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ABSTRACT 
HPFH (hereditary persistence of fetal hemoglobin ) is the condition associated with 
a high level of HbF synthesis (~7-30 %) in adults.  These heterozygous individuals 
have high HbF containing red cells (F-cells) but hematological parameters are 
usually normal.  Molecular analysis has revealed that  HPFH is caused by either 
large deletions, downstream to the γ-globin gene or non-deletional mutations.  In 
order to elucidate molecular mechanism of high fetal hemoglobin production in 
adults, molecular characterization for gene deletion or point mutation in the γ-
globin gene promoter  and functional study of a type of high HbF in adult by 
transient transfection assay are carried out in this study.  From molecular analysis, 
two of seven families were found to be SEA-HPFH while the others did not  have 
large deletion or point mutation on the Gγ- or Aγ-globin gene promoters.  SEA-
HPFH occurs from a 27 kb deletion, including the β-globin gene and the 
downstream 3'HS1 regulatory sequence.  We hypothesized that deletion of 3’HS1, 
which may be the negative regulator element of the  γ-globin gene expression, and 
the presence of the specific erythroid enhancer downstream to the 3’ breakpoint 
that was brought close to the γ-globin gene may enhance γ-globin gene expression 
and result in a high level of HbF in SEA-HPFH.  The mechanism of high Hb F 
production in the deletional HPFH was investigated by transient transfection of 
EGFP-modified EBAC/148β constructs into K562 cells and detected by flow 
cytometer. The K562 transfected cells with the three different constructs including 
the constructs with HPFH-3 core enhancer (pEnH) immediate breakpoint, 8 kb of 
the breakpoint sequence with HPFH-3 core enhancer (pSEA-HPFH) and the 3'HS1 
following with pSEA-HPFH (pSEA-HPFH_3pHS1) were compared.  The EGFP 
expression from K562 cells transfected pSEA-HPFH or pEnH was two to three 
times higher than pSEA-HPFH_3pHS1. 
These data showed that the mechanism of high Hb F production in SEA-HPFH 
occurs from a deletion of the insulator, 3'HS1, and the juxtaposition of the HPFH-3 
enhancer downstream to the 3'breakpoint. 

 
KEY WORDS:  HPFH / SEA-HPFH / ENHANCED GREEN FLUORESCENCE 

PROTEIN (EGFP) REPORTER SYSTEM/ EUKARYOTIC 
BACTERIAL ARTIFICIAL CHROMOSOME (EBAC)/ 
MOLECULAR MECHANISM OF HPFH 

 
142 P. ISBN 974-04-6992-2 





                                                                                                                   
 

CONTENTS 
 
 
 Page

ACKNOWLEDGEMENT iii

ABSTRACT iv

LIST OF TABLES viii

LIST OF FIGURES x

LIST OF ABBREVIATIONS xiii

CHAPTER  

I         INTRODUCTION 1

II        OBJECTIVES 3

III       LITERATURE REVIEW 4

3.1  HEMOGLOBIN 

3.1.1  HEMOGLOBIN STRUCTURE AND FUNCTION 

3.1.2  BINDING OF LIGANDS 

3.1.3  TYPES OF HEMOGLOBIN IN HUMAN 

3.1.4  HEMOGLOBIN BIOSYNTHESIS 

3.2  ORGANIZATION OF THE HUMAN GLOBIN GENES 

3.2.1  α-GLOBIN LOCUS 

3.2.2  β-GLOBIN LOCUS 

3.3  GLOBIN GENE EXPRESSION AND HEMOGLOBIN 

SWITCHING 

3.4  HB F 

            3.4.1  HB F OVERVIEW AND STRUCTURE 

            3.4.2  F-CELLS 

3.5  REGULATION OF γ-GLOBIN GENE EXPRESSION 

4

4

6

7

9

11

11

11

12

13

13

16

18



        vii

CONTENTS (CONT.) 
 

 

 Page

3.6  HIGH HB F PRODUCTION IN ADULT LIFE 

3.6.1  NON-GENETIC INDUCED HB F PRODUCTION 

3.6.2  GENETIC INDUCED HB F PRODUCTION 

3.6.2.1  DELETION TYPES 

3.6.2.2  NON-DELETION TYPES 

3.6.2.2.1  LINKED TO β-GLOBIN GENE 

3.6.2.2.2  UNLINKED TO β-GLOBIN 

GENE 

3.7  HPFH AND HIGH HB F PRODUCTION IN THAI 

3.8  MECHANISM OF HIGH HB F PRODUCTION IN ADULT   

FROM DELETIONAL AND NON-DELETIONAL HPFH 

3.8.1  DELETIONAL HPFH 

3.8.2  NON-DELETIONAL HPFH 

3.9  FUNCTIONAL ANALYSIS OF HPFH MUTANTS 

21

22

23

24

24

24

31

32

33

33

34

36

IV        MATERIALS AND METHODS 40

V         RESULTS 74

VI        DISCUSSION 111

VII       CONCLUSTION 121

REFERENCES 122

BIOGRAPHY 142

 



 

LIST OF TABLES 
 

 

Table  Page

3.1 Transcription factors and other regulatory proteins in erythroid 

cells 

20

3.2 Deletion in the β-globin genes resulting in HPFH, (δβ)°-

thalassemia and (Aγδβ)° thalassemia 

26

3.3 Point mutations in the promoter of the Gγ- and Aγ-globin genes 

resulting in non-deletional HPFH. 

29

4.1 The sequence of primers and sizes of PCR products used for 

detection of common HPFH and δβ-thalassemia. 

43

4.2 The locations and sequences of primer pairs, sizes of digested 

and undigested PCR products, and restriction enzymes for 

haplotype analysis of β-globin gene cluster. 

44

4.3 Sequences of primers for γ-globin promoter sequencing. 45

4.4 Sequences of primers for gap PCR and breakpoint sequencing of 

SEA-HPFH 

45

4.5 The primer pairs for DIG-labeled probes and their locations on 

the β-globin gene cluster. 

45

4.6 Sequences of primers used for amplification of PCR cassettes 

and recombinant clones. 

46

4.7 Sequences of primers used for cloning fragment on pBR322 47

4.8 Bacterial growth media. 50

4.9 Antibiotics used in the homologous recombination experiments 50

 



        ix

LIST OF TABLES (CONT.) 
 

 

Table  Page

5.1 Hematologic parameters, Hb types, β-globin haplotypes, Gγ/Aγ-

globin chain ratios, and F-cell distribution of the seven unrelated 

families 

75

5.2 Hematologic parameters, hemoglobin analysis, β-globin genotype 

and β-globin haplotype of the members of the two HPFH families. 

90

5.3 Characterization of pEBAC/148β:I-SceI/Km clones by PCR 96

5.4 Characterization of pEBAC/148β:EGFP/Km clones by PCR 99

5.5 EGFP expression of the construct transfected K562 cells 2 days post-

transfection 

104

5.6 EGFP expression of the constructs transfected K562 cells 108

  

  

  



 

LIST OF FIGURES 
 

 

Figure  Page

3.1 Hemoglobin structure 5

3.2 Hemoglobin sigmoidal oxygen dissociation curve 8

3.3 Hemoglobin gene production and switching during development 

stage 

10

3.4 Human globin gene 10

3.5 Hb F structure and oxygen saturation curve 15

3.6 Model of hemoglobin production during erythroid 

differentiation in adults 

17

3.7 Classification of the genetic disorders associated with persistent 

fetal hemoglobin in adult life 

25

4.1 Plasmid map of pBR322  69

4.2 Plasmid map of pEBAC/148β 70

4.3 Plasmid map of pEGFP-N22 71

4.4 Plasmid map of p705-FLP  71

4.5 Type of EGFP modified EBAC constructs 72

4.6 Modified pBR322 construction 73

5.1 Assessment of the incorporated DIG-dUTP during amplification 

of γ-globin gene probe using different molar ratio of 

dUTP:dTTP 

78

5.2 The sensitivity of DIG-labeling was shown by direct detection 

of chemiluminescent signals on th nylon membrane 

79

5.3 Sensitivity of the γ DIG-labeled probe hybridized to the 

unlabeled PCR product of the same fragment 

81

  



        xi

LIST OF FIGURES (CONT.) 
 

 

Figure  Page

5.4 Sensitivity and specificity of the DIG -labeled probes by Southern 

blot hybridization of normal DNA 

82

5.5 Southern blot analysis of seven probands from seven unrelated 

families 

84

5.6 Southern blot hybridization of a deletional HPFH in two probands 

of unrelated families 

85

5.7 Agarose gel electrophoresis of the amplified DNA by gap PCR for 

SEA-HPFH in 2 unrelated families. 

87

5.8 Chromatogram of SEA-HPFH breakpoint 88

5.9 Illustration shows mapping of SEA-HPFH deletion on β-globin 

cluster in comparison with normal DNA 

88

5.10 EcoRI and XbaI restriction pattern of five pEBAC/148β clone in 

DY 380 

92

5.11 Illustration of two steps of recombination for replacement of Aγ-

globin gene with EGFP 

95

5.12 Southern blot analysis and EcoRI restriction pattern of 

pEBAC/148β:ISse-I/Km clones 

97

5.13 PstI restriction map and Southern blot of pEBAC/148β:EGFP/Km 

clones 

100

5.14 EcoRI restriction pattern of pEBAC/148β:EGFP/Km clones 101

5.15 Flow cytometry analysis of K562 with pEBAC/148β:EGFP/Km 

clone 1, pEGFP-N22 and pEBAC/148β:Gγ Aγβ:EGFP after 2 days 

of transfection 

104

5.16 EcoRI restriction pattern of EGFP modified EBAC constructs. 105

 



 xii

LIST OF FIGURES (CONT.) 
 

 

Figure  Page

5.17 Amplified products of EGFP modified EBAC constructs. 106

5.18 Flow cytometry analysis of EGFP modified EBAC constructs 

transfected K562 and K562 with pEGFP-N22. 

109

5.19 The comparative EGFP expression of the EGFP modified EBAC 

constructs in K562 cells between 2 days post transfection and 40 

days post transfection 

110

   

 



 

LIST OF ABBREVIATIONS 
 
 

Ω = Ohm 

μF = Microfarad 

μg = Microgram 

μl = Microliter 

°C = Degree celsius 

2,3-DPG = 2,3-diphosphoglycerate 

BAC = Bacterial artificial chromosome 

bp = Base pair 

BSA = Bovine serum albumin 

CaCl2 = Calcium chloride 

CO = Carbon monoxide 

DMSO = Dimethyl sulfoxide 

DNA = Deoxyribose nucleic acid 

dNTP = Deoxynucleotide 5’-triphosphate 

dTTP = Deoxythymidine 5’-triphosphate 

dUTP = Deoxyuridine 5’-triphosphate 

EBAC = Enhanced bacterial artificial chromosome 

EDTA = Ethylenediamine-tetra-acetic acid 

EGFP = Enhanced green fluorescent protein 

Fe  = Iron 

Fe+2 = Iron (Ferrous form) 

Fe+3 = Iron (Ferric Form) 

fl = Femtoliter 

g = Gram 

H+ = Hydrogen Proton 

H2S = Hydrogen Sulfide

 

http://en.wikipedia.org/wiki/Hydrogen_sulfide


                                                                                                                      xiv

LIST OF ABBREVIATIONS (CONT.) 
 
 

Hb = Hemoglobin 

HCl = Hydrochloric acid 

HCT = Hematocrit 

kb = Kilo basepair 

KCl = Potassium chloride 

kDa = Kilo dalton 

kV = Kilo volt 

l = Liter 

LB = Luria-Bertani medium 

M = Molar 

MCH = Mean corpuscular hemoglobin 

MCV = Mean corpuscular volume 

mg = Milligram 

MgSO4 = Magnesium sulfate 

MgCl2 = Magnesium chloride 

min = Minute(s) 

ml = Milliliter 

mM = Millimolar 

mRNA = Messenger ribonucleic acid 

NaCl = Sodium chloride 

NaOH = Sodium hydroxide 

ng = Nanogram 

(NH4)2SO4 = Ammonium sulfate 

NO2 = Nitrogen dioxide

nt = Nucleotide 

O2 = Diatomic oxygen molecule 

OD = Optical density 

PAC = P1-derived artificial chromosome 

http://en.wikipedia.org/wiki/Nitrogen_Dioxide


 xv

LIST OF ABBREVIATIONS (CONT.) 
 
 

PBS = Phosphate-buffered saline 

PCR = Polymerase chain reaction 

PEG = Polyethlylene glycol 

pH = Negative logarithm of hydrogen ion activity 

pmole = Picomole 

RBC = Red blood cell 

rpm = Revolutions per minute 

SDS = Sodium dodecyle sulfate 

sec = Second (S) 

SO = Sulfur monoxide

SO2 = Sulfur dioxide 

UV = Ultraviolet 

w/v = Weight per volume 

YAC = Yeast artificial chromosome 

 
 
 

http://en.wikipedia.org/wiki/Sulfur_monoxide


 

PREFACE 
 
 

The work described in this study was carried out in the laboratory of 

Thalassemia Research Center, Institute of Science and Technology for Research and 

Development and Institute of Molecular Biology and Genetics, and faculty of 

Sciences, Mahidol university, Thailand.  I certify that this work has not been submitted 

to any other university. 

Some section of the work have been published and presented at national and 

international conferences as given in the list below. 

 

Publications: 

Changsri Kh, Akkarapatumwong, V, Winichagoon, P Fucharoen, F.  Molecular 

mechanism of high hemoglobin F production in Southeast Asian type HPFH. 

(Accepted for publication in International Journal of Hematology) 

 

Oral presentation: 

1. Changsri Kh., Wanichagoon P, Fucharoen S.(2001). Molecular characterization of 

SEA-HPFH.  Oral presentation at National Thalassemia Conference , Khonkan, 

Thailand 

2. Changsri K, Winichagoon P, Akkarapatumwong V, Fucharoen S. (2004). 

Molecular mechanism of Hb F enhancing in Southeast Asian HPFH. Oral 

presentation at  the 5th HUGO Pacific Meeting & 6th Asia-Pacific Conference on 

Human Genetics, Biopolis, Singapore, 17th-19th November 2004. Abstract Award 

 

Poster presentations: 

1. Changsri K, Winichagoon P, Akkarapatumwong V, Fucharoen S. (2002). 

Molecular characterization of SEA-HPFH in Thai.  Abstract in the 4th HUGO 

Pacific Meeting & 5th Asia-Pacific Conference on Human Genetics, Chonburi, 

Thailand, 27th-30th October 2002. 



 xvii

2. Changsri Kh, Winichagoon P, Akkarapatumwong V,  Fucharoen S.(2003)  Non-

radioactive Southern Blot Hybridization for Detection of Southeast Asia (SEA) 

HPFH in Thai Families. Abstract in the Asia-Pacific Medical Technology 

Laboratory, Chiengmai, Thailand  

3. Changsri K, Winichagoon P, Akkarapatumwong V, Fucharoen S. (2004). 

Molecular mechanism of Hb F enhancing in Southeast Asian HPFH. Abstract in 

the 5th HUGO Pacific Meeting & 6th Asia-Pacific Conference on Human Genetics, 

Biopolis, Singapore, 17th-19th November 2004. Abstract Award. 

 



Fac. of Grad. Studies, Mahidol Univ.                                               Ph.D. (Mol. Genet. Genet. Eng) / 1 

CHAPTER I 
INTRODUCTION 

 

 

Hb F is heterotetramer complex of 2 α-globin chains and 2 γ-globin chains 

with heme groups.  The γ-globin chain production is regulated by the γ-globin genes in 

the β-globin gene cluster. Upstream of the entire β-globin complex is the locus control 

region (LCR), which consists of five DNase 1 hypersensitive (HS) sites (designated 

HS1-5) distributed between 6 and 20 kb 5' of the ε gene.  The LCR plays a critical role 

in β-globin gene expression by maintaining an open chromatin state and acting as a 

powerful enhancer of globin gene transcription.  There is another hypersensitive site 

approximately 20 kb 3' to the β-globin gene, 3'HS1, which may mark the 3' boundary 

of the β-globin gene domain. 

Hereditary persistence of fetal hemoglobin (HPFH) and δβ°-thalassemia are 

associated with a high level of HbF synthesis (5-30 %) in adult stage.  The HPFH 

usually has normal hematologic parameters while δβ°-thalassemia has mild to 

moderate hypochromia and microcytosis.  The mechanisms of high Hb F production in 

adult were investigated in order to provide the basic knowledge for molecular 

modulation of Hb F stimulation and gene therapy in the β-thalassemia.  The molecular 

defects of HPFHs were either deletion of DNA from the γ-globin gene to 3’ of the β-

globin gene (deletional HPFH) or mutation at Aγ- or Gγ-globin gene promoters (non-

deletional HPFH) including small deletion, insertion, and  nucleotide substitution.  

Nine types of HPFH and 19 types of δβ°-thalassemia caused by deletion of β-like 

globin genes and 16 types of non deletional HPFH (Wood, 2001).  In Thailand, more 

than eight types of deletional HPFH and and δβ°-thalassemia were reported 

(Fucharoen et al, 1987; Fucharoen et al, 2002; Panyasai et al, 2004; Winichagoon et al, 

1990). 

Point mutations at the γ-globin gene promoter cause high Hb F production by 

changing transcription factor binding, which elicited for the γ-globin genes expression
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(Fucharoen et al, 1990; Jane et al, 1993; Liu et al, 2005; Lloyd et al, 1989; Mantovani 

et al, 1988; Mantovani et al, 1989; Nicolis et al, 1989; Zhou et al, 2000).  High Hb F 

production in deletional HPFH may occur from loose of the γ-globin gene silencing 

sequences, competition of LCR to the γ-globin gene promoter (Vitale et al, 1994; 

Vitale et al, 2001) and juxtaposition of enhancer sequences (Anagnou et al, 1995; 

Elder et al, 1990; Kosteas et al, 1996; Kosteas et al, 1997). 

Three enhancer sequences have been identified from transient transfection 

and transgenic mice studies including the HPFH-1 enhancer sequence (share the 

sequence between HPFH-1 and HPFH-2), the HPFH-6 enhancer sequence and the 

HPFH-3 enhancer sequence (share the sequence between HPFH-3 and HPFH-4) 

(Anagnou et al, 1995; Elder et al, 1990; Kosteas et al, 1996; Kosteas et al, 1997). 

The HPFH-3 enhancer sequence is the erythroid specific enhancer sequence.  

The γ-globin gene production was stimulated when the deletion brought this sequence 

close to the γ-globin gene (Anagnou et al, 1995). 

In addition a number of δβ°-thalassemia and HPFH lost the 3'HS1, which was 

a scaffold attachment sites and may function as an insulator at 3' end of β-globin 

cluster. 

In this study, two unrelated Thai families were found to be SEA-HPFH by 

analysis of the deletion fragment with Southern blot (SB) hybridization, which showed 

a 27 kb deletion of DNA including β-globin gene and the 3’ HS1 sequence of the β-

globin cluster. We postulated that gene deletion in Southeast Asian type HPFH (SEA-

HPFH) that also removes 3'HS1 may be the mechanism leading to the high Hb F 

production.  We proved our hypothesis by using enhanced green fluorescent protein 

(EGFP) reporter system in eukaryotic bacterial artificial chromosome (EBAC), which 

contains the human β-globin cluster.  The EGFP gene replaced Aγ-globin coding 

region in frame to monitor Aγ-globin gene expression.  The effects of the HPFH-3 

enhancer sequence and human 3'HS1 to Aγ-globin gene expression was studied by 

transient transfection of EGFP modified EBAC in erythroleukemia cell lines (K562).  

The results showed that high Hb F production in SEA-HPFH is due to a deletion of the 

3'HS1 and juxtaposition of the HPFH-3 enhancer downstream of the β-globin gene 

cluster.
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CHAPTER II 

OBJECTIVES 
 

 

The aims of this thesis are. 

1. Molecular characterization of  adult subjects with high Hb F  

2. Functional study of the molecular defect by transient transfection into 

erythroleukemia cell line 
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CHAPTER III 

LITERATURE REVIEW 
 

 

3.1 Hemoglobin  

3.1.1 Hemoglobin structure and function 

 
Hemoglobin is the protein of the red blood cells that allows vertebrates to 

transport oxygen from the lungs to the tissues and that helps the return transport of 

carbon dioxide from the tissues back to the lungs.  The hemoglobin molecule is made 

up of four polypeptide chains, the two α chains of 141 amino acid residues each and 

two β chains of 146 residues each (Peruz, 2001).  The α- and β-globin chains have 

different sequences of amino acids, but fold up to form similar three-dimensional 

structures (Fig. 3.1A).  Each subunit of a hemoglobin molecule contains a heme group. 

A heme group consists of an iron atom held in a heterocyclic ring, known as a 

porphyrin (Fig. 3.1B). This iron atom is the site of oxygen binding. The iron atom 

binds equally to all four nitrogens in the center of the ring, which lie in one plane. Two 

additional bonds perpendicular to the plane on each side can be formed with the iron 

to form the fifth and sixth positions. The iron atom can either be in the Fe+2 or Fe+3 

state, but ferrihemoglobin (methemoglobin) (Fe3+) can not bind oxygen. 

In adult humans, the most common hemoglobin is a tetramer (contains 4 

subunit proteins) called hemoglobin A, consisting of two α and two β subunits non-

covalently bound. This is denoted as α2β2. The subunits are structurally similar and 

about the same size. Each subunit has a molecular weight of about 16,000 daltons, for 

a total molecular weight of the tetramer of about 64,000 daltons. Hemoglobin A is the 

most intensively studied of the hemoglobin molecules. 

The four polypeptide chains are bound to each other by salt bridges, hydrogen 

bonds and hydrophobic interaction. There are two kinds of contacts between the α- 

and β-globin chains: α1β1 and α1β2. 
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(A) 

(B) 

Figure 3.1  (A) Hemoglobin tetramer with more detail shown of 4 polypeptide chains 

and interfaces between them. The subunits of hemoglobin are held together by non-

covalent ionic bonds. (B) Heme group consists of an iron atom in a porphyrin ring. 

(Voet, Biochemistry 1990, John Wiley & Sons.) 
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3.1.2 Binding of ligands 
 
In the tetrameric form of normal adult hemoglobin, the binding of oxygen is a 

cooperative process. The binding affinity of hemoglobin for oxygen is increased by 

the oxygen saturation of the molecule. As a consequence, the oxygen binding curve of 

hemoglobin is sigmoidal, or 'S' shaped, as opposed to the normal hyperbolic 

(noncooperative) curve (Fig. 3.2).  This positive cooperative binding is achieved 

through steric conformational changes of the hemoglobin protein complex. When one 

subunit protein in the hemoglobin becomes oxygenated it induces a conformation or 

structural change in the whole complex causing the other 3 subunits to gain an 

increased affinity for oxygen. 

Hemoglobin's affinity for oxygen is decreased in the presence of carbon 

monoxide because both gases compete for the same binding sites on hemoglobin, 

carbon monoxide binding preferentially to oxygen. Carbon dioxide occupies a 

different binding site on the hemoglobin. Carbon dioxide reacts with water to give 

bicarbonate, carbonic acid freed protons via the reaction, which is catalyzed by 

carbonic anhydrase: 

CO2 + H2O <-> HCO3
- + H+  

So blood with high carbon dioxide levels is also lower in pH (more acidic). 

Hemoglobin can bind protons and carbon dioxide which causes a conformational 

change in the protein and facilitates the release of oxygen.  Protons bind at various 

places along the protein and carbon dioxide binds at the alpha-amino group forming 

carbamate. Conversely, when the carbon dioxide levels in the blood decrease (i.e. 

around the lungs), carbon dioxide is released, increasing the oxygen affinity of the 

protein. This control of hemoglobin's affinity for oxygen by the binding and release of 

carbon dioxide is known as the Bohr effect. 

