia trait with other
mutations (n = 259) encountered in our series. As shown in the table, significant higher Hb
(11.6 £ 1.7 vs. 11.2 £ 1.6 g/dL), hematocrit (Hct) (36.1 &= 5.2 vs. 34.8 = 5.2%), MCV (66.3
+4.3v5.63.2+3.8fL), MCH (21.3£1.3v5.20.2 £ 1.4pg),Hb A; (6.9 £ 0.8 vs. 5.7 £ 0.6%)
and Hb F (6.5 £ 3.4 vs. 1.3 &= 0.9%) values were observed for the former group of subjects.
These are also the cases for the patients with compound heterozygous B°-thalassemia and
Hb E. We observed significant higher Hb, Hct, MCV, MCH, and Hb F (48.1 £ 8.3 vs. 32.2
=+ 15.6%) but lower Hb A, (3.9 &£ 1.1 vs. 6.5 £ 1.9%) values for the patients with 3.4 kb
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deletion (1 =20) as compared to those with other 8°-thalassemia mutations (n = 125).
These results indicate that the 3.4 kb deletion 8°-thalassemia is associated with high Hb
A; and Hb F in a heterozygote state and a mild hematological phenotype when found in
association with Hb E in a Hb E- 8°-thalassemia disease. The effect of co-inheritance of
a-hemoglobinopathy on the hematological phenotype of heterozygous S-thalassemia with
3.4 kb deletion was summarized in Table 2. Significant elevation of MCV and MCH values
and a reduction of Hb F (3.0 & 3.3%) were observed in heterozygous f-thalassemia with
3.4 kb deletion with heterozygous a*-thalassemia (- a/aar, n=13). Lower Hb F but not
Hb A, were also observed in double heterozygotes for 3.4 kb deletion 8-thalassemia and
other deletional forms of a-thalassemia including homozygous a ™ -thalassemia (- o/- «,
n=1), «a°-thalassemia (--/ «er, n=2) and Hb H disease (--/- o, n=1). In contrast, we
observed that co-inheritance of a non-deletional «-thalassemia, the Hb Constant Spring
(@%Sa/awa, n=7), did not lead to a reduction in Hb F expression, although it did have
some hematological improvement. However, no statistical analysis was performed due to
the small sample sizes of these a-hemoglobinopathies.

Interestingly, an adult male patient was encountered with a double heterozygote for
pB-thalassemia with 3.4 kb deletion and an a-globin gene triplication (aaa® 37/ aa), a
hitherto undescribed condition. He had relatively normal Hb and Hct values with reduced
MCV & MCH characteristics of a plain S-thalassemia carrier. Elevated Hb A, (7.2%) and
Hb F (6.8%) were observed. The result indicates that, unlike other 8°-thalassemia alleles,
the interaction of a-globin gene triplication (¢@a®~37/ aar) and a B°-thalassemia with
3.4 kb deletion does not lead to a B-thalassemia disease in heterozygotic form.

SNPs were examined in representative subjects to determine if the existence of known
Hb F associated SNPs are responsible for the high Hb A, and Hb F phenotype in our
patients. As shown in Table 3, the majority of the subjects had wild-type sequences
for the three SNPs, including deletion of four nucleotides (-AGCA) between —225 to
—222 on Ay-globin promotor, 55006884 (C>T) of the OR51B6 gene, and “y-Xmn I
of Sy -globin gene promoter. In addition, no significant difference in Hb F and other
hematological parameters was observed between those of subjects with and without these
SNPs. DNA sequencing of the three BCL11A binding motifs (TGGTCA) between the 3’
Ay _globin gene and the 5’ §-globin gene (Fig. 1) identified no alteration of the nucleotide at
the binding motifs and their vicinities. Further sequencing of the whole *y - and ©y -globin
genes in representative subjects identified no mutation.

DISCUSSION

The carrier of §-thalassemia usually accompanies elevated Hb A, and normal Hb F levels.
Hb A, isa product of tetrameric assembly of two «- and two §-globin chains («»8,), which
is synthesized at a low level (2.5—3.5%) in normal adult individuals. Several genetic and
non-genetic conditions are associated with Hb A, expression (Singha et al., 2021). Among
many different -thalassemia genes in Thailand, we observed that only the 3.4 kb deletion
B°-thalassemia is always associated in heterozygotic form with high Hb A; (6.9 + 0.8%)
and Hb F (6.5 & 3.4%) levels. Heterozygosity for other S-thalassemia alleles is usually
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Table 1 Hematological parameters and Hb analysis of subjects with °-thalassemia (3.4 kb deletion) as compared with corresponding genotypes of °-thalassemia
with other mutations. Values are presented as mean =+ standard variation. Statistical analysis was done using the Mann—Whitney U -test. M, Male, F, Female.

