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Erytroid Kruppel-Like Factor (EKLF หรือ KLF1) เปนกลุม DNA-binding 

transcriptional regulators ท่ีพบวาสําคัญตอการพัฒนาของเซลลเม็ดเลือดแดง พบวามี

ความสมัพนัธเกี่ยวกับการเพิ่มข้ึนของฮีโมโกลบินเอฟ การศึกษาครัง้นีจึ้งตองการศึกษาความชุก

ของ KLF1 mutation และความสัมพันธกับระดับฮีโมโกลบินเอฟในกลมผูที่มีฮีโมโกลบินอีชนิด

ตางๆ โดยสวนแรกทําการศึกษาการกลายพันธุ ในยีน KLF1 จํานวน  4 ชนิด ดังน้ี 

G176AfsX179, T334R, R238H, และ -154 (C-T) ดวยวิธี PCR ท่ีไดพัฒนาข้ึน ในผูท่ีเปน

homozygous Hb E จํานวน 461 ราย, คนปกติ จํานวน 100 ราย โดยผลการดําเนินการพบวา 

ในผูทีเ่ปน homozygous Hb E มีอัตราการตรวจพบการกลายพันธุ ชนิด G176AfsX179 เทากับ 

3.9%, ชนิด T334R เทากับ 2.0%, ชนิด R238H เทากับ 1.7%, ในขณะที่คนปกติ จํานวน 100 

รายตรวจไมพบการกลายพนัธุดังกลาวเลย โดยผูท่ีเปน homozygous Hb E ที่มีปริมาณ Hb F ≥ 

5 g/dl จะตรวจพบการกลายพันธุในยีน KLF1 ในสัดสวนทีสู่งกวากลุมทีมี่ปริมาณ Hb F < 5 g/dl 

อยางมีนัยสําคัญทางสถิติ ผลการศึกษาแสดงใหเห็นวาการกลายพันธุ ในยีน KLF1 มี

ความสัมพันธกับการเพิม่ขึน้ของปริมาณฮีโมโกลบินเอฟ สวนทีส่องทําการศึกษา KLF1 จํานวน  

4 ชนิด ดังนี ้G176AfsX179, T334R, R238H, และ -154 (C-T) ในผูที่เปนโรค Hb E - β- 

thalassemia ที ่มีอาการไมรุนแรงจํานวน 73 ราย ผลการศึกษาพบการกลายพันธุ ชนิด 

G176AfsX179 ในผูปวย 1 รายซึ่งมีระดับฮีโมโกลบินเอฟ 50.4% จากการศึกษาทัง้สองสวน

แสดงใหเห็นวา KLF1 เปนหนึง่ในปจจัยทางพันธุกรรม (genetic factor) ที่มีความสําคัญตอการ

เพิ่มของระดับ Hb F  
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 Erytroid Kruppel-Like Factor (EKLF or KLF1) is a group of DNA-binding 

transcriptional regulators which is essential for maturation of erythroid cell. KLF1 is 

associated with increased of Hb F. This study aims to study the prevalence of KLF1 

mutation and its association with increasing of Hb F level among homozygous Hb E 

subjects. Four KLF1 mutations including G176AfsX179, T334R, R238H, and -154 (C-T) 

were screened among 461 homozygous Hb E subjects and 100 normal controls using 

developed PCR methods. The result found that none of these four mutations were 

observed in 100 normal controls. Among 461 subjects with homozygous Hb E, KLF 1 

mutations were identified in 37 cases including the G176AfsX179 mutation (3.9%), 

T334R mutation (2.0 %), -154 (C-T) mutation (1.7 %), and R328H mutation (0.4%). The 

higher proportion of KLF1 mutations in the homozygous Hb E with high Hb F group (Hb 

F ≥ 5 g/dl) as compared to homozygous Hb E with low Hb F group (Hb F < 5 g/dl) was 

observed, the data indicating the association of KLF1 mutations and high Hb F 

phenotype in the homozygous Hb E syndrome. When 4 KLF1 mutations including 

G176AfsX179, T334R, R238H, and -154 (C-T) were screened in 73 Hb E-β-thalassemia 

patients with non-transfusion dependent thalassemia (NTDT). Due to the small sample 

size, it was found only 1 patient positive with G176AfsX179 mutation. However, the Hb F 

level in this patient is quite high (50.4%). All these studies confirm the role of KLF1 as 

another modulator of Hb F expression in the Hb EE disease and indicate that regulation 

of Hb F expression in homozygous Hb E is controlled by several genetic factors and 

complex interactions. 
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Executive summary 

 

 โดยทัว่ไปแลวผูทีเ่ปน homozygous Hb E มักมีปริมาณฮีโมโกลบินเอฟนอยกวา 5 % 

หากปริมาณฮีโมโกลบินเอฟมีปริมาณมากกวาปกติ อาจทําใหวินิจฉัยผิดเปนโรคธาลัสซีเมียชนิด

ฮีโมโกลบินอี/เบตาธาลัสซีเมียได และปจจัยทางพันธุกรรมทีมี่ผลตอระดับฮีโมโกลบินเอฟสูงใน

กลุมตัวอยางเหลานี้ยังไมทราบแนชัด ในการศึกษาครัง้นีจึ้งตองการศึกษาปจจัยทางพันธุกรรมที่

มีผลตอการเพิม่ขึน้ของฮีโมโกลบินเอฟ โดยทําการศึกษาการกลายพันธุของยีน KLF1 จํานวน 4 

ชนิด ดังนี ้G176AfsX179, T334R, R238H, และ -154 (C-T) โดยวิธีพีซีอารทีไ่ดพัฒนาขึน้ใหม 

ในผูท่ีเปนhomozygous Hb E จํานวน 461 ราย, คนปกติ จํานวน 100 ราย พบวาผูท่ีเปน 

homozygous Hb E มีอตัราการตรวจพบการกลายพันธุ KLF1 เทากับ 8% โดยชนิดทีพ่บไดบอย

คือ ชนิด G176AfsX179 เทากับ 3.9%, รองลงมาคือชนิด T334R, ชนิด -154 (C-T) และชนิด 

R238H ตามลําดับ ในขณะที่คนปกติไมพบการกลายพันธุทั้ง 4 ชนิดดังกลาว และเมือ่วิเคราะห

รวมกับปริมาณฮีโมโกลบินเอฟ พบวาในผูท่ีเปน homozygous Hb E ที่มีปริมาณฮีโมโกลบินเอฟ

สูงจะพบการกลายพันธุ ของยีน KLF1 ในสัดสวนที่สูงกวาผู ที ่มีระดับฮีโมโกลบินเอฟต่ํา เมื่อ

วิเคราะหรวมกับปจจัยทางพันธุกรรมอื่นๆ แสดงใหเห็นวา KLF1 mutation เปนปจจัยทาง

พันธุกรรมตัวหน่ึงท่ีมีผลตอระดับฮีโมโกลบินเอฟท่ีสูงข้ึนในผูท่ีเปน homozygous Hb E 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



เนื้อหางานวิจัย 

 

วัตุประสงคของโครงการ 

1. ศึกษาความชุกของ KLF1 mutation ซึ่งประกอบดวย G176AfsX179, T334R, R238H, และ -

154 (C-T) ในผูที่ผูที่มีฮีโมโกลบินเอฟสูงที่ไมสัมพันธกับจีโนไทปของธาลัสซีเมีย ที่มารับ

บริการตรวจวินิจฉัยธาลัสซีเมีย ที่หนวยบริการธาลัสซีเมีย ศูนยพัฒนาการตรวจวินิจฉัยทาง

หองปฎิบตักิารทางการแพทย คณะเทคนิคการแพทย มหาวทิยาลยัขอนแกน 

2. ศึกษาความสัมพันธของระดับของฮีโมโกลบินเอฟ ในผูที่มีและไมมี KLF1mutation ดังกลาว 

ในกลุมผูท่ีมีฮีโมโกลบินเอฟสูงท่ีไมสัมพันธกับจีโนไทปของธาลัสซีเมีย 

3. พฒันาการวธิกีารตรวจ KLF1 mutation อยางงายโดยใชเทคนิคพีซีอาร 

 

วิธกีารศกึษา 

1. ตรวจยืนชนิดของธาลัสซีเมียในตัวอยางท่ีนํามาศึกษา ซึง่เปนตัวอยางดีเอ็นเอ ทีเ่หลือจาก

งานบริการจากหนวยบริการธาลัสซีเมีย ศูนยวิ จัยและพัฒนาการตรวจวินิจฉัยทาง

หองปฏิบัติการทางการแพทย คณะเทคนิคการแพทย มหาวิทยาลัยขอนแกน 

2. ตรวจ XmnI polymorphism ในตัวอยางท่ีนํามาศึกษา  

3. เลือกตัวอยางที่มีปริมาณฮีโมโกลบินเอฟที่สูงมากๆ ตรวจ DNA sequencing ในสวน 

promoter ของยีน KLF1 

4. พัฒนาการตรวจวินิจฉัย KLF1 mutation ดวยวิธีพีซีอาร โดยพัฒนาการตรวจ KLF1 

mutation ที่เคยมีรายงานแลว 3 ชนิด คือ G176AfsX179, T334R, และ R238H รวมไปถึง 

KLF1 mutation ชนิดอื่น ท่ีพบจากการตรวจดวยวิธี DNA sequencing 

5. ตรวจหา KLF1 mutation ดวยวิธีท่ีพัฒนาข้ึน ในกลุมตัวอยางทุกราย 

6. วิเคราะหขอมูล เปรียบเทียบระดับฮีโมโกลบินเอฟ ระหวางผูที่มีและไมมี KLF1 mutation 

รวมไปถึงวิเคราะหเปรียบเทียบกับ genetic modifier ชนิดอื่น 

 

ผลการศกึษา 

 เมื่อทําการศึกษาการกลายพันธุในยีน KLF1 จํานวน  4 ชนิด ดังนี้ G176AfsX179, 

T334R, R238H, และ -154 (C-T) ในผูทีเ่ปนhomozygous Hb E จํานวน 461 ราย, คนปกต ิ

จํานวน 100 ราย พบวาผูท่ีเปน homozygous Hb E มีอัตราการตรวจพบการกลายพันธุ ชนิด 

G176AfsX179 เทากบั 3.9%, ชนิด T334R เทากบั 2.0%, ชนิด R238H เทากับ 1.7%, และชนิด 

-154 (C-T) เทากับ 0.4%,ในขณะทีค่นปกติ จํานวน 100 รายตรวจไมพบการกลายพันธุท้ัง 4 

ชนิด และเม่ือทําการแบงกลุมผูท่ีเปน homozygous Hb E ตามปริมาณฮีโมโกลบินเอฟ พบวาผูท่ี

เปน homozygous Hb E ที่มีปริมาณ Hb F ≥ 5 g/dl จะตรวจพบการกลายพันธุในยีน KLF1 ใน

สัดสวนท่ีสูงกวากลุมท่ีมีปริมาณ Hb F < 5 g/dl อยางมีนัยสําคัญทางสถิติ  



 และนอกจากนีเ้มือ่ทําการศึกษา KLF1 จํานวน 4 ชนิด ดังนี ้G176AfsX179, T334R, 

R238H, และ -154 (C-T) ในผูที่เปนโรค Hb E - β- thalassemia ท่ีมีอาการไมรุนแรงจํานวน 73 