The binding of oxygen is affected by molecules such as CO (For example 

from tobacco smoking, cars and furnaces). CO competes with oxygen at the heme 

binding site. Hemoglobin binding affinity for CO is 200 times greater than its affinity 

for oxygen, meaning that small amounts of CO dramatically reduces hemoglobin’s 

ability to transport oxygen. When hemoglobin combines with CO, it forms a very 

bright red compound called carboxyhemoglobin. When inspired air contains CO levels 
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as low as 0.02% headache and nausea occur; if the CO concentration is increased to 

0.1%, unconsciousness will follow. In heavy smokers, up to 20% of the oxygen active 

sites can be blocked by CO. 

Hemoglobin also has competitive binding affinity for SO, NO2 and H2S. The 

iron atom in the heme group must be in the Fe+2 oxidation state to support oxygen 

transport. Oxidation to Fe+3 state converts hemoglobin into hemiglobin or 

methemoglobin which cannot bind oxygen. NO2 and nitrous oxide are capable of 

converting hemoglobin to methemoglobin. 

In people acclimated to high altitudes, the concentration of 2,3-DPG in the 

blood is increased, which allows these individuals to deliver a larger amount of 

oxygen to tissues under conditions of lower oxygen tension. This phenomenon, where 

molecule Y affects the binding of molecule X to a transport molecule Z, is called a 

heterotropic allosteric effect. 

 

3.1.3  Types of hemoglobin in human 

 
Human hemoglobins are distinct in different developmental stage as follows 

In the embryo: 

- Hemoglobin Gower 1 (ξ2ε2)  

- Hemoglobin Gower 2 (α2ε2) 

- Hemoglobin Portland (ξ2γ2)  

In the fetus: 

- Hemoglobin F (α2γ2)  

In adults: 

- Hemoglobin A (α2β2) - the most common type.  

- Hemoglobin A2 (α2δ2) – δ-globin chain synthesis begins late in the third 

trimester and in adults, it has a normal level of 2.5%. 

- Hemoglobin F (α2γ2) - in adults hemoglobin F is restricted to a limited 

population of red cells called F cells. 
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Figure 3.2  Hemoglobin sigmoidal oxygen dissociation curve (The hemoglobin 

dissociation curve was calculated with an equation given by Severinghaus  J. W.  

Journal of Applied Physiology 46: 599-602, 1979) 
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3.1.4  Hemoglobin biosynthesis 

 
The relative amounts of the various chain produced are shown in Figure 3.3 as 

a function of the time of pre-and postnatal development (Stamatoyannopoulos and 

Grosveld, 2001).  The initial ε and ζ embryonic chains synthesized after conception 

are gradually replaced by α- and γ-globin chains during the first 8 weeks, and the 

original Gower-1 hemoglobin is replaced first by Gower-2  and Portland, and finally 

by Hb F.  Synthesis of β-chain, minor at first, begins to accelerate around the thirty-

fourth week of pregnancy.  Within 3 weeks after birth, β and γ chains are in equal 

competition.  At 6 months after birth, the adult Hb A  has predominate expression over 

Hb A2 (Stamatoyannopoulos and Grosveld, 2001). 

In the prenatal stage, the predominant molecules are Hb F and only small 

amount of Hb A is detected.  Its appearance coincides with the shift in the site of 

erythropoiesis from the yolk sac to the liver and spleen.  The adult hemoglobin, Hb A 

and Hb A2, are normally the predominant hemoglobin present after the first year of life 

and are synthesized by erythroid precursor cells in the bone marrow, liver and spleen.  

During development there is a coordinated switching of hemoglobin synthesis, 

affecting both the site of eythropoiesis, as well as the types of polypeptide chains and 

hemoglobins synthesized. 
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Figure 3.3  Hemoglobin gene production and switching during developmental stage 

(modified from Wood DG. Hemoglobin synthesis during human fetal development. 

Br.Med.Bull. 32:282). 

 

Figure 3.4  Human globin gene.  Upper panel shows β-globin cluster at chromosome 

11 and lower panel shows α-globin cluster at chromosome 16. 
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3.2 Organization of the human globin genes (Fig. 3.4). 

3.2.1 α globin locus 
The α-like globin genes (α and ζ) are located on the short arm of the 

chromosome 16 (16p13.3), forming a 25 kb cluster, with each haploid genome 

containing the two α-globin genes.  On this chromosome, two widely spaced ζ -globin 

genes come first, followed by a defective α-like "pseudogene, " ψα1,  that does not 

code for a protein chain, and finally two α-globin genes labeled α2 and α1.. Promoter 

elements exist 5' to each α-globin gene. 

 

3.2.2 β globin locus 

The β-globin cluster, contains five functional genes, 5' ε-Gγ-Aγ-ψβ-δ-β-3', are 

located on the short arm of the chromosome 11 (11p15.5), forming a cluster of 

approximately 60 kb.  On this chromosome, an ε-gene is followed after a long interval 

by the two Gγ and Aγ-globin genes, another defective pseudogene, ψβ1,  and then by 

the δ- and β-globin gene.  The order of genes from 5' to 3' along each chromosome is 

exactly the order in which the globin chains are needed during development from 

embryo to fetus to adult. 

The high levels of expression of the globin genes are dependent on the 

presence of the locus control region (LCR), a regulatory element located 6-22 kb 

upstream of the ε-globin gene.  The LCR is comprised of five DNase I-hypersensitive 

sites designated HS1 to HS5 (Grosveld et al, 1987; Tuan et al, 1985).  Transgenic mice 

carrying the human globin genes linked to the LCR or to individual HSs, display high-

level, copy-number dependent expression (Blom van Assendelft et al, 1989; Fraser et 

al, 1990; Grosveld et al, 1987; Peterson et al, 1993; Strouboulis et al, 1992; Talbot et 

al, 1989),  while fail to express or express low levels of the human β-globin genes in 

the absence of LCR (Chada et al, 1986; Townes et al, 1985).  Most of the activity of 

the LCR resides in the core elements of the DNAse I-hypersensitive sites.  The core 

elements range in size from 200-400 bp, and contain binding motifs for erythroid-

specific and ubiquitous transcription factors (Hardison et al, 1997; 

Stamatoyannopoulos and Grosveld, 2001).  There is another hypersensitive site 

approximately 20 kb 3' to the β-globin gene. The two extreme HS sites flanking the β-
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globin complex have been suggested to mark the boundaries of the β-globin gene 

domain. The β-globin complex is embedded in a cluster of olfactory receptor genes 

(ORG), part of the family of approximately 1000 genes that are widely distributed 

throughout the genome, and expressed in the olfactory epithelium (Feingold  and 

Forget, 1989). 

 

3.3 Globin gene expression and Hb switching 

 

The pattern of human globin gene expression during development is shown in 

Figure 3.3.  Two switches in globin gene expression are observed during development 

(Stamatoyannopoulos and Grosveld, 2001):  an embryonic to fetal switch, which 

occurs in the early weeks of gestation and during which α- and γ-chain synthesis 

replaces ζ- and ε-chain synthesis, and a perinatal fetal to adult switch during which β-

chain synthesis replaces γ-chain synthesis.  The α-like globin genes switch only once 

at the time of the ζ  α switch, whereas the β-like globin genes switch twice: ε  γ  

β.  The embryonic to fetal switch coincides with the shift of erythropoiesis from yolk 

sac to fetal liver and is associated with a dramatic change in the morphology of 

circulating erythroid cell from nucleated megaloblastic cells to anucleated macrocytic 

cells. 

The appearance of β-globin synthesis at 6 weeks induces the beginning of the 

γ to β-switch and β-globin chain production makes up approximately 1.5, 5.0 and 10.0 

percent of the non α-like globin synthesis at 6, 7 and 10 weeks of gestation, 

respectively.  The final switch from γ- to β-chain synthesis has special features.  The 

switch occurs between two pairs of genes: upstream Gγ and Aγ genes to the 

downstream δ and β-globin genes.  During the switch, there is disproportionate change 

in the expression of two γ-globin genes.  Expression of the Gγ-globin gene diminishes 

faster than that of the Aγ globin gene.  Consequently, the ratio of Gγ- to Aγ-globin 

chains falls from 3:1 at the time of birth to 2:3 by approximately 5 months of age.  A 

low level of γ-globin chain production persists throughout adulthood and normally 

accounts for one percent or less of the β-like globin chain synthesis in the adult. 
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The basic mechanism of globin switching is still unknown, but much 

descriptive information has been gathered.  While the globin switches are in progress, 

there is a change from the primitive to the definitive mode of eythroid maturation, and 

the site of erythropoiesis moves from the yolk sac to the liver and spleen, and finally 

to the bone marrow.  Globin switching does not appear to be under hormonal control, 

but metabolic influence can be demonstrated.  For instance, α-amino-n-butyric acid, a 

metabolite found in the plasma of hyperinsulinemic infants of diabetic mothers, 

inhibits the γ to β switch.  On a molecular level, globin gene switching is accompanied 

by changes in both chromatin structure and DNA methylation. 

3.4 Hb F  

 

3.4.1 Hb F overview and structure 

Fetal hemoglobin, Hb F, is the predominant form of hemoglobin expressed in 

the developing fetus, appearing a few weeks post-conception and persisting for a few 

months post-birth. While having the same α-chain composition as adult hemoglobin, 

Hb A, Hb F is composed of two additional polypeptide chains, refered to as gamma- 

(γ-) subunits, that are highly homologous to the β-chains of Hb A. Thus, Hb F is an 

α2γ2 tetramer.  It’s ribbon structure is shown in Figure 3.5  

As a consequence of the structural differences between these two isoforms of 

hemoglobin, Hb F exhibits a higher average affinity for oxygen than Hb A. This is 

demonstrated by the fact that the O2 saturation curve for Hb F is shifted to the left 

relative to the curve for Hb A when tested under identical experimental conditions. 

This shift is physiologically meaningful because O2 must move from the maternal 

circulation to the fetal circulation and the higher average of affinity of Hb F insures 

that O2 will ultimately flow in the direction of the fetal circulation.  

The primary structural alterations in Hb F as compared to Hb A are found in 

or near the 2,3-DPG binding site. The net effect of these changes are that 2,3-DPG 

binds less tightly to deoxyHb F as compared to deoxyHb A. Thus, 2,3-DPG does not 

stabilize the deoxyHb F as effectively as it stabilizes deoxyHb A, thus accounting for 

the leftward shift of the O2 saturation curve of Hb F compared to Hb A when tested 

with the same concentration of 2,3-DPG present.  
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The role of increased Hb F response as an ameliorating factor becomes 

evident in the group of homozygous β-thalassaemia patients who are not able to 

produce any Hb A but yet have a mild disease with an increased level of Hb F. 

Hb F inhibits the polymerization of sickle hemoglobin (Hb S, α2βs
2 ) and is 

physiologically substitute for normal adult hemoglobin (Hb A, α2β2) in erythrocytes of 

patients with β-thalassemia and sickle cell anemia.  Evidence for the potential 

therapeutic utility of Hb F was recognized from the fact that infants with sickle cell 

anemia had few symptoms during early life and that the red cells of infants with sickle 

cell trait failed to sickle in vitro like cells of their mothers who carried the trait.  These 

observations were a result of high Hb F levels in infant blood (Steinberg and Rodgers, 

2001).  Also, compound heterozygous for sickle cell trait and deletional HPFH who 

had more than 20% Hb F in all of their erythrocytes were clinically normal despite 

having nearly 80% Hb S in their blood (Steinberg, 2001).  It was likely that enough Hb 

F, if evenly distributed among sickle erythrocytes, might reduce the severity of sickle 

cell diseases. 

 Some homozygotes with β°-thalassemia who also inherit the ability to 

synthesize large amounts of Hb F have a milder symptom than expected disease (Blau 

and Stamatoyannopoulos, 1994).  For these reasons, pharmacologic agents that can 

reverse the switch from β- to γ-globin chain synthesis or select adult erythroid 

precursor that maintain the ability to produce Hb F are therapeutically useful.  The 

agent that modulate hemoglobin switching, a nucleoside analog, 5-azacytidine, was 

postulated to increase Hb F by causing gene hypomethylation (Steinberg and Rodgers, 

2001).  Other drugs, of which hydroxyurea is the prototype, promote Hb F production 

indirectly by perturbing the maturation of erythroid precursor (Steinberg and Rodgers, 

2001).  Short chain fatty acids may directly affect Hb F gene expression by different 

mechanisms (Boosalis et al, 2001; Ikuta et al, 1998).  Butyrate, one of short chain fatty 

acids, is growth inhibitory compound by inhibiting histone deacetylase, cyclin D1 and 

through cyclin-dependent kinase inhibitors, cyclin D and E activity. Other short chain 

fatty acids, like 2,2 dimethylbutyric acid and phenoxyacetic acid share the properties 

of butyrate in that they can induce Hb F expression, but they also stimulate cell 

growth, perhaps via induction of the Stat 5 responsive genes, c-myc, c-cis, and c-myb, 

and do not inhibit histone deacetylase. 
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(A)    

 

(B) 

 

Figure 3.5  Hb F structure and oxygen saturation curve (Horton RH, Principles of 

Biochemistry , 2002) 

(A); The ribbon form of Hb F showing two alpha and two beta subunits. Heme groups 

are shown as ball-and-stick models. 

(B); The oxygen saturation curve for fetal hemoglobin (upper) appears left-shifted 

when compared to adult hemoglobin (lower) since fetal hemoglobin has a greater 

affinity for oxygen. 
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3.4.2 F-cells 

 
Increases in Hb F content and F-cell percentages during stress erythropoiesis 

leading to modulation of the Hb F/Hb A ratio is also associated with the rate of 

proliferation (Wojda et al, 2002).  Correlations between Hb F and growth have also 

been reported in studies involving erythroid-directed cytokines (Miller, 2002). Stem 

cell factor (SCF) has also been shown to regulate erythroid growth and Hb F 

production in vivo and in primary cells (Levelle et al, 2001; Peschle et al, 1993; Wojda 

et al, 2002).  The Hb F response to SCF is greatest at the late progenitor stage as a 

function of surface CD117 expression (Wojda et al, 2003).  The stem cell factor (SCF) 

and transforming growth factor beta (TGF-β) had synergistic effects with respect to 

Hb F by pancellular reversal of γ-globin gene silencing among hemoglobinized 

erythroblasts from adult humans (Bhanu et al, 2005). Moreover, the SCF required for 

phosphorylation of growth-related signaling protein may also function to activate 

tissue-specific genes normally expressed during fetal development (Bhanu et al, 2004). 

Significant changes in Hb F parameters have also been observed with the use 

of cell cycle-specific drugs like hydroxyurea, butyrates and 5-azacytidine (Bunn, 

1997; Nathan, 1985). Model of hemoglobin production during erythroid differentiation 

in adults is shown in Figure 3.6.  

Based on the measurements of changes in mRNA and protein levels during in 

vitro maturation of cultured cells, and the concordance of data from uncultured bone 

marrow cells, they propose a model for the accumulation of hemoglobin during adult 

erythropoiesis was proposed.  The model suggested that both Hb F and Hb A 

accumulate with similar patterns within a population of differentiating erythroid cells 

as shown in Figure 3.6 
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Figure 3.6  Model of hemoglobin production during erythroid differentiation in adults 

(Wojda et al, 2002).  In the figure, patterns for the accumulation of mean Hb F (solid 

line) and Hb A (dashed line) are shown with corresponding scales on the left and 

right-axis, respectively, and cell types on the x-axis.  The vertical dotted line 

identifies the transition from a rising to falling rate of proliferation.  Bars at the top of 

figure denote the apparent fluorescence based distribution of hemoglobin within the 

populations.  
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The mean Hb F and Hb A values according to differentiation stage are shown 

on the left and right vertical axes with the Hb F scale 100-fold lower than that of Hb 

A.  Differentiation begins within immature blasts that have not begun to produce 

hemoglobin and ends with mature erythrocytes.  The predominant feature of this 

model is the similarity between the shape of Hb F and Hb A curves.  The most rapid 

hemoglobin ascent coincides with the extremely high proportion of cells in S phase 

seen in proerythroblasts and basophilic normoblasts.  Unlike the pancellular 

distribution of Hb A throughout erythropoieiss, the sigmoidal rise in the mean level of 

Hb F appears to result from a heterocellular and variegated distribution of Hb F within 

the population after the proerythoblast stage.  Beyond the final cell division,  the mean 

hemoglobin content again rises as distribution to daughter cells no longer occurs.  The 

total level of both fetal and adult hemoglobins rises as populations of erythroblasts 

proliferate and mature, with the steepest rise occurring during the peak phase of cell 

proliferation (Wojda et al, 2002). 

3.5 Regulation of γ-globin gene expression. 

 
The γ-globin gene expression mainly depends on its correspond promoter and 

gene-proximal and distal regulatory regions with transcription factor binding at those 

regions. 

Globin gene promoters contain a variety of sequence motifs found upstream of 

many other genes, including a TATA motif, CCAAT, and CACCC.  They also contain 

one or more GATA binding sites that are recognized by the lineage-specific zinc 

finger protein GATA-1.  The prevalence of certain mutations of these binding sites 

especially specific form of HPFH,  led to the discovery of several important regulators 

of globin gene expression. 

GATA and CACCC elements are often found together in regulatory regions of 

erythroid genes (Gregory et al, 1996).  Moreover, GATA-1 and Krüppel-like zinc 

finger proteins interact physically in vitro and in vivo and can synergistically activate 

expression of a linked gene (Gregory et al, 1996).  Erythroid cells contain several 

members of Krüppel-like zinc finger  family, which recognize CACCC motif and 
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include the ubiquitous proteins Sp1 and YY1, erythrod Krüppel-like factor (EKLF) 

and BKLF/FEF-2 (Crossley et al, 1996). 

Potential binding sites for GATA-1 and YY1 are present not only within 

discrete upstream regulatory elements but are actually spread throughout the β-globin 

locus.  It suggests the possibility that GATA-1 and YY1 proteins bound at these sites 

might mediate the formation of higher order protein-DNA complexes.  Each 

transcription factor with their binding site and protein class were shown in Table 3.1. 
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Table 3.1  Transcription factors and other regulatory proteins in erythroid cells 

(Baron, 1997) 

 

Name Protein class Binding site Notes 
    

GATA-1 GATA-zinc finger (T/A)GATA(A/G) Some degeneracy 

NF-E2 Basic-leucine zipper (T/C)GCTGA(C/G)TCA (T/C) Heterodimer of p-45 

(lineage-specific; cnc 

protein) and p18 ( widely 

expressed, maf protein) 

TAL/SCL Basic-helix-loop-helix CAGATG Heterodimerizes with E-box 

bHLH proteins 

RBTN2 LIM  domain protein May not bind DNA directly Interacts with TAL/SCL 

EKLF Krüppel zinc finger CCNCNCCCN Erythroid specific CACCC 

binding protein; may 

mediate γ-to-β globin gene 

switch 

BKLF Krüppel zinc finger CCNCNCCCN Corresponds to TEF-2 ; high 

expression in embryonic 

midbrain 

SSP CP2/Grainyhead GGCGGCGGCTGGCTAGGG May mediate interactions 

between LCR and γ-globin 

gene 

NF-E4 unknown RAGAGGRGG Suspected activation of 

adult β-globin gene in 

definitive erythroid cells in 

chick 
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CTCF transcription factor (CCCTC-binding factor)  was recently found as 

insulator within human β-globin cluster.  It may be one of the factor to interrupt 

regulatory region downstream to γ-globin gene promoter.  CTCF transcription factor 

could bind to the highly divergent, but similarly regulated promoters of c-myc and 

lysozyme genes (Burcin et al, 1997).  It is also conserved factor, displaying 93% 

overall identity and 100% amino acid identity between avian and mammalian proteins 

in the central DNA binding domain made of 11 different zinc fingers (Filippova et al, 

1996).  CTCF has been implicated in a wider range of functions, such as promoter 

repression or activation and creation of hormone-responsive gene silencers (Lutz et al, 

2000).  This multivalency of CTCF is even further highlighted by the demonstration 

that CTCF is functionally linked with enhancer-blocking properties (Bell et al, 1999).  

The importance of these observation related upon the increasing realization that gene-

dense subchromosomal domains are punctuated by DNA sequences, termed chromatin 

insulators, that partition neighbouring genes into different expression domains. The 

previous publications demonstrated that the chicken globin insulator and the mouse 

H19 imprinting control region which regulated by CTCF showed insulation/repression 

in Drosophila (Chung et al, 1993).  The CTCF was also found in the human β-globin 

insulators, which flank the entire β-globin gene cluster, protect the neighboring 

erythroid-specific folate gene from the enhancer effect of the β-globin locus control 

(Bell et al, 1999).  The effect of CTCF as an isolator was shown in an separated 

experiment that the neighboring Igf2 and H19 loci expression were depended on the 

methylation of CTCF (Hark et al, 2000; Schoenherr et al, 2003; Szabo et al, 2004).  

 

3.6  High Hb F production in adult life 

 
High Hb F production in adult caused by genetic and non-genetic induction 

are as follows 
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3.6.1 Non-genetic induced Hb F production 

 
- Pregnancy 

Pregnancy is associated with a modest increase in Hb F in the second 

trimester.  Hydatidiform moles are associated with Hb F levels up to 6%.  Although 

hormones secreted during pregnancy have been implicated in these effects, the 

mechanism of Hb F elevation is not clear (Wood, 1993). 

- Diabetic status 

Premature infants and infants of diabetic mothers have a delayed γ β globin 

gene switch and Hb F levels are higher than other neonates.  This switch is accelerated 

in Down syndrome and other chromosomal translocations.  Controversy exists 

regarding the relationship of Hb F to sudden infant death syndrome (SIDS).  The Hb 

F,  as high as 12 to 41%, was significantly higher than control infant of 8 and 16 

weeks old.  Hb F increased in SIDS may contributes to chronic hypoxia, a common 

finding in these patients (Bard et al, 2003). 

- Leukemias and anemias 

Juvenile chronic myeloid leukemia and Fanconi anemia are often 

accompanied by elevated levels of Hb F upto 30 % in some cases at age 3 years 

(Dover and Boyer, 1987).  Highest numbers are associated with C  T mutation at -

158 XmnI positive at Gγ-globin gene. Solid tumors and hematologic malignancies or 

premalignant states and Kala-Azar and paroxysmal nocturnal hemoglobinuria can 

have Hb F levels of 5 to 10%.  The highest Hb F levels, higher than 50%, have been 

reported in Di Guglielmo’s disease (Wood, 1993). 

- Drug induce Hb F production 

The pharmacologic elevation of fetal γ-globin gene expression is being 

explored as a treatment for patients suffering from β-globin deficiencies.  The short-

chain fatty acid butyrate has been shown to elevate fetal hemoglobin by inducing 

expression of the γ-globin gene via inhibition of the enzyme histone deacetylase 

(McCaffrey et al, 1997).  In addition to regulating γ-globin gene expression, butyrate 

inhibits growth of a variety of cell lines and induces expression of a number of genes. 

The cyclic tetrapeptide trapoxin, at nanomolar concentrations, is an irreversible 

inhibitor of histone deacetylase.  Trapoxin contains an unusual amino acid that may 
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act as a lysine substrate and its reactive epoxy ketone side chain forms a covalent 

complex with histone deacetylase (Kijuma et al, 1993). Trapoxin belongs to a family 

of cyclic tetrapeptides that contain a similar reactive residue.  At least two other 

members of this family Helminthsporium carbonum (HC toxin) and chlamydocin, are 

also histone deacetylase inhibitors.(Brosch et al, 1995).  Another histone deacetylase 

which induce Hb F production in K562 is Trichostatin (Ishiguro and Sartorelli, 2004). 