Group B-genotype N Sex RBC Hb Hct MCV MCH MCHC RDW Hbs E+A, Hb A, HbF
(M/F) (10 12/1) (g/dL) (%) (fL) (pg) (g/dL) (%) (%) (%) (%)
Pure 0-thalassemia trait * B2 259 119/140 55409 112+16 34.8+52 63.2+3.8 202+ 1.4 322418 171+ 1.8 - 5.7+ 0.6 13409
Pure p34-thalassemia trait 344 103 55/48 55+£0.8 1.6+ 17 36.1£5.2 66.3 + 4.3 213413 322413 19.24+2.0 - 6.9+0.8 6.5+ 3.4
P-value 0.50 0.030° 0.052 <0.001" <0.001" 0.099 <0.001" - <0.001" <0.001"
BO-thalassemia/Hb E ® B°/8F 125 60/65 41+ 1.1 7.8+ 1.5 24.8+49 60.4 + 8.6 19.0£2.9 317+ 1.9 29.5+3.9 63.2+16.2 6.5+ 1.9 322+ 156
B34-thalassemia/Hb E B3418E 20 8/12 44407 102+ 1.4 30.5 + 4.6 68.3 5.7 23.0 £ 2.1 334418 224417 48.446.3 3.9+ 1.1 48.14+8.3
P-value 0.150 <0.001° <0.001" <0.001" <0.001" 0.009 <0.001" <0.001" <0.001" <0.001"
Notes.

“including ﬂ4]/42(—TTCT)(H — 148), /3]7(A>T)(n — 92)’ ﬂ7]/72(+A) (ﬂ — 12)’ and ﬂIVSI—](G>T) (n — 7)
bincluding ﬁ41/42(—'1"1‘C’1‘) (n — 80), /317(A>’1')<n — 33)’ ﬁ71/72(+A) (n — 7)) and ﬁlVSI—l(G>T) (n — 5).
*Significant difference at P-value <0.05 using Mann—Whitney U -test.
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Figure 4 Comparison of hematological values of the four groups of 8 -thalassemia. Box plots demon-
strating medians and interquartile ranges in comparison of Hb, Hct, MCV, MCH, Hb A, and Hb F values
of four B-thalassemia genotypes including (1): 8°-thalassemia trait with point mutations (n = 259), (2):
B°-thalassemia trait with 3.4 kb deletion (n = 103), (3): Hb E- °-thalassemia with point mutations (n =
125) and (4): Hb E- B°-thalassemia with 3.4 deletion (n = 20).

Full-size & DOI: 10.7717/peerj.15308/fig-4

found with elevated Hb A, (5.7 & 0.6%) but not Hb F (1.3 &= 0.9%) (Yamsri et al., 2010
Yamsri et al., 2011; Yamsri et al., 2015; Yamsri et al., 2022). Hematological characteristics in
a large cohort of B-thalassemia carriers with this mutation listed in Table 1 confirmed this
phenotype characteristic. This 3.4 kb deletion 8°-thalassemia has been frequently described
among Southeast Asian and Chinese patients. It has rarely been encountered on population
of India, Pakistan and Bangladesh (Nadkarni et al., 2019; Khalig, 2022; Chowdhury, Sultana
¢ Das, 2022). This 3,488 bp deletion S-thalassemia allele removes DNA between positions
—125 to +78 of the B-globin gene, eliminating the CACCC, CCAAT, and TATA elements
in the B-globin gene promoter. The high Hb F characteristic of this B°-thalassemia
allele could likely ameliorate the patient’s clinical phenotype. As shown in Table 1, when
found in combination with Hb E, it could lead to non-transfusion-dependent thalassemia
(NTDT). As compared to other B°-thalassemia/Hb E, which is generally associated with
severe transfusion-dependent thalassemia (TDT), the patients with 8-*-thalassemia/Hb
E had milder NTDT phenotype with significantly higher Hb, Hct, MCV, MCH, MCHC,
and Hb F but lower RDW values. We have also documented recently that the patients
with homozygous B°-thalassemia of 3.4 kb deletion were presented with mild NTDT
phenotype with Hb ranging from 7-9 g/dL and did not require regular blood transfusion
(Soontornpanawet, Singha ¢ Fucharoen, 2022). It is noteworthy for a compound Hb E-
B-thalassemia with 3.4 kb deletion that the patient had significant higher Hb, Hct, MCV,
MCH, and Hb F (48.1 & 8.3 vs. 32.2 &£ 15.6%) but lower Hb A, (3.9 & 1.1 vs. 6.5 £ 1.9%)
as compared to those of other B°-thalassemia mutations (Table 1). This lower Hb A, in
Hb E-B°-thalassemia with 3.4 kb deletion as compared with Hb E-B°-thalassemia with
non-deletional mutations is most likely due to the higher Hb F expression. There is an
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inverse relationship between Hb A, and Hb F expression in B-thalassemia. Red blood cells
that produce relatively large amount of Hb F will produce less Hb A;, and vice versa (Singha
et al., 2018). It is conceivable that although the 3.4 kb deletion results in ,Bo—thalassemia,
the increase in Hb F may compensate for the complete absence of Hb A and ameliorate the
severity of the disease as seen in our patients.