ราย ผลการศึกษาพบการกลายพันธุชนิด G176AfsX179 ในผูปวย 1 รายซึง่มีระดับฮีโมโกลบิน

เอฟ 50.4% ซ่ึงอยูในแนวโนมท่ีสูง 

 

สรุปและวิจารณผลการทดลอง 

 จากการศึกษาความชุกของ KLF1 mutation ในผูทีเ่ปน homozygous Hb E พบอัตรา

การตรวจพบการกลายพันธุ KLF1 mutation เทากับ 8.0% (37/461 ราย) แยกเปนชนิด 

G176AfsX179 3.9%, ชนิด T334R 2.0%, ชนิด -154 (C-T) 1.7% และ ชนิด R238H 0.4% ซ่ึง

สัดสวนการตรวจพบ KLF1 mutation ในผูทีมี่ฮีโมโกลบินเอฟสูง (Hb F ≥ 5 g/dl) แตกตางจากผู

ท่ีมีระดับฮีโมโกบินเอฟต่ํา (Hb F < 5 g/dl) อยางมีนัยสําคัญทางสถิติ ชนิดท่ีพบบอยในประชากร

ไทยคือชนิด G176AfsX179 ซึ่งเปนความผิดปกติทีทํ่าใหเกิด frame shift mutation ทําใหได

โปรตีนในสวนที่เปน zinc finger domain ที่ผิดปกติไป ซึ่งผลการศึกษาเปนไปในแนวทาง

เดียวกันกับที่เคยมีรายงานมากอน และเมือ่ทําการศึกษาในผูทีเ่ปนโรค Hb E - β- thalassemia 

ที่มีอาการไมรุนแรง แมจะพบผูทีมี่ KLF1 mutation 1 ราย คือพบชนิด G176AfsX179 แตระดับ

ฮีโมโกลบินเอฟในผูปวยรายนี้ก็อยูในแนวโนมที่สูง จากการศึกษาทั้งสองสวนแสดงใหเห็นวา 

KLF1 เปนหน่ึงในปจจัยทางพันธุกรรม (genetic factor) ท่ีมีความสําคัญตอการเพิ่มของระดับ Hb 

F และสามารถใชอธบิายการเพิม่ข้ึนของ Hb F ในประชากรได 

 

 

ขอเสนอแนะสําหรับงานวิจัยในอนาคต 

 แมวาในการศึกษาคร้ังน้ี แสดงใหเห็นวา KLF1 มีความสําคัญตอการเพิ่มของระดับ Hb F 
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Abstract The basis for variability of hemoglobin (Hb) F in
homozygous Hb E disease is not well understood. We have
examined multiple mutations of the Krüppel-like factor 1
(KLF1) gene; an erythroid specific transcription factor and
determined their associations with Hbs F and A2 expression
in homozygous Hb E. Four KLF1 mutations including
G176AfsX179, T334R, R238H, and −154 (C-T) were
screened using specific PCR assays on 461 subjects with ho-
mozygous Hb E and 100 normal controls. None of these four
mutations were observed in 100 normal controls. Among 461
subjects with homozygous Hb E, 306 had high (≥5 %) and
155 had low (<5 %) Hb F. DNA analysis identified the KLF1
mutations in 35 cases of the former group with high Hb F,
including the G176AfsX179 mutation (17/306=5.6 %),
T334R mutation (9/306=2.9 %), −154 (C-T) mutation
(7/306=2.3 %), and R328H mutation (2/306=0.7 %). Only
two subjects in the latter group with low Hb F carried the
G176AfsX179 and −154 (C-T) mutations. Significant higher
Hb A2 level was observed in those of homozygous Hb E with
the G176AfsX179 mutation as compared to those without
KLF1 mutations. These results indicate that KLF1 is among
the genetic factors associated with increased Hbs F and A2,
and in combination with other factors could explain the vari-
abilities of these Hb expression in Hb E syndrome.

Keywords Homozygous hemoglobin E . Hemoglobin F .

Hemoglobin A2
. KLF1mutations

Introduction

Hemoglobin (Hb) E is the most common Hb variant in
Southeast Asian populations. The high prevalence of Hb E
is especially observed in northeastern part of Thailand
where the frequency could be as high as 50 % [1]. It is
resulted from a single nucleotide base substitution at co-
don 26 (GAG to AAG) of β-globin gene leading to a
replacement of lysine for glutamic acid at this position.
The mutation could also activate a cryptic splice site in
exon I leading to abnormal splicing and a reduction of βE

globin synthesis. It is therefore considered as a β+-thalas-
semia allele [2]. In the region, Hb E may be presented as
heterozygous, homozygous (Hb EE disease), or in combi-
nation with other forms of thalassemia leading to Hb E/β-
thalassemia, AEBart’s, and EF Bart’s diseases [3–7]. Het-
erozygous Hb E is symptomless, whereas Hb EE disease
usually has mild anemia with reduced mean corpuscular
volume (MCV) and mean corpuscular Hb (MCH) values
[2]. In Hb E heterozygote, the level of Hb F is usually
less than 1 %, s but in Hb E homozygote this can be
varied from less than 1 % to more than 10 %. Hb A2 can
be within normal range or elevated due to a β-thalassemic
nature of Hb E mutation [8]. Accordingly, at routine set-
ting, a misdiagnosis of Hb E/β-thalassemia disease for a
homozygous Hb E with elevated Hbs F and A2 could
happen.

Multiple single nucleotide polymorphisms (SNPs) in sev-
eral genes such as BCL11A and HBS1L-MYB have also been
shown to be associated with Hb F expression in β-thalassemia
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and sickle cell diseases [9, 10]. In addition, the Krüppel-like
factor 1 (KLF1) (or Erythroid Krüppel-like factor, EKLF), an
essential erythroid transcription factor, which plays multifunc-
tional role during erythropoiesis and Hb switching between
fetal and adult states, has also been found to be involved [11,
12]. Mutations in KLF1 gene have been shown to be associ-
ated with increased Hb F in adults in diverse populations
[13–16]. It has been shown recently that KLF1 mutations
could ameliorate the clinical and hematological severity of
β-thalassemia in Chinese patients [17]. In this study, we have
examined the association of KLF1 mutations with variability
in Hb F and Hb A2 in homozygous Hb E disease.

Materials and methods

Subjects

Ethical approval of the study protocol was obtained from the
Institutional Review Board (IRB) of Khon Kaen University,
Thailand (HE 562140). The study was done on 100 normal
control subjects and 461 Thai subjects with homozygous Hb
E. Leftover DNA samples were selectively recruited from our
ongoing thalassemia screening program at Khon Kaen Uni-
versity in northeast Thailand.

Hematological and DNA analyses

Hematological parameters were obtained using the Coulter T
series automated blood cell counter (Beckman Coulter Co.,
USA). Hb analysis was done using capillary zone electropho-
resis (Capillarys 2; Sebia Co., Lisses, France) because this
method can report the amount of Hb A2 in the presence of
Hb E [8]. Identifications of the βE-mutation, α0-thalassemia
(SEA and THAI deletions) andα+-thalassemia (3.7 and 4.2 kb
deletions), Hb Constant Spring and Hb Paksé mutations are
performed routinely in our laboratory using PCR methods
described elsewhere [18]. The −158 (C-T) Gγ XmnI polymor-
phismwas additionally identified by PCR amplifications of γ-
globin gene promoter using primers γ4 (5′-GGCCTAAAAC
CACAGAGAGT-3′) and γ5 (5′-CCAGAAGCGAGTGTGT
GGAA-3’) followed by digestion with XmnI restriction en-
zyme [19].

Allele-specific PCR assays for rapid screening of KLF1
mutations

Screening for four common KLF1 mutations including −154
(C-T), G176AfsX179 in exon 2, R328H, and T334R in exon 3
was done using allele specific PCR with four sets of PCR
primers as shown in Fig. 1. The −154 (C-T) and T334R mu-
tations were detected in a multiplex PCR manner. The −154

G110

G112

G113
G93 G94

451 bp

729 bp
237 bp

Exon IIIExon I

KLF1 gene

G92G91
184 bp

A B

Exon II

G125 G126148 bp

148 bp: WT

729 bp: IC

451 bp: -154 (C-T)

237 bp: T334R
184 bp: R328H

578 bp: IC
155 bp:

-154 C-T G176AfsX179 R328H T334R

C
M 1 2 3 4

R328H

M 1 2 3 4

-154 C-T and T334R

M1 2 3 4

G176AfsX179

-154 C-T G176AfsX179 R328H T334R

G176AfsX179

Fig. 1 Identification of four KLF1 mutations, −154 (C-T), T334R,
G176AfsX179, and R328H, by allele specific PCR. Schematic diagram
showing the locations and orientations of primers used as well as sizes of
the amplified fragments. a M is 50 bp DNA ladder, 1 and 2: normal

controls 3: carrier of the −154 (C-T) and 4: carrier of T334R mutation.
b 1 and 2: carriers of G176AfsX179 mutation, 3 and 4: normal controls. c
1 and 2 are normal controls, 3 and 4: carriers of R328H mutation
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(C-T)- and T334R-specific primers, G112 (5′-GTGCCCCA
GAAACAGTGCT-3′) and G93 (5′-CGCCACTACCGGAA
ACACAG-3′), were used with primers G113 (5′-ACCTCA
AA CCCCTAGACCACC-3′) and G94 (5′-TCCAGGAGAG
GGTCCATTCGT-3′), respectively, to produce fragments of
451 and 237 bp specific for these two mutations. The 729-
bp fragment generated from primer G110 (5′-CGGTTGTT
GCTGTTTACTGGG-3′) and G113 was used as an inter-
nal control (Fig. 1a). The PCR reaction (50 μl) contained
50 ng DNA, 0.48 pmol of primers G93 and G94, 1.2 pmol
of primers G110 and G113, 0.3 pmol of primer G112,
200 mM dNTPs and 1 Unit Taq DNA polymerase in a
PCR buffer provided by the manufacturer (New England
Biolabs Inc., MA, USA). The G176AfsX179 mutation is
characterized by 7-bp insertion. In a PCR using primers
G125 (5′-GCTCCCGACGCCTTCGT-3′) and G126 (5′-
ACGCCGCAGGCACTGAAA-3′), a normal fragment with
148 bp in length is changed to 155 bp with the
G176AfsX179 mutation (Fig. 1b). Each PCR reaction
(50 μl) contained 50 ng DNA, 0.9 pmol of primer G125
and G126, 200 mM dNTPs, 100 mM Tris-HCl pH 8.3,
50 mM KCl, 3 mM MgCl2, 5 % DMSO, and 1 Unit Taq
DNA polymerase (New England Biolabs Inc., MA, USA).
As shown in Fig. 1c, the R328H mutation is detected by
allele-specific PCR with specific primer G92 (5′-CCGTGT
GTTTCCGGTAGTGGT-3′) and common primer G91 (5′-
CAGCCCAGGCTGAGTAAAGGG-3′) which produces a
184-bp specific fragment. In the same reaction, the 578-
bp internal control fragment is generated using primers γ4
and γ5 mentioned above. Each PCR reaction (50 μl)
contained 50 ng DNA, 0.06 pmol of primer G91,
0.12 pmol of primer G92, 0.18 pmol of primer G94,
200 mM dNTPs, 10 mM Tris-HCl pH 8.3, 50 mM KCl,
3 mM MgCl2, and 1 Unit Taq DNA polymerase (New
England Biolabs Inc., MA, USA). PCR was performed
with initiation heating step at 94 °C for 3 min followed
by 30 cycles of (94 °C, 30 s–65 °C, 30 s–72 °C, 45 s)
using the TProfessional Standard Thermocycler (Biometra,
GmbH, Goettingen, Germany). The amplified product was
separated on 2 % agarose gel electrophoresis, stained with
ethidium bromide (0.5 μg/ml) and visualized under UV-
light. Each mutant-specific fragment was reconfirmed by
DNA sequencing on an ABI PRISM™ 3130 XL analyzer
(Applied Biosystems, Foster City, CA, USA).