 

3.6.2  Genetic induced Hb F production. 

 
The classification of the genetic disorders associated with persistent fetal 

hemoglobin in adult life is lised in Figure 3.7.  Both the deletion and non-deletion of 

β-like globin gene were found worldwide.  The abnormalities due to the gene deletion 

are classified as HPFH and δβ-thalassemias.  Hb Kenya ,which produces of a hybrid 
Aγβ-globin chain accompanied by the increased Gγ-globin chain synthesis, was also 

included in the HPFH condition.  The δβ-thalassemias are subdivided into those that 

produce both Gγ and Aγ-globin chains, the GγAγ(δβ)°-thalassemias (including Hb 

Lepore), and those that produce only Gγ-globin chain, the Gγ(Aγδβ)°-thalassemias.  

Within each of these three groups, there are several different deletions that share a 

similar clinical and hematologic phenotype. 

Conditions associated with increased Hb F in adult life that are not due to 

deletions in the β-globin cluster can also be subclassified.  Those in which there is an 

increase of only the Gγ or Aγ-globin chain are usually due to mutations in the 

respective promoter, resulting in a variable level of persistent Hb F.  Several other 

conditions are due to genes that increase γ-globin gene expression but are not linked to 

the β-globin complex.  These include one localized to chromosomes 6, 8 and X 

chromosome. 

HPFH and δβ-thalassemia were originally distinguished on hematologic and 

clinical criteria.  Heterozygous δβ-thalassemia had a similar red cell picture to β 

thalassemia, with hypochromic and microcytic erythrocytes, but a normal level of Hb 

A2 (<3%).  In addition, there was an increased level of Hb F (about 5 to 15 %) that had 

a heterogeneous intercellular distribution.  In contrast, HPFH heterocygotes had 

essentially normal red cell indices, a normal level of Hb A2, and even higher levels of 
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Hb F (about 15 to 30%) with a more homogeneous, pancellular distribution of Hb F.  

HPFH homozygotes were clinically normal,  with reduced mean corpuscular volume 

(MCV) and mean corpuscular hemoglobin (MCH), while compound heterozygotes 

with β thalassemia were clinically very mild.  However, as more cases with different 

molecular types of the two conditions were described, these differences became 

overlap in many of the parameters that were initially used to differentiate them. 

     3.6.2.1    Deletion types 

Nine deletion types of HPFH and 19 types of δβ°-thalassemia have been 

determined at present.  Sizes and locations of deletion fragment on β-globin cluster, 

levels of Hb F and the nationality that originally found these HPFH types are shown in 

Table 3.2. 

3.6.2.2  Non-deletion type. 

The non-deletional HPFH may linked or unlinked to β-globin cluster. 

3.6.2.2.1 Linked to β-globin gene 

The major cause of non-deletional HPFH which linked to β-globin 

cluster are point mutations in the promoter of the γ-globin genes.  The mutation 

including point mutation, nucleotide substitution, and small deletion.  Moreover, some 

polymorphisms on γ-globin promoters and γ-globin genes rearrangement showed 

slightly higher Hb F in adult. 

a) Mutation on γ-globin promoters 

Non deletional HPFH which caused by mutation on γ-globin gene 

promoter and their level of Hb F in heterozygotes are shown in Table 3.3.  DNA 

binding sites or ubiquitous and/or erythroid specific nuclear proteins correlate in 

location with the positions of point muations responsible for HPFH.  Point mutations 

in the promoter of the overexpressed gene have been consistently detected. 
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Figure 3.7  Classification of the genetic disorders associated with persistent fetal 

hemoglobin in adult life. ( modified from Wood W.G. et al.) 
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Table 3.3  Point mutations in the promoter of the Gγ- and Aγ-globin genes resulting in 

non-deletional HPFH. 

 

Mutation % HbF in heterozygotes References 
Gγ -globin promoter   

-202, C G 14.3-21.0 

18.0-23.5 (with HbS) 

(Collins et al, 1984),  

-200, +C 18.0-28.0 (Pissard et al, 1996) 

-175, T C 22.1 

29.5 (with HbS) 

(Friedman and Schwartz, 1976; 

Surrey et al, 1988) 

-114, C G 8.6 (Motum et al, 1994) 

-114, C T 11.0-14.0 (Fucharoen et al, 1990) 

-110, A C 0.6-0.8 (Indrak et al, 1991) 
   
Aγ -globin promoter   

4 bp deletion  (-226 until -223) 5.4, 3.2 (Huang et al, 2000) 

-202, C T 1.6-3.9 (Gilman et al, 1988; Hattori et 

al, 1986) 

-198, T C 1.8-13.0 (Donald et al, 1988; Harvey et 

al, 1992; Tate et al, 1986) 

-196, C T 12.0-16.0 (Giglioni et al, 1984) 

-195, C G 4.5-7.0 (Costa et al, 1990) 

   

-175, T C 37.0-38.5 

37.3 (with HbC) 

40.4 (with HbS) 

(Coleman et al, 1993; Stoming 

et al, 1989) 

-158, C T 2.9-5.1 (Patrinos et al, 1998) 

-117, G A 7.1-15.6 (Camaschella et al, 1989; 

Collins et al, 1985; Gelinas et al, 

1985; Ottolenghi et al, 1988; 

Superti-Furga et al, 1988) 

-114, C T 4.7-4.8 (Oner et al, 1991) 

13 bp deletion ( -114 until -102) 30.1-31.8 (Gilman et al, 1988) 
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b) Polymorphism 

 

Non-deletional HPFH with normal hematology and low elevation of Hb 

F (1-5%) were firstly observed in Swiss population, called “Swiss type of HPFH”,  

and later found in many populations.  Heterocellular pattern of hemoglobin F 

distribution in red blood cells is observed.  The mutations which associated with high 

Hb F in adult, are the C T mutation at position -158 Gγ-globin gene and the A G 

mutation at position -161  Gγ-globin gene. 

 

- The C T polymorphism at position -158 Gγ-globin gene 
 

This polymorphism was first observed by  Huisman (Aksoy et al, 1985) and 

appeared to be associated with the elevated level of Hb F because the production of 

the Gγ chain is increased 3-11 fold.  It is called polymorphism because it was found 

more than 1% of normal population which was not always related with high Hb F.  

The presence of T at -158 Gγ-globin gene is associated with the higher level of Hb F in 

β-thalassemia (Efremov et al, 1994). The XmnI-Gγ site is common in all population 

groups and is present at a frequency of 0.32–0.35 (Garner et al, 2000) The mechanism 

of binding of a regulatory protein at the mutation location is not clearly related to 

increasing activity of Gγ-globin gene. 

 

- The A G mutation at position -161  Gγ-globin gene. 
 

This mutation is probably rare and has thus far been observed in three Black 

families (Leonova et al, 1996).  Homozygotes may have a Hb F level upto 4%.  The 

reason of low incidence of mutation caused unclear association of this mutation to 

elevation of Hb F production in adult. 

 

- The γ-globin genes rearrangement 

The rearrangement of γ-globin genes on β-globin that different from the 

normal ( 5’-ε- Gγ- Aγ-ψβ-δ-β-3’ are as follows. 

- Gγ-Gγ or Aγ-Aγ  
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- the presence of multiple γ-globin genes (three, four and five γ-globin 

genes) (Huisman et al, 1998). 

 

These anomalies were firstly observed in adults with the Gγ- Gγ-globin gene 

arrangement and was later found in several Black families including in a person with 

sickle cell anemia (Huisman et al, 1998).  Adult heterozygotes have normal 

hematological data and 1.3-9.8% Hb F with Gγ values of 94.6-98%.  However, C  T 

mutation at -158 Gγ at both Gγ-globin gene is the major factor responsible for the 

elevated level of Hb F. 

In other studies,  adults with γ-globin gene quadruplication or quintuplication 

showed the level of Hb F from 0.7 – 3.8% with mainly Gγ (85-95%) and elevated 

levels of Hb A2. 

 
3.6.2.2.2 Unlinked to β-globin gene 

 
Association of high Hb F production in adult unlinked to the β-globin gene 

has been studied since neither mutations at γ-globin gene promoters nor deletion on β-

globin cluster can be demonstrated in cases with high Hb F levels.  Few reports are 

demonstrated F-cell locus on chromosome Xp 22.2 (Dover et al, 1992; Miyoshi et al, 

1988), a determinant on chromosome 6q (Thein and Weatherall, 1989), a determinant 

on chromosome 8p (Garner et al, 2004; Garner et al, 2002). 

 
- The determinant factor located on chromosome Xp 22.2. 

This evidence involved the finding that the number of F-cells in normal 

females are higher than those in males. The levels of Hb F in females and in males are 

0.6±0.4 and 0.4±0.3, while F-cells in female and  in males are 3.8±3.0 and  2.7±2.3, 

respectively.  Extensive linkage analysis using polymorphic restriction sites on the X 

chromosome, mainly in SS families from Jamaica, have localized the F-cell 

production locus on chromosome Xp22. 

 
- The determinant factor located on chromosome 6q. 
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The F-cell count and the level of Hb F were analyzed in a large families with 

heterocellular HPFH.  The strategy in genetic studies including segregation analysis,  

gene mapping, complex statistical procedures showed that besides the β-thalassemia 

allele present in these families and the C T mutation at position -158 (Gγ), a third 

major determinant for Hb F production was found on chromosome 6q.  Function of 

this locus is not yet identified. 

 
- The determinant factor located on chromosome 8q. 

 
In a recent genome-wide linkage study of a large Asian Indian kindred 

(Garner et al, 2002) and European twin pair (Garner et al, 2004), a genetic interaction 

between the XmnI-Gγ site and a locus on chromosome 8q was reported to influence 

adult F-cell levels. 

 

3.7 HPFH and high Hb F production in Thai 

 
In Southest Asia, both HPFH and δβo-thalassemia have been reported in 

unrelated families in Thailand and Malaysia (Fucharoen  and Winichagoon, 1997).  

Four deletion of β-like globin gene including Chinese Gγ(Aγδβ)o-thalassemia, Thai 
Gγ(Aγδβ)o-thalassemia, Indian GγAγ-HPFH and Thai GγAγ(δβ)o-thalassemia were found 

in Thailand since 1987 (Fucharoen et al, 1987; Fucharoen  and Winichagoon, 1997; 

Winichagoon et al, 1990).  Thai Gγ(Aγδβ)o-thalassemia was later characterized and 

categorized as HPFH-6 (Kosteas et al, 1996).  DNA fragment at 3’ breakpoint of this 

mutation function as Gγ-globin gene enhancer in vitro and lead to a  high Hb F 

production in adult (Kosteas et al, 1997).  Another three types of deletional HPFH 

such as deletion-inversion Gγ(Aγδβ)o-thalassemia, Thai δβ°-thalassemia were later 

found in heterozygotes and compound heterozygotes with other HPFH since 2002 

(Fucharoen et al, 2001; Fucharoen et al, 2002; Fucharoen et al, 2005) 

SEA-HPFH was officially reported in a heterozygote of Karen-Thai at border 

of Thailand (Trachoo et al, 2003).  Recently, 273 unrelated Thai individuals having 

hemoglobin typing A2FA with Hb F levels higher than 10% were investigated for their 

molecular defects.  The deletion inversion Gγ(Aγδβ)o-thalassemia, HPFH-6 (Gγ(Aγδβ)o-
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thalassemia) and 12.5 kb deletion Thai/ Vietnamese δβ-thalassemia were found to be 

8.1%, 30.4%, and 54.2 % respectively (Panyasai et al, 2004).  Futhermore the non-

deletional HPFH that may be unlinked to the β-globin cluster were found in three Thai 

unrelated families was also reported (Winichagoon et al, 1994). 

 

3.8  Mechanism of high Hb F production in adult  from deletional HPFH and 

non-deletional HPFH 

 

3.8.1  Deletional HPFH 

Several hypotheses have been proposed to explain the elevated level of Hb F 

in adults.  Three mechanisms were described as follows. 

3.8.1.1 Competition between GγAγ and δβ globin genes for interaction 

with the LCR 

Globin gene expression appears to involve the interaction of the LCR with 

gene promoters.  It was suggested that the γ-globin genes promoters may be in 

competition with the δ- and β-globin gene promoter.  In normal adult stage, the 

competion between LCR to globin gene would favor the δ- and β-globin gene as a 

result of the chromatin conformation, stage-specific trans-acting factors, or both.  

However, when both the δ- and β-globin gene promoters  are deleted, the γ-globin 

gene promoters may be free to interact with the LCR (Wood, 2001).  This concept was 

strengthened by analyses of nondeletional HPFH in which there is evidence for 

competition in cis between β- and γ-globin genes (Giglioni et al, 1984). 

However, the evidence against the above hypothesis came from transgenic 

mouse studies, which showed autonomous regulation and switching off the γ-globin 

gene expression during development in constructs lacking the β-globin gene (Arcasoy 

et al, 1997; Dillon and Grosveld, 1991; Peterson et al, 1995).  Furthermore, 

competition between β- and γ-globin genes could not explain the phenotypic 

differences between HPFH and GγAγ(δβ)° thalassemia. 
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3.8.1.2  Loss of regulatory regions ( γ- globin gene silencing) 

Huisman suggested that a regulatory region responsible for repressing γ-

globin gene expression in adult life might lie between the Aγ- and δ-globin genes 

(Huisman et al, 1975).  Loss of these area would make it defective and shift the 

equilibrium toward  γ-globin gene expression.  The evidence against this single 

regulatory element was demonstrated when deletion of this region did not result in 

such a high Hb F level.  β-globin cluster constructs, with and without the region 

between γ- and δ-globin region, have also been studied in transgenic mice.  The result 

showed that γ-globin genes were more or less completely switched off in adults 

(Gaensler et al, 1993), and no increase in γ-globin gene expression was observed in the 

mice with the deleted γ- and δ-globin region (Calzolari et al, 1999; Zhang et al, 1997). 

 

3.8.1.3 Newly apposed enhancer sequences  

One of the explanation for the persistent γ-globin genes expression is the 

influence of the sequences translocated to 3’end of the complex (Feingold  and Forget, 

1989; Tuan et al, 1983).  Numbers of sequences have been identified from HPFH-1, 

HPFH-3, Hb Kenya and HPFH-6. 

Analysis of the sequences immediately 3’ to the large HPFH-1 deletion 

showed that this region has enhancer activity in transient transcription assay (Feingold  

and Forget, 1989).  This region was marked by an erythroid specific DNase I 

hypersensitive site extending from 1.1 to 1.4 kb 3’ to the HPFH-1 breakpoint (Elder et 

al, 1990).  This sequence was identified in HPFH-1 and HPFH-2 deletions, which is 

brought to within 10 to 15 kb of the γ-globin genes.  Experiments in vivo under 

influence of LCR also showed this enhancer effect in transgenic mice (Arcasoy et al, 

1997). 

 

3.8.2  Non-deletional HPFH  

The evidences supported the mechanism that these mutations cause HPFH 

involved modification of transcription factor binding at γ globin gene.  The binding 

can cause both enhancing and suppressing of it’s γ- globin gene expression.   
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In principle, a promoter mutation might cause HPFH either by modifying 

(increasing) the binding of an activator protein, or by decreasing the binding of a 

negatively acting protein.  Several groups recently performed in vitro binding studies 

with γ-globin promoter fragments using nuclear extracts from human erythroleukemic 

cells (K562) and mouse erythroleukemic cells (MEL).  Binding data for the -211 to -

100 DNA regions of the γ-globin promoter, where known HPFH mutations have been 

reported are summarized.  Three subregions (A, B, C) were classified, on the basis of 

the location of mutations strongly increasing Hb F production and homologies of DNA 

sequences with known protein binding motifs. 

- Subregion A:  Sequences in subregion A are similar to the binding sites for two 

types of ubiquitous proteins, SP1 and GT1, which also contain CACC motif.   

- Subregion B:  At least two proteins bind in subregion B i.e. NFE1 and OTF1.  

NFE1 is an erythroid specific protein recognizing a consensus sequence 

A/TGAT/CAG/AG (Mantovani et al, 1988) that is present twice in region B at 5’ 

and 3’ to the OTF1-binding motif.  However,  the two NFE1 binding motifs in the 

region B can only bind one NFE1 molecule at a time (Mantovani et al, 1988; 

Martin and Orkin, 1989).  Dimethyl sulfonate interference and footprinting  

experiments showed that both motifs are necessary for binding (Mantovani et al, 

1988; Martin et al, 1989). 

OTF1 (Fletcher et al, 1987) is a ubiquitous protein recognizing the 

“octamer” ATGCAAAT motif .  This motif is also present in several non-

erythroid genes and its interaction with OTF1 usually mediates activation of the 

gene (Robertson, 1988).  Simultaneously binding of OTF1 and NFE1 on the same 

DNA fragment has not been observed.  Moreover, binding of SP1 (or related 

proteins) together with either NFE1 or OTF1 has been described (Gumucio et al, 

1991). 

- Subregion C:  Subregion C is able to bind several different proteins in vitro.  CP1 

(Chodosh et al, 1988), a ubiquitous protein recognizing the CCAAT motif present 

in several erythroid and non-erythroid genes, binds to the duplicated CCAAT box 

of the γ-globin promoter (Gumucio et al, 1988; Superti-Furga et al, 1988).  

Another ubiquitous protein, CDP (CCAAT displacement protein), is also interact 

extensively with this sequences (Superti-Furga et al, 1988).  Two erythroid 
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specific proteins also bind to subregion C such as NFE1 and NFE3 (Mantovani et 

al, 1989; Superti-Furga et al, 1988).  NFE1 binds to CACAAGG motif (proximal 

NFE1 motif, 104 to -98) located between the two CCAAT boxes, and probably 

also contacts other upstream nucleotides.  NFE3 required for binding both 

nucleotides upstream to the distal CCAAT box and nucleotides immediately 

downstream. 

 
Artificial transcription factors can be engineered to interact with specific 

DNA sequences to modulate endogenous gene expression within cells. gg1-VP64-HA, 

one of several zinc finger-based transcriptional activators, is designed to target the 

sites proximal to the -117-position of the γ-globin promoter.  Transfection of a gg1-

VP64-HA expression vector or retroviral delivery of this transcription factor into 

K562 cells resulted in an increased level of Hb F, 16-fold higher than the native K562 

cell line (Graslund et al, 2005). 

 

3.9  Functional analysis of HPFH mutants 

 
Functional analysis of deletional HPFH were mostly related to the sequence 

located at 3’ breakpoint of deletion.  Transgenic mice and transient transfection into 

erythroleukemia cell lines were used to study γ-globin gene expression (Anagnou et al, 

1988; Anagnou et al, 1995; Arcasoy et al, 1997; Calzolari et al, 1999; Camaschella et 

al, 1990; Chakalova et al, 2005; Feingold  and Forget, 1989; Fragkos et al, 2005; 

Henthorn et al, 1990; Katsantoni et al, 2003; Kosteas et al, 1997; Peterson et al, 1998).  

Various types of vectors including plasmid, cosmid, yeast artificial chromosome 

(YAC) and bacterial artificial chromosome (BAC) were used for transfection 

experiments (Huang et al, 2000; Peterson et al, 1995; Peterson et al, 1998; Porcu et al, 

1997).  The plasmid and cosmid were used to investigate specific function of 

sequences to enhance or suppress either Aγ- or Gγ-globin gene promoters.  Transgenic 

mice transfection of these vectors partly showed specific developmental stage of those 

sequences.  However,  the level of Hb F production in transgenic mice was sometimes 

showed dose dependent and location of random insertion (Arcasoy et al, 1997; 

Bauchwitz and Costantini, 2000; Gaensler et al, 2003; Grosveld et al, 1987; 



Fac. of Grad. Studies, Mahidol Univ.                                               Ph.D. (Mol. Genet. Genet. Eng) / 37 

Katsantoni et al, 2003).  In the investigation of deletional HPFH, not only breakpoint 

sequence but also surrounding genes within β-globin cluster and distance from the 

breakpoint to the γ-globin gene, may affect the γ-globin gene expression.  The study 

that showed surrounding effects of deletion within β-globin cluster was demonstrated 

by YAC carring β-globin cluster (Bauchwitz and Costantini, 2000; Peterson et al, 

1995; Zhang et al, 1997).  BAC vector which contained β-globin cluster was used to 

investigate γ-globin gene expression in mutation caused by deletion or point mutation 

on β-globin gene and expressed in erythroleukemia cells and transgenic mice (Jamsai 

et al, 2005; Kaufman et al, 1999; Narayanan et al, 1999; Orford et al, 2000; Vadolas et 

al, 2002).  

Functional analysis of non-deletional HPFH which caused by mutation at γ-

globin gene promoter have been investigated by binding of transcription factor at the 

mutation region  and over expression of γ-globin gene when its promoter sequence 

was mutated in cell lines and transgenic mice (Gilman et al, 1988; Katsube et al, 1995; 

Katsube and Fukumaki, 1995; Langdon and Kaufman, 1998; Liberati et al, 2001; 

Lingrel et al, 1987; Liu et al, 2005; Magis and Martin, 1995; Mantovani et al, 1988; 

Martin and Orkin, 1989; Metherall et al, 1989; Motum et al, 1993; Partington and 

Patient, 1998; Ronchi et al, 1989; Ronchi et al, 1996; Starck et al, 1994; Superti-Furga 

et al, 1988; Zhou et al, 2000). 

Several DNA-binding proteins interacting with the γ promoter region have 

been identified and showed that some point mutations that produce the HPFH 

phenotype occur in the binding motifs.  Some of these mutations appear either to 

decrease or to increase transacting factors binding or to generate new binding site 

(Fucharoen et al, 1990; Gumucio et al, 1988; Jane et al, 1992; Jane et al, 1993; 

Mantovani et al, 1989; McDonagh et al, 1991; McDonagh and Nienhuis, 1991).  It is 

thought that the altered interactions between various transacting factors and the 

promoter may be responsible for the higher levels of Hb F synthesis persisting into 

adult life. 

In subregion A, the -202 G C mutation increases Sp1 binding,  the -198 

mutation greatly increases the binding of proteins GT1 and Sp1.  However, the 
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relationship of these findings to the HPFH phenotype is unclear, however, as the -196 

HPFH mutation actually decreases the binding of Sp1. 

The only one HPFH mutation (-175 T C) was mapped in the region B.  The 

mutation simultaneously alters the last nucleotide of the octamer motif and the last 

nucleotide of the 3’ site of the distal NFE1 motif.  OTF1 binding is drastically 

decreased by this mutation, while NFE1 binding is slightly increased (Mantovani et al, 

1988).  Martin et al. showed, by footprinting using partially purified NFE1, that the 

mutation somewhat decreases the extent of DNaseI protection on the 3’ NFE1 binding 

region and on some downstream sequences.  This observation suggested that the 

NFE1-DNA complex might be altered in this region. 

Two HPFH mutations are located in region C.  The -117 G A mutation 

increases the binding of CP1 and CDP to the distal CCAAT box (Gumucio et al, 1988; 

Superti-Furga et al, 1988).  On the other hand, the binding of both erythroid-specific 

factors (NFE1 and NFE3) is greatly decreased by the mutation (Mantovani et al, 1988; 

Superti-Furga et al, 1988). The HPFH due to the 13 nucleotides deletion in this region 

abolishes the binding of CP1, CDP and NFE3, but leaves NFE1 binding substantially 

intact (Mantovani et al, 1989). 

There is now evidence that the mutations at γ-globin promoter caused high γ-

globin gene production by changing the binding of certain regulatory proteins.  The 

altered binding of several proteins discussed above suggests, but does not prove, 

functional roles for some proteins.  Transfection of the -117 HPFH γ-globin gene into 

erythroid or non-erythroid cells has demonstrated a slightly increased activity (1.5-4 

fold) of this mutant, relative to the normal gene . 

The study of the -202 HPFH mutation by transfection into erythroleukemia 

cells affects γ-globin gene expression by a different mechanism than the -117 HPFH 

mutation.  Furthermore, this study provides evidence against a general increasing of γ-

globin gene expression as might be expected from the -202 mutation altering binding 

of a ubiquitous factor such as Sp1 (Stoeckert, 1991) . 