As shown in Table 2, co-inheritance of the 3.4 kb deletion 8°-thalassemia and o-
thalassemia (-o/ao, aSa/aw, -a/-a, --laa) could further improve the hematological
phenotype of the patients due to the balance between «- and non-a-globin chains.
Fortunately, in all cases of these double heterozygotes, the Hb A, levels are still within the
diagnostic range for a B-thalassemia carrier. Interestingly, we have encountered a subject
with a hitherto undescribed condition of double heterozygote for the g3-4kb deletion 54
a-globin gene triplication (corar®73-7/orer). This subject presented with B-thalassemia
trait phenotype without anemia with Hb 13.0 g/dL and Hct 40.0%, Hb A, 7.2%, and Hb F
6.8% (Table 2). The heterozygous B-thalassemia with a-globin gene triplication generally
presents with thalassemia intermedia phenotype due to more excess a-globin chain
and imbalance in - and B-globin chain synthesis (Steinberg et al., 2009). This might be

B3-4kb deletion j¢ 5556 ciated with

explained by the fact that, unlike other point mutations, the
increased expression of both §- and y -globin genes and could therefore improve the balance
between a- and non- a-globin chains. This information indirectly supports that the 8°-
thalassemia with 3.4 kb deletion is a mild B°-thalassemia allele. We observed that this high
Hb A, and Hb F B-thalassemia trait is also the case with the Filipino 8-thalassemia deletion
occasionally encountered in our setting, although with different extent of Hb F expression.
This Filipino B-thalassemia deletion [NG_000007.3:2.66258_184734del118477] was
described originally as approximately 45 kb long starting from position -4,279 bp relative
to the mRNA cap site of the B-globin gene but with an uncertain 3’ breakpoint. It was
later described using gap-PCR and DNA sequencing as 118 kb in length, with the 5’
breakpoint at position —4,279 of mRNA cap site, and the 3’ breakpoint extending to the
downstream olfactory receptor (OR) region where it deletes four functional OR genes
and two OR pseudogenes including the OR52A1 that contains a y-globin gene enhancer
(Yamsri et al., 2012; Teh et al., 2018; Yasin et al., 2022). Table 4 compared the hematological
parameters of B°-thalassemia carriers with three different -thalassemia deletions in our
series, including the 3.4 kb deletion (n = 103), the Filipino °-thalassemia (1 =9), and 105
bp B°-thalassemia deletion (1 = 7), all without «-thalassemia. The 3.4 kb deletion and the
Filipino B°-thalassemia are associated with high Hb A, and high Hb F B-thalassemia trait
but not the 105 bp B-thalassemia. In fact, this is not unexpected. The 105 B°-thalassemia is
caused by a DNA deletion of —24 or —25 to 480 or 481 relative to the cap site of B-globin
mRNA. Unlike the 3.4 kb deletion and the Filipino °-thalassemia with 118 kb deletion,
this 105 bp deletion does not remove the §-globin gene promoter TATA, CCAAT, and
CACCC motifs (Nopparatana et al., 1999).

It has been noted that variation preliminarily in the two SNPs, 154895441 and rs9399137
in HBS1L-MYB intergenic region, may have a small effect on Hb F expression in this
B-thalassemia allele (Tepakhan, Kanjanaopas ¢ Srewaradachpisal, 2020). We have also
documented that the G allele of rs4895441 and C allele of rs9399137, alone or in

Soontornpanawet et al. (2023), PeerJ, DOI 10.7717/peerj.15308 10/18


https://peerj.com
http://www.ncbi.nlm.nih.gov/snp/?term=rs4895441
http://www.ncbi.nlm.nih.gov/snp/?term=rs9399137
http://www.ncbi.nlm.nih.gov/snp/?term=rs4895441
http://www.ncbi.nlm.nih.gov/snp/?term=rs9399137
http://dx.doi.org/10.7717/peerj.15308

80es 1 19ad/L L2201 104 ‘r498d ‘(£202) "It 19 1omeueduiojuoos

8L/LL

Table 2 Hematological characteristics of heterozygous B°-thalassemia with 3.4 kb deletion with and without ¢-hemoglobinopathy including a novel genetic interac-
tion of wa®=37 and B°-thalassemia with 3.4 kb deletion. Values are presented as mean =+ standard variation or as raw data where appropriate. Statistical analysis was
done using the Mann—Whitney U-test. M, Male; F, Female.

a-genotype No Sex RBC Hb Hct MCV MCH MCHC RDW Hb A, Hb F
(M/F)  (10"/L) (g/dL) (%) (fL) (pg) (g/dL) (%) (%) (%)
aaloa 103 55/48 5.540.8 11.6 £1.7 36.1 £ 5.2 66.3 +4.3 213+ 1.3 322+1.3 19.2£2.0 6.9 +0.8 6.5+ 34
-olaa 13 10/3 52+1.1 125+ 1.9 38.7 £ 5.2 72.3 £ 6.5° 229+ 1.7° 31.6 = 1.7 15.3 + 1.9 6.9+0.7 3.0 £3.3¢
aSalaa 7 2/5 54408 120+ 1.4 36.6 & 4.6 68.3 +3.9 223+ 1.6 32.7+0.8 179+ 2.5 6.8 0.8 9.1 5.6
o/~ 1 1/0 na na na 71.4 na na na 7.2 na
-- oo 2 0/2 4.5 10.3 30.7 67.8 22.7 33.6 18.1 6.3,7.0 3.9,3.6
-/-a 1 0/1 5.3 9.2 29.7 51.0 15.8 31.2 Na 5.0 2.5
aoa®™i=37 [ 1 1/0 6.4 13.0 40.0 62.0 20.3 32.5 13.7 7.2 6.8