Statistical analysis

Mean and standard deviation were used to describe hemato-
logical parameters of subjects in each polymorphic group.
Difference in mean Hbs F and A2 levels of two polymorphic
groups was analyzed by the Mann–Whitney U test. A P value
of less than 0.05 was considered statistically significance. T
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Results

Allele-specific PCR for βE-mutation identified that all
of the 461 subjects carried the homozygosity for Hb E
mutation. PCR assays developed as shown in Fig. 1
detected the KLF1 mutations in 37 of 461 subjects with
homozygous Hb E including G176AfsX179 (n=18),
T334R (n=9), −154 (C-T) (n=8), and R238H (n=2),
representing proportions 5.0, 2.4, 1.8 %, and 0.6 %,
respectively. In contrast, no any KLF1 mutation was
detected among 100 normal control subjects. Hemato-
logical findings of all these subjects were shown in
Table 1 according to the mutations found. As shown
in the table, no significant difference of most of these
hematological features between homozygous Hb E sub-
jects with or without KLF1 mutations was observed.
However, significant higher levels of Hbs F and A2

were noted for those with KLF1 mutations. When these
subjects with homozygous Hb E were further classified
into those with high Hb F (Hb F >5 %; n=306) and
those with low Hb F (Hb F <5 %; n=155), we ob-
served higher proportion of KLF1 mutations in the for-
mer group (35 of 37) as compared to the latter group (2
of 37) as shown in Table 2, the data indicating the
association of KLF1 mutations and high Hb F pheno-
type in the Hb EE syndrome.

In Table 3, we further examined the combined effect
of KLF1 mutations with the −158 (C-T) Gγ XmnI poly-
morphism known to be associated with high Hb F phe-
notype. Apparently, the presence of −158 Gγ XmnI
polymorphism could lead to a higher Hb F expression.
Additive effects of the −158 (C-T) Gγ XmnI polymor-
phism (either +/+ or +/−) for KLF1 mutations were
observed for the G176AfsX179 and T334R but not for
the −154 (C-T) mutation. This could not be confirmed
for the R328H mutation since both two subjects with
this mutation had −158 (C-T) Gγ XmnI polymorphism
(+/+) pattern.

Discussion

The hematological findings of the 461 subjects with homozy-
gous Hb E shown in Table 1 confirm that they had mild ane-
mia and reduced MCVand MCH values. Hb A2 and Hb F are
elevated. As shown in Table 1, screening for the four known
KLF1 mutations in these subjects identified 37 of 461 (8.0 %)
cases with the KLF1 mutations. Interestingly, we detected no
KLF1 mutations among 200 chromosomes of 100 normal
control subjects investigated. It has been shown recently that
KLF1 mutations are significantly more prevalent in the Chi-
neseβ-thalassemia patients in the regions with high incidence
of β-thalassemia and correlate with a milder phenotype. This
study on the Chinese patients has also demonstrated that
KLF1 mutations are associated with elevation of Hb F and
Hb A2 levels and a decrease in CD44 expression, which can
form a basis to screen for KLF1 mutation in the patient [17,
20]. A higher prevalence of KLF1mutations in Hb EE disease
as compared to normal subjects in our study is therefore not
unexpected. Of interest is the finding that these KLF1 muta-
tions were identified muchmore commonly in those with high

Table 2 Distribution of subjects with KLF1 mutations according to high (≥5.0 %) and low (<5 %) Hb F among 37 subjects with homozygous Hb E

KLF1 mutations Hb F levels

High (≥5%) (n=306) Low (<5 %) (n=155)

No. Proportion (%) Median (Min, max) No. Proportion (%) Median (Min, max)

With mutation 35 11.4a 13.3 (5.6, 27.0) 2 1.3a – 4.3, 3.5

G176AfsX179 17 5.6 14.2 (5.6, 27.0) 1 0.6 – 4.3

T334R 9 2.9 13.3 (8.4, 26.9) – – – –

−154 (C-T) 7 2.3 10.8 (8.5, 16.0) 1 0.6 – 3.5

R328H 2 0.7 – (13.6, 17.4) – – – –

Without mutation 271 88.6 10.8 (5.2, 31.9) 153 98.7 1.9 (0, 4.8)

a Significant difference in proportion of cases with KLF1 mutation between high and low Hb F groups (P<0.001)

Table 3 Hb F levels of homozygous Hb E subjects according to KLF1
mutations and Gγ XmnI polymorphism

KLF1 mutations Number Gγ XmnI Hb F levels

Median (Min, max)

G176 AfsX179 1 −/− – 5.6

T334R 1 −/− – 12.1

−154 (C-T) 1 −/− – 12

G176 AfsX179 10 +/+ 14.8 (10.8, 25.6)

G176 AfsX179 6 +/− 13.1 (7.9, 27.0)

−154 (C-T) 5 +/+ 10.8 (9.0,16.0)

−154 (C-T) 1 +/− – 8.5

T334R 8 +/+ 15 (8.4, 26.9)

R328H 2 +/+ – 13.6, 17.4
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Hb F (Hb F >5 %) as compared to those with low Hb F
expression (Hb F <5 %) as shown in Table 2. It is conceivable
as for β-thalassemia that these KLF1 mutations are associated
with high Hb F expression in Hb EE disease. For expression
of Hb A2, however, we observed a significant effect only on
the G176AfsX179 mutation in which the levels of 5.4±0.7 %
Hb A2 was detected as compared to the levels of 4.6±2.6 %
found in those without this mutation. This might be explained
by the fact that elevated Hb A2 is the general characteristic of
all β-thalassemia mutation regardless of KLF1 mutation. In
contrast, variable Hb A2 levels ranging from less than 1 % to
around 12% have been documented in Hb EE disease [8]. It is
noteworthy that apart from these levels of Hb A2 and Hb F, we
observed no difference in other hematological findings be-
tween homozygous Hb E subjects with and without KLF1
mutations. This suggests that the four KLF1 mutations which
located respectively in the promoter region (−154; C-T), the
exon 2 (G176AfsX179), and within the second zinc finger
motif in exon 3 (T334R and R328H) of the KLF1 gene may
not have much affect on the erythropoiesis. This is in contrast
to another missense mutation; the E325K located within the
second zinc finger motif of KLF1which had a dominant effect
leading to a congenital dyserythropoietic anemia [21]. This
phenotypic diversity of KLF1 mutations might reflect differ-
ence in the altered DNA binding affinity of each mutation to
the KLF1 regulated genes [22–24].

It is noteworthy that variation of the Hb F levels in individ-
uals with homozygous Hb E can lead to a misdiagnosis of Hb
E–β-thalassemia, the common thalassemic disease in routine
practice in the region [8]. Our results demonstrated that the
four KLF1 mutations including G176AfsX179, T334R,
R328H, and −154 (C-T) are associated with high Hb F phe-
notype in this disorder. However, the G176AfsX179 seems to
be the major one in Thai population. This G176AfsX179
frame shift mutation leading to a premature termination and
an ablation of protein prior to the zinc finger domain has been
shown to be associated with increased Hb F in Koreans and
Chinese populations [16, 25]. The R328H was firstly reported
to be the cause of In (Lu) phenotype in an individual from the
UK [23], whereas both T334R and R328H have been detected
in two sporadic cases with increased Hb F [14]. It is postulated
that amino acid changes in these two mutations could lead to
an ablation of DNA binding site and reduction of DNA bind-
ing affinity to the β-globin gene and the BCL11A gene which
encode the γ-globin gene suppressor. Thus, increased expres-
sion of γ-globin gene can be found in adult with these muta-
tions [12, 24]. It has been documented that compound hetero-
zygote for the −154 (C-T) and A298P mutations of KLF1
gene could lead to a transfusion-dependent hemolytic anemia
with elevated Hb F and persistence of embryonic globin gene
expression [26].

The observation on variability of Hb F ranging from 4.3 to
27.0 % in Hb EE disease with the G176AfsX179 mutation in

this study points to a combined effect of this mutation and
other genetic modifying factors in modulating Hb F levels in
Hb EE disease. Among these are the −158 (C-T) Gγ XmnI
polymorphism as shown in Table 3 and several other SNPs
in the BCL11A andHBS1L-MYBgenes recently documented
[27]. All these studies confirm the role of KLF1 as another
modulator of Hb F expression in the Hb EE disease and indi-
cate that regulation of Hb F expression in homozygousHb E is
controlled by several genetic factors and complex interactions.
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A B S T R A C T

Hemoglobin E is the most common Hb variant found in South East Asia. Variation of Hb F expression in Hb E syndrome
is associated with several genetic modifiers. We report several single nucleotide polymorphisms (SNPs), including nine
known and five novel mutations of the Krüppel-like factor 1 (KLF1; an erythroid specific transcription factor) gene and
determine their associations with phenotypic expression of Hb F in Hb E disorders. KLF1 mutations were examined using
high resolution melting (HRM) assay and DNA sequencing in 575 homozygous Hb E, 278 heterozygous Hb E and 100
normal subjects. Fourteen mutations were mostly observed in subjects with elevated Hb F, including nine known muta-
tions (G176AfsX179, T334R, R238H, − 154 (C > T), A298P, S270W, R301H, − 148 (G > A) and G335R and five novel
mutations (Q217X, Q223X, Y290_S293del, K307N, and M358I). None of them, but the − 148 (G > A), were observed
in normal controls to have Hb F < 1%. Combined KLF1 mutations with other SNPs including Gγ-XmnI, BCL11A and
HBS1L-MYB were associated with higher Hb F levels. KLF1 is therefore an important genetic factor associated with in-
creased Hb F and in combination with other modifying factors could explain the phenotypic variation of Hb F expression
in this common hemoglobinopathy.