Transgenic mice carrying an Aγ-globin gene construct containing a -382 5' 

truncation of the Aγ-globin gene promoter had a phenotype of HPFH but, when the 

CACCC box of this sequence was deleted, there was no γ-globin gene expression in 
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the adult mice.  Introduction of the -198 (T C) in the construct could  re-establish the 

HPFH phenotype while that of the -175 (T A) failed to re-establish HPFH 

phenotype. It indicates that γ-globin gene expression in this mutation is CACCC box 

dependent (Li et al, 2001). 

The -198 T C and the -175 T C transitions involving the proximal γ-globin 

gene promoter are associated with the HPFH phenotype and had been demonstrated to 

increase promoter activity in erythroid cells using transient and stable transfection 

systems (Motum et al, 1993).  

The -114 C->G  at Gγ-globin gene is associated with the HPFH phenotype and 

shows (Motum et al, 1994) 

The mutation of a non-deletional HPFH, -175 T C Gγ-globin promoter, 

occurs within a binding site for GATA-1.  Both transient and stable expression assay 

showed that the mutation increased the activity of the γ-globin promoter, and that 

binding of GATA-1 was necessary for this increased activity (Gumucio et al, 1990; 

Martin and Orkin, 1989; Nicolis et al, 1989).  HMG-I and its isoform HMG-Y are 

small acidic nonhistone nuclear proteins that bind to A/T rich sequences with relaxed 

sequence specificity, and they are abundant in the nuclei of transformed cells (Ram et 

al, 1993; Reeves and Nissen, 1993). The HMG-I is also bind a -175 Gγ-globin 

promoter in a complex with GATA-1, and does not bind the -175 T C mutant 

sequence (Magis and Martin, 1995).  The association of HMG-1 with GATA-1 at this 

site may inhibit expression by the promoter in adult-stage erythroid. 
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CHAPTER IV 

MATERIALS AND METHODS 
 

4.1  Materials 

 

4.1.1  Kits 

- QIAquick PCR Purification Kit (Qiagen, GMBH, Germany). 

- QIAquick Gel Extraction Kit (Qiagen, GMBH, Germany). 

- QIAGEN® Large construct kit (Qiagen, GMBH, Germany) 

- Quick ligation kit (New England Biolabs, Bevery, MA) 

- ABI PRISM™ dye terminator kit for sequencing (Perkin Elmer Cetus, 

Norwalk, CT) 

 

4.1.2  Plasmids 

All plasmids were kindly provided by the Cell and Gene Therapy Research 

Group, The Murdoch Children's Research Institute, Royal Children's hospital, 

Melbourne, Australia.. 

4.1.2.1  pBR322 (Fig. 4.1) 

The pBR322 is 4361 bp in length and contains origin of DNA replication 

from pMB1 (rop), bla gene which coding for β-lactamase that confers resistance to 

ampicillin (ApR) and tetracycline resistance gene (TcR). The map shows enzymes that 

digest pBR322 DNA once and used for plasmid manipulation in this experiment (PstI, 

AatII, NheI, BamHI and Eco52I). The position of the restriction sites are shown as the 

coordinates that refer to the position of first nucleotide in each recognition sequence. 

4.1.2.2  pEBAC/148β (Fig. 4.2) 

pEBAC/148β plasmid is a second generation BAC clone containing the 

entire β-globin locus (about 73 kb), as well as additional sequences at both the 5' and 

3' ends.  This plasmid was generated from PAC/148β, a PAC clone isolated from the 

RPCI 1 human total genomic PAC library (PA Ioannou and PJ Dejong, Roswell Park 
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Institute, Buffalo, NY, USA).  The 185 kb PAC/148β genomic insert was isolated as a 

single NotI fragment and cloned into the NotI site of pEBAC/140, to generate 

pEBAC/148β. 

The vector is based on the backbone of the F plasmid pBeloBAC11.  The 

hygromycin (HygR) and thymidine kinase (tk) genes enable selection in eukaryotic 

cells, while the oriP and EBNA-1 genes from Epstein-Barr virus facilitate episomal 

maintenance.  The chloramphenicol resistant gene (CmR) gene enables for selection in 

bacterial cells. 

4.1.2.3  The EBAC/148β:EGFP GγAγβ  

The EBAC/148β:EGFP GγAγβ was modified from EBAC/148β that 

replaced EGFP gene at Gγ-globin gene and its downstream until β-globin gene  

(Orford et al, 2000). 

4.1.2.4  pEGFP-N22 (Fig. 4.3) 

It was modified from pEGFP-N2 (Clontech, Palo Alto, CA) by removing the 

multiple cloning site located at the 5’end of the EGFP gene using BglII and BamHI 

double digest, and by blunting the Not I site located downstream of the EGFP gene. 

pEGFP-N22 encodes a variant of green fluorescent protein called 

enhanced green fluorescent protein.  Sequences flanking EGFP have been converted to 

a Kozak consensus translation initiation site to further increase the translation 

efficiency in eukaryotic cells. The promoter of CMV (PCMV IE) is immediate early to 

the EGFP coding sequences.  SV40 polyadenylation signals downstream of the EGFP 

gene direct proper processing of the 3' end of the EGFP mRNA. The vector backbone 

also contains an SV40 origin for replication in mammalian cells expressing the SV40 

T-antigen. A neomycin-resistance cassette (neor), consisting of the SV40 early 

promoter, the neomycin/kanamycin resistance gene of Tn5, and polyadenylation 

signals from the Herpes simplex thymidine kinase gene, allows stably transfected 

eukaryotic cells to be selected using G418. A bacterial promoter upstream of this 

cassette (Pamp) expresses kanamycin resistance in E. coli. The pGFP-C1 backbone also 

provides a pUC19 origin of replication for propagation in E. coli and an f1 origin for 

single-stranded DNA production. 
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4.1.2.5  pST98AS/KanF  

It was derived from the pST98AS plasmid by the insertion of the 

kanamycin resistant gene (KanR) into the NcoI site, downstream of the I-SceI 

recognition site of the pST98AS plasmid.  pST98AS plasmid contains an inducible I-

SceI endonuclease gene under the control of the tetracycline promoter. 

4.1.2.6  p705-FLP (Fig. 4.4)  

p705-FLP plasmid (Gene Bridges GmbH, Germany) is designed for use in 

FLP-mediated genomic manipulations.  The plasmid has a pSC101 origin which 

maintains low copy and replicates at 30°C. The plasmids will not propagate and will 

get lost when incubated at 37°C.  The expression of the FLP-recombinase is driven by 

the thermosensitive promoter cI578 (λPR promoter). Therefore, the expression of Cre 

is repressed at 30°C and induced between 37-42°C.  The plasmid carries a 

chloramphenicol resistance. 

 

4.1.3  Primers 

All primers were purchased from Proligo LLC, Boulder, Co, USA 

4.1.3.1  For detection of common HPFH and δβ-thalassemia (Table 4.1) 

4.1.3.2  β-globin haplotype ( Table 4.2) 

4.1.3.3  For Aγ and Gγ-globin promoter sequencing (Table 4.3) 

4.1.3.4  For gap PCR and breakpoint sequencing of SEA-HPFH (Table 

4.4) 

4.1.3.5  For probe synthesis (Table 4.5) 

4.1.3.6  Amplification of PCR cassettes and screening of recombinant 

clones (Table 4.6) 

4.1.3.7  For modified pBR322 cassette (Table 4.7) 
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Table 4.1  The sequence of primers and sizes of PCR products used for detection of 

common HPFH and δβ-thalassemia. 

 

Type Primer names and sequences (5’ 3’) 
Size of PCR 

product (bp) 
 

HPFH-6 
 

HPFH-6_L: TGTTGACGCATGCCTAAAGA 

HPFH-6_R: AATCCACTGAACACCGAAGC 

 

 

1500 (mutant) 

 

 

Vietnamese 

δβo-thalassemia 

 

F1: TTGGGTTTCTGATAGGCACTG 

F2: GTGTCACCCATTAATGCCTTGTAC 

F3: TAGATCCCTTTGCCATTATG 

 

1585 

(F1/F2 normal) 

1165 

(F1/F3 mutant) 
 

Chinese 

Gγ(Aγ δβ)o thalassemia 

 

G1: GGCATATATTGGCTCAGTCA 

G2: CTTGCAGAATAAAGCCTATC 

G3: TCAACAATTATCAACATTACACC 

 

682 

(G1/G2 normal) 

508 

(G1/G3 mutant) 
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Table 4.2  The locations and sequences of primer pairs, sizes of digested and 

undigested PCR products, and restriction enzymes for haplotype analysis of β-globin 

gene cluster. 
PCR product(bp) 

Gene 

location 

Sequences of primer pairs 

(5’ 3’) 

Restriction 

site 
Undigested 

(-) 

Digested 

(+) 

-158 Gγ-globin 

gene 

F: GGCCTAAAACCACAGAGAGT 

R: CCAGAAGCGAGTGTGTGGAA 
XmnI 578 400, 178 

5' ε-globin 

gene 

F:GGCACATGGATGGAATTGAA 

R:ACCATGATGCCAGGCCTGA 
HincII 1068 540, 528 

Gγ-globin gene 
F:TGCTGCTAATGCTTCATTACAA 

R:AAGTGTGGAGTGTGCACATGA 
HindIII 782 436, 346 

Aγ-globin gene 
F:TGCTGCTAATGCTTCATTACAA 

R:TAAATGAGGATGACAACA 
HindIII 762 436, 326 

Ψβ-globin 

gene 

F:GAACAGAAGTTGAGATAGAGA 

R:ACTCAGTGGTCTTGTGGGCT 
HincII 699 354, 345 

3' Ψβ-globin 

gene 

F:TCTGCATTTGACTCTGTTAGC 

R:GGACCCTAACTGATATAACTA 
HincII 590 470, 120 

β-globin gene 
F:TGTCATCACTTAGACCTCAC 

R:GCTTGGACTCAGAATAATCC 
AvaII 1419 

791, 213, 

415 

3' of β-globin 

gene 

F:GCCCACATCACCAAGGCAAT 

R:GCTCTACGGATGTGTGAGAT 
BamHI 1520 1228, 292 
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Table 4.3  Sequences of primers for γ-globin promoter sequencing. 

 

Primer name  Sequences of primers 5’ 3’ 

G33L AAATCCTGGACCTATGCCTA 

G6R CTGAAGGGTGCTTCCTTT 

G7L AAAAGAAGTCCTGGTATCC 

Ag_L GGCAAAGTCACAAAGAGT 

oligo4 TTCCACACACTCGCTTCTGG 

 

Table 4.4  Sequences of primers for gap PCR and breakpoint sequencing of SEA-

HPFH. 

 

Primer name  Sequences of primers 5’ 3’ 

  

FH-1  TGGTATCTGCAGCAGTTGCC 

FH-4 AGCCTCATGGTAGCAGAATC 

FH-5 ATTGTTGAGTTGCAGGATCG 

  

 

Table 4.5  The primer pairs for DIG-labeled probes and their locations on the β-globin 

gene cluster. 

 

Globin gene Location Sequences of primers (5'  3') 
Gγ Promoter F:AAATCCTGGACCTATGCCTA 

R:TGAAGGGTGCTTCCTTT 

Ψβ Coding region F:GAACAGAAGTTGAGATAGAGA 

R:ACTCAGTGGTCTTGTGGGCT 

δ Exon 1 F:GAGTCAACTTGTTAAAACAT 

R:GGACTCACCCTGAAGTT 

β IVS 1-Exon 2 F:ATATGTGTACACATATTG 

R:CAGCACACAGACCAGCACGTT 
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Table 4.6  Sequences of primers used for amplification of PCR cassettes and 

recombinant clones. 

 

Primer name Sequences of primers (5'  3') PCR product 

ISceI/K_L 

 

ISceI/K_R 

ctcgcttctg gaacgtctga gattatcaat aagctcctag 

tccagacgcc ggtccgaact ctaaactgct ga  

ataagaacc atccttgcta ctcagctgca atcaatccag 

cccccaggtc ggcgtgatct gatccttcaac  

I-SceI/Km cassette 

EGFP_L 

 

EGFP_R 

ctcgcttctg gaacgtctga gattatcaat aagctcctag 

tccagacgcc tgaccgccgc cggatcactc tc  

attaagaacc atccttgcta ctcagctgca atcaatccag 

cccccaggtc accacaacta gaatgcagtg 

EGFP cassette 

EGFP_Kan_R  

 

EGFP_Kan_L 

 

attaagaaccatccttgctactcagctgcaatcaatccagcccccag

gtctgatggcaggttgggcgt 

ctcgcttctggaacgtctgaggttatcaataagctcctagtccagacg

ccatggtgagcaagggcgagga 

EGFP/Km cassette 

Ag_ISceI_L_fw 

Ag_ISceI_L_rev  

ggtccgaactctaaactgctga 

tatcagggttattgtctcatg 

Left border across   

 I-SceI/Km cassette 

Ag_ISceI_R_fw 

Ag_ISceI_R_rev. 

cactgcattctagttgtggt  

ctcccttgaa atgctgtga  

Right border across  

 I-SceI/Km cassette 

Ag_EGFP_L_fw 

Ag_EGFP_L_rev  

ggcctcactg gacgtacag 

atgtttcaggttcaggggagg 

Left border across EGFP 

cassette 

Ag_EGFP_R_fw 

Ag_EGFP_R_rev 

cactgcattctagttgtggt 

ctcccttgaa atgctgtga  

Right border across  EGFP 

cassette 

EKAN2FL 

EKAN2RL 

ggtccgaactctaaactgctga 

tatcagggttattgtctcatg 

Left border across 

EGFP/Km cassette 

EKAN2FR 

EKAN2RR 

cactgcattctagttgtggt 

ctcccttgaa atgctgtga  

Right border across 

EGFP/Km cassette 

FH-1 

3pHS_rev 

agcctcatggtagcagaatc 

ggcagtggagtttttgctgt 

Left border across 

3’HS-1 sequence in pSEA-

HPFH_3pHS1 

FH-1 

EnH_rev 

agcctcatggtagcagaatc 

gccctgaataagctgtgctc 

Left border across 0.7 kb 

enhancer in pEnH 
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Table 4.7  Sequences of primers used for cloning fragment on pBR322. 

 

Primers name Sequences (5'  3') Cloning fragment 

FRT_AMP_L1 
caatgaagttcctatactttctagagaataggaacttccttttcta

cggggtctgacg 

FRT_AMP_R1 
tgttgacgtcacgaagttcctattctctagaaagtataggaactt

catccgctcatgagacaataccc 

Ampicillin gene 

flanking FRT 

sequences 

AatII_3pH_L1 ctgtgacgtcttgcttggttttcttctttcattca 

3pH_NHeI_R1 agttgctagcgtggcagtggagtttttgctgt 
3’HS1 sequences 

Nhe_Enh_L1 ctcagctagcgtgtcaaaacggaccaataag 

Enh_Eco52I_R1 agatcggccgttgccctgaataagctgtgctc 

0.7 kb HPFH-3 core 

enhancer sequence 

Nhe_BreakEn_L1 ctcagctagcgtgattctcaggtctggaactta 

BreakEn_Eco52I_R1 
agatcggccgttgccctgaataagctgtgctc 

8 kb with o.7 kb 

breakpoint sequence of 

SEA-HPFH 

50_FRT_L1 
tgcaaaagacatattcaaacttccgcagaacactttatttcacat

atacatgaagttcctatactttctagag 

50_FRT_R1 
tagaaccggttagaagttattgaagggcatgaaataatagtgg

ttggaaagaagttcctattctctagaaagtat 

Cassette amplification 

of modified pBR322 

plasmid for 

recombination 
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4.1.4  Enzymes 

4.1.4.1  DNA polymerase  

- AmpliTaq Gold DNA polymerase (Perkin Elmer Cetus, Norwalk, CT) 

for PCR amplification of HPFH and δβ-thalassemia screening, haplotype analysis,  

amplification of 11-DIG- labeled probe and PCR recombinant clone screening. 

- HotStarTaq DNA polymerase (Qiagen, GambH, Germany) for PCR 

amplification of HPFH and δβ-thalassemia screening, haplotype analysis,  

amplification of 11-DIG- labeled probe and PCR recombinant clone screening. 

- Vent® polymerase (New England Biolabs, Bevery, MA, USA) for 

amplification of PCR cassette smaller than 3 kb. 

- Elongase (Invitrogen corporation, Carlsbad, CA, USA) for 

amplification of PCR cassette biger than 3 kb.  The kit containing Elongase enzyme 

mix (Taq Pyrococcus species GB-D DNA polymerase mixture in storage buffer)and 

buffer system 5X Buffer A [300 mM Tris-SO4, (pH 9.1 at 25°C), 90 mM (NH4)2SO4 

and 5 mM MgSO4] and 5X Buffer B [300 mM Tris-SO4, (pH 9.1 at 25°C), 90 mM 

(NH4)2SO4 and 10 mM MgSO4]. 

4.1.4.2  DNA digestion  

4.1.4.3  Restriction enzymes: EcoRI, XbaI, EcoR52I, PstI , HindIII, 

BamHI, I-SceI (New England Biolabs, Bevery, MA, or MBI Fermentas, Amherst,. 

NY, USA) and  Eag II, EcoR52I (MBI Fermentas, Amherst,. NY, USA) 

4.1.4.4  Blunting enzyme : T4 DNA polymerase (Promega Co., 

Madison, WI, USA)  

 

4.1.5  Probe labeling 

- 11-DIG-dUTP PCR labeling probe (Roche Diagnostic, Gmbh, Germany) 

- dNTP (Promega Co., Madison, WI, USA) 

 

4.1.6  Culture  

4.1.6.1  Bacterial cells 

All bacterial cells were kindly provided by the Cell and Gene Therapy Research 

Group, The Murdoch Children's Research Institute, Royal Children's hospital, 

Melbourne, Australia. 
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- E.coli strain DH10B:  (F- mcrA Δ(mrr-hsdRMS-mcrBC)Φ80dlacZ ΔM15 

ΔlacX74 endA1 recA1 deoR Δ(ara,leu)7697 araD139 galU galK nupG rpsL λ-).  It 

was to used to maintain BACs, small plasmids, and homologousrecombination. 

- E.coli strain DY38: DH10B [λcl857 (cro-bioA) <> tet ] (Lee et al, 2001).  

It was to used to maintain BACs, small plasmids, and homologous recombination. 

4.1.6.2  Media 

4.1.6.2.1  Bacterial growth media.  LB broth and LB agar, used to 

grow E.coli strain DH10B and strain DY380 cells carrying BACs and small 

plasmids, were prepared as shown in Table 4.8.  SOC medium was used to incubate 

bacterial cells after electroporation or TSS transfection. 

4.1.6.2.2  Mammalial cell growth medium 

- DMEM (GIBCO-BBL, Gaitherburg, MD, USA) 

- Fetal calf serum (GIBCO-BBL, Gaitherburg, MD, USA) 

4.1.6.3  Antibiotics 

Antibiotics were supplemented into the bacterial growth media at the 

following concentrations (Table 4.9). 

4.1.6.4  Bacterial transfection. 

4.1.6.4.1  Transformation solution method (TSS) 

- Bacterial suspension solution: (100 mM KCl, 30 mM CaCl2, 50 

mM MgCl2) 

- TSS solution: ( 100 ml: LB medium, 10 g PEG3350, 5 ml DMSO, 

pH 6.5); add 200 μl of sterile solution of 1 M MgCl2 and 1M MgSO4 per 10 ml of TSS 

solution before use) 

4.1.6.4.2  Electroporate method 

- Bio-Rad gene-pulser II (Bio-Rad Laboratories, Hercules, CA, 

USA) 
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Table 4.8  Bacterial growth media. 

 

Media Components 

LB medium 1% (w/v) bacto-tryptone, 0.5% bacto-yeast extract, 1% (w/v) NaCl 

LB agar 1.5% (w/v) of bacto agar in LB medium, 

SOB medium 
2% (w/v) bacto-tryptone 0.5% bacto-yeast extract, 0.05% (w/v) 

NaCl, 10 mM MgCl2 

SOC medium 20 mM glucose in SOB medium 

 

 

 

 

Table 4.9  Antibiotics used in the homologous recombination experiments. 

 

Antibiotic 
Stock 

concentration
Solvent 

Final 

concentration 

    

Chloramphenical(Cm) 12.5 mg/ml dH2O 12.5 μg/ml 

Ampicillin (Amp) 100 mg/ml 100% 

ethanol 

100 μg/ml 

Kanamycin (Km) 25 mg/ml dH2O 25 μg/ml 

Tetracyclin (Tet) 100 mg/ml dH2O 100 μg/ml 
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4.1.6.5  Mamalian transfection. 

- DMRIE-C (1,2-dimyristyloxypropyl-3-dimethyl-hydroxy ethyl 

ammonium bromide) (Invitrogen corporation, Carlsbad,  CA, USA) 

- Fetal calf serum (FCS) (GIBCO-BBL, Gaitherburg, MD, USA) 

- Dulbecco modified Eagle’s medium (DMEM) (GIBCO-BBL, 

Gaitherburg, MD, USA)  

- 50 U/mL penicillin, and 50 μg/mL streptomycin (GIBCO-BBL, 

Gaitherburg, MD, USA). 

- Opti-MEM® Reduced serum medium (GIBCO-BBL, Gaitherburg, 

MD, USA) 

- Geneticin or G418 (GIBCO-BBL, Gaitherburg, MD, USA)  

- Hygromycin-B (GIBCO-BBL, Gaitherburg, MD, USA) 

 

4.1.7  Triton-acid-urea polyacrylamide gel electrophoresis  

 

- 12% Polyacrylamide gel : (5 ml of 60:4 acrylamide:bis-

acrylamide, 1.25 ml glacial acetic acid, 18.75 ml 8M urea, 0.125 ml TEMED (N, N, 

N', N'-tetra-methylethylenediamine), 0.5 ml Triton X-100 and 15 mg ammonium 

persulfate). 

- Sample buffer: (5 ml 8M urea, 0.5 ml glacial acetic acid, 0.5 ml 2 

mercaptoethanol and 0.2 mg Pyronin Y) 

- Staining solution: (0.5% Coomasie Brilliant Blue in 5% acetic 

aid, 30% methanol) 

- Destain solution: (5% acetic aid, 30% methanol) 

- 2-mercaptoethanol (Sigma, USA) 

 

4.1.8  F-cell detection. 

4.1.8.1  Flow cytometer method 

- mouse monoclonal antibody to human Hb F labeled FITC 

(Chemicon,Temecula, CA, USA) 

- FACSCalibur TM (Becton Dickinson, Los Angeles, CA). 

- PBS-BSA: (Phosphate buffer saline, 1% Bovine serum albumin 
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4.1.8.2  Acid elution 

- Acid elution solution: (1% amido black ) 

4.1.9  DIG-labeled probe preparation 

- 11-DIG labeled dUTP (Roche Diagnostics, Mannheim, Germany) 

- dNTP (Promega Co., Madison, WI, USA) 

4.1.10  Southern blot hybridization 

- Denaturing solution: (NaOH 0.5 M, NaCl 1.5 M) 

- 10XSSC : (1.5M NaCl, 150 mM Sodium Citrate, pH 7.5) 

- 10XTBE buffer: (890mM Tris base, 890mM Boric acid, 19mM 

EDTA, pH 8.3) 

- Maleic acid buffer:(0.1M Maleic acid, 0.15M NaCl, pH 7.5) 

- Pre hybridization solution: (5XSSC, 0.1% (w/v) N-

lauroylsarcosine, 0.02% (w/v) SDS)  

- Washing buffer : Maleic acid buffer, 0.3% (v/v) tween  

- Blocking buffer (Maleic acid buffer with 10% skim milk) 

- Detection buffer ( 0.1M Tris-HCl, 0.1M NaCl, pH 9.5) 

- CDP star (Boehringer-Mannheim, Germany ) 

- Nylon membrane (Zeta-Probe®,Hercules, CA ,USA) 

- UV linker (energy setting of 125 milliJoules) 

- Blocking agent (Roche Diagnostics, Mannheim, Germany) 

- anti-DIG labeled alkaline phosphatase (Roche Diagnostics, 

Mannheim, Germany). 