Notes.

na, not available; CS, Hb Constant Spring.
*Significant difference of MCV between aar/aer and - a/aer genotype at p-value = 0.006.
bSignificant difference of MCH between aor/aeer and - ot/ genotype at p-value = 0.049.
“Significant difference of RDW between aa/aa and - ar/aer genotype at p-value = 0.014.
dSignificant difference of Hb F between aver/ vr and - av/arr genotype at p-value = 0.001.
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Table 3 Hematological comparison of 8°-thalassemia trait with 3.4 kb deletion according to the three SNPs including a 4 bp deletion (-AGCA)
in 2y-globin promoter, rs5006884 (C>T) of the OR51B6 gene, and ¢y-Xmn I in ®y-globin promoter. Values are presented as mean + standard
variation or as raw data where appropriate. Statistical analysis was done using the Mann—Whitney U-test.

Genotype N  Sex RBC Hb Hct MCV MCH MCHC RDW Hb A, HbF
(M/F)  (10"/L)  (g/dL) (%) (fL) (pg) (g/dL) (%) (%) (%)
Four bp deletion (-AGCA) in *y -globin promoter *
WT/WT 83  43/40 55+08 11.7+1.7 36.1%+53 658+4.0 21.2+13 323+£12 193+£20 70£07 63+32
WT/-4 bp 1 1/0 6.2 13.2 39.7 64.0 21.4 33.2 21.7 7.0 6.8
rs5006884 (C>T) / OR51B6 gene
C/C 68  36/32 5.5+ 0.8 11.6+1.7 358=+5.1 65.8 £4.1 212413 323412 193+19 69407 64+£37
C/T 13 5/8 52+£08 11.0+1.6 341450 660+£4.0 214+1.1 324+£13 196+13 73£09 73+21
P-value 0.280 0.346 0.315 0.823 0.813 0.993 0.987 0.126 0.238
Gy -Xmnl in Gy -globin promoter '
C/C 52 26/26 55+0.8 11.8+1.7 37.0%x55 674+42 215+12 31.5+£25 184+£21 69£+09 6.6+39
C/T 3 2/1 5.3, na 10.3, na 40.2, 34.2 69.0, 64.4 19.3,na 30.0, na 22.6,na 6.7+£0.7 50%5.7
Notes.

na, not available.

*Statistical analysis was not performed due to small sample size.

combination with other SNPs, could explain the mild phenotypic expression of NTDT
associated with Hb E-B-thalassemia disease (Phanrahan et al., 2019). To understand the
high Hb F characteristic of the 3.4 kb deletion B°-thalassemia allele, we have examined
other SNPs associated with high Hb A, & Hb F expression. These included the -AGCA
deletion at —225 to —222 of Ay -globin gene promoter, 155006884 (C>T) on OR51B6 gene,
—158%y-Xmn I, BCL11A binding motifs between “y - and §-globin genes as well as the
whole y-globin gene sequencing. It has been shown that the four bp deletion (-AGCA)
at —225 to —222 of the Ay -globin gene was associated with reduced *y -globin chain and
elevation of Sy chain with slightly increased Hb F level in 8-thalassemia subjects (Marca
et al., 1991; Ugrin et al., 2016). The rs5006884 (C>T) on OR51B6 gene located upstream
of B-globin gene cluster might intervene in the tetramer formation of «-globin chain
with - and é-globin chains and regulated Hb A; level in B-thalassemia carriers (Cyrus et
al., 2019). The —158%y -Xmn 1 polymorphism is associated with high Hb F expression in
B-hemoglobinopathies during erythropoietic stress ( Thein, 2017). This Sy -Xmn 1is almost
linked to the +25 (G>A)Ay—globin promoter (rs368698783). The polymorphism leads to
a decreased Ly-1 antibody reactive clone (LYAR) binding efficiency, which is the repressor
of y-globin genes (Bianchi et al., 2016; Chen et al., 2017). BCL11A maintains silencing of
y-globin expression in adult erythroid cells and direct promoter repression to control the
fetal to adult Hb switch in humans. The BCL11A binding motifs (TGGTCA or TGACCA)
have been identified on the S-globin gene cluster at the third hypersensitive site (HS3) of
the B-LCR, downstream of Ay -globin gene and upstream of §-globin gene (Sankaran et
al., 2008; Sankaran, Xu & Orkin, 2010; Liu et al., 2018). Mutation in these binding motifs
may therefore result in increased Hb F expression. As shown in Table 3, we did not
observe the association of these SNPs with high Hb F and higher hematological values
for the B°-thalassemia with 3.4 kb deletion. In fact, most of the cases had wild-type SNPs

3/A

sequences, and no mutation was found in the BCL11A binding motifs between 3'*y -globin
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Table 4 Hematological parameters of 8°-thalassemia carriers with 3.4 kb deletion (8>4/84, n = 103), 118 kb Filipino deletion (8"/8%, n = 9) and 105 bp deletion
(B'%/BA, n = 7) as compared to those of B°-thalassemia with other mutations (8°/84, n = 259) and -28 A>G B -thalassemia (8*/8%, n = 70) in our series. Values are
presented as mean =+ standard variation. Statistical analysis was done using the Mann—Whitney U-test. M, Male; F, Female.