© 2016 Published by Elsevier Ltd.
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1. Introduction

Hemoglobin (Hb) E is the most common Hb variant found in
Southeast Asia [1]. It is caused by a single nucleotide substitution at
codon 26 (GAG to AAG) of β-globin gene. This mutation creates an
abnormal splicing within the exon 1 of β-globin gene leading to a
β+-thalassemia phenotype [2]. Hb E is particularly important in the re-
gion, especially in northeast Thailand, where the frequency of Hb E
could reach 50% in some ethnic minorities [3,4]. Association of Hb
E with β-thalassemia leads to Hb E-β-thalassemia disease, the most
common thalassemia encountered in the region [1]. Hb E could be pre-
sented as a heterozygous state with asymptomatic and minor hemato-
logical change or as a homozygote form with mild hypochromic mi-
crocytosis with reduced mean corpuscular volume (MCV) and mean
corpuscular Hb (MCH) and elevated Hb F [7–10]. The level of Hb F
in normal adult is usually < 1% of the total Hb. However, among those
with homozygous Hb E, a variable level ranging from < 1% to > 10%
can be observed [11]. This could lead to difficulties in differential di-
agnosis by protein analysis of homozygous Hb E and Hb E-β0-tha-
lassemia, both of which are common in the region [12]. It has been
shown that a number of single nucleotide polymorphisms (SNPs) at
different loci, e.g. HBG2: − 158 C > T on 11p15.4 namely the Gγ-

⁎⁎ Corresponding author at: Centre for Research and Development of Medical
Diagnostic Laboratories, Faculty of Associated Medical Sciences, Khon Kaen
University, Khon Kaen 40002, Thailand.
Email address: supan@kku.ac.th (S. Fucharoen)

XmnI polymorphism, HBS1L-MYB intergenic region on 6q23.3 and
the BCL11A on 2p16.1, are associated with high Hb F expression
in patients with β-thalassemia, sickle cell disease and homozygous
Hb E as well as in healthy subjects in various populations [13–15].
In addition, an erythroid transcription factor, Krüppel-like factor 1
(KLF1) or Erythroid Krüppel-like factor (EKLF), also plays an impor-
tant role in erythropoiesis and fetal to adult Hb switching by direct ac-
tivation of β-globin gene expression. This indirectly reduces γ-globin
gene expression via activation of γ-globin gene suppressor, BCL11A
[16,17]. Multiple SNPs in the KLF1 gene have been found to be as-
sociated with high Hb F expression in diverse populations [18–22].
Here we reported several known and novel mutations in KLF1 gene
and determined their association with phenotypic expression of Hb
F in Hb E disorder. Additional information on the combined effect
of these KLF1 mutations with other genetic modifying factors, in-
cluding the Gγ-XmnI (rs7482144), BCL11A (rs4671393), HBS1L-MYB
(rs4895441) and (rs9399137) [15] are also presented.

2. Materials and methods

2.1. Subjects

The study was done on 953 Thai subjects, including 575 homozy-
gous Hb E, 278 heterozygous Hb E and 100 normal control subjects
recruited from our ongoing thalassemia screening program at Khon
Kaen University, Khon Kaen, Thailand. Ethical approval of the study

http://dx.doi.org/10.1016/j.bcmd.2016.04.010
1079-9796/© 2016 Published by Elsevier Ltd.
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protocol was obtained from the Institutional Review Board (IRB) of
Khon Kaen University (HE 562140).

2.2. Hematological and DNA analyses

Routine hematological parameters were collected on the Coulter T
series automated blood cell counter (Beckman Coulter Co., USA). Hb
analysis was performed using capillary zone electrophoresis (Capil-
larys 2; Sebia Co., Lisses, France) because this method could report
the amount of Hb A2 in the presence of Hb E [23]. In our laboratory,
identifications of the β-thalassemia and βE-mutations, α0-thalassemia
(SEA & THAI deletions) and α+-thalassemia (3.7 & 4.2 kb deletions),
Hb Constant Spring and Hb Paksé are performed routinely using PCR
methods described elsewhere [24].

2.3. High-resolution melting (HRM) assay for screening of KLF1
mutations and other SNPs genotyping

Screening of KLF1 mutations was performed using HRM assay de-
scribed elsewhere [25]. Each mutation was then confirmed by DNA
sequencing. Functional prediction for the novel KLF1 genes observed
was determined using the SIFT (http://sift.jcvi.org) and PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2) softwares. Genotyping of
other known SNPs, including the Gγ XmnI (rs7482144) and HBS1L-
MYB (rs9399137) polymorphisms were performed using PCR-RFLP
and HRM analysis described elsewhere [15,25–27]. In addition, PCR-
HRM assays for BCL11A (rs4671393) and HBS1L-MYB (rs4895441)
genotyping were developed using primers rs467-F (5′CACAA-
CACTCCAGGGAGGCAG3′) and rs467-R (5′GGAG-
GCAGGGGGAATCTTAAT3′) specific for BCL11A (rs4671393) and
primers rs489-F (5′GTGGCTGGGGAAAGACTCTT3′) and rs489-R
(5′TTATCTCCCTCACTTA CTCAG3′) specific for HBS1L-MYB
(rs4895441). Each PCR reaction includes 1 × KAPA HRM FAST
PCR Kit (Kapa Biosystems Inc., MA, USA), 2.5 mM Mg2 +,

0.2 pmol/μl of forward primer and reverse primer, 0.05 pmol/μl of in-
terior controls. The PCR was started at 95 °C for 5 min followed by
45 cycles of 95 °C for 30 s, 64 °C (rs4671393) or 60 °C (rs4895441)
for 15 s, and 72 °C for 15 s. This was followed by incubation at 95 °C
for 1 min and held at 16 °C before HRM analysis was performed.

2.4. Statistical analysis

Median and 95% CI were used to describe hematological parame-
ters of subjects in each group. Difference in the median values of Hbs
F and A2 was analyzed by the Mann–Whitney U test. A P value of
< 0.05 was considered statistically significant.

3. Results

Fig. 1 depicts 14 KLF1 mutations identified in this study. Thir-
teen of those mutations were identified with heterozygous or homozy-
gous Hb E with high Hb F levels. These included eight known muta-
tions (G176AfsX179, T334R, R238H, − 154 (C > T), A298P, S270W,
R301H and G335R) and five novel mutations, i.e. two nonsense muta-
tions in exon 2 prior to the zinc finger domain (Q217X & Q223X), two
mis-sense mutations in exon 3 (K307N, & M358I) and a deletion of
12 nucleotides (ACACCAAGAGCT) within the zinc finger domain of
exon 2 (a deletion of codons 290–293; Y290_S293del). The remain-
ing known mutation, − 148 (G > A) was found in 2 control subjects
but not in those with Hb E.

As shown in Table 1, among 575 homozygous Hb E, KLF1 muta-
tions were identified in 48 of them (8.3%). These included heterozy-
gosity for G176AfsX179 (n = 19, 3.3%), T334R (n = 8, 1.4%), − 154
(C > T) (n = 7, 1.2%), R328H (n = 4, 0.7%), S270W (n = 3, 0.5%),
G335R (n = 3, 0.5%), A298P (n = 1, 0.5%), K307N (n = 1, 0.5%),
M358I (n = 1, 0.5%) and a compound heterozygote for Q217X and
− 154 (C > T) (n = 1, 0.5%). Among 278 subjects with heterozygous

Fig. 1. Schematic of the KLF1 gene illustrating 14 KLF1 mutations identified in this study, including 9 known mutations and 5 novel mutations (shown in red). EI, EII & EIII indicate
exons 1, 2 and 3, respectively. F1, F2 & F3 are the three zinc finger domains (A). DNA sequencing profile of each novel mutation is shown in B.



UNCORRECTED PROOF
Table 1
Hematological characteristics of subjects with homozygous Hb E (N = 575), heterozygous Hb E (N = 278) and 100 normal control (N = 100) according to KLF1 mutations. Values are presented as median (95% CI) or as raw data where appropriate.

β genotype KLF1 mutation n (%) Hb F Hb A2 Hb E Rbc Hb Hct MCV MCH MCHC RDW

g/l % g/l % g/l % × 1012 g/l % fl pg g/dl %

βE/βE

(575)
G176AfsX179 19 (3.3) 15.4 13.1 7.0 5.4 105.7 84.1 6.2 126.0 38.4 62.0 21.0 34.5 16.7

(12.3–22.8) (10.9–18.1) (5.5–7.3) (5.0–5.6) (90.9–112.4) (72.3–86.8) (5.0–6.6) (105.0–135.5) (30.3–42.7) (59.2–65.9) (20.5–21.5) (32.4–36.1) (15.5–19.1)

T334R 8 (1.4) 24.5 15.0 6.0 5.3 107.3 79.8 6.3 128.5 39.1 57.8 19.0 32.5 17.2

(17.0–27.6) (12.0–23.3) (5.2–8.1) (3.7–6.0) (86.9–111.0) (73.1–86.6) (5.7–6.8) (119.0–136.4) (33.0–40.3) (57.0–66.4) (18.2–20.8) (31.7–33.2) (16.3–20.0)

− 154 C > T 7 (1.2) 13.9 10.8 5.0 4.7 94.0.3 89.2 6.0 120.5 35.3 69.0 21.0 33.0 19.3

(6.1–20.0) (7.2–15.9) (4.3–7.1) (3.8–5.2) (78.5–118.7) (72.7–92.1) (5.2–6.5) (96.2–132.0) (29.1–41.5) (61.6–72.3) (20.2–23.2) (30.0–36.6) (18.8–20.3)

R328H 4 (0.7) 19.7 13.8 6.5 5 111.1 83.6 6.6 137.1 39.8 57.3 20.5 34.8 21.4

(18.2–23.8) (8.8–17.4) (6.1–7.2) (4.6–7.8) (109.0–112.8) (75.2–91.2) (6.4–6.7) (131.6–145.3) (38.5–42.0) (50.2–65.0) (16.5–22.7) (33.9–35.6) (20.4–22.4)

S270W 3 (0.5) 12.2 10.8 5.4 4.4 95.3 88.2 5.6 113.2 33.0 64.6 21.7 32.9 17.6

(10.6–16.6) (9.9–11.8) (4.7–5.0) (4.0–4.8) (91.8–122.6) (81.2–89.1) (5.4–5.8) (107.5–139.6) (31.0–34.0) (57.9–66.0) (18.6–22.7) (32.5–35.1) (14.5–20.7)

G335R 3 (0.5) 15.8 14.4 5.5 5.7 85.7 85.6 4.6 101.5 30.2 58.5 18.9 31.9 17.1

(15.0–16.6) (11.3–17.0) (5.1–6.3) (4.8–5.8) (73.0–98.4) (83.0–88.7) (88.7–115.2) (27.9–32.5) (57.2–61.1) (18.5–19.2) (31.5–32.2)

A298P 1 (0.2) NA 9.1 NA 4.9 NA 90.9 58.8

K307N* 1 (0.2) NA 8.4 NA NA NA 86.7

M358I* 1 (0.2) 11.5 10.4 5.0 4.8 99.8 89.6 5.5 111.0 32.3 58.6 20.1 34.3 16.7

Q217X*, − 154 C > T 1 (0.2) NA 9 NA 5.3 NA 91

None 527 (91.6) 4.9 5.9 5.0 4.5 104.4 89.8 5.6 116.4 34.0 62.2 21.0 33.7

(3.9–6.0) (4.6–6.8) (4.9–5.0) (4.4–4.5) (101.6–108.3) (88.9–90.7) (5.5–5.8) (113.8–118.5) (33.4–35.0) (61.6–62.7) (20.9–21.1) (33.5–34.0)