- X-ray Film (Fuji Photo Film, Tokyo) for 5 to 15 min. 
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4.1.11  Small scale BAC DNA extraction 

- Resuspension buffer (50 mM Tris (pH8.0), 10 mM EDTA, 100 

μg/ml DNase-free RNase A). 

- Lysis buffer (200mM NaOH, 1%SDS) 

- Neutralization buffer (3 M potassium acetate, pH 5.5) 

4.1.12  Automated Sequencing 

- Primer Cycle Sequencing Ready Reaction Kit (Perkin-Elmer, 

Wellesley, MA, USA).  

- ABI PRISM TM 377 DNA sequencer (Perkin-Elmer Biosystem, 

Norwalk, Conn., USA). 

 

4.2  Methods 

 
4.2.1  Subjects  

Adult subjects presented the high hemoglobin F levels (7-30%) in seven 

unrelated Thai families were studied.  Blood samples  were collected using EDTA as 

an anticoagulant.  Complete blood counts and red blood cell indices were obtained by 

an automated blood cell counter (ADVIA120, Bayer Diagnostic, Tarrytown, NY, 

USA.).  Hemoglobin analysis was performed and  quantified by  an automated HPLC 

(VARIANT ™; Bio-Rad Laboratories, Hercules, CA, USA).  Their phenotypic 

hematology suggested that they were heterozygous for HPFH. 

4.2.2  Determination of Gγ- and Aγ-globin chain by Triton-acid-urea 

electrophoresis 

The Gγ-globin chain and Aγ-globin chain were separated by electrophoresis on 

12 % polyacrylamide gels containing 6M urea and 2% Triton-X100 in 5% acetic acid.  

The separation based on the molecular size, charge and hydrophobicity of the globin 

chains.  The slab gel was 14 cm long, 16 cm wide and 1 mm thick.  Polymerization 

occurred within 30 min and the gel was left at least 2 hours prior to use.  The gel was 

overlayed with 10 ul of 2-mercaptoethanol in each well and pre-electrophoresed for 4 

hours at a constant voltage of 200 V with the anode at the top, using 5% acetic acid as 

buffer.  After that 2-mercaptoethanol was removed entirely before loading the 
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samples.  Samples were freshly prepared by mixing 5-7 μl hemolysate (10-20 μg of 

globin ) with 120 μl of sample buffer.  10-15 μl of sample mixture was loaded into 

each well.  Electrophoresis was carried out at a constant 14 mA for 7-14 hours.  After 

completion of electrophoresis, the gel was stained with staining solution for 10 min. 

and then washed with destained solution by diffusion until clear background was 

obtained.  Intensity of each γ-globin band was measured by Quantity one (Bio-Rad 

Laboratories, Hercules, CA, USA) after scanning with G1000 scanner (Bio-Rad 

Laboratories, Hercules, CA, USA). 

4.2.3  F-cell detection 

4.2.3.1  Detection of F-cells by flow cytometer 

The 2.5x107 RBC suspension (10 μl of whole blood with EDTA) 

was resuspended in 1ml of cold 0.05% glutaraldehyde and incubated for 10 min at 

room temperature.  It was then washed 3 times with 2 ml of PBS-BSA.and centrifuge 

at 6000 rpm for 5-10 min each.  The cell pellet was resuspended by vortex in 0.5 ml 

0.1% Triton X 100 and incubated for 3-5 min at room temperature.  The cell was 

washed one time with 2 ml of PBS-BSA and resuspended in 0.5 ml of  PBS-BSA by 

vortexing.  In detection step,10 μl of mouse monoclonal antibody to human Hb F 

labeled FITC and 70 μl of PBS, 0.1% BSA was added to 10 μl of the suspension 

(about 1 to 2x105 cells) and incubated at room temperature in the dark for 15 min.  The 

RBC was washed 2 times with 2 ml of PBS-BSA and then resuspended the pellet in 

0.5 ml of 1% formaldehyde in PBS. The tubes were stored in the dark in the 

refrigerator until ready for flow cytometric acquisition. 

4.2.3.2  Detection of F cells by acid elution staining 

A smear of whole blood with EDTA on a glass slide was air dried at 

room temperature and fixed with 80% ethanol for 1 min.  Acid elution solution was 

dropped to cover all smear area with Pasture pipette and stained for 5 min. and then 

washed with tap water.  The normal adult and the cord blood were also stained and 

used as negative and positive (pancellular pattern) control, respectively. 

4.2.4  PCR for general molecular analysis and haplotype analysis 

PCR was initiated with 200 ng of DNA in the presence of 10-15 pmole of 

each primer, 1.5 U AmpliTaq Gold DNA polymerase ( Perkin Elmer Cetus, Norwalk, 



Fac. of Grad. Studies, Mahidol Univ.                                               Ph.D. (Mol. Genet. Genet. Eng) / 55 

CT), 1 mM MgCl2, 10mM Tris HCl (pH 8.3), 50 mM KCl , and 200 μM each dNTP in 

a final volume of 50 μl.  Amplification was performed in a DNA thermal cycler, 

GeneAmp PCR System 2400 (Perkin-Elmer, Norwalk, CT).  Primary denaturation was 

performed at 94°C for 12-15 min followed by 30 cycles of denaturation at 94°C for 30 

sec, annealing at 55°C for 45 sec and extension at 72oC for 50 sec.  The final 

elongation step was carried out at 72o C for 10 min.  The amplified product was 

analyzed on 1.0% agarose gel electrophoresis and visualized under UV light after 

ethidium bromide staining. 

4.2.5  PCR for cassette amplification 

4.2.5.1  For PCR fragment smaller than 3 kb 

The reaction (50 μl) contained 200 ng DNA, 10 pmole of forward and 

reverse primers, 200 μM dNTPs and 1 U Vent® DNA Polymerase (New England 

Biolabs, Bevery, MA, USA), and 2.0 mM MgSO4  in 1X ThermoPol reaction buffer 

(New England Biolabs, Bevery, MA, USA).  The amplification reaction was carried 

out in a DNA thermocycler 2400 (Perkin-Elmer Cetus, Norwalk, CT) started with 

denaturation at 95oC for 5 min and followed by 30 cycles of PCR.  PCR reaction was 

performed in 50 μl for 30 cycles (94oC 4 min for 1 cycle; 94oC 30sec; 55°C 30 sec; 

72°C 30 sec for 10 cycles / 94oC 30sec; 60°C 30 sec; 72°C 30 sec for 10 cycles for 1 

cycle/ 94oC 30 sec; 65°C 30 sec; 72°C 30 sec for 10 cycles cycles) and 1 cycle of 72oC 

10 min.  PCR product was purified with QIAquick gel extraction kit (Qiagen, GMBH, 

Germany) or QIAquick PCR Purification Kit (Qiagen, GMBH, Germany), 

concentrated by ethanol precipitation and suspended in 5 μl of 0.5xTE buffer. 

4.2.5.2  For PCR fragment larger than 3 kb 

The reaction (50 μl) contained 200 ng of genomic DNA or 100 pg of 

plasmid template, 10 pmole of forward and reverse primers, 200 μM dNTPs and 1 μl 

of  Elongase enzyme mix (Invitrogen corporation, Carlsbad,  CA, USA), and 1.6 mM 

MgSO4  from 4 μl of 5Xbuffer A and 6 μl of 5Xbuffer B.  The amplification reaction 

was carried out in a DNA thermocycler 2400 (Perkin-Elmer Cetus, Norwalk, CT) 

started with denaturation at 94oC for 30 sec and followed by 30 cycles of PCR.  Each 

cycle of PCR consisted of denaturation at 94oC for 30 sec, annealing at 55oC to 65oC 

for 40 sec, and polymerization at 68°C for 45-60 sec per 1 kb of target PCR products.  
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The final elongation step was carried out at 68°C for 10 min.  The amplified product 

was analyzed on 0.8% agarose gel electrophoresis and visualized under UV light after 

ethidium bromide staining.  The PCR products were purified by electrophoresis on 

0.8% low melting point agarose in 1XTBE and extracted the PCR product from the gel 

that contained the target band by QIAquick Gel Extraction Kit (Qiagen, GMBH, 

Germany), or  QIAquick PCR Purification Kit (Qiagen, GMBH, Germany) before 

used. 

4.2.6  β-globin haplotype analysis 

The β-globin gene cluster polymorphic sites were determined by restriction 

enzymes, including the XmnI site at the position-158 nt 5’ to the Gγ-globin gene, the 

HincII site 5' to the ε -globin gene, the HindIII sites in the Gγ- and Aγ-globin genes, the 

HincII sites in the Ψβ-globin gene , and in its 3' region, the AvaII site in the β-globin 

gene, and the BamHI site 3' to the β-globin gene, using the PCR-based strategy (Sutton 

et al, 1989).  PCR fragments from each location on β-globin gene cluster were 

amplified using the primer pairs that listed in Table 4.2.  The PCR condition was 

described in method 4.2.4 with the annealing temperature at 55°C (for primer pairs 

no.1 to no. 6) or at 57°C (for primer pairs no. 7).  The amplified products were 

digested with their corresponding enzymes for 2 hours at 37°C.  The digested 

amplified product was electrophoresed on a 1% agarose gel containing 1XTBE buffer 

and stained with ethidium bromide.  Interpretation of positive (+) or negative (-) 

indicated by the presence or the absence of digestion at the specific site in each PCR 

product.  The corresponding restriction enzymes and specific sizes of digested PCR 

products in each location were listed in Table 4.2. 

4.2.7  Screening for common HPFH and δβo-thalassemia 

Common HPFH and δβo-thalassemia which previously found in Thai 

including HPFH-6, Vietnamese δβo-thalassemia, Chinese Gγ(Aγ δβ)o-thalassemia were 

screened using PCR method as previously described (Craig et al, 1994).  The primer 

pairs, sizes of PCR products of normal and mutant for deletion are shown in Table 4.2.  

PCR condition and analysis was described in method 4.2.4 except annealing was at 

55°C to 57°C (varied among types of HPFH and δβ-thalassemia in Table 4.1) for 45 

sec and extension at 72oC for 2 min in every cycle. 
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4.2.8  Development of non-radioactive labeled DNA probe by polymerase 

chain reaction. 

The amplified DNA probe was prepared by incorporation of digoxigenin 

(DIG)-labeled uridine (Roche Diagnostics, Mannheim, Germany) during PCR 

reaction, using specific pairs of primers located at the γ-globin gene promoter, Ψβ-

globin gene, exon 1 of δ-globin gene and between IVS 1 and exon 2 of β-globin gene.  

The locations, sequences and sizes of DIG-labeled probes on β-globin cluster are 

shown in Table 4.5.  The PCR was initiated with 20 ng of normal sequence DNA in 

the presence of 5 pmole of each primer by using method 4.2.4.  The dTTP was 

partially replaced by its homologue, DIG-11-dUTP with the ratio 5 to 1 for dTTP to 

DIG-dUTP. The amplified products were electrophoresed on a 1% agarose gel 

containing 1X TBE buffer and stained with ethidium bromide in order to assess DIG-

11-dUTP incorporation.  An aliquot of the incorporated PCR product can be denatured 

and used directly in hybridization as DNA probe without any purification. 

4.2.9  Southern blot analysis 

DNA was prepared from peripheral blood leukocytes.  Ten micrograms of 

DNA was digested with various restriction endonuclease enzymes (New England 

Biolabs, Bevery, MA) for 13-15 hours under conditions recommended by the 

manufacturer.  The digested DNA was precipitated with 1 in 10 part of 3 M NaCl from 

total DNA solution and equal volume of isopropanol and resuspended in 10 μl of TE 

buffer.  The DNA solution was then fractionated on a 0.8% agarose gel containing 1X 

TBE buffer for 14-16 hours.  After electrophoresis, the gel was depurinated for 15 min 

in HCl (25 mM), denatured twice in denaturing solution for 15 min each and 

equilibrated twice in 10XSSC for 15 min each.  DNA was blotted on to the nylon 

membrane (Zeta-Probe®, Hercules, CA ,USA) by Vacuum Blotter (Bio-Rad 

Laboratories, Hercules, CA, USA) with 10XSSC buffer for 90 min and fixed for 2 min 

by UV linker (energy setting of 125 milliJoules).  Complete blotting was examined by 

ethidium bromide staining.  The membrane was prehybridized in a standard solution 

with 1 % blocking agent (Roche Diagnostics, Mannheim, Germany) for 2 hours at 61-

63 o C.  Hybridization was carried out by addition of the denatured probe, in the same 

solution, for 16-20 hours at 63 o C.  After hybridization , the membrane was washed 

twice, for 5 min each, at room temperature in 2XSSC, 0.1% SDS,  twice for 15 min 
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each in 0.5XSSC, 0.1%SDS at 67o C.  Detection was performed after blocking with 

blocking buffer for 30 min by applying anti-DIG labeled alkaline phosphatase (Roche 

Diagnostics, Mannheim, Germany) at a ratio 1 to 20,000 volume of blocking buffer for 

45 min.  The membrane was then washed with washing buffer twice, 15 min each, and 

saturated with detection buffer for 5 min.  The CDP star (Boehringer-Mannheim, 

Germany ), chemiluminescent substrate for alkaline phosphatase, was  then applied on 

semi-dry membrane with the ratio 1:200 (v/v in detection buffer ), the container must 

be immediately wrapped with aluminium foil or keep in dark for 5 min.  The 

membranes were subjected to autoradiograph with X-ray Film (Fuji Photo Film, 

Tokyo) for 5 to 15 min. 

4.2.10  Gap PCR for detection SEA-HPFH 

The gap PCR for SEA-HPFH was described previously (Xu et al, 2000) 

using three oligonucleotide primers as described in Table 4.4.  The reaction (50 μl ) 

contains 400 ng DNA, 10 pmole FH-1 and FH-5 primer, 15 pmole FH-4 primer, 200 

μM each dNTP, and 1 U HotStarTaq DNA polymerase (Qiagen, GambH, Germany), 

and 2.5 mM MgCl2 in 1X PCR buffer (Qiagen, GambH, Germany).  The amplification 

reaction was described in section 4.2.5 with annealing temperature of 58oC for 60 sec. 

4.2.11  DNA sequencing  

4.2.11.1  For Gγ- and Aγ-globin promoter. 
Gγ- and Aγ-globin gene promoters were amplified from DNA by using 

primer pairs G33L/oligo4 and Ag_L /oligo4.  Their amplified products were purified 

by gel extraction method and then subjected for sequencing using internal primer G7L 

and G6R for forward and reverse sequencing of both γ-globin gene promoters  

respectively. The primer sequences are listed in Table 4.3. 

DNA sequencing was performed by ABI PRISM™ dye terminator kit 

(Perkin Elmer).  Sequencing reactions were carried out by combining approximately 

250 to 500 ng of template plasmid or 50 to 100 ng of PCR product, 8μl Big Dye 

reaction mix, 4 μl of 0.8 pmole/μl sequencing primer and dH2O to a final volume of 

20 μl. The sequencing was performed for 30 cycles (96oC 1 min for 1 cycle/ 96oC 20 

sec; 55oC 20 sec; 60oC 4 min for 30 cycles).  The sample was precipitated by adding 

80 μl of 75% isopropanol and vortexing prior to incubation at room temperature for 15 
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min.  After centrifugation at 12,000 rpm for 20 min, the supernatant was aspirated.  

The pellet was washed with 250 μl of 75% isopropanol and centrifuged 12,000 rpm 

for 10 min.  The pellet was air-dried for 5 min before submitting to sequencing 

analysis. 

4.2.11.2  For breakpoint detection of SEA-HPFH 

The amplified fragment encompassed breakpoint of the deletion chromosome 

was obtained by using primers FH-1 and FH-4, and then was subjected  to automated 

DNA sequencing. 

4.2.12  BAC plasmid extraction 

A fresh overnight of E.coli carrying the BAC construct was inoculated in 5 

ml LB medium containing Cm and incubated for 12-14 hrs at 37oC, shaking at 200 

rpm.  The culture was then aliquoted (1.5 ml/tube) and pelleted by spinning at 12,000 

rpm foe 30 sec.  After discarding the culture medium, the cells were resuspended in 

300 of resuspension buffer.  Cells were digested by adding 300 μl of lysis buffer 

followed by gentle inversion and incubated at room temperature for 5 min.  Then 300 

μl of neutralization buffer was added to the lysis mixture followed by gentle inversion 

and incubated on ice for 10 min.  The precipitated solution was centrifuged at 13.000 

rpm for 15 min at 4°C.  The supernatant was transferred to a new tube containing 800 

μl isopropanol, mixed by gently inversion and incubated on ice for 15 min.  The BAC 

DNA palette was recovered by spinning at 12,000 for 15 min 70% ethanol and 

centrifuged at 12,000 rpm for 5 min at 4°C.  Supernatant was aspirated and the pellet 

was air dried for 5 min.  DNA pellet was then resuspended in 20-30 μl of 1XTE buffer 

and stored at 4°C. 

4.2.13  Preparation of BAC DNA for mammalian cell transfection  

BAC DNA extraction was also performed by using the alkaline lysis method 

with minor modifications from the small-scale BAC DNA extraction protocol to 

improve the yield and purity of DNA.  E.coli DY380 cells carrying the EGFP 

modified EBAC and pEGAC/148β:GγAγ EGFP were grown in 500 ml of LB medium 

containing Cm at 32°C for 12-14 hours.  The culture was then extracted with the 

method that recommended in manual of QIAGEN® Large construct kit (Qiagen, 

GMBH, Germany).  The pellett was resuspended in 200 μl of 1XTE buffer. 
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4.2.14  Plasmid transfection into bacteria 

4.2.14.1  Enhanced Transformation and storage solution (TSS) 

method for transformation of E.coli. 

4.2.14.1.1  competent cells preparation 

Single colony of E.coli strain DH10B cells was grown overnight in 5 

to 10 ml of LB medium with appropriate antibiotic.  TSS competent cells were 

prepared by inoculating 1 ml of an overnight single colony of E.coli culture into 5-10 

ml LB medium with an appropriate antibiotics.  0.1-0.2 ml of the culture was 

transferred into 10 ml of LB medium and continuous cultured at 37°C  with vigorous 

shaking (~200 rpm) until OD600 reach 0.4 to 0.6.  The culture was centrifuged at 6,000 

rpm for 5 to 10 min and the bacterial palette cells were resuspended in 1 ml of TSS 

solution and left on ice for 5 min.and then aliquoted in 100 μl each tube and stored in -

70°C until ready to used. 

4.2.14.1.2  Transformation of plasmid DNA into TSS competent 

cell. 

10 pg upto 1 μg of DNA was added in 100 μl of sterile bacterial 

suspension solution for 5 min.  A 200 μl aliquoted bacteria in TSS was then added to 

the DNA solution and incubated on ice for 20 min and following to room temperature 

for 20 min.  0.8 ml LB medium was added and shaked ~200 rpm at 37°C for 60 min. 

The suspension was then spread on selective LB medium agar to select the single 

colony of transformant. 

4.2.14.2  Transfection by electroporation. 

4.2.14.2.1  competent cells preparation. 

Single colony of E.coli strain DH10B cells was grown overnight in 5 

to 10 ml of LB medium with appropriate antibiotic.  TSS competent cells were 

prepared by inoculating 1 ml of an overnight single colony of E.coli cultured into 5-10 

ml LB medium with an appropriate antibiotics.  0.1-0.2 ml of the culture was 

transferred into 500 ml of LB medium and continuous cultured at 37°C  with vigorous 

shaking (~200 rpm) until OD600 reach 0.4 to 0.6.  The suspension was shaked on ice 

for 20 min.  50 ml of bacterial suspension was then pelletted by centrifuged 3000 rpm 

4°C and washed with cold 10%glyceral in cold room three times.  The pellet was 
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resuspened with 200 μl cold 10%glyceral and used for transfection immediately or 

keep at -70°C before used. 

4.2.14.2.2  Electroporation of BAC or PCR fragment into 

competent cells. 

50 μl of thawed competent cell on ice was transferred into 

electroporate 0.1 cm cuvette for Gene-Pulser II which pre-chilled at -70°C Competent 

cells.  1 μg -7 ug of purified PCR product or 20 ng of BAC with volume of 2 μl was 

added into the cuvette.  The cuvette was electroporated with Gene-Pulser II (Bio-Rad 

Laboratories, Hercules, CA, USA) set at 1.8 kV , 25 uF, and with the pulse controller 

set at 200Ω.  Cells were immediately diluted with 1 ml of SOC medium, incubated at 

37°C for 1 hr and plated onto selective medium. 

4.2.14.2.3  Electroporation efficiency 

An aliquot of electrocompetent cells was mixed and electroporated 

with a standard known amount of a commercially available plasmid, e.g. 10 ng of 

pEGFP-N22.  Cells were then diluted in 1 ml SOC medium and incubated at 37oC for 

1 hr before plating serial dilutions of the cells onto LB agar plates containing 

appropriate antibiotics.  The number of colonies was counted.  The electroporation 

efficiency was estimated as the number of colony forming units per 1 μg DNA 

electroporated (cfu/μg DNA).  

4.2.15  EBAC Recombinant clone identification 

4.2.15.1  Existence of β-like globin genes in β-globin cluster. 

The existance of the human β-globin cluster was evaluated by PCR 

using primers; Oligo1/Oligo2 (780 bp ε-globin gene product), Oligo3/Oligo4 (540 bp 
Gγ globin promoter products), Oligo5/Oligo6 (538 bp Gγ globin geneproducts), Oligo 

5/Oligo 7 (457 bp Aγ globin gene products), Oligo8/Oligo9  (750 bp ψβ globin gene 

products), Oligo8/Oligo9  (750 bp 3' ψβ globin gene products),and  Oligo 12/Oligo13  

(730 bp 3' ψβ globin gene products).  The  primers are located on the 185 kb genomic 

fragment as Table 4.2.  PCR reactions were previously described in method 4.2.5. 
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4.2.15.2  Restriction pattern identification 

Restriction endonuclease was obtained from Fermentus or New 

England Biolabs, and used according to manufactures recommendations.  The reaction 

of restriction endonuclease digestion was compared of DNA, 1x restriction 

endonuclease buffer, restriction endonuclease and sterile distilled water.  The optimum 

condition of digestion was varied according to teach restriction endonuclease's 

manufacturer.  The DNA was separated on 0.6% agarose gel electrophoresis in 

1XTBE buffer. 

4.2.15.3  Southern blot analysis of BAC DNA 

Plasmid was digested with restriction endonuclease and then was 

separated on 0.8% agarose gel electrophoresis.  DNA was transferred on to nylon 

membrane (Zeta-Probe®,Hercules, CA ,USA) using the 10XSSC buffer. Membranes 

were placed in 10XSSC and incubated for 2 hours at 62°C.  DIG-labeled γ-globin 

probe was added to the hybridization solution and hybridization was performed at 

62°C overnight in water bath.  Washing was carried out with 2X to 0.5XSSC, 0.1% 

SDS at 65°C.  Detection steps were performed as previously described in method 

4.2.10. 

4.2.16  EGFP modified EBAC construction 

pEBAC/148β was used as BAC vector which initially replaced Aγ-

globin gene with EGFP gene to yield pEBAC/148β:EGFP by homologous 

recombination in DY380.  The PCR cassette containing 0.7 kb HPFH-3 enhancer, 

enhancer with 8 kb breakpoint sequences, and with 1 kb of 3’HS1 sequences were 

amplified from modified pBR322 which previously cloned with each fragments, and 

then used as the cassette for recombination of pEBAC/148β:EGFP to yield another 

three EGFP modified construct as described in Figure 4.5 

4.2.16.1  Replacement of Aγ-globin gene with EGFP gene in pEBAC/148β 

4.2.16.1.1  Two steps of recombination for replacement of Aγ-

globin gene with EGFP gene in pEBAC/148β (and recombinant clone selection). 