B-genotype «-genotype No. Sex RBC Hb HCT MCV MCH MCHC RDW Hb A, HbF
(M/F) (10°/ JLL) (g/dL) (%) (fL) (pg) (g/dL) (%) (%) (%)
BO1pA aalaa 259 119/140 55409 112+16 348452 63.2+3.8 202+ 1.4 322418 171418 57406 134+09
pripr aalaa 70 40/30 55+0.8 126+ 1.8 38.6 452 70.5 + 4.4 233421 326+ 1.8 16.7 1.9 5.9 4 0.6 14408
3412 aalaa 103 55/48 55+0.8 1.6+ 1.7 36.1 452 66.3 4+ 4.3 213+ 1.3 322413 19.2 4 2.0 6.9 +0.8",¢ 6.5+ 3.4%,¢
Bl gA aalaa 9 5/4 5.1+0.6 11.7+1.3 37.143.9 69.2 4 5.4 23.144.0 320407 168+ 1.3 6.4+ 0.6%° 40+3208
B1058A aalaa 7 2/5 51405 10.6 £ 0.9 329427 63.6 +3.4 20.6 + 1.3 32.1 404 16.6 + 1.0 53+0.7" 14411
Notes.

2Significant difference of Hb A, between 8%/ B and /B genotype at p-value = 0.009.

bSignificant difference of Hb A, and Hb F between 8°/8* and 834/ B* genotype at p-value <0.001.
“Significant difference of Hb A, and Hb F between /8% and g>*/8* genotype at p-value <0.001.

dSignificant difference of Hb A, between g°/ * and p¥!/8* genotype at p-value = 0.002.
“Significant difference of Hb A, between +/ * and B™'/p* genotype at p-value = 0.012.
fSignificant difference of Hb F between 8%/ 8* and p™!/8* genotype at p-value <0.001.
8Significant difference of Hb F between g+/8* and gF1/8* genotype at p-value = 0.002.
"Significant difference of Hb A, between 7/ * and 1%/ genotype at p-value = 0.022.
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gene and 5’ §-globin gene and within Ay - and ©y-globin genes of the patients examined.
It is, therefore, unlikely that the unusually high Hb A, and Hb F B-thalassemia trait of
the B°-thalassemia with 3.4 kb deletion is caused by the effect of these high Hb F SNPs.
However, this might be explained by the fact that removal of the 5 B-globin promoter in
the 3.4 kb deletion may release competition of the B-globin gene for the upstream locus
control region (8-LCR), leading to its increased interaction with the y - and §-globin genes
in cis, increasing their expression resulting in elevation of Hb F and Hb A, (Thein, 2018).
Recently, it has been documented that disrupting the adult S-globin promoter reactivates
y-globin gene expression by promoter competition model in the Hb switching (Topfer et
al., 2022). The 3.4 kb deletion removing B-globin promoter and the entire 8-globin gene
is therefore associated with elevated Hb F in addition to elevated Hb A, in heterozygotic
form.

CONCLUSIONS

Nonetheless, the high Hb, Hct, MCV, MCH, Hb A,, and Hb F values in the heterozygote
state and a mild hematological phenotype observed in Hb E-pg3-4kb deletion §jsease and
double heterozygosity for a-globin gene triplication (ccarr®1=37) and g3-4k0 deletion ¢31555rt
that the g34kb deletion j5 mild B0-thalassemia allele and might ameliorate severity when
occurring in homozygote or compound heterozygote state. This high Hb A, and high Hb
F B-thalassemia characteristic could also be a useful marker for the g3-4kb deletion hefqre
being further confirmed by PCR analysis. This information related to the 3.4 kb deletion
B-thalassemia should be provided to the patient’s family for the appropriate management
and genetic counseling. This is especially important information for routine prenatal

thalassemia screening in a prevention and control program in the regions.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This study was supported by the Thailand Research Fund (TRF) Research Team Promotion
Grant (RTA) of the Thailand Science Research and Innovation (TSRI), Thailand

to Fucharoen S (Contract ID RTA6280005), and the National Research Council of
Thailand (Contract ID N42A650215) and Mahasarakham University 2021 (Contract

ID 6408066/2564) to Singha K. The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:
Thailand Research Fund (TRF).

Thailand Science Research and Innovation (TSRI): RTA6280005.
National Research Council of Thailand: N42A650215.
Mahasarakham University 2021: 6408066/2564.

Soontornpanawet et al. (2023), PeerdJ, DOI 10.7717/peerj.15308 14/18


https://peerj.com
http://dx.doi.org/10.7717/peerj.15308

Peer

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Chayada Soontornpanawet performed the experiments, analyzed the data, prepared
figures and/or tables, authored or reviewed drafts of the article, and approved the final
draft.

e Kritsada Singha conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

e Hataichanok Srivorakun performed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

e Wanicha Tepakhan analyzed the data, authored or reviewed drafts of the article, and
approved the final draft.

e Goonnapa Fucharoen analyzed the data, authored or reviewed drafts of the article, and
approved the final draft.

e Supan Fucharoen conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the article, and approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

This study was approved by the Institutional Review Board (IRB) of Khon Kaen
University, Khon Kaen, Thailand

Data Availability
The following information was supplied regarding data availability:

The hematological data is available in the Supplementary File. The sequence is available
at GenBank: OQ161123.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/

peerj.15308#supplemental-information.