βE/βA

(278)
G176AfsX179 20 (7.2) 11.6 9.1 5.5 4.1 31.9 25.8 5.0 123.6 37.8 25.5

(9.0–14.8) (8.0–11.6) (4.8–5.9) (3.7–4.5) (30.5–34.6) (22.8–27.3) (4.7–5.8) (121.3–134.2) (36.1–41.1) (24.5–26.0)

T334R 11 (4.0) 8.9 10.2 5.5 3.0 33.0 25.0 5.2 130.2 39.4 24.7

(7.1–15.3) (6.1–11.7) (3.7–6.6) (3.4–4.6) (25.0–34.9) (23.9–28.5) (4.3–5.6) (107.8–138.3) (33.5–45.1) (23.6–25.0)

Q217X*, − 154 C > T 8 (2.9) 10.3 7.7 4.4 3.8 27.4 22.9 5.6 122.0 37.9 24.3
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Table 1 (Continued)

β genotype KLF1 mutation n (%) Hb F Hb A2 Hb E Rbc Hb Hct MCV MCH MCHC RDW

g/l % g/l % g/l % × 1012 g/l % fl pg g/dl %

(6.1–14.1) (5.7–10.4) (3.7–4.8) (3.4–3.8) (19.6–36.9) (17.2–27.3) (4.4–5.9) (103.5–138.6) (30.6–42.5) (17.8–24.7)

R301H 2 (0.7) 22.6 14.7–15.5 6.8 3.2 33.70 21.9–16.9 6.0 154.0 45.0 76.0 12.7

Y290_S293del* 2 (0.7) 7.6.11.4 8.0–5.5 7.0 4.9 34.9–37.9 26.5, 25.3 5.5 143.0, 138.0 42.0, 43.0 75.8, 78.0 25.0 13.4

G335R 2 (0.7) 12.6.2.1 9.3–1.5 4.7–6.8 3.5, 4.8 34.0–36.5 25.2, 25.9 5.0, 5.3 135.0, 141.0 39.2, 43.0 79.2, 81.4 27.0, 26.8 32.9 13.6, 12.7

− 154 C > T 1 (0.4) 11.1 7.4 NA NA 41.0 27.3 5.9 150.0 45.0 76.0 25.6 15.5

Q217X* 1 (0.4) 24.3 18.3 5.2 3.9 32.19 24.2 133.0 39.8 75.7

Q223X* 1 (0.4) NA 7.4 NA NA NA 25.9

R328H 1 (0.4) 17.1 10.6 NA NA 37.7 23.4 161.0 48.3 76.0 25.4 33.3

None 229 (82.2) 0.0 0.0 5.1 3.7 38.6 28.4 5.2 136.2 41.0 78.0 26.1 33.5 13.2

(0.0–0.0) (0.0–0.3) (4.9–5.2) (3.7–3.8) (37.2–36.9) (28.1–28.5) (5.2–5.4) (133.1–138.9) (39.2.42.0) (77.3–78.7) (25.9–26.4) (33.4–33.6) (13.1–13.6)

βA/βA (100) − 148 G > A 2 (2) 0.0.0.6 0.0–0.5 4.4–3.3 2.7.2.7 – – 5.8, 4.1 152, 123 45.0, 35.4 77.0, 87.1 25.7, 30.3 34.8 14.0, 13.8
None 98 (98) 0.4 0.4 3.2 2.7 – – 4.6 122.0 37.0 79.2 26.6 32.8 14.0

(0.3–0.5) (0.3–0.5) (3.0–3.4) (2.6–2.8) (4.5–4.8) (118.2–125.6) (36.0–37.8) (77.4–81.3) (25.8–26.9) (32.3–33.3) (13.6–14.3)

* Novel mutation, NA; not available.



UN
CO

RR
EC

TE
D

PR
OO

F

Blood Cells, Molecules and Diseases xxx (2016) xxx-xxx 5

Hb E, KLF1 mutations were identified in 49 of them (17.6%), includ-
ing heterozygous for G176AfsX179 (n = 20, 7.2%), T334R (n = 11,
4.0%), − 154 (C > T) (n = 1, 0.4%), R301H (n = 2,
0.7%), Y290_S293del (n = 2, 0.7%), G335R (n = 2, 0.7%), Q217X
(n = 1, 0.4%), Q223X (n = 1, 0.4%), R328H (n = 1, 0.4%) and a com-
pound heterozygous for the − 154 (C > T) and Q217X (n = 8, 2.9%).
These KLF1 mutations were not detected in 100 normal control sub-
jects with Hb F < 1%. However, the 2 subjects in this control group
who had Hb F of 0% and 0.5%, were found to carry the − 148 (G > A)
mutation. Therefore, in this study population with Hb E, the six most
common KLF1 mutations were the G176AfsX179 (39.4%) followed
by the T334R (19.2%), − 154 (C > T) (17.2%), Q217X (9.1%),
R328H (5.1%) and G335R (5.1%).

Hematological characteristics of all subjects according to KLF1
mutations are listed in Table 1. In both Hb E heterozygote and ho-
mozygote, it was found that those with KLF1 mutations had appar-
ently higher Hb F levels as compared to those without the mutation.
Since co-inheritance of α-thalassemia could modify the level of Hb
F in Hb E [5,6], we therefore excluded cases with α-thalassemia for
further analysis. Hematological findings of the remaining 252 sub-
jects with homozygous Hb E and 145 heterozygous Hb E, according
to KLF1 mutations, are summarized in Table 2. 29 Subjects with ho-
mozygous Hb E and KLF1 mutations had significantly higher Hb F
levels as compared to those of 223 subjects without KLF1 mutation,
i.e. [16.0 (12.1–19.4 g/l) vs. 6.0 (4.9–7.4 g/l)]. This was also the case
for heterozygous Hb E whose Hb F levels were 11.3 (9.6–13.1) g/l and
0 g/l for 33 subjects with and 112 subjects without KLF1 mutations,
respectively. This was clearly observed for those with the G176Af-
sX179, T334R, − 154 (C > T), S270 W and compound heterozygous
for − 154 (C > T) & Q217X mutations. In addition, slight increase
in Hb A2 levels were also noted for those with KLF1 mutations as
compared to those without the mutations, i.e. 6.0 (5.1–6.9) g/l vs.
5.1 (4.8–5.3) g/l in homozygous Hb E and 5.2 (4.7–5.6) g/l vs. 5.0
(4.8–5.2) g/l in heterozygous Hb E.

We further examined the combined effect of KLF1 mutations and
other SNPs, including Gγ XmnI (rs7482144), BCL11A (rs4671393)
and HBS1L-MYB (rs4895441) & (rs9399137) known to be involved in
Hb F expression in our population [9,15]. In Table 3, a significantly
higher Hb F levels were observed for homozygous Hb E, who had the
same patterns of 4 other SNPs [(rs7482144), (rs4671393), (rs4895441)
& (rs9399137)], but with KLF1 mutations. For example, the level of
Hb F of 9.6 (8.7–10.7) g/l was found for homozygous Hb E with SNPs
at (rs46713931/rs4895441/rs9399137) and Gγ-XmnI +/+, but no KLF1
mutation. This was 15.9 (10.8–23.3) g/l for those with similar SNPs
and Gγ-XmnI +/+, who had KLF1 mutation. Likewise, in homozygous
Hb E who had the Gγ XmnI (+/+) but not the 3 other SNPs, elevated Hb
F was noted in those with KLF1 mutation, i.e. Hb F 11.1 (8.8–14.1) g/
l as compared to those without KLF1 mutation [Hb F 2.3 (1.9–3.0) g/
l].The pattern of KLF1 mutation and 4 other SNPs as shown in sup-
plementary Table1 and 2. Box plots of Hb F levels in both homozy-
gous and heterozygous Hb E according to all SNPs are presented in
Fig. 2. In all the categories, those with KLF1 mutations had higher Hb
F levels.

4. Discussion

KLF1, an erythroid-specific transcription factor plays important
roles in hematopoiesis and globin gene switching. KLF1 mutations
have been reported to be associated with hematological disorders, in-
cluding hereditary persistence of fetal hemoglobin (HPFH), congeni-
tal dyserythropoietic anemia type IV, transfusion dependent hemolytic

anemia, borderline Hb A2 and amelioration of clinical severity of
β-thalassemia disease [20,22,25,28–32].

We examined KLF1 mutations and determined their association
with phenotypic expression of Hb F, Hb A2 and other hematological
parameters in Hb E disorder. As shown in Table 1, scanning for KLF1
mutations in 853 Thai subjects with Hb E identified that 48 out of
575 (8.3%) homozygous Hb E and 49 out of 278 (17.6%) heterozy-
gous Hb E had KLF1 mutations. Interestingly, all of these KLF1 mu-
tations were not observed among 100 normal control subjects. In con-
trast, 2 of the 100 subjects in a normal control group were carriers of
the − 148 G > A mutation. This KLF1 promoter mutation was origi-
nally found to be associated with atypical HPFH in an adult female of
Serbian origin with elevated Hb F (Hb F = 11.0%). The mutation re-
sides in the Sp1 binding site and alters Sp1 binding to KLF1 promoter,
leading to a decreased gene transcription [21]. As shown in Table 1,
we found that this mutation was relatively rare and was not associ-
ated with increased Hb F and Hb A2 in Thai population. The two cases
with this mutation had normal Hb F (0–0.5%) and Hb A2 (2.7%) lev-
els. This might reflect the multifunctional role of KLF1 during ery-
thropoiesis [16,17].

Unlike in normal subjects, KLF1 mutations are relatively common
among Thai individuals with Hb E and elevated Hb F levels. This
finding has important clinical implication because the association of
Hb E with β-thalassemia endemic in the region, leads to Hb E-β-tha-
lassemia disease with diverse clinical presentations [33,34]. The pres-
ence of KLF1 mutation can likely modify the phenotype of the patient.
KLF1 mutations and increased Hb F production can ameliorate the
clinical and hematological features of β-thalassemia disease in Chi-
nese patients [25]. As for Chinese and Korean populations [18,25],
the most common KLF1 mutation in Thai population is the G176Af-
sX179. It seems likely that this mutation is the most common KLF1
mutation among Asian population. Interestingly, in addition to nine
known mutations, we unexpectedly identified five novel mutations,
which were predicted to the loss of gene function in Thai individuals
with Hb E (Table 4). These included two nonsense mutations, Q217X
and Q223X, which caused premature termination and a haploinsuffi-
cient outcome. The two missense mutations, K307N and M358I, lo-
cated within the conserve region of the zinc finger domains 2 and
3, could result in structurally impaired proteins. The Y290_S293del
caused by 12 nucleotides deletion resulted in an in frame deletion of
4 amino acid residues between codons 290–293 and a structurally im-
paired protein. These results indicated a diverse molecular heterogene-
ity of KLF1 gene in Thai population.