4.2.16.1.1.1  Preparation of I-SceI/Km cassette 

The I-SceI/Km cassette was amplified from pST98AS/Km plasmid 

with the primers I-SceI/K_L and I-SceI/K_R.  Upper case characters correspond to the 
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homology targeting arms of the Aγ-globin gene sequences, while lower case characters 

correspond to the sequences used to prime amplification of I-SceI/Km cassette.  PCR 

reaction was performed in 50 μl for 30 cycles (94oC 4 min for 1 cycle; 94oC 30sec; 

55°C 30 sec; 72°C 30 sec for 10 cycles / 94oC 30 sec; 60°C 30 sec; 72°C 30 sec for 10 

cycles for 1 cycle/ 94oC 30 sec; 65°C 30 sec; 72°C 30 sec for 10 cycles cycles; 72oC 

10 min for 1 cycle) with Vent® polymerase (New England Biolabs, Bevery, MA, 

USA).  PCR product were purified by QIAquick gel extraction kit (Qiagen, GMBH, 

Germany), concentrated by ethanol precipitation and suspended in 5 μl of 0.5xTE 

buffer. The size of I-SceI/Km cassette was 2,800 bp. 

4.2.16.1.1.2  Preparation of EGFP cassette 

The EGFP gene was amplified from pEGFP-N-22 with the primers 

EGFP_L and EGFP_R, yielding a 1 kb PCR product.  PCR reactions were performed 

in 50 μl for 30 cycles (94oC 4 min for 1 cycle; 94oC 30sec; 55°C 30 sec; 72°C 30 sec 

for 10 cycles / 94oC 30sec; 60°C 30 sec; 72°C 30 sec for 10 cycles for 1 cycle/ 94oC 

30 sec; 65°C 30 sec; 72°C 30 sec for 10 cycles cycles; 72oC 10 min for 1 cycle) with 

Vent® polymerase (New England Biolabs, Bevery, MA, USA). The size of I-SceI/Km 

cassette was 1036 bp.. 

4.2.16.1.2  Two steps of homologous recombination of I-Sce I/Km 

and EGFP cassette 

The first round of recombination was performed by introducing a 

single copy of the I-SceI/Km cassette into Aγ-globin gene of pEBAC/148β.  

Approximately 1 μg of the purified I-SceI/Km cassette was electroporated into DY380 

(pEBAC/148β) cells.  The cells were then diluted in 1 ml SOC medium and incubated 

at 37°C for 1 hour before plating on LB agar plate containing Cm/Km.  Colonies 

surviving on Cm/Km plates were then picked and diluted in 50 μl LB medium.  

Aliquotes (1 μl ) were then used for PCR screening with primers Ag_ISceI_L_fw/ 

Ag_ISceI_L_rev and Ag_ISceI_R_fw/ Ag_ISceI_R_rev.at left and right border across 

recombination junction.  The insertion of the I-SceI/Km cassette yields PCR products 

of 477 bp and 251 bp respectively.  Corrected recombinant clones (pEBAC/148β: I-

SceI/Km) were then characterized by restriction digestion and Southern blot 
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hybridization and subsequence sequencing before the second step of  homologous 

recombination 

For the second steps of recombination, approximately 1 μg of the 

purified EGFP PCR products were electroporated into 50 μl of electrocompetent 

DY380 (pEBAC/148β: I-SceI/Km) cells.  Couterselection by the induction of I-SceI 

endonuclease gene with I-SceI digestion in vitro.  The cells were incubated in SOC for 

1 hour or grown overnight in 5 ml LB containing Cm 12-14 hours , prior to plasmid 

extraction and in vitro digestion with I-SceI.  The BAC DNA was ethanol precipitated 

and re-electroporated into DH10B or DY380 electrocompetent cells.  The 

electroporated cells were plated on LB agar medium with Cm at 37°C for DH10B or 

32°C for DY380.  Single colonies were replica to LB agar medium with Km and were 

grown overnight in LB containing Cm and 1 μl aliquots were used for PCR screening 

for recombinant clones using Ag_EGFP_L_fw/ Ag_EGFP_L_rev and 

Ag_EGFP_R_fw/ Ag_EGFP_R_rev to identified left and right border across 

recombination junction respectively.  The corrected recombinant clones yield PCR 

product of 1,257 bp and 444.bp respectively. 

4.2.16.1.3  One steps of recombination for replacement of Aγ-

globin gene with EGFP/Km cassette in pEBAC/148β.(and recombinant clone 

selection) 

4.2.16.1.3.1  Preparation of EGFP/Km cassette 

The EGFP/Km cassette, containing EGFP gene with KmR gene, into 

the Aγ-globin gene of the pEBAC/148β.  The EGFP/Km cassette was amplified with 

EGFP_KL and EGFP_KR primers from the EGFP-N22 plasmid and targeted into Aγ-

coding region inframe.  PCR reaction was performed in 50 μl with Vent® polymerase 

(New England Biolabs, Bevery, MA, USA).  The size of EGFP/Km cassette was 2450 

bp. 

4.2.16.1.3.2  Homologous recombination of EGFP/Km cassette 

The competent cells preparation for recombination was incubated at 

42°C for 20 min before shaking on ice.  PCR product was then electroporated into 

DY380 cells.  Recombinant clones were surviving on Cm/Km plates were picked and 

diluted in 50 μl LB medium.  Aliquots (1 μl) were then used directly for PCR 
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screening with left and right border across the recombination junction.  To rescue 

EGFP modified EBAC clones for checking the recombination, each clone was 

subsequent cultured overnight in 5 ml LB with Cm and Km. The recombinant plasmid 

was then extracted and checking for the correct recombination by PCR across left and 

right border across recombination junction, Southern blot analysis and direct 

sequencing., and BAC rearrangement by restriction endonuclease digestion and 

existence of β-like globin genes.in β-globin cluster. 

4.2.16.2  Modification pBR322 for construction of PCR cassette 

template 

In order to produce each modified pBR322 constructs, 0.7 kb HPFH-3 

enhancer sequences,  8.7 kb of 3' breakpoint sequences of SEA-HPFH with 0.7 kb 

enhancer, and 1 kb of 3’ HS1 sequences was replaced with the sequences in pBR322 

with ampicillin resistant gene flanking 2 FRT sequences( pBR322 FRT).  Another 

three modified pBR322:FRT plasmid including  pBR322:FRT/E, pBR322:FRT/8kb/E,  

and  pBR322:FRT/8kb/E/HS1 were constructed to used as the templates for PCR 

cassette amplification to construct  the pEnH, the pSEA-HPFH and the pSEA-

HPFH_3pHS1 respectively.  The method that used  for modification of pBR322 

constructs is shown in Figure 4.6. 

pBR322:FRT construction  

Ampicilin resistant  gene (Tn3) with  FRT sequence at 5' and 3' end is 

amplified from pBR322 using forward primer with 5' hanging FRT sequence and 

reverse primer with 5 'hanging FRT sequence with AatII restriction site 

(FRT_amp_L1/ FRT_amp_R1).  The PCR fragment is blunted at 5'end and digested at 

3' end with AatII , and then ligated to pBR322 vector, previously digested with PstI 

and blunted and digested with AatII, to yield pBR322:FRT.  The recombinant clone 

was ampicillin resistant. 

pBR322:FRT/E and pBR322:FRT/E/8kb constructions 

- To develop the pBR322:FRT/E plasmid, the 0.7 kb HPFH-3 enhancer 

PCR fragment was amplified from patient DNA with 5' NheI and 5' Eco52I hanging of 

forward and reverse primers (Nhe_Enh_L1/ Enh_Eco52I_R1).  The PCR products 

were then digested with NheI and Eco52I and ligated to the pBR322:FRT vector, 
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which predigested corresponding enzymes.  The recombinant clone was ampicillin and 

chloramphenical resistant. 

- To develop the pBR322:FRT/8kb/E plasmid,  the 8 kb breakpoint 

sequence with 0.7 kb enhancer PCR fragment, was amplified from patient DNA with 

5' NheI and 5' Eco52I hanging of forward and reverse primers (Nhe_BreakEn_L1/ 

BreakEn_Eco52I_R1).  The PCR products were then digested with NheI and Eco52I 

and ligated to the pBR322:FRT vector, which predigested corresponding enzymes.  

The recombinant clone was ampicillin and chloramphenical resistant. 

pBR322:FRT/E/8kb/ HS1 constructions 

- To develop pBR322:FRT/E/HS1, the 1 kb PCR fragment of 3'HS1 

was amplified from normal DNA with 5' AatII  and 5' NheI  hanging of forward and 

reverse primers (AatII_3pH_L1/3pH_NHeI_R1).  The 3'HS1 PCR fragment is then be 

digested with AatII and NheI and ligated to pBR322:FRT/8kb/E vector, previously 

digested with the corresponding enzymes.  The recombinant clone was ampicillin and 

chloramphenical resistant. 

4.2.16.3  Construction of EGFP Modified EBAC from 

pEBAC148β:EGFP 

pEBAC/148β:EGFP was used as the backbone plasmid to produce 

the other three EGFP modified EBAC constructs by homologous recombination (Fig. 

4.5).  The pEnH contains the 0.7 kb HPFH-3 core enhancer, pSEA-HPFH that mimics 

the abnormal sequence contains 8.0 kb DNA downstream of 3'breakpoint of SEA-

HPFH plus 0.7 kb of HPFH-3 core enhancer, and pSEA-HPFH_3pHS1 contains 1 kb 

of 3'HS1 of β-globin gene 5' to 8 kb DNA downstream of 3' breakpoint plus 0.7 kb of 

HPFH-3 core enhancer. 

The pEnH, the pSEA-HPFH and The pSEA-HPFH_3pHS1 were 

constructed by amplified pBR322:Amp/Enh, pBR322: Amp/SEA-HPFH, and 

pBR322:Amp_SEA-HPFH_3pHS1 with primers 50_FRT_L1/50_FRT_R1.  The 

amplified fragments were inserted into pEBAC/148β:EGFP by homologous 

recombination to replace location between the 5' breakpoint of SEA-HPFH (accession 

no. AF042277) and 17 kb 3' downstream of β-globin cluster.  The EGFP modified 

EBACs were retransfected into p705-FLP pre-transfected DH10B which pre-induced 

FLP recombinase expression at 42°C for 15 min.  The ampicillin sensitive, kanamycin 
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resistance colony was selected.  The EGFP-modified EBACs in DH10B were then 

isolated and performed large scale purification for K562 transfection. 

4.2.17  Transfection of plasmid into K562 cells 

pEGFP-N22 and pEBAC/148β:GγAγβ EGFP were used as the controls for 

transient transfection. The transfection of each vectors was carried out for 4 hours 

using DMRIE-C (Invitrogen, Carlsbad, CA) with vary amount of lipid to DNA ratio. 

The ratio of 4:1 was used for pEGFP-N22 whereas that of 2:1was used for EGFP-

modified EBAC and pEBAC/148β:GγAγβEGFP constructs. 

Sample preparation 

The DNA-DMRIE-C complex was prepared in a microcentrifuge tube 

before apply into K562 cells culture.  In brief, Opti-MEM I Reduced Serum Medium 

(GIBCO-BBL, Gaitherburg, MD, USA). and DMRIE-C (GIBCO-BBL, Gaitherburg, 

MD, USA) were mixed gently by swirling in final volume 500 μl.  4 μl of DNA was 

diluted in 500 μl of Opti-MEM I Reduced Serum Medium (GIBCO-BBL, 

Gaitherburg, MD, USA) mixed gently with 500 μl diluted DMRIE-C at room 

temperature for 45 min and shaked in every 15 min.  

Transfection  

K562 cells were harvested after subcultured for 24 hours.  The cells were 

washed once with DMEM and add 2X106 cells in 0.2 ml of DMEM in a well of 6-well 

plate and mixed previously prepared sample in DMRIE andincubate cells at 37°C in a 

CO2 incubator for 4 hours.  2 ml of DMEM with 10% fetal bovine serum were then 

add to the cells and continuously incubate 37°C in a CO2 incubator for 48 hours.  The 

cells suspenstion were brought to flow cytometer analysis.  For the establishment of 

episomal maintenance culture, hygromycin (400 μg/mL) was added after 48 hours for 

EGFP-modified EBAC transfected cells and G418 sulfate (50 μg/mL) was added for 

pEGFP-N22 transfected cells and maintained throughout the growth of the cultures. 

4.2.18  EGFP expression analysis from plasmid transfected K562 cells 

The percentage of EGFP expressing K562 cells and the median peak 

fluorescence (MPF) of EGFP expression were measured by flow cytometry using a 

FACSCalibur TM (Becton Dickinson, Los Angeles, CA).  The transfected K562 cells 

were assayed two days following transfection and grown for forty days in media 
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containing hygromycin before further analysis. Data acquisition and analysis were 

performed using FACSCaliburTM or WinMDI software version 2.8 

(http://facs.scripps.edu/software.html). 
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Figure 4.1  Plasmid map of pBR322 (modified from technical protocol pBR322 

(Fermentas, Amherst,. NY, USA). 
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Figure  4.2  Plasmid map of pEBAC/148β (Narayan, et al. 1999) 
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Figure 4.3  Plasmid map of pEGFP-N22. (modified From technical protocol pEGFP-

N2 (Clontech, Palo Alto, CA). 

 

 

 

Figure 4.4  Plasmid map of  p705-FLP (From technical protocol 705-FLP expression 

plasmid (version 2.0), Gene Bridges GmbH, Germany). 
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Figure 4.5  Type of  modified EBAC constructs.  
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CHAPTER V 

RESULTS 
 

 

Part I Molecular characterization and hematologic data of HPFH 

5.1   Hematologic data and DNA analysis of 7 unrelated HPFHs 

 Hematologic data, hemoglobin type, Gγ/ Aγ ratio, haplotype on β-globin gene 

cluster of individuals from seven unrelated families that exhibit HPFH characteristics 

were investigated (Table 5.1).  Distribution of Hb F content in red blood cells of 

subjects II, III, V, and VI were pancellular, i.e. all red blood cells had positive staining 

for F-cell detection.  Heterocellular pattern, which revealed positive F-cell staining in 

some red blood cells, was found in subjects IV and VII.  Predicted haplotypes of each 

individual were also shown in Table 5.1.  Since only one polymorphic pattern at 

β/AvaII  and 3’β/BamHI was detected, gene deletion covering β-globin gene may 

occur.  Moreover, the size of gene deletion fragment may extend to cover other globin 

gene in families III and V because only one pattern of haplotype was demonstrated. To 

screen for common HPFH and δβo-thalassemia, DNA analysis used the combination 

of primers in the amplified reaction was performed (method section 4.2.7).  The result 

showed that all are negative for HPFH-6, Vietnamese δβo-thalassemia, Chinese 
Gγ(Aγδβ)o-thalassemia (data not shown). 
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5.2   Detection of mutation in Gγ- or  Aγ-globin gene promoters by DNA 

sequencing 

To search for mutation in the Gγ- and  Aγ-globin gene promoters of the seven 

HPFHs, DNA of the seven individuals was sequenced by automated DNA sequencing 

using primers as shown in Table 4.3  The sequence was obtained and compared to 

sequence of the normal Gγ- or  Aγ-globin gene promoters (accession number M91037).  

The result showed  the normal sequence of Gγ- and Aγ-globin gene promoters in all 

seven families. 

 

5.3   Detection of deletion region of β-globin gene cluster by Southern blot 

hybridization with the non-radioactive labeled PCR probes. 

Deletion of DNA on the β-globin gene cluster of each individual was detected 

by non-radioactive Southern blot hybridization.  The DIG-labeled globin gene probes 

were developed, assessed and optimized to detect the abnormal fragment from 

digested DNA.  

5.3.1   Assessment of DIG-dUTP incorporation in the amplified DNA 

probes. 

In order to assess and optimize the incorporation of DIG -labeled uridine in 

the amplified DNA probe, the molar ratio of DIG-dUTP to dTTP in the PCR reaction 

was  varied  from 1:2 to 1:10.  Migration of the unincorporated PCR products in 1.0 % 

agarose gel is considerably faster than DIG-dUTP incorporated PCR, which 

synthesized from the same primers (Fig. 5.1).  For DIG-labeled γ-globin gene probe, 

incorporation of DIG-dUTP was demonstrated when the molar ratio of  DIG-

dUTP:dTTP was 1:5 and 1:10.  Intensity  and migration of the DIG-dUTP 

incorporated PCR products were inversely proportional to the ratio of DIG-

dUTP:dTTP (Fig. 5.1).  PCR product was not detected at the ratio 1:2, probably due to 

interference from the structure of DIG-dUTP.  The results from the other DIG-labeled 

globin gene probes were similar to that of the DIG-labeled γ-globin gene probes. 

Sensitivity and incorporation of DIG-dUTP in the DIG-labeled γ-, ψβ-, β- and 

δ-probes were also determined by direct detection of chemiluminescent signals on the 
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membrane (Fig. 5.2).  The concentration of all DIG-labeled PCR products were 

adjusted to 3 ng/μl,  then diluted to  1:10, 1:50 ,1:100 ,1:200 ,1:500 , 1:1000, 1:2000 

and 1:4000, respectively, before applying  2 μl each on the membrane.  DIG-labeled 

probes revealed different intensity of chemiluminescent signal after immunoreaction 

with anti-DIG labeled alkaline phosphatase and CDP star.  The minimum signal for γ, 

β, ψβ and δ DIG-labeled probes was at dilution 1:200 (30 pg), 1:500 (12 pg), 1:1000 

(6 pg) and 1:1000 (6 pg), respectively.  The results showed that incorporation of DIG-

dUTP in the δ- and ψβ- globin gene fragments were better than that of β- and γ-globin 

gene fragments, and DIG-labeled δ-globin gene probe gave the strongest signals. 
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Figure 5.1  Assessment of the incorporated DIG-dUTP during amplification of γ-

globin gene probe using different molar ratios of dUTP:dTTP.  The amplified DNA 

was electrophoresed on 1.0% agarose gel and stained with ethidium bromide.(M,100 

bp molecular weight marker; lane 1, the 458 bp fragment of the unincorporated 

amplified γ-globin gene; lanes 2-4, DIG-dUTP incorporated γ-globin gene 

fragments.) 
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Figure 5.2  The sensitivity of DIG-labeling was shown by direct detection of 

chemiluminescent signals on the nylon membrane. 

The positive control (DIG marker II), which is the DIG-labeled marker, 

showed strong positive signal when applied 1μl and 2 μl (2X) on the membrane.  The 

negative control, which is unlabeled γ-globin gene PCR products, showed no signal. 
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5.3.2   Sensitivity and specificity of DIG labeled probes 

Sensitivity of the DIG labeled γ -globin gene probe was demonstrated by 

hybridization with various amount of unlabeled PCR products  synthesized from the 

same set of  primers.  The concentration of  unlabeled PCR products was adjusted to 6 

ng/μl and  diluted serially to 1:5, 1:20, 1:40, 1:80, 1:100 and 1:200, then applied 5 μl 

to 1% agarose gel.  The results showed that PCR product (6 ng/μl) that had been 

diluted over 1:20 was not  detected on agarose gel after electrophoresis and staining 

with ethidium bromide (Fig. 5.3A).  However, Southern blot hybridization with 30ng/ 

ml  of the  DIG-labeled γ probes could demonstrate the unlabeled PCR product 

starting at  dilution 1:80, which represented the amount of 375 pg DNA (Fig. 5.3B).  

Similar results were obtained when the other DIG-labeled globin gene probes were 

examined. 

Specificity of the DNA probes was assessed by Southern blot analysis of 

normal genomic DNA digested with HindIII.  Various amounts of the digested DNA,  

from 2.5 μg to 15 μg, were hybridized with 30 ng DIG-labeled δ-globin gene probes 

amplified with 1:10 and 1:5 molar ratios of DIG-dUTP: dTTP.  The ratio 1:5 showed a 

higher sensitivity than the ratio 1:10  The ratio of  DIG-dUTP:dTTP at 1:5 of the other 

DIG-labeled probes could also detect 2.5 μg of genomic DNA digested with HindIII 

(Fig. 5.4).  The size of positive fragments when hybridized with γ-, ψβ-, δ-, and β-

globin gene probes are 7.3 kb, 18 kb, 18 kb and 7.5 kb respectively.  The δ-globin 

gene probe shows cross hybridization with β-globin gene region then the fragment 18 

kb coexist with 7.5 kb. 



Fac. of Grad. Studies, Mahidol Univ.                                               Ph.D. (Mol. Genet. Genet. Eng) / 81 

 

Figure 5.3  Sensitivity of the γ DIG-labeled probe hybridized to the unlabeled PCR 

product of the same fragment. 

A: Appearance of 5 μl unlabeled PCR products at various dilution after 

electrophoresis on 1.2% agarose gel and staining with ethdium bromide.  B: Southern 

blot hybridization of the unlabeled PCR product with 30 ng/ml DIG-labeled γ-globin 

gene probe. 

(M,100 bp molecular weight marker; lanes 1-6, 5 μl of 6 ng/μl unlabeled γ-globin gene 

PCR product at dilution 1:5, 1:20, 1:40, 1:80, 1:100 and 1:200, respectively ). 
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5.4   Detection of deletion region of β-globin gene cluster in HPFH. 

As shown in the previous result, homozygous state of alleles in normal DNA 

can be detected when 2.5 μg DNA was used. In this study, 5 μg of DNA was digested 

with various restriction enzymes, and then used for Southern blot hybridization with γ-

, Ψβ-, and β- DIG-labeled probes synthesized from 1:5 molar ratio of DIG-

dUTP:dTTP.  The results showed that the digested fragments of the seven HPFHs 

were similar to the normal control when DNA was digested with BamHI BglII and 

HindIII and hybridized with these probes as shown in Figure 5.5.  The different 

hybridizing fragments were detected in two HPFHs from families I and VII when 

DNA was digested with BglII, XbaI, and EcoRI and used β-and δ-globin fragment as 

probes (Fig. 5.6B).  Restriction map of BglII, XbaI, and EcoRI and the area of the 

deletion breakpoint in the β-globin gene cluster in the two HPFHs were shown in 

Figure 5.6A.  After digestion with EcoRI and hybridization with DIG-labeled β-probe, 

DNA of the probands showed the normal digested fragments but the intensity was 

much less than the digested normal control (Fig. 5.6D).  Moreover,  the abnormal 

fragments, 10.3 and 8.5 kb were detected when the proband's DNA was digested with 

Bgl II and XbaI, and hybridized with the DIG-labeled δ probe (Fig. 5.6B and 5.6C).  

The result indicated that the deletion region of β-globin gene cluster resulting in 

HPFH in individuals of families I and VII located between 3’end of δ- and 5’ end of β-

globin genes to the 3’ end of β-globin gene. 
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Figure 5.5  Southern blot analyses of seven probands from seven unrelated families 

which show normal pattern when DNA was hybridized with γ-, ψβ- and β-globin 

probes. (M, molecular weight marker; DNA samples were from probands of families I 

to VII, N, normal DNA) 
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Figure 5.6  Southern blot hybridization of a deletional HPFH in two probands of unrelated 

families. (A) Restriction sites of Bgl II, Xba I and EcoR I around SEA-HPFH 5’breakpoint of 

normal human DNA and their fragment sizes when hybridization to δ-globin gene probe. 