REFERENCES

Bianchi N, Cosenza LC, Lampronti I, Finotti A, Breveglieri G, Zuccato C, Fabbri E,
Marzaro G, Chilin A, De Angelis G, Borgatti M, Gallucci C, Alfieri C, Ribersani
M, Isgro A, Marziali M, Gaziev ], Morrone A, Sodani P, Lucarelli G, Gambari
R, Paciaroni K. 2016. Structural and functional insights on an uncharacterized
A y-globin-gene polymorphism present in four f0-thalassemia families with
high fetal hemoglobin levels. Molecular Diagnosis ¢ Therapy 20(2):161-173
DOI 10.1007/s40291-016-0187-2.

Soontornpanawet et al. (2023), PeerJ, DOI 10.7717/peerj.15308 15/18


https://peerj.com
http://dx.doi.org/10.7717/peerj.15308#supplemental-information
https://www.ncbi.nlm.nih.gov/nucleotide?term=OQ161123
http://dx.doi.org/10.7717/peerj.15308#supplemental-information
http://dx.doi.org/10.7717/peerj.15308#supplemental-information
http://dx.doi.org/10.1007/s40291-016-0187-2
http://dx.doi.org/10.7717/peerj.15308

Peer

Chaibunruang A, Sornkayasit K, Chewasateanchai M, Sanugul P, Fucharoen G,
Fucharoen S. 2018. Prevalence of Thalassemia among newborns: a re-visited
after 20 years of a prevention and control program in Northeast Thailand.
Mediterranean Journal of Hematology and Infectious Diseases 10(1):e2018054
DOI 10.4084/mjhid.2018.054.

Charoenwijitkul T, Singha K, Fucharoen G, Sanchaisuriya K, Thepphitak P, Wintachai
P, Karnpean R, Fucharoen S. 2019. Molecular characteristics of a ™ -thalassemia
(3.7 kb deletion) in Southeast Asia: molecular subtypes, haplotypic heterogeneity,
multiple founder effects and laboratory diagnostics. Clinical Biochemistry 71:31-37
DOI 10.1016/j.clinbiochem.2019.06.005.

Chen D, Zuo Y, Zhang X, Ye Y, Bao X, Huang H, Tepakhan W, Wang L, JuJ,

Chen G, Zheng M, Liu D, Huang S, Zong L, Li C, Chen Y, Zheng C, Shi L,
Zhao Q, Wu Q, Fucharoen S, Zhao C, Xu X. 2017. A genetic variant amelio-
rates B-thalassemia severity by epigenetic-mediated elevation of human fetal
hemoglobin expression. American Journal of Human Genetics 101(1):130-138
DOI 10.1016/j.ajhg.2017.05.012.

Chowdhury MA, Sultana R, Das D. 2022. Thalassemia in Asia 2021 overview of
Thalassemia and Hemoglobinopathies in Bangladesh. Hemoglobin 46(1):7-9
DOI 10.1080/03630269.2021.2008957.

Cyrus C, Vatte C, Chathoth S, Sayed AA, Borgio JF, Alrubaish MA, Alfalah R, Al-
saikhan J, Al Ali AK. 2019. Haemoglobin switching modulator SNPs rs5006884
is associated with increased HbA; in S-thalassaemia carriers. Archives of Medical
Science 17(4):1064-1074.

He S, Qin Q, Lin L, Zuo Y, Chen Q, Wei H, Zheng C, Chen B, Qiu X. 2018. First
identification of the 3.5 kb deletion (NC_000011.10: g.5224302-5227791del3490bp)
on the B-globin gene cluster in a Chinese family. Hemoglobin 42(4):272-275
DOI 10.1080/03630269.2018.1531018.

Khaliq S. 2022. Thalassemia in Pakistan. Hemoglobin 46(1):12—14.

Liu N, Hargreaves VV, Zhu Q, Kurland JV, Hong J, Kim W, Sher F, Macias-Trevino C,
Rogers JM, Kurita R, Nakamura Y, Yuan GC, Bauer DE, Xu J, Bulyk ML, Orkin SH.
2018. Direct promoter repression by BCL11A controls the fetal to adult hemoglobin
switch. Cell 173(2):430-442 DOI 10.1016/j.cell.2018.03.016.

Manca L, Cocco E, Gallisai D, Masala B, Gilman JG. 1991. Diminished A gamma
T fetal globin levels in Sardinian haplotype II beta 0-thalassaemia patients are
associated with a four base pair deletion in the A gamma T promoter. British Journal
of Haematology 78(1):105-107 DOIT 10.1111/j.1365-2141.1991.tb04390.x.