The results presented in Table 3 clearly confirmed that in addi-
tion to the Gγ XmnI (rs7482144) and 3 other SNPs, namely BCL11A
(rs4671393) and HBS1L-MYB (rs4895441) & (rs9399137), KLF1 mu-
tation was an additional genetic modifying factor associated with in-
creased Hb F levels in Hb E disorder. In both homozygous and het-
erozygous Hb E, those with the formerly known SNPs had higher Hb
F levels with the presence of KLF1 mutation (Fig. 2). Screening of
KLF1 mutations may be useful for routine differential diagnosis of
Hb E/β0-thalassemia and homozygous Hb E with elevated Hb F level
[35]. A study in southern China has also revealed that KLF1 muta-
tions are common in a thalassemia endemic region and can amelio-
rate the severity of β-thalassemia. The mutations are associated with
increased Hbs F and A2 and decreased CD44 expression [25]. Fur-
thermore, it has been reported that KLF1 mutations are associated
with borderline MCV and MCH values in non-thalassemic individuals
and lower MCV and MCH values in α-thalassemia carriers as com-
pared to those without KLF1 mutations [27]. We also observed lower
MCV and MCH values in Hb E heterozygote and homozygote with
the KLF1 T334R and compound heterozygote for − 154 (C > T) and
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Table 2
Hematological parameters among 252 homozygous Hb E and 145 heterozygous Hb E without α-thalassemia according to KLF1 mutations. Values are presented as median (95% CI) or as raw data where appropriate.

β genotype KLF1 mutation n Hb F Hb A2 Hb E Rbc Hb (g/dl) Hct MCV MCH MCHC RDW

g/l % g/l % g/l % x1012 g/l % fl pg g/dl %

βE/βE

(252)
With mutation 29 16⁎c 12⁎c 6⁎b 5.2⁎b 105.2 84.1 5.8 129.5 36.2 60.9 20.8 33.6 17.2

(12.1–19.4) (10.7–14.2) (5.1–6.9) (4.7–5.3) (93.9–112.3) (81.1–88.3) (5.5–6.4) (112.3–132.1) (33.4–39.4) (58.2–64.2) (20.1–21.6) (32.8–35.4) (16.1–19.3)

G176AfsX179 10 16⁎c 13.1⁎c 7.5⁎c 5.4⁎b 108.6 83.2 6.2 133.6 38.4 61.5 21.2 33.6 16.7

(7.9–26.5) (9.9–19.0) (6.6–7.6) (4.6–6.0) (96.1–118.0) (79.6–87.6) (5.0–6.6) (113.8–139.3) (32.5–43.3) (58.2–64.5) (20.5–21.7) (31.4–35.9) (15.1–17.2)

T334R 5 21.4.27.5 16.6⁎b 6.8–5.1 5.3⁎a 102.6 80.9 6.8.5.7 129.0117.0 38.8.33.0 57.0.58.0 18.9.20.8 33.2 20.8.20.8

(12.1–26.9) (4.3–5.8) (86.9–119.2) (73.0–87.9)

− 154 C > T 5 15.8⁎a 12⁎a 5.3 4.3 99.0 83.0 6.0 129.6 35.4 68.7 21.0 33.5 19.3

(4.6–20.6) (3.5–16.0) (3.9–6.9) (3.8–5.2) (75.4–123.8) (69.4–93.2) (5.2–6.5) (102.8–132.5) (31.0–44.0) (57.1–76.0) (14.2–23.2) (30.0–36.6) (18.8–20.3)

S270W 3 12.2⁎a 10.8⁎a 5.4 4.4 95.3 88.2 5.6 113.2 33.0 64.6 21.7 32.9 17.6

(10.6–16.6) (9.9–11.8) (4.7–5.0) (4.0–4.8) (91.8–122.6) (81.2–89.1) (5.4–5.8) (107.5–139.6) (31.0–34.0) (57.9–66.0) (18.6–22.7) (32.5–35.1) (14.5–20.7)

R328H 2 8.8, 13.9 7.2 117.1 86.1.91.2 136.0 39.8 50.2 16.5 33.9

K307N 1 NA 8.4 NA NA NA 76.7

M358I 1 11.5 10.4 5.328 4.8 99.5 89.6 111.0 32.3 58.6 20.1 34.3 16.7

A298P 1 NA 9.1 NA 4.9 NA 90.9 58.8

− 154 C > T, Q217X 1 NA 9 NA 5.3 NA 91.1

Without mutation 223 6 6.8 5.1 4.4 103.6 90.4 5.6 113.2 33.4 62 20.9 33.9 17.6

(4.9–7.4) (5.7–8.0) (4.8–5.3) (4.3–4.5) (99.1–107.2) (89.5–91.7) (5.3–5.8) (108.6–117.1) (32.1–35.0) (61.2–62.7) (20.6–21.1) (33.5–34.1) (14.5–20.7)

βE/βA

(145)
With mutation 33 11.3⁎c 8.2⁎c 5.2⁎a 4.0⁎a 32.8 25.8 5.0 131.2 39.2 76.0 25.0 32.8 14.4

(9.6–13.1) (7.5–10.3) (4.7–5.6) (3.8–4.3) (31.2–35.7) (24.2–26.9) (4.7–5.3) (122.0–135.4) (36.4–41.8) (75.2–78.6) (24.6–25.8) (32.1, 33.4) (13.8–15.2)

G176AfsX179 15 11⁎c 8.2⁎c 5.4⁎a 4.1⁎a 31.9 25.8 5 123 38 78.8 25.7 32.5 15

(8.4–15.4) (7.5–11.1) (4.7–5.9) (3.7–4.5) (30.9–35.7) (22.1–27.1) (4.7–5.8) (121.5–135.2) (36.1–42.3) (75.6–81.4) (24.6–26.0) (31.7, 33.6) (13.7–15.3)

T334R 7 12.3⁎b 10.6⁎b 5.8⁎a 4.0⁎a 32.2 27.4 4.6 123.4 34.0 74.6 24.8 33.0 14.5

(7.1–16.0) (7.7–11.9) (4.9–6.6) (3.8–4.3) (25.2–43.2) (23.9–28.6) (4.3–4.9) (105.6–157.1) (33.0–47.0) (70.0–77.1) (23.7–25.0) (31.22, 34.1) (13.9–15.0)
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Table 2 (Continued)

β genotype KLF1 mutation n Hb F Hb A2 Hb E Rbc Hb (g/dl) Hct MCV MCH MCHC RDW

g/l % g/l % g/l % x1012 g/l % fl pg g/dl %

− 154C > T, Q217X 5 11.2⁎b 8.2⁎b 4.5 3.8 31.6 25.3 5.2 123.0 37.9 75.2 24.5 33.2 14.4

(10.2–15.2) (6.3–13.9) (3.7–4.8) (3.0–3.8) (23.9–39.2) (21.9–27.8) (4.4–5.9) (109.8–144.3) (31.8–44.0) (72.4–75.7) (24.3–25.0) (32.3, 34.1) (14.2–16.9)

G335R 2 NA 9.5.1.5 NA 3.5, 4.8 NA 25.2.25.9 79.2, 81.4 27.0, 26.8

− 154C > T 1 11.1 7.4 NA NA 41.0 27.3 5.9 150.0 45.0 76.0 25.6 15.5

Q217X 1 24.3 18.3 5.2 3.9 32.2 24.2 133.0 39.8 75.7

Q223X 1 NA 7.4 NA NA NA 25.9

Y290_S293del 1 11.4 8.0 7 4.9 37.9 26.5 143.0 42.0 75.8

Without mutation 112 0 0 5.0 3.7 38.6 28.6 5.2 136.0 41.0 77.3 26.0 33.5 14.3

(0.0–0.1) (0.0–0.4) (4.8–5.2) (3.6–3.8) (36.9–40.2) (28.4–28.8) (5.1–5.3) (132.3–138.1) (39.0–42.0) (76.6–78.4) (25.7–26.2) (33.3, 33.7) (13.9.15.6)

NA; not available
⁎⁎ Significant difference from those without KLF1 mutation (a; P < 0.05, b; P < 0.01, c; P < 0.001; Mann–Whitney U test).
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Table 3
Hb F levels of 252 subjects with homozygous Hb E and 145 subjects with heterozygous Hb E without α-thalassemia, presented according to KLF1 and other known genetic polymor-
phisms.

β genotype KLF1 Gγ-Xmn I BCL11A (rs4671393), n Hb F levels

(rs7482144) HBS1L-MYB (rs4895441), % g/l

HBS1L-MYB (rs9399137) median (95% CI) median (95% CI)

βE/βE

(252)
No −/− − 5 1.3 (0.5–2.3) 1.4 (0.7–2.8)

(223) + 5 2.4 (0.7–8.1) 4.3 (0.6–11.6)

+/− − 21 2.2 (1.1–4.6) 2.3 (1.1–5.5)

+ 47 7.0 (4.8–9.4) 6.0 (4.9–8.2)

+/+ − 38 2.3 (1.9–3.0) 2.4 (2.1–3.3)

+ 107 9.6 (8.7–10.7) 9.8 (8.0–11.7)

Yes
(29)

−/− − 1 12.1 − NA −

+ 1 12.2 − 15.8 −

+/− − 3 7.9 (4.3–13.0) 11.1 (4.5–17.6)

+ 6 13.5⁎a (8.9–23.0) 18.2⁎b (13.2–22.4)

+/+ − 10 11.1⁎b (8.8–14.1) 14.2⁎b (6.7–19.6)

+ 8 15.9⁎a (10.8–23.3) 16.1⁎a (11.9–27.8)

βE/βA

(145)
No
(112)

−/− − 12 0.0 (0.0–0.0) 0.0 (0.0–0.0)

+ 12 0.0 (0.0–0.0) 0.0 (0.0–0.1)

+/− − 37 0.0 (0.0–0.0) 0.0 (0.0–0.0)

+ 36 0.4 (0.0–2.4) 0.5 (0.0–2.1)

+/+ − 3 1.3 (0.6–3.9) 1.9 (0.8–4.5)

+ 12 7.7 (2.8–10.8) 9.0 (1.8–13.9)

Yes
(33)

−/− + 3 13.9 (7.4–18.3) 19.8 (15.2–24.3)

+/− − 1 3.7 − 5.0 −

+ 23 9.0⁎b (7.7–10.3) 11.6⁎b (9.7–15.2)

+/+ + 6 8.1 (7.2–11.3) 9.9 (8.5–11.4)

NA; not available
⁎⁎ Significantly higher than those without KLF1 mutations (a; P < 0.01, b; P < 0.001; Mann–Whitney U test).

Q217X mutations (Table 2). This result confirmed that some KLF1
mutations could affect RBC indices. Therefore, screening of KLF1
mutations in a β-thalassemia patient with unusual phenotype is recom-
mended [25].