Southern blot hybridization of proband DNA of families I and VII comparing with normal 

DNA showed abnormal bands of 10.3 kb and 8.5 kb when DNA was digested with Bgl II (B), 

and Xba I (C) respectively, while 5.2 kb EcoRI fragment of proband I had less intensity than 

that of normal. (M, molecular weight marker; N, normal DNA; P1, family I proband’s DNA; 

P2, family VII proband’s DNA) 
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5.5   Gap PCR for detection of SEA-HPFH 

In the result of Southern blot analysis, the location and region of gene 

deletion identified was similar to the previous report of Southeast Asian HPFH (SEA-

HPFH) which cover 27 kb deletion of β-globin gene and downstream (Dimovski et al, 

1994).  Therefore, to investigate the similarlity with the previous mutation, gap PCR 

was performed (method section 4.2.10).  DNA of the probands in families I and VII 

was then examined with the primers FH-1/FH-4 for the abnormal allele and with the 

primers FH-5/FH-4 for the normal allele in the amplification reaction.  Two amplified 

fragments of 565 bp and 376 bp from the normal allele and the mutant allele were 

observed in the reactions using genomic DNA of probands in the two families       

(Fig. 5.7).  In addition, the gap PCR for SEA-HPFH detection also was performed 

using genomic DNA of family members.  This result indicated the deletion of β-globin 

gene cluster in the families I and VII was SEA-HPFH. 

 

5.6   Identification of the deletion breakpoint by DNA sequencing. 

To investigate the deletion breakpoint, the 376 bp fragment corresponding to the 

mutant allele obtained from the amplification using primer  FH-1/FH-4 in gap PCR 

reaction was isolated from agarose gel and purified by QIAquick gel extraction kit 

(Qiagen, GMBH, Germany).  The purified fragment was subjected to direct 

sequencing using the primer FH-1 as the sequencing primer.  The same breakpoint 

sequence, as previously reported SEA-HPFH deletion, was demonstrated in 

comparison with the sequence accession number AF042277 (Fig. 5.8).  The 

5’breakpoint of the deletion fragment located at 1,986 nt upstream of the cap site of β-

globin gene and 3’ breakpoint located around 5 kb downstream of 3’HS1.  It was 

confirmed that the deletion is SEA-HPFH deletion, which cover 27 kb of β-globin 

gene and downstream as shown in Figure 5.8. 
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Figure 5.7  Agarose gel electrophoresis of the amplified DNA by gap PCR to detect 

SEA-HPFH in 2 unrelated families.  The size of PCR product from normal 

chromosome is 565 bp while that of SEA-HPFH deletion is 376 bp. ( M, 100 bp 

molecular weight marker; lane 1, normal DNA; lanes 2-4, family I DNA; lanes 5-7, 

family VII DNA; N, normal; Mo, mother; S, son; F, father) 
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Figure 5.8  Chromatogram of SEA-HPFH breakpoint.  The breakpoint located 

between 1986 to 1987 nt upstream from the start site of the β-globin gene as indicated 

by two headed vertical arrow. 

 

 

 

Figure 5.9  Illustration shows mapping of SEA-HPFH deletion on β-globin cluster in 

comparison with normal DNA. 
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5.7  Haplotype analysis and mutation detection of β-globin gene in families I and 

VII. 

In order to investigate the linkage of β-globin gene haplotype and the SEA-

HPFH identified in families I and VII,  haplotype analysis of the two families was 

performed by method section 4.2.6.  In addition mutation of β-globin gene also 

performed by reverse dot blot hybridization.  The result is presented in Table 5.2. 

In family I, the propositus was a pregnant female aged 37 years old and the 

proband in family VII was an adult male aged over 20 years old.  The proband of 

family I attended the antenatal clinic for the second pregnancy with slight anemia due 

to pregnancy (Table 5.2).  Her first child 6-year-old male had a feature of thalassemia 

intermedia with hemoglobins E and F.  The proband of family VII attended the 

hospital with a history of anemia and the abnormal hemoglobin type (A2F) as he was 

inherited β-thalassemia from the father and high HbF from the mother.  The result 

showed that the proband in family VII carried mutation in codon 35, C T, which was 

inherited from his father, and the husband and son of the proband of family I had βE-

globin gene.  The data of both mothers were consistent with the classic description of 

HPFH.  Haplotype analysis of DNA polymorphic sites on the β-globin gene cluster 

from the family members has clearly shown that chromosome harboring haplotype                   

+,  - + - + +  was associated with high hemoglobin F production. 
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Part II  Molecular mechanism of high HbF production in SEA-HPFH 

 

In order to investigate the molecular mechanism of high Hb F in SEA-HPFH, 

several plasmids were constructed and tested for the expression of EGFP in transient 

transfection of K562 cells.  The 185 kb fragment containing β-globin gene cluster in 

pEBAC148β was modified by replacement of Aγ globin gene with EGFP gene and 

tested for the EGFP expression.  The level of EGFP expression from plasmid 

transfected K562 cells was monitored by flow cytometry. 

 

5.8  Replacement of Aγ globin gene by EGFP fragment 

The replacement of Aγ globin gene with EGFP was performed by 

transformation of pEBAC148β containing β-globin gene cluster into DY380 and then 

the transformant was selected.  The replacement was performed by two methods 

named two steps of recombination and one step of recombination. 

5.8.1  The transformation of pEBAC148β in DY380 

pEBAC148β in DH10B was extracted by modified alkaline method and 

electroporated into DY380.  The LB media containing chloramphenical was used to 

select the DY380 carrying pEBAC/148β.  Plasmid isolation from five clones of the 

transformant were selected and analysed by restriction enzymes digestion.  The 

digested pattern of EcoRI and XbaI gave the similar pattern as the pEBAC148β 

isolated form DH10B (Fig. 5.10).  The clone 1 was selected for subsequent 

experiment. 
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Figure 5.10  EcoRI and XbaI restriction pattern of five EBAC/148β clone in DY 380 

after electroporation compared with those from DH10B. 
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5.8.2  Replacement of Aγ-globin gene with EGFP fragment by two steps of 

recombination 

The diagram illustrated two steps of recombination is shown in Figure 5.11.  

The clone 1, pEBAC148β in DY380, was transfected with the ISce-I/Km cassette, 

containing 50 bp flanking at the 5’ and 3’ ends ( method section 4.2.16.1.1), as the 

first step of recombination.  The DY380 carrying ISce-I/Km cassette was selected with 

kanamycin and the seven resistant clones, named EBAC/148β:ISce-I/Km clone 1, 2, 3, 

4, 5, 12,and 13  were selected and analysed for the homologous recombination by 

PCR.  The PCR products of 256 bp and 365 bp fragment corresponded to the 

fragments at the left and the right recombination junction, respectively.  The presence 

of β-like globin gene fragment in each clone was analysed by PCR of ε-, Gγ-, Aγ-,ψβ-, 

and β-globin gene (Table 5.3).  All the selected clones can be divided into three groups 

based on the absence of the amplified fragment.  Clones 1, 5, 12  showed the absence 

of Gγ-and Aγ-globin genes; clone 2, 3, and 13 showed the absence of Aγ-globin gene, 

and clone 4 showed the absence of ε-, Gγ-, Aγ-, ψβ-, and β-globin gene, respectively.  

In order to investigate the replacement of Aγ-globin gene by ISce-I/Km cassette, the 

plasmid DNA of seven clones were analysed by SB using PstI digestion and 

hybridized with the probe containing fragment of Aγ-globin gene promoter. The clones 

2, 3, and 13 showed two hybridizing fragments of 5.0 and 3.0 kb corresponding to Gγ- 

and Aγ-globin gene promoter, respectively whereas the clones 1, 5, and 12 showed 

only one a hybridized fragment.  The absence of both γ globin gene promoter was 

observed in the clone 4 (Fig. 5.12).  In addition, the pattern of XbaI-digested plasmid 

EBAC/148β:ISce-I/Km isolated from the seven clones was also performed.  The clone 

4 gave the different pattern compared with the original plasmid EBAC/148β and the 

other six clones (Fig. 5.12).  Therefore, the clone 2 was selected for the second step of 

recombination. 

For the second step of recombination,  the clone 2 which is DY380 carrying 

EBAC/148β:ISce-I/Km was transfected with 1 kb EGFP cassette flanking with 50 bp 

at both 5’ and 3’ ends, by electroporation.  The plasmid from 1 ml DY380 suspension 

after  electroporation was extracted and  followed by digestion with  I-SceI for 2 hours 

to eliminate the non-homologous recombinant plasmid.  The purified ISce-I digested 
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reaction was then re-electroporated into DY380.  The results showed that no 

transformant was grown on the selective medium containing chloramphenical.  It is 

possible that the yield of recombinant clone was not enough for subsequent 

reelectroporation.  Therefore, the second step of recombination was performed again 

with some modification.  The clone 2 after electroporation with EGFP cassette was 

cultured for 5 hours and then the plasmid was isolated and purified prior to digestion 

with I-SceI.  The recombinant clone was not obtained in the selective media.  It is 

concluded that two steps of recombination was not the appropriate method to 

introduce EGFP gene into the region of Aγ-globin gene.  
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Figure 5.11  Illustration of two steps of recombination for replacement of Aγ-globin 

gene with EGFP. (Km, kanamycin resistant gene; I-SceI, I-SceI restriction site) 
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Table 5.3  Characterization of pEBAC/148β:ISce-I/Km clones by PCR.  The presence 

and absence of PCR products of left and right recombination junctions of EGFP/Km 

cassette on pEBAC/148β and β-like globin gene (ε-, Gγ-, Aγ, Ψβ- and β-globin gene) in 

seven pEBAC/148β:ISce-I/Km clones were shown as “+” and “-” respectively. 

 

 

pEBAC/148β:ISce-I/Km 

Clone no. 
PCR 

position 
1 5 12 2 3 13 4 pEBAC/148β DNA 

Left border + + + + + + - - - 

Right 

border 

+ + + + + + + - - 

ε-globin 

gene 

+ + + + + + - + + 

Aγ-globin 

gene 

- - - - - - - + + 

Gγ-globin 

gene 

- - - + + + - + + 

ψβ-globin 

gene 

+ + + + + + + + + 

β-globin 

gene 

+ + + + + + + + + 
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Figure 5.12  Southern blot analysis and EcoRI restriction pattern of pEBAC/148β: 

ISce-I/Km clones after recombination ISce-I/Km cassette to pEBAC/148β in DY380.  

Upper panel shows Southern blot hybridization after digestion plasmid with XbaI and 

hybridized with γ-globin gene promoter probe.  The target clones (no. 2, 3 and 13) 

showed existence of both γ-globin gene promoters.  The lower panel showed 

corresponding EcoRI restriction pattern of pEBAC/148β: ISce-I/Km clones. 
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5.8.3  Replacement of Aγ-globin gene with EGFP/Km cassette by one step 

of recombination 

EGFP/Km cassette was initially generated by amplification of pEGFP-N22 

using primers EGFP_Kan_L./ EGFP_Kan_R to carry 50 bp homology to 5’ and 3’ 

ends of Aγ-globin gene.  The EGFP/Km cassette was electroporated into clone 2 of 

DY380 carrying EBAC/148β and then the recombinant clones were selected with 

media containing kanamycin.  Four recombinant clones, pEBAC/148β:EGFP/Km 

clone 1, 2, 3, and 4, were characterized by amplification of left and right 

recombination junction, which suggested that they are recombinant clone.  In addition, 

the existence of β-like globin gene fragment, also performed by PCR, were shown in 

Table 5.4.  This result indicated the existance of  Gγ-, ψβ-globin gene and, β-globin 

gene in three clones, clone 1, 2, and 3, with the absence of amplified product derived 

from Aγ-globin gene.  Southern blot analysis was performed using PstI digestion and 

hybridization with probe carrying γ-globin gene promoter fragment.  Two hybridizing 

fragments of 9.5 kb and 4.0 kb corresponding to replacement of  Aγ-globin gene with 

EGFP/Km cassette via homologous recombination and Gγ-globin gene, respectively 

were observed in three clones, clone 1, 2, and 3 (Fig. 5.13).  In clone 4, the only 

hybridizing fragment of 8.6 kb was observed which indicated the non-homologous 

event.  The EcoRI digested  pEBAC/148β:EGFP/Km of all four clones demonstrated 

the different patten of clone 4 from the other three clones (Fig. 5.14).  Therefore, the 

clone 1 was selected for subsequent experiment.  



Fac. of Grad. Studies, Mahidol Univ.                                               Ph.D. (Mol. Genet. Genet. Eng) / 99 

Table 5.4  Characterization of  pEBAC/148 β:EGFP/Km clones by PCR.  

The presence of PCR products of left and right recombination junctions of EGFP/Km 

cassette on pEBAC/148β and β-like globin genes (Ψβ-, Aγ-, Gγ-, and β-globin gene) in 

four  pEBAC/148 β:EGFP/Km clones. 

 

 

 pEBAC/148 β:EGFP/Km 
Clone no. 

  

PCR 
Position 

 
1 2 3 4 pEBAC/148β DNA 

Left border + + + + - - 
Right border + + + + - - 

Aγ-globin gene - - - - + + 
Gγ-globin gene + + + - + + 

ψβ-globin gene + + + + + + 

β -globin gene + + + + + + 

 

-, absence;  + , presence  
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Figure 5.13  PstI restriction map and Southern blot analysis of 

pEBAC/148β:EGFP/Km clones. 

Upper panel shows PstI restriction map and sizes of DNA fragment hybridized with γ-

globin-gene probe in normal DNA (A), DNA with the replacement of Aγ-globin gene 

by EGFP/Km cassette (B), and DNA with the replacement of Gγ-and Aγ-globin genes 

by EGFP/Km cassette (C).  Lower panel shows Southern blot analysis of DY380 

pEBAC/148β:EGFP/Km clones by using γ-globin gene promoter probe and PstI 

digestion. (lane 1, normal pEBAC/148β; lanes 2, 4 and 5, pEBAC/148β:EGFP/Km 

clones 1, 2 and 3; lane 3, undigested pEBAC/148β; lane 6, pEBAC/148β:EGFP/Km 

clone 4 ) 
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Figure 5.14  EcoRI restriction pattern of pEBAC/148β:EGFP/Km clones.
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5.9  EGFP expression of EBAC/148β:EGFP  

 
The pEBAC/148β:EGFP/Km clone 1 designated as EBAC/148β:EGFP was 

used as template for subsequent EGFP modified EBAC construction as shown in 

Figure 4.5. The plasmid was evaluated for EGFP expression in K562 cells by 

comparing with pEGFP-N22 and pEBAC:EGFP GγAγβ.  Three independent 

experiments of 2 days post-transfection of EGFP expression and % of EGFP 

expressing cells were measured and shown in Table 5.5.  Chromatogram of their 

expression in one of the experiment was also shown in Figure 5.15.  The result showed 

that the EBAC/148β:EGFP clone 1 can be used as the backbone for expression of 

EGFP and for construction of the other EGFP modified EBAC. 

 

5.10  Construction of EGFP modified EBAC 

 

The pBR322 was modified in order to used as the template for amplification 

of recombination cassette (Fig. 4.6).  The PCR fragment of each plasmid used for 

recombination contains ampicillin resistance gene flanked with FRT sites.  The 

fragments were investigated by PCR and purified by gel extraction.  The 7 μg/μl of 

each recombinant cassette was electroporated into EBAC/148β:EGFP transfected 

DY380.  The recombinant clone that showed kanamycin and ampicillin resistance 

were obtained.  In order to remove ampicillin resistant gene from the recombinant 

cassette on EGFP modified EBAC constructs (pEnH, pSEA-HPFH, pSEA-

HPFH_3pHS1), each construct was retransfected into flp protein which provided from 

p70S-FLP transfected DH10B.  The recombinant clone with kanamycin resistance and 

ampicillin sensitive were collected.  The sequence analysis showed the remaining of a 

FRT sequence. 

The EGFP modified EBAC constructs were analyzed by restriction analysis 

as shown in Figure 5.16 which demonstrated different pattern of EcoRI digestion.  In 

order to identify the correct EGFP-modify EBAC clones for transfection into K562 

cells, each recombination junction fragment were amplified from their construct.  The 

285 bp PCR product, which identified EGFP/Km cassette were amplified from all 

EGFP modified EBACs by primer EKAN2FL/ EKAN2RL (Fig. 5.17, lane 1, 3, 5,   
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and 6).  The pEnH and pSEA-HPFH, pSEA-HPFH_3pHS1 were also identified by 

amplification of recombination junction of 0.7 kb enhancer, 8.7 kb breakpoint of SEA-

HPFH, and 3’HS1 respectively.  The existence of recombination junction fragments of 

0.7 kb enhancer immediate SEA-HPFH breakpoint of pEnh,  8.7 kb SEA-HPFH 

breakpoint fragment of pSEA-HPFH, and 3’HS1 fragment of pSEA-HPFH_3pHS1 

were demonstrated from amplification of EGFP modified EBAC construct to yield 

902 bp, 414 bp, and 1394 bp PCR fragments (using primer FH-1/Enh_rev,  FH-1/FH-

4, and primer FH-1/3pHS_rev respectively) (Fig. 5.17).  The result showed that each 

EBAC modified constructs contained the correspond fragment and can be used for 

transfection into K562 cells. 
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Table 5.5  EGFP expression of the constructs transfected K562 cells 2 days post 

transfection. 

 

Construct % EGFP 

expressing Cells 

MPF 

pEBAC/148β:EGFP/Km clone 1 2.3+1.0 150+ 22 

pEGFP-N22 15.0+5.0 130+ 35 

pEBAC/GγAγβ:EGFP 2.5+ 1.5 310+ 21 

 

Data are expressed as mean ± SD of three independent experiments. 

MPF, median peak fluorescence 

 

 

 

 

 

Figure 5.15  Flow cytometry analysis of K562 with pEBAC/148β:EGFP/Km clone 1 , 

pEGFP-N22 and pEBAC/148β: GγAγβ EGFP after 2 days of transfection. 
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Figure 5.16  EcoRI restriction pattern of EGFP modified EBAC constructs. 

(M, λ-hind III molecular weight marker; lane 1, pEBAC/148β; lanes 2, 

pEBAC/148β:EGFP; lanes 3, pEnH; lanes 4, pSEA-HPFH; lanes 5, pSEA-

HPFH_3pHS1) 
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Figure 5.17  Amplified products of EGFP modified EBAC constructs. 

Lanes 1, 3, 5 and 6 show 285 bp amplified PCR product from recombination junction 

of EGFP/Km cassette from the EGFP modified EBAC constructs.  Lane 2 shows 414 

bp amplified PCR product of pSEA-HPFH. Lane 4 shows 1394 bp amplified PCR 

product of pSEA-HPFH_3pHS1. Lane 7 shows 902 bp amplified PCR product of 

pEnH. (M, 1 kb molecular weight marker) 
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5.11  EGFP expression with EGFP modified EBAC construct. 

The transient transfection of EGFP modified EBAC, pEGFP-N22, and 

EBAC/148β : GγAγβ EGFP after 2 days of transfection , measured with 3 independent 

experiments, were shown in Table 5.6.  Number of EGFP transfected K562 cells were 

between 2-3% when transfected with EGFP modified EBAC while pEGFP-N22 

positive control showed 10-30% at 2 day post transfection.  Expression of pEnH and 

pSEA-HPFH, identified with MPF, were significantly 2-3 times higher than that of the 

backbone and pSEA-HPFH_3pHS1 reduced EGFP expression to the normal level as 

shown in Figure 5.18  In order to increase yield of EGFP modified EBAC, the culture 

was maintained with hygromycin 400 mg/ml for 40 days.  MPF and % of EGFP 

expressing K562 at 40 days post-transfection are also shown in Table 5.6.  

Chromatogram of their expression in one of the experiment from 2 days post-

transfection and 40 days post transfection were shown in Figure 5.18. 

The number of transfected cells was increased in every constructs after 40 

days post transfection.  However, the MPF of each construct was not significantly 

different from 2 days post transfection as shown in Figure 5.19.  The results confirmed 

the effect of HPFH-3 core enhancer and the function of 3’HS1 as an insulator for β-

globin cluster. 
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Table 5.6  EGFP expression of the constructs transfected K562 cells. 

 

2 days 40 days  

Constructs EGFP 
Expressing 

cell (%) 
 MPF 

EGFP 
Expressing 

cell (%) 
 MPF 

 
Mean SD  Mean SD 

Me

an 
SD  Mean SD 

pEBAC/148β:EGFP 

(back bone) 2.9 0.1  157.3 7.5 31.0 3.6  174.3 5.1 

pEnH 3.3 0.3  378.0 * 8.2 37.7 3.5  395.0 13.2 

pSEA-HPFH 2.6 0.1  367.7 * 15.4 30.3 2.5  372.7 8.0 

pSEA-HPFH_3pHS1 2.4 0.2  147.0 7.5 26.3 2.1  167.3 10.7 

pEBAC/148β:GγAγβ EGFP 

 
3.1 0.3  268.3 36.2 27.3 3.5  287.0 33.9 

pEGFP-N22  

 
17 1.7  150.0 18.0 69.3 4.0  160.0 15.0 

 
* P< 0.05 compared to backbone and pSEA-HPFH_3pHS1 

Data are expressed of three independent experiments. 

MPF, median peak fluorescence; 2 days, the 2 days post transfection; 40 days, the 40 

days post transfection.  
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Figure 5.18  Flow cytometry analysis of EGFP modified EBAC constructs transfected 

K562 and K562 with pEGFP-N22.  Flow cytometry histogram showed %of EGFP 

expressing K562 and their EGFP expression at 2 days post transfection (A) and 40 

days post transfection (B). X-axis represents number of even and y-axis represent 

EGFP expression.  Each parenthesis shows mean+S.D. of percent of EGFP expressing 

K562 when transfected with each construct. 
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Figure 5.19  The comparative EGFP expression of the EGFP modified EBAC 

constructs in K562 cell lines between 2 days post transfection and 40 days post 

transfection.  Results are expressed as mean + S.D. of three independent experiments; 

2 days TF, 2 days post transient transfection; 40 days TF, 40 days post transient 

transfection. (MPF, median peak fluorescent) 
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CHAPTER VI 
DISCUSSION 

 

 

Hereditary persistence of fetal hemoglobin (HPFH) and δβo-thalassemia are 

associated with a high level of HbF synthesis (5-30 %).  The former usually has 

normal hematologic parameters (Forget, 1998; Stamatoyannopoulos and Grosveld, 

2001; Wood, 2001) .  Molecular analysis has revealed that HPFH is caused by either 

large deletions downstream to the γ-globin gene or point mutations (including small 

deletions) in the promoter region of the γ-globin gene (Forget, 1998; 

Stamatoyannopoulos and Grosveld, 2001).  Southern blot hybridization was generally 

used to detect large deletions of the β-globin gene cluster in both deletional HPFH and 

δβ°-thalassemia  (Dimovski et al, 1994; Feingold  and Forget, 1989; Fucharoen et al, 

1987; Gilman, 1987; Motum et al, 1993; Palena et al, 1994; Winichagoon et al, 1990). 

 

6.1  Molecular characterization of HPFH 

6.1.1  Development of non-radioactive Southern blot hybridization for 

detection of gene deletion on β-globin gene cluster 

DIG is the most common non-radioactive method used, although its drawback 

is the high background (Holtke et al, 1992; Solannas and Escrich 1997).  DIG-labeled 

DNA probe can be prepared when dUTP labeled with DIG replaces dTTP during PCR 

reaction using normal DNA as template (Lipart  and Renault, 2002; McCabe et al, 

1997).  Hybridization signals can be detected by immunologic reaction of alkaline 

phosphatase labeled anti-DIG with colorimetric or chemiluminescent substrate.  The 

advantage over the other labeling method is that the PCR reaction does not require 

purification before hybridization.  The sensitivity was similar to the radioactive 

labeled probe and the specificity of the probe depends on the primer pairs used to 

amplify the interested sequences of the template. 
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In this study, we developed the non-radioactive probes by DIG-dUTP 

incorporation during polymerase chain reaction of the γ-globin gene and DNA 

fragment downstream including ψβ-, δ- and β-globin genes, using normal DNA as 

template.  The amount of DNA template should be minimal in order to reduce 

nonspecific binding as recommended by the manufacturer.  In our experiment, 

nonspecific binding disappeared when 20 ng of DNA template was applied for PCR. 