Nadkarni AH, Gorakshakar AC, Sawant PM, Italia KY, Upadhye DS, Gorivale MS,
Mehta PR, Hariharan P, Ghosh K, Colah RB. 2019. The phenotypic and molecular
diversity of hemoglobinopathies in India: a review of 15 years at a referral center. In-
ternational Journal of Laboratory Hematology 41(2):218-226 DOI 10.1111/ijlh.12948.

Nopparatana C, Saechan V, Nopparatana C, Pornpatkul M, Panich V, Fukumaki Y.
1999. A novel 105 base pair deletion causing B°-thalassemia in members of a Thai

Soontornpanawet et al. (2023), PeerJ, DOI 10.7717/peerj.15308 16/18


https://peerj.com
http://dx.doi.org/10.4084/mjhid.2018.054
http://dx.doi.org/10.1016/j.clinbiochem.2019.06.005
http://dx.doi.org/10.1016/j.ajhg.2017.05.012
http://dx.doi.org/10.1080/03630269.2021.2008957
http://dx.doi.org/10.1080/03630269.2018.1531018
http://dx.doi.org/10.1016/j.cell.2018.03.016
http://dx.doi.org/10.1111/j.1365-2141.1991.tb04390.x
http://dx.doi.org/10.1111/ijlh.12948
http://dx.doi.org/10.7717/peerj.15308

Peer

family. American Journal of Hematology 61(1):1-4
DOI 10.1002/(SICI)1096-8652(199905)61:1<1::AID-AJH1>3.0.CO;2-].

Paiboonsukwong K, Jopang Y, Winichagoon P, Fucharoen S. 2022. Thalassemia in
Thailand. Hemoglobin 46(1):53—-57 DOI 10.1080/03630269.2022.2025824.

Panyasai S, Fucharoen S, Surapot S, Fucharoen G, Sanchaisuriya K. 2004. Molecular
basis and hematologic characterization of deltabeta-thalassemia and hereditary
persistence of fetal hemoglobin in Thailand. Haematologica 89(7):777-781.

Phanrahan P, Yamsri S, Teawtrakul N, Fucharoen G, Sanchaisuriya K, Fucharoen S.
2019. Molecular analysis of non-transfusion dependent thalassemia associated with
hemoglobin E- B-thalassemia disease without «-thalassemia. Mediterranean Journal
of Hematology and Infectious Diseases 11(1):e2019038 DOI 10.4084/mjhid.2019.038.

Sankaran VG, Menne TF, Xu J, Akie TE, Lettre G, Van Handel B, Mikkola HK,
Hirschhorn JN, Cantor AB, Orkin SH. 2008. Human fetal hemoglobin expres-
sion is regulated by the developmental stage-specific repressor BCL11A. Science
322(5909):1839-1842 DOI 10.1126/science.1165409.

Sankaran VG, Xu J, Orkin SH. 2010. Transcriptional silencing of fetal hemoglobin by
BCL11A. Annals of the New York Academy of Sciences 1202:64—68
DOI10.1111/j.1749-6632.2010.05574.x.

Singha K, Fucharoen G, Hama A, Fucharoen S. 2015. A novel (A) y§8(0)-thalassemia
caused by DNA deletion-inversion-insertion of the 8-globin gene cluster and
five olfactory receptor genes: Genetic interactions, hematological phenotypes
and molecular characterization. Clinical Biochemistry 48(10-11):703-708
DOI 10.1016/j.clinbiochem.2015.03.023.

Singha K, Fucharoen G, Jetsrisuparb A, Fucharoen S. 2013. Molecular and hematolog-
ical characteristics of a novel form of a-globin gene triplication: the hemoglobin
St.Luke’s-Thailand [«95(G2)Pro — Arg] or Hb St. Luke’s [A2] HBA2. Clinical
Biochemistry 46(7-8):675—680 DOI 10.1016/j.clinbiochem.2013.01.022.

Singha K, Fucharoen G, Sanchaisuriya K, Fucharoen S. 2018. EE score: an index
for simple differentiation of homozygous hemoglobin E and hemoglobin E- 8°-
thalassemia. Clinical Chemistry and Laboratory Medicine (CCLM) 56(9):1507—-1513
DOI10.1515/cclm-2018-0089.

Singha K, Sanchaisuriya K, Fucharoen G, Fucharoen S. 2021. Genetic and non-genetic
factors affecting hemoglobin A, expression in a large cohort of Thai individuals: im-
plication for population screening for thalassemia. American Journal of Translational
Research 13(10):11632-11642.

Soontornpanawet C, Singha K, Fucharoen S. 2022. Genotype and phenotype charac-
teristics of homozygous and compound heterozygous B-thalassemia with 3.4 kb
deletion. International Journal of Laboratory Hematology 44(5):e230-e232.

Steinberg MH, Forget BG, Higgs DR, Weatherall DJ. 2009. Disorders of hemoglobin:
genetics. In: Pathophysiology, and clinical management. 2nd ed. Cambridge: Cam-
bridge University Press.