It has been found that compound heterozygosity for KLF1 muta-
tions can cause diverse clinical symptoms such as transfusion-depen-
dent hemolytic anemia and persistence of embryonic globin gene ex-
pression [29], microcytic hypochromic anemia with increased Hb F in
children [31] and hydrops fetalis in neonates [36]. We also detected
compound heterozygosity for the − 154 (C > T) and a novel Q217X
mutations in 8 subjects with heterozygous Hb E and a subject with

homozygous Hb E (Table 1). However, apart from elevated Hb F and
Hb A2, all of them were generally healthy and had no clinical symp-
tom. Similar findings have been reported in other populations for com-
pound heterozygote of other mutations, i.e. (G176AfsX179/L51R) and
(S270X/K332Q) [18,19]. These findings have suggested that com-
pound heterozygote for KLF1 mutations could be associated with both
benign and severe clinical conditions. The phenotypic variation may
be related to the age of the patient, type of KLF1 mutations and the
amount of KLF1 protein synthesized. Further study is required to clar-
ify this matter.



UN
CO

RR
EC

TE
D

PR
OO

F

Blood Cells, Molecules and Diseases xxx (2016) xxx-xxx 9

Fig. 2. Box plots showing Hb F levels (% & g/l) of 252 homozygous Hb E (A) and 145 heterozygous Hb E (B) without α-thalassemia according to genetics polymorphisms, including
KLF1 mutation, Gγ-XmnI polymorphism (rs7482144) and the 3 SNPs; BCL11A (rs4671393), HBS1L-MYB (rs4895441) and (rs9399137). + and − indicate the presence and absence
of each polymorphism, respectively.

Table 4
Functional predictions of five novel KLF1 mutations.

KLF1 mutation Description
Functional
prediction

Q217X CAA-TAA, premature termination Haploinsufficiency
Q223X CAA-TAA, premature termination
K307N Amino acid substitution (lysine to

asparagine) in a conserve region between
the zinc finger domains 2 and 3

Structurally
impaired KLF1
proteins

M358I Amino acid substitution (methionine to
isoleucine)
in a conserve region of the zinc finger
domain 3

Y290_S293del In frame deletion of 4 amino acid residues
(YTKS) within the zinc finger domain 1

The wide range of Hb F expression from 3.5–27.6% observed
among homozygous Hb E points to further study on the combined ef-
fect of KLF1 mutations and other genetic modifying factors. These in-
clude a T allele of the Gγ XmnI (rs7482144), A allele of the BCL11A
(rs4671393), G allele of the HBS1L-MYB (rs4895441) and C allele of
the HBS1L-MYB (rs9399137) [15]. Fig. 2 demonstrates as expected
the additive effects to these 4 genetic modifiers of KLF1 mutations for
higher expression of Hb F in both homozygous and heterozygous Hb
E. The results from this study confirm that KLF1 is an essential modu-
lator of Hb F expression in Hb E and KLF1 in combination with other
genetic modifiers could explain the variability of Hb F expression of
this common hemoglobinopathy.
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Abstract 

Background Hb E-β-thalassemia is the most common form of β-thalassemia syndromes in 

Thailand. The disease exhibits varied clinical expression from asymptomatic to severe β-

thalassemia syndrome. Hemoglobin F levels also are variable. We studied the genetic 

modifying factors of Hb E-β-thalassemia patients with non-transfusion dependent 

thalassemia (NTDT) in northeast Thai. 

Method Subjects were 73 adult Hb E-β0-thalassemia patients with NTDT encountered at our 

prenatal diagnosis center at Khon Kaen University, Thailand. Hematological parameters were 

collected and Hb analysis was obtained from automated Hb analyzer based on HPLC or 

capillary electrophoresis techniques. The α- and β-thalassemia mutations, Gγ-Xmn I 

polymorphism and 7 single nucleotide polymorphisms (SNPs) including rs2297339, 

rs2838513, rs4895441 and rs9399137 in HBS1L-MYB gene, rs4671393 and rs11886868 in 

BCL11A gene, and G176AfsX179 in KLF1 gene were identified. Expression Hb F was 

present as Hb F level in g/L unit. 

Results Six β0-thalassemia mutations in trans to the βE gene were identified including 

βCD41/42 (n=38), βCD17 (n=26), βCD71/72 (n=3), βIVS1#1 (n=3), βCD43 (n=2) and βIVS1#5 (n=1). No 

significant difference of hematological parameters was observed among each β0-thalassemia 

genotype. As much as 42.5% (n=31) of the subjects were co-inherited with α-thalassemia. Hb 

F expressions of the patients who co-inherited with α-thalassemia were significant lower than 

those of normal α-globin genotype. The study of 8 SNPs demonstrated that 4 SNPs including 

rs7482144 of Gγ-XmnI, rs2297339, rs4895441 and rs9399137 of HBS1L-MYB was 

significant associated with high Hb F level. The alleles of these 4 SNPs which responsible to 

high Hb F expression were T, T, G and T of rs7482144, rs2297339, rs4895441 and 

rs9399137, respectively. 

Conclusion The results demonstrated that there are multiple factors associated with high Hb 

F expression including rs7482144 of Gγ-XmnI, rs2297339, rs4895441 and rs9399137 of 

HBS1L-MYB in northeast Thai Hb E-β0-thalassemia patients with NTDT. 

Keywords: Genetic factors, Hb E-β0-thalassemia, Hemoglobin F expression, HBS1L-

MYB, BCL11A, KLF1 
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Introduction 

Hemoglobin E-β-thalassemia is the most common thalassemia diseases found in 

northeast Thailand (1). The phenotypic expression of this condition is varying ranging from 

mild thalassemia intermedia to severe transfusion dependent (2-8). Type of β-thalassemia 

mutations were found to be the primary modifying factor of the disease severity. Hb E-β-

thalassemia resulting from β+-thalassemia mutations usually has milder phonotype when 

compared with those of β0-thalassemia mutations (9, 10). However, it is difficult to predict 

the phenotype of Hb E-β0-thalassemia patient based on type of β0-thalassemia mutations (9). 

The study in patients with non-transfusion dependent (NTDT) was also demonstrated that β0-

thalassemia mutations are common among Hb E-β-thalassemia diseases. It is indicated that 

there are other genetic factors underlying for the clinical severity of these patients (11). The 

remarkable phenotypic diversity of Hb E-β-thalassemia patients is also associated with 

coinheritance of α-thalassemia or the presence of genetic determinants associated with 

increased production of γ-globin chains and consequent ability to produce functional fetal 

hemoglobin (Hb F) in adult life (12). The presence of variation in Hb F level in patient with 

affected disease is also reported (2). The level of Hb F is regulated by three major loci: 

HBG2:g.-158C>T on 11p15.4 namely Gγ Xmn I polymorphism, HBS1L-MYB intergenic 

region on 6q23.3 and BCL11A on 2p16.1. Polymorphisms on these three loci are responsible 

for Hb F variation in patients with β-thalassemia or sickle cell disease and in healthy 

Europeans (13-17). The studies in sickle cell and β-thalassemia indicated that Gγ Xmn I 

polymorphism are associated with high Hb F production (16). Additionally, polymorphisms 

in HBS1L-MYB gene are associated with severity and Hb F level in individuals of Chinese 

and Thai descent with Hb E-β-thalassemia (18). The associated of Gγ Xmn I polymorphism, 

HBS1L-MYB and BCL11A with increased Hb F production was recently demonstrated in 
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homozygous Hb E syndrome in Thai population (19). Other resent study also demonstrated 

that KLF1 mutations play a role as modulators for Hb F expression among homozygous Hb E 

syndrome in northeast Thai subjects (20). However, there is no information about the effect 

of KLF1 mutations on Hb F production in Hb E-β0-thalassemia patients with NTDT. To 

explain about the ameliorating factors for hematological phenotypic expression of Hb E-β0-

thalassemia patients with NTDT, the genetic factors as well as single nucleotide 

polymorphisms were focused. Here, we studied on single nucleotide polymorphisms 

including HBG2:g.-158C>T, HBS1L-MYB, BCL11A and KLF1 variants on Hb F expression 

among Hb E-β0-thalassemia patients with NTDT in northeast Thailand. 

Materials and methods 

Subjects 

 Subjects were pregnant women and their husbands who were encountered at 

Thalassemia unit, the Centre for Research and development of Medical Diagnostic 

Laboratories, Khon Kaen University, for thalassemia prevention and control program. Total 

of 73 subjects (28 males and 45 females) with non transfusion dependent Hb E-β0-

thalassemia genotypes were recruited. Ethical approval of the study protocol was obtained 

from the Institution Review Board of Khon Kaen University, Thailand (HE451007). 

Hematological analysis 

 Hematological parameters were collected using an automate blood cell counter 

(Coulter STKs; Beckman Coulter Co., Fullerton, CA, USA). Hb profiles were obtained from 

hemoglobin analysis which done using automated Hb analyzer based on high pressure liquid 

chromatography (HPLC) (VariantTM, Bio-Rad Laboratories, Hercules, CA, USA) and 

capillary electrophoresis (Capillarys 2, Sebia, France). The Hb F level (g/L) was obtained 

from Hb F percentage multiplied by the total hemoglobin level (21). 

α- and β-globin genotyping 

 Identification of common α-thalassemia including a including --SEA, --THAI, -α3.7, -α4.2, 

Hb Constant Spring and Hb Paksé were carried out using PCR related techniques as 
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previously described (22, 23). Screening of common β-thalassemia mutations and Hb E 

mutation were performed using ASPCR as described elsewhere (24). 

SNPs gene genotyping 

 Gγ Xmn I (rs7482144) genotyping was done using PCR-RFLP technique. The PCR 

amplification of Gγ-globin gene promoter was performed and followed by digestion with the 

Xmn I restriction enzyme (25). Identification of SNP (rs 2297339) in HBS1L gene located on 

chromosome 6q23 was performed using the PCR with primers G62 (5’ GGC AAC ACT 

GAC GAG AAA C 3’) and G63 (5’ ATT CTA GGC GGC GGA TTT C 3’). The 465 bp 

amplicon was digested with ApaL I (New England Biolabs, Massachusetts, USA) restriction 

enzyme (18). Determining of the four SNPs consisting rs2838513 & rs4895441 in HBS1L 

gene and rs4671393 & rs11886868 in BCL11A gene were performed by real-time PCR 

method using LightCycler® 480 (Roche Diagnostics, USA).  To investigate the SNP 

rs9399137, direct sequencing on ABI Prism 3130 XL (Applied Biosystems, Courtaboeuf, 

France) was performed. Identification for G176AfsX179 in exon 2 of KLF1 gene was carried 

out using allele specific PCR as described elsewhere (20) 

Statistical analysis 

 Descriptive statistic including Mean and SD were used to describe hematological 

parameters of the subjects. To compare the differences, Mann-Whitney U test and Kruskal-

Wallis test were done using the Minitab statistical software (Minitab Inc., State College, Pa., 

USA). A statistical significant was considered at P-value < 0.05. The observed genotype 

frequencies of each SNP were tested for the Hardy–Weinberg equilibrium (HWE) 

assumptions. 
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Results 

 According to molecular analysis of β-globin genotypes, six β0-thalassemia mutations 

were identified including CD 41/42, CD 17, CD 71/72, CD 43, IVSI#1 and IVSI#5. The most 

common β0-thalassemia mutations found was CD 41/42 which was detected in 52.1% of the 

subjects followed by CD 17 which was detected in 36.6%, CD 71/72 (4.1%), IVSI#1 (4.1%), 

D 43 (2.7%) and IVSI#5 (1.4%), respectively. Hematological parameters of the subjects were 

demonstrated mild thalassemia intermedia phenotypes, which the hemoglobin levels ranging 

from 6.9 to 8.9 g/dl. No significant difference of the hematological characteristics was 

observed among each β-globin genotype (Data not shown). 