Soontornpanawet et al. (2023), PeerJ, DOI 10.7717/peerj.15308 1718


https://peerj.com
http://dx.doi.org/10.1002/(SICI)1096-8652(199905)61:1<1::AID-AJH1>3.0.CO;2-J
http://dx.doi.org/10.1080/03630269.2022.2025824
http://dx.doi.org/10.4084/mjhid.2019.038
http://dx.doi.org/10.1126/science.1165409
http://dx.doi.org/10.1111/j.1749-6632.2010.05574.x
http://dx.doi.org/10.1016/j.clinbiochem.2015.03.023
http://dx.doi.org/10.1016/j.clinbiochem.2013.01.022
http://dx.doi.org/10.1515/cclm-2018-0089
http://dx.doi.org/10.7717/peerj.15308

Peer

Teh LK, Elizabeth G, Lai MI, Wong L, Ismail P. 2018. Haplotype analysisof 8-
thalassaemia major and carriers with Filipino b0-deletion in Sabah, Malaysia.
Malaysian Journal of Medical Sciences 25(4):63-71.

Tepakhan W, Kanjanaopas S, Srewaradachpisal K. 2020. Association between genetic
polymorphisms and Hb F levels in heterozygous f-halassemia 3.5 kb deletions.
Hemoglobin 44(5):338-343 DOI 10.1080/03630269.2020.1811117.

Thein SL. 2017. Genetic basis and genetic modifiers of f-Thalassemia and sickle
cell disease. Advances in Experimental Medicine and Biology 1013:27-57
DOI 10.1007/978-1-4939-7299-9_2.

Thein SL. 2018. Molecular basis of B-thalassemia and potential therapeutic targets. Blood
Cells, Molecules, and Diseases 70:54—65 DOI 10.1016/j.bcmd.2017.06.001.

Topfer SK, Feng R, Huang P, Ly LC, Martyn GE, Blobel GA, Weiss MJ, Quinlan
KGR, Crossley M. 2022. Disrupting the adult globin promoter alleviates promoter
competition and reactivates fetal globin gene expression. Blood 139(14):2107-2118
DOI10.1182/blood.2021014205.

Ugrin M, Stojiljkovic M, Zukic B, Klaassen K, Katsila T, Vasiljevic J, Dokmanovic L,
Janic D, Patrinos GP, Pavlovic S. 2016. Functional analysis of an (A) y-globin gene
promoter variant (HBGI: g.-225_-222delAGCA) underlines its role in increasing
fetal hemoglobin levels under erythropoietic stress. Hemoglobin 40(1):48-52
DOI10.3109/03630269.2015.1107842.

Yamsri S, Prommetta S, Srivorakun H, Thawinan W, Sanchaisuriya K, Chaibunruang
A, Fucharoen G, Fucharoen S. 2022. o’—thalassemia in affected fetuses with
hemoglobin E- 8°-thalassemia disease in a high-risk population in Thailand.
American Journal of Translational Research 14(2):1315-1323.

Yamsri S, Sanchaisuriya K, Fucharoen G, Fucharoen S. 2012. Genetic origin and
interaction of the Filipino B°-thalassemia with Hb E and a-thalassemia in a Thai
family. Translational Research 159(6):473—476 DOI 10.1016/j.trsl.2011.10.008.

Yamsri S, Sanchaisuriya K, Fucharoen G, Sae-Ung N, Fucharoen S. 2011. Genotype and
phenotype characterizations in a large cohort of §-thalassemia heterozygote with
different forms of a-thalassemia in northeast Thailand. Blood Cells, Molecules, and
Diseases 47(2):120-124 DOI 10.1016/j.bcmd.2011.05.003.

Yamsri S, Sanchaisuriya K, Fucharoen G, Sae-ung N, Ratanasiri T, Fucharoen S. 2010.
Prevention of severe thalassemia in northeast Thailand: 16 years of experience at a
single university center. Prenatal Diagnosis 30(6):540—546.

Yamsri S, Singha K, Prajantasen T, Taweenan W, Fucharoen G, Sanchaisuriya K,
Fucharoen S. 2015. A large cohort of 8(+)-thalassemia in Thailand: molecular,
hematological and diagnostic considerations. Blood Cells, Molecules, and Diseases
54(2):164-169 DOI 10.1016/j.bcmd.2014.11.008.

Yasin NM, Abdul Hamid FS, Hassan S, Sudin A, Yassim H, Mohd Sahid EN, Mat Yusoff
Y, Esa E, Saleem M. 2022. Molecular and hematological studies in a cohort of beta
zero South East Asia deletion (8°-thal SEA) from Malaysian perspective. Frontiers in
Pediatrics 10:974496.

Soontornpanawet et al. (2023), PeerJ, DOI 10.7717/peerj.15308 18/18


https://peerj.com
http://dx.doi.org/10.1080/03630269.2020.1811117
http://dx.doi.org/10.1007/978-1-4939-7299-9_2
http://dx.doi.org/10.1016/j.bcmd.2017.06.001
http://dx.doi.org/10.1182/blood.2021014205
http://dx.doi.org/10.3109/03630269.2015.1107842
http://dx.doi.org/10.1016/j.trsl.2011.10.008
http://dx.doi.org/10.1016/j.bcmd.2011.05.003
http://dx.doi.org/10.1016/j.bcmd.2014.11.008
http://dx.doi.org/10.7717/peerj.15308