 Among 73 Hb E-β0-thalassemia patients, as much as 31 subjects (42.5%) were co-

inherited with α-thalassemia. α-globin genotypes were categorized into 4 groups; normal, 1-

α-gene defect, 2-α-gene defect, and 3-α-gene defect, as shown in Table 1. It is revealed that 

Hb level of Hb E-β0-thalassemia patients which co-inherited with α-thalassemia is higher 

than those with normal α-globin genotypes (P-value = 0.008). MCV and MCH values of Hb 

E-β0-thalassemia patients with 1-α-gene defect genotype were statistical significant lower 

than those with normal α-globin gene genotype.  The significant different of Hb F level (g/L) 

among Hb E-β0-thalassemia patients with 1-α-gene defect genotype and normal α-globin 

gene genotype was observed. It is demonstrated that Hb F level was decreased according to 

number of α-globin gene defects. The association of Hb F level among Hb E-β0-thalassemia 

patients co-inherited with and without with α-thalassemia is illustrated in Figure 1A. 

 Hb E-β0-thalassemia patients with normal α-globin gene genotype were selected for 

further SNPs analysis.  Total of 8 SNPs including the rs7482144 of Gγ-XmnI, 4 SNPs in 

HBS1L-MYB (rs2297339, rs2838513, rs4895441 and rs9399137), 2 SNPs in BCL11A 

(rs4671393 and rs11886868) and 1 SNP in KLF1 (G176AfsX179) were studied. As shown in 

Table 2, Seven out of 8 SNPs, excepted rs7482144 of Gγ-XmnI, meet the assumption of 

Hardy–Weinberg Equilibrium (HWE) of the studied population (χ² test; P > 0.05). When 

compared Hb F level (g/L), it is interesting that significant differences in 4 out of 8 SNPs 

were observed including rs7482144 of Gγ-XmnI, rs2297339, rs4895441 and rs9399137 of 

HBS1L-MYB (P-value = 0.015, 0.023, 0.045 and 0.020, respectively). The alleles of these 4 

SNPs which responsible to high Hb F expression were T, T, G and T of rs7482144, 
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rs2297339, rs4895441 and rs9399137, respectively.  The effect of these 4 SNPs on Hb F level 

(g/L) were also presented as interval plot as shown in Figure1 B-E. 

Discussion 

This study was performed on 73 Hb E-β0-thalassemia patients with NTDT. As 

expected, the molecular analysis of β-thalassemia mutations revealed that CD 41/42 was the 

most common β0-thalassemia mutations, followed by CD 17. There no different effect of 

these β0-thalassemia mutations on the hematological phenotypes. And the data also indicated 

that these Hb E-β0-thalassemia subjects exhibit thalassemia intermedia phenotype which Hb 

levels were ranged from 6.9 to 8.9 g/dL. When searching for genetic modulating factors in 

these patients such as coinheritance with α-thalassemia. It was demonstrated that as much as 

31 subjects could be explained by these factors. The result demonstrated as expected that 

coinheritance of α-thalassemia could reduce severity of Hb E-β0-thalassemia, similar to 

several previous studies (8, 26, 27). The mean Hb level of subject with normal, 1-α-gene 

defect, 2-α-gene defect, and 3-α-gene defect were 7.6, 8.7, 10.9 and 6.7 g/dl, respectively. 

These findings suggested that coinheritance of α-thalassemia resulted in reducing number of 

unpaired α-globin chain, which could be expected to lead to more balanced globin chain 

synthesis and milder phenotype (28). Other red blood cell parameters that could be altered by 

coinheritance of α-thalassemia were MCV and MCH values. MCV and MCH values in the 

patients with α-thalassemia were significantly decreased. Significantly reducing in Hb F level 

in association with the presence of α-thalassemia was also observed (Table 1), it might be due 

to the reduction of α-globin chain production resulting from the coinheritance of α-

thalassemia. 

The remaining 42 non-transfusion dependent Hb E-β0-thalassemia subjects with 

normal α-globin genotype were selected further for identification of other genetic modifying 

factors.  SNPs in HBS1L-MYB intergenic region, BCL11A and KLF1 were selected based 

on previous studies which showed the association with high Hb F levels (19-21, 29).  The 

result demonstrated that rs7482144 of Gγ-XmnI, rs2297339, rs4895441 and rs9399137 of 

HBS1L-MYB were associated with high Hb F expression. This study showed that XmnI T 

allele was strongly associated with high Hb F production in these Hb E-β0-thalassemia 

patients with NTDT as shown in Table 2 and Figure 1B. This result was similar to previous 

studies in various populations (15, 30, 31).  The T, G and T of rs2297339, rs4895441 and 
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rs9399137 in HBS1L-MYB were also associated with high Hb F expression similar in our 

previous study in homozygous Hb E syndrome (19). The study was also found that one case 

which positive for KLF1 mutation seem to have high Hb F level. However, due to the small 

number of subjects investigated, the effect of these SNPs on Hb F expression could not be 

made. The larger numbers of subjects were required. It is concluded therefore that rs7482144 

of Gγ-XmnI, rs2297339, rs4895441 and rs9399137 of HBS1L-MYB were one of genetic 

factors that responsible for Hb F expression and could be explained about 93% of Hb E-β0-

thalassemia patients with NTDT in our study. However, our data suggests that there are other 

genetic modifying factors need to be investigated. 
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Figure legends 

 

Figure 1 

Interval plot of Hb F level (g/L) among Hb E-β-thalassemia patients with NTDT according to 

genetic factors. A: α-globin genotypes, B: Gγ-XmnI; rs2297339, C:  HBS1L-MYB; 

rs4895441 and D: HBS1L-MYB; rs9399137 

 

Figure 2 The proportion of subjects with and without 4 informative SNPs including 

rs7482144 of Gγ-XmnI, rs2297339, rs4895441 and rs9399137 of HBS1L-MYB 

 



 
Table 1 Hematological parameters among 73 Hb E - β0 - thalassemia patients with NTDT 
according to α-globin genotypes  
 

Parameters 
α-globin genotypes 

P-valuec 
Normal 1-α-gene 

defecta 
2-α-gene 
defectb 

3-α-gene 
defect 

N (%) 42 (57.5) 26 (35.6) 4 (5.5) 1 (1.4) - 

(Male:Female) (14:28) (11:15) (3:1) (0:1) - 

RBC(x1012/l) 3.7 ± 0.8 4.8 ± 0.9 5.9 ± 1.8 4.41 0.00001 

Hb (g/dl) 7.6 ± 1.4 8.7 ± 1.5 10.9 ± 2.2 6.7 0.008 

Hct (%) 23.7 ± 3.8 26.1 ± 4.5 32.1 ± 7.0 23.8 0.08 

MCV (fl) 65.8 ± 8.3 56.7 ± 7.0 55.9 ± 5.2 54 0.0001 

MCH (pg) 20.3 ± 3.0 18.2 ± 1.8 19.1 ± 2.3 15.1 0.0005 

MCHC (g/dl) 31.2 ± 4.2 32.8 ± 2.7 34.2 ± 1.5 28.2 0.0569 

RDW (%) 29.2 ± 4.6 29.5 ± 2.3 23.3 ± 5.1 23.3 0.8506 

Hb E (%) 52.2 ± 11.1 66.8 ± 12.2 56.4 ± 21.9 73 0.00001 

Hb F (%) 40.0 ± 12.4 25.7 ± 11.2 27.2 ± 19.8 15.4 0.0001 

Hb F (g/L) 33.1 ± 10.6 24.4 ± 11.8 16.9 ± 14.5 10.3 0.009 
a: one α gene defect including - α3.7/αα (n=20), - α4.2/αα (n=2),and αCSα /αα (n=4)  
b: two α genes defect including - -SEA/αα (n=3) and - α3.7/- α3.7 (n=1) 
c: Significant different between normal and 1-α-gene defect genotypes (Mann-Whitney U-test) 
Data are given as mean ± SD 

 



Table 2 Genotype frequencies and median of Hb F level (g/L) of each single nucleotide polymorphism (SNP) among 42 Hb E - β0 - thalassemia 
patients with NTDT 
 

SNPs Genotype n (%) 95% CI 
HWE 

equilibriuma Hb F (g/L) P-valueb 

Gγ-XmnI 
rs7482144 
(C-T) 
  

CC 4 9.5 2.7- 22.6 

0.011 

28 

0.015 CT 30 71.4 55.4- 84.3 32 
TT 8 19.0 8.6- 34.1 42.3 

HBS1L-MYB 

rs2297339 
 (C-T) 

CC 11 26.2 13.9- 42.0 

0.758 
25.8 

0.023 CT 20 69.0 32.0- 63.6 31.5 
TT 11 26.2 13.9- 42.0 42.3 

rs2838513 
 (G-A) 

GG 4 9.5 2.7- 22.6 

0.382 
23.1 

0.265 AG 12 28.6 15.7- 44.6 33.6 
AA 26 61.9 45.6- 76.4 34.3 

rs4895441 
 (A-G) 

AA 26 61.9 45.6- 76.5 

0.127 
30.6 

0.045 AG 16 38.1 23.6- 54.4 39 
GG 0 - - - 

rs9399137 
(T-C) 

TT 25 59.5 43.3- 74.4 

0.100 

30.2 

0.020 CT 17 40.5 25.6- 56.7 39.1 

CC 0 - - - 

BCL11A 

rs4671393 
 (A-G) 

AA 1 2.4 0.1- 12.6 

0.853 

44.5 

0.514 AG 12 28.6 15.7- 44.6 29.1 

GG 29 69.0 52.9- 82.4 34.3 

rs11886868 
 (C-T) 

CC 36 85.7 71.5- 94.6 

0.618 

31 

0.357 CT 6 14.3 5.4- 28.5 37.8 

TT 0 - - - 

 
G176AfsX179 
(7-bp insertion) 

Wt/Wt 41 97.6 87.4- 99.9 

0.998 

31.4 

na KLF1 Wt/+7 bp 1 2.4 0.1- 12.6 50.4 

 +7 bp/+7 bp 0 - - - 
a: χ² test to check the Hardy–Weinberg Equilibrium (HWE). A p value>0.05 means that population meets the assumption the HWE 
b: Kruskall–Wallis test between the  median of Hb F level (g/L) and each genotype 
Wt: wild type, +7 bp:7-bp insertion,  na: not available  
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Figure 1  
Interval plot of Hb F level (g/L) among Hb E-β-thalassemia patients with NTDT 
according to genetic factors. A: α-globin genotypes, B: Gγ-XmnI; rs2297339, C: 
HBS1L-MYB; rs4895441 and D: HBS1L-MYB; rs9399137  
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Figure 2 The proportion of subjects with and without 4 
informative SNPs including rs7482144 of Gγ-XmnI, 
rs2297339, rs4895441 and rs9399137 of HBS1L-MYB  
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