The assessment of the incorporation of DIG-dUTP in PCR reaction was 

shown by migration of PCR product after electrophoresis on agarose gel (Fig. 5.1). 

The unincorporated PCR fragment migrated faster than the incorporated PCR product 

because DIG-dUTP have much higher molecular weight than dTTP.  At a high 

concentration DIG-dUTP may disrupt nucleotide polymerization during amplification, 

therefore the PCR product disappeared when the reaction contained DIG-dUTP:dTTP 

at 1:2 molar ratio. Significance of the molar ratio of DIG-dUTP:dTTP was further 

demonstrated by Southern blot hybridization, as 2.5 μg digested DNA could be 

detected by the 1:5 molar ratio (Fig. 5.4). 

Sensitivity of DNA probes was assessed from the chemiluminescent signals 

after direct detection of DIG-labeled PCR product with anti-DIG labeled alkaline 

phosphatase.  The result showed that these DIG-labeled globin gene probes had 

different sensitivity.  DIG-labeled δ- and ψβ-globin gene probes were more sensitive 

than DIG-labeled γ- and β-globin gene probes, 6 pg vs 12-30 pg, respectively (Fig. 

5.2).  This is probably due to the number of dTTP in each amplified DNA fragment, as 

the more dTTP position in DNA sequence should incorporate the more DIG-dUTP 

molecules.  By using 30 ng of probe in 1 ml of hybridization buffer for Southern blot 

hybridization, we found that all DIG-labeled probes could detect at least 375 pg of the 

unlabeled PCR product (5 μl of the 1:80 dilution of 6 ng/μl) and the intensity was 

strongest with low background when 6 ng of unlabeled PCR product was used (Fig. 

5.3).  The high sensitivity of probes was demonstrated by Southern blot hybridization 

when DIG-labeled PCR probes have detected the 2.5 μg digested genomic DNA (Fig. 

5.4).  Moreover, we also found that concentration of the applied DNA affected 

migration of DNA fragments and hybridization background.  The mobility of bands 

was decreased in relation to the increased amount of digested DNA in each well.  



Fac. of Grad. Studies, Mahidol Univ.                                               Ph.D. (Mol. Genet. Genet. Eng) / 113 

Higher amount of DNA also showed decreased resolution, which will affect 

identification of the close abnormal bands.  In this study we showed that, to identify 

the abnormal band DNA, the amount of DNA used in Southern blot hybridization 

should be 2.5-10 μg.  In addition, DIG-labeled  probes could be reused to reduce cost 

of probe synthesis as the hybridizing probe can be washed out  with 0.2 mole/L 

NaOH, 0.1% SDS, and the membrane could be reprobed for at least 4 times.  In 

summary DIG-labeled probe with 1:5 molar ratio of DIG-dUTP:dTTP enables 

detection of homozygous DNA fragment, and 5 μg of DNA can be used for detection 

of heterozygous HPFH. 

6.1.2  Molecular characterization of seven unrelated HPFH 

A 27 kb deletion fragment was detected by Southern blot hybridization, in the 

probands of families I and VII while the others showed the same pattern as in the 

normal DNA.  However, automated direct sequencing could not detect the mutation at 
Gγ and Aγ globin promoters including small deletion of the non deletional HPFH.  

HPFHs that mutations at γ-globin promoter or deletion of γ-globin gene could not be 

demonstrated have been previously reported (Winichagoon et al, 1994).  This may 

occur from a small deletion which is not detected by Southern blot analysis or from 

other factors unlinked to β-globin gene cluster. 

Levels of Hb A2 of individuals from families IV, V, and VI were higher than 

3.5 % and only one polymorphic pattern at β/AvaII  and 3’β/BamHI was detected.  

This suggests that these abnormalities may occur from either large or small deletion of 

β-globin gene that were commonly reported in Southest Asia region (such as 45 kb 

deletion of Filipino type, 10 kb deletion of Asian-Indian type, 3.5 kb deletion of Thai 

type, and 105 bp deletion) (Huisman et al, 1998).  However, if the Filipino deletion or 

Asian Indian deletion would be found in the chromosome, it should be detected by the 

δ- and / or β-globin gene probes which developed in this study.  In this experiment 

these large deletions were not found in these 5 individuals.  The 3.5 kb deletion of β-

globin gene (Thai type) also could not be detected in all individuals by PCR method.  

The common and rare β-globin gene mutations were not detected in the individuals 

except βE mutation in DNA of family II and codon 35(C A)mutation in DNA of 
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family VII.  Therefore, the slightly increased Hb A2 may cause by mutation, either on 

β-globin gene, or δ-globin gene that can not be detected by the methods in this study. 

It was suggested that elevation of Hb F may occur from other trans acting 

factors that interact with γ-globin gene or even mutation at insulator of β-globin 

cluster.  However,  these defects related to phenotype of non deletional HPFH have 

not been reported. 

6.1.3  SEA-HPFH molecular characterization 

In SB analysis, DNA of the probands of families I and IV, digested with BglII 

and XbaI and hybridized with the DIG-labeled δ-IVSI probe, showed the abnormal 

fragments of 8.5 and 10.3 kb, respectively.  Coexistence of the normal and abnormal 

bands indicated the heterozygous state for this region.  Although, the normal sized 

fragments were found in the EcoRI-digested DNA of the proband after hybridization 

with β-globin probe, the intensity of the 5.2 kb-β-globin fragment was much less than 

normal control.  This suggested that this region of DNA might be deleted from one 

chromosome.  This abnormality was similar to the finding in the previous report by 

Dimovski who showed the abnormal fragments when the digested DNA was 

hybridized with radioisotope labeled δ-globin gene probe in IVS 2 (Dimovski et al, 

1994).  The sequence breakpoint was confirmed by automated direct sequencing 

which is similar to the previous study of Xu who designated SEA-HPFH (Xu et al, 

2000). 

The HPFH heterozygous mother of both families had normal hematologic 

parameters as described elseware (Stamatoyannopoulos and Grosveld, 2001; Wood, 

2001).  In this study we reported for the first time compound heterozygote for SEA-

HPFH with HbE in the son of family I and with nonsense mutation at codon 35 

(C A) in the proband of family VII (Table 5.2).  The patients are asymptomatic, no 

anemia or jaundice, and hemoglobin level was in the normal range.  Compound 

heterozygote of the other type of deletional HPFH with Hb E or δβo-thalassemia may 

have thalassemia intermedia with variable severity (Fucharoen et al, 1987; Fucharoen 

et al, 2001; Fucharoen et al, 2002; Fucharoen et al, 2002; Winichagoon et al, 1990).  

This is probably based on the γ-globin gene activation due to the area and extent of 

gene deletion on the β-globin gene cluster (Anagnou et al, 1995).  The Hb A2 level in 
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the SEA-HPFH has been shown to be normal or slightly elevated in a previous report 

(Dimovski et al, 1994; Motum et al, 1993; Trachoo et al, 2003; Xu et al, 2000), the 

result form this study have shown a normal level.  The Hb F level of heterozygote of 

SEA-HPFH in family I were higher than that of family VII.  It may occure from the 

leakage of fetal red blood cell into maternal blood during pregnant state in the mother 

of family I.  The elevation of Hb F in pregnant woman was reported either from 

abortion risk or normal mother (Al-Mufti et al, 2003; Al-Mufti et al, 2004; Pourbabak 

et al, 2004).  The SEA-HPFH has been reported in Cambodian, Vietnamese, Karen 

tribe at the border of Thailand and Myanma (Dimovski et al, 1994; Motum et al, 1993; 

Trachoo et al, 2003; Xu et al, 2000).  From the nationality of subjects in  the previous 

reports, we predict that the origin of SEA-HPFH is in the Southeast Asia area and 

haplotype analysis indicated that mutation may occur from the same origin.  

 

6.2  Molecular mechanism of high Hb F production in SEA-HPFH 

The SEA-HPFH is a deletional HPFH, which the 27 kb fragment including 

the β-globin gene downstream and 3' HS1 was deleted. The 5' breakpoint located 

about 2 kb above the cap site of β-globin gene and 3' breakpoint located about 5 kb 

downstream of 3'HS1 (Trachoo et al, 2003; Xu et al, 2000). 

In general the δβ°-thalassemia and deletional HPFHs, both the δ-and β-globin 

genes are deleted, but only β-globin gene was deleted in SEA-HPFH.  Moreover, the 

level of Hb F in SEA-HPFH was as high as some deletional HPFH such as HPFH-1, 

HPFH-2, HPFH-3, HPFH-4 (Stamatoyannopoulos and Grosveld, 2001) and HPFH-6 

(Stamatoyannopoulos and Grosveld, 2001; Winichagoon et al, 1990).  The strongest 

evidence which explained the persistent Hb F production in the deletional HPFH is 

that there is a positive influence of the sequences tranlocated to the 3' end of the 

complex and then stimulate γ-globin gene expression. Three enhancer sequences have 

been identified from transient transfection and transgenic mice including HPFH-1 

(share enhancer sequence between HPFH-1 and HPFH-2), HPFH-6. and HPFH-3 

enhancer (share enhancer sequence between HPFH-3 and HPFH-4).  0.7 kb HPFH-3 

core enhancer sequence, with similar enhancer activity in transiently transfected 

erythroid cells (K562 cells) has been identified immediately 3' to the HPFH-3 3' 

breakpoint (Anagnou et al, 1995) and 2 kb downstream of the HPFH-4 breakpoint. 
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Moreover, the HPFH-3 core sequence in the absence of LCR could enhance Aγ-globin 

gene expression in embryo and fetal stage of life. Multiple areas of the core enhancer 

region exhibit homology to the core element of the simian virus 40 enhancer and to the 

sequences of the human 3' Aγ-and the chicken 3' β-globin enhancers.  A consensus 

binding site for the erythroid specific GATA-1 transcription factor (AGATAA motif) 

and seven consensus sites for the ubiquitous CP1 transcription factor (CCAAT motif) 

are also included within the enhancer.  It's activity was restricted to the γ and ε 

promoters, having no effect on the δ- or β-gene enhancers. The HPFH-3 deletion 

moves this sequence element to within 5 kb of the Aγ-globin gene.  

The multicopy of HPFH-1 core sequence, HPFH-3 core sequence and HPFH-

6 thatenhanced human Aγ-globin gene production under control of LCR were found in 

adult stage of transgenic mice (Katsantoni et al, 2003).  The HPFH-6 and HPFH-2 

transgenic lines, which contained one copy of Aγ-globin gene, still provided high Aγ-

globin gene production in adult transgenic mice while that of HPFH-3 did not. 

The previously found enhancer which closest to the SEA-HPFH breakpoint is 

HPFH-3 enhancer, which located about 8 kb downstream of the breakpoint, and it may 

enhance Hb F production in adult.  All deletion fragments of naturally occurring of 

deletional HPFH loss 3'HS1 except HPFH-5 (Wood, 2001).  There is the possibility 

that 3'HS1 insulator could prevent downstream enhancers from activating the γ-globin 

genes, so the absence of a 3'HS1 insulator would allow the downstream enhancers to 

activate the γ-globin genes. 

3'HS1 is present as a strong HS in human erythroid cells, but its presence has 

also been shown in other cell types (Dhar et al, 1990).  The human 3'HS1 exists ~20 

kb downstream of the β-globin gene.  The region is very A/T rich and contains 

topoisomerase II recognition sequences as well as several consensus binding motifs 

for GATA-1 and AP-1/NF-E2.  The functional studies showed that the region serves 

as a scaffold attachment region in erythroid cells and nonerythroid cells.  Although it 

shared these features by human 5'HS2, 3'HS1 did not show enhancer activity when 

linked to a γ globin reporter gene and transient transfection in erythroleukemia cell 

lines (Fleenor and Kaufman, 1993).  The mammalian β-globin cluster are embedded 

within arrays of functional olfactory receptor genes and EBV-9 enhancer element 



Fac. of Grad. Studies, Mahidol Univ.                                               Ph.D. (Mol. Genet. Genet. Eng) / 117 

(Bulger et al, 1999).  The functional domain boundaries have been defined using 

CTCF-binding sites at the most distal DNase I-hypersensitive sites (HSs) of the mouse 

and human β-globin locus. This domain was found at 5'HS5 and 3'HS1 (Farrell et al, 

2002).  The conserved CTCF sites also functioned as insulators in enhancer-blocking 

assays, which transient transfection showed that the CTCF sequence prevented 

enhancer effect of HS2 to Aγ-globin promoter, and the blocking activity correlated to 

CTCF-binding affinity (Farrell et al, 2002).  However, the CTCF has been implicated 

in a wider range of functions, such as promoter repression or activation and creation of 

hormone-responsive gene silencers.  It is possible that the insulator at human 3'HS1 

locus prevented the effect from inappropriately activating the downstream. 

In this study we have tested the validity of the hypothesis of imported HPFH-

3 enhancers derived from the 3' end of the human β-globin cluster, as a result of large 

deletions, to the vicinity of the fetal γ-globin genes, and / or removal of 3'HS1 leading 

to their continued expression in the adult life.  The 0.7 kb HPFH-3 core enhancer 

amplified from normal DNA was used to test the enhancer effect on the Aγ-globin gene 

expression. An amplified DNA sequence which contained CTCF sequence and 

sequence of accession number AF027965, identified as 3'HS1, was used to test the 

interruption of the Aγ-globin gene expression.  We attempted to mimic the deletion of 

SEA-HPFH in a complete the environment of the human β-globin cluster including 

LCR and the β-like globin genes in the natural arrangement. 

The constructs that contained the whole human β-globin cluster such as yeast 

artificial chromosome (YAC) and bacterial artificial chromosome (BAC) have been 

used in several experiments, but different manipulating approaches.  β-globin YACs 

have been used extensively to study the control of globin gene expression and globin 

gene switching.  Mice carrying either 150 kb (Gaensler et al, 1993) or 248 kb 

(Peterson et al, 1995) β-globin cluster YACs displayed normal developmental control 

of the globin genes.  A BAC library provides an alternative for the studies. The 

average insert of BAC vector is upto 200 kb, which can cover the whole human α-

globin gene cluster or β-globin gene cluster (Feng et al, 2001; Narayanan et al, 1999).  

The BAC is a single-copy circular DNA molecule in bacterial cell and is stable and 

easier to be purified than cosmid and YAC.  The generation of BAC-mediated 
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transgenic mice of whole human α-globin gene cluster or β-globin gene cluster may 

provide more information for understanding the organization and switching pattern of 

the gene cluster (Feng et al, 2001; Huang et al, 2000; Kaufman et al, 1999).  Number 

of manipulations on BAC were developed in order to modify mutation and reporter 

gene construction (Jamsai et al, 2003; Lalioti and Heath, 2001; Muyrers et al, 1999; 

Orford et al, 2000). 

We used BAC that contained the human β-globin cluster as the vector for 

transient transfection into erythroleukemia cell line (K562).  The vector contains LCR 

and β-like globin genes with natural arrangement.  The EGFP reporter systems have 

been developed to monitor the activity of the β-like globin genes such as ε-,Gγ-, Aγ-, δ- 

and β-globin genes (Orford et al, 2000).  The pEBAC/148β which contained entire β-

globin cluster was used as template to replace target sequence with EGFP cassette by 

GET recombination system in DH10B.  It showed that EGFP modified EBACs can be 

episomal maintenance in erythroleukemia cell lines (Orford et al, 2000; Vadolas et al, 

2002).  In this study, the pEBAC/148β was used to replace Aγ-globin coding region 

with EGFP gene, then Aγ-globin gene was monitored with EGFP expression.  The 

recombination system was used to replace the deletion fragment within the construct 

with various DNA fragments.  The immediate HPFH-3 core sequence replaced the 

deletion downstream to the breakpoint of SEA-HPFH  to prove the enhancer effect on 
Aγ-globin gene expression.  The 8 kb 3'breakpoint sequence with the HPFH-3 core 

enhancer replaced the deletion that mimic SEA-HPFH deletion chromosome.  The 

3'HS1 following the The 8 kb 3'breakpoint sequence with the HPFH-3 core enhancer 

replaced the deletion to observed the effect of insulator of 3'HS1 sequence.  From the 

transient transfection into K562 cells, EGFP expression can be observed at 2 days post 

transfection even the yield of transfections of EGFP-modified EBACs were rather low 

(2-3%). The episomal maintenance of these plasmids showed higher yield (26-38 %) 

with the cullture containing hygromycin after 40 days post transfection because the 

EBAC constructs contained hygromycin resistance gene.  The variable of yield may 

cause from the size of the constructs.  The higher yield of 2 days post transient 

transfection of EGFP-modified EBACs have been reported up to 30 % by transfection 

into K562-EBNA-1 (Vadolas et al, 2002). However, the culture medium of K562-
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EBNA-1 required special supplements such as 20 % fetal calf serum and anti-oxidants.  

The other erythroid mammalian cell lines such as MEL could not provide enough 

yield to further maintenance (Orford et al, 2000). 

The percent of EGFP expressing cell of pEGFP-N22 showed higher variable 

than those of pEGFP modified EBACs.  It may cause from variable copy numbers of 

plasmid can be maintained in K562 cells while the large plasmids, about 50 times 

larger than pEGFP-N22, harbored only one or two in K562 cells.  The MPF of EGFP 

modified EBAC under control of the Gγ-globin promoter was higher than that under 

control of the Aγ-globin promoter in the previous report (Orford et al, 2000).  It 

corresponded to our results of  the MPF of pEBAC/148: GγAγEGFP (control 2) that 

was higher than pEBAC/148β:EGFP. 

Since the MPF of 2 days and 40 days post transfection were not different 

when compared within the same construct, then the MPF should reflected Aγ-globin 

gene expression from the effect of the predefined sequences within the EGFP modified 

EBAC constructs.  The result showed enhancer effect of HPFH-3 core enhancer 

sequence with or without  8 kb 3'breakpoint.  It confirmed the enhancer effect of 

HPFH-3 to the Aγ-globin gene, although the distance between them is about 18 kb.  

The decrease of the Aγ-globin expression when 3'HS1 presented between Aγ-globin 

promoter and HPFH-3 enhancer in the context of β-globin cluster confirmed the role 

of 3'HS1 as an 3' insulator of β-globin cluster.  Although, the previous study showed 

that the 3'HS1, especially CTCF binding site, insulate HS2 enhancer effect to the Aγ-

globin promoter with neomycin resistance gene (Farrell et al, 2002),  It was not 

certained that they can interrupt an enhancer effect of 3'enhancer sequence 

downstream of the deletional HPFH breakpoint.  In the experiment, we demonstrated 

the insulator effect of 3'HS1 for interruption of 3'HPFH-3 enhancer to the Aγ-globin 

expression. 

The HPFH-3 enhancer affected only ε-and γ-globin genes not β- and δ-globin 

genes which is the adult globin gene (Anagnou et al, 1995). This evidence was also 

showed in heterozygote that Hb A2 is mostly normal.  The Hb F of SEA-HPFH 

heterozygote was 15-30 % which was one of the highest in HPFH, but the transient 

transfection showed about 2-3 times higher than the backbone.  One of the reason is 
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that K562 cell is fetal globin gene erythroleukemia which is full of functional proteins 

for the fetal hemoglobin expression, expecially Gγ-globin chain,  Then, the elevation of 
Aγ-globin chain may be less susceptible than Gγ-globin chain in K562 cells as shown 

percentage of Gγ/Aγ+Gγ in heterozygote was about 60 %.  It is possible that the Gγ-

globin chain may expresse higher than Aγ-globin chain in relation to total Hb 

F.production.  Furthermore, variable amount of Hb F in each heterozygote from each 

phenotype reports may cause from the combination of other factors (Craig et al, 1997). 

The result revealed that the 3'HPFH-3 enhancer elevated the Aγ-globin gene 

expression and the insulator effect of 3'HS1 under environment of β-globin cluster can 

interrupt Aγ globin gene expression from 3'enhancer sequences.  We concluded that the 

mechanism of high Hb F in SEA-HPFH may cause from co-existence of 3'HPFH-3 

enhancer and lost of 3'HS1. These also provided evidences of the deletional HPFH and 

some type of δβ°-thalassemia that showed high HbF production in adult caused by 

loss of 3'HS1 and juxtaposition of 3'enhancer. 
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CHAPTER VII 
CONCLUSION 

 

 

The conclusions of the present study are as follows: 

 

1. Molecular characterization of HPFH in seven unrelated Thai families was 

carried out to detect deletion detection of β-globin gene cluster by Southern blot 

hybridization using non-radioactive labeled PCR fragment probes, and point mutation 

of  γ-globin gene promoters, was identified by direct sequencing.  The result showed a 

27 kb deletion (SEA-HPFH) in two unrelated families. 

2. The HPFH, which showed no large deletion of β-globin gene cluster and 

mutation at γ-globin gene promoters may occur from a small deletion or from the other 

factors that are not related to β-globin cluster. 

3. The molecular mechanism of SEA-HPFH was investigated by transfection 

of EGFP modified EBAC, which contains a β-globin gene cluster into K562 cells.  In 

the construct, EGFP gene was expressed under the control of Aγ-globin gene promoter.  

The sequence that may affect to the level of Hb F production such as  HPFH-3 core 

enhancer sequence, and 3’HS1, which is the insulator of β-globin gene cluster were 

manipulated in the EGFP modified constructs, and EGFP expression of these 

constructs were measured by flow cytometer.  The result showed that the 3'HPFH-3 

enhancer elevated the Aγ-globin gene expression and the 3'HS1 interrupts Aγ-globin 

gene expression from 3' enhancer sequences.  We concluded that the mechanism of 

high Hb F in SEA-HPFH is caused by co-existence of 3'HPFH-3 enhancer and a loss 

of 3'HS1. 

 

 

 



Khaimuk Changsri                                                                                                            References /  

 

122

REFERENCES 
 
 

1. Aksoy M, Kutlar  A, Efremov GD, Nikolov N, Petkov G, Reese AL, et al. (1985) 

Haplotypes and levels of fetal hemoglobin and G gamma to A gamma 

ratios in Mediterranean patients with thalassemia minor and major. Am J 

Hematol 20:7-16. 

2. Al-Mufti R, Hambley H, Farzaneh F, Nicolaides KH (2003) Fetal erythroblasts in 

maternal blood in relation to gestational age. J Matern Fetal Neonatal Med 

14:392-397. 

3. Al-Mufti R, Hambley H, Farzaneh F, Nicolaides KH (2004) Fetal and embryonic 

hemoglobins in erythroblasts from fetal blood and fetal cells enriched 

from maternal blood in pregnancies complicated by maternal diabetes 

mellitus. J Matern Fetal Neonatal Med 15: 109-114. 

4. Anagnou NP, Papayannopoulou T, Nienhuis A, Stamatoyannopoulos G (1988) 

Molecular characterization of a novel form of Gγ(Aγδβ )o- thalassemia 

deletion with a 3' breakpoint close to those of HPFH-3 and HPFH-4: 

insights for a common regulatory mechanism. Nucleic Acids Res 16: 

6057-6066. 

5. Anagnou NP, Perez-Stable C, Gelinas R, Costantini F, Liapaki K, 

Constantopoulou M, et al. (1995) Sequences located 3' to the breakpoint 

of the hereditary persistence of fetal hemoglobin-3 deletion exhibit 

enhancer activity and can modify the developmental expression of the 

human fetal A gamma-globin gene in transgenic mice. J Biol Chem 270: 

10256-10263. 

6. Arcasoy M, Romana M, Fabry M, Skarpidi E, Nagel R, Forget B (1997) High 

levels of human γ-globin gene expression in adult mice carrying a 

transgene of deletion-type hereditary persistence of fetal hemoglobin. Mol 

Cell Biol 17: 2076-2089 



Fac. of Grad. Studies, Mahidol Univ.                                              Ph.D. (Mol. Genet. Genet. Eng) / 

 

123

7. Bard H, Cote A, Praud JP, Infante-Rivard C, Gagnon C (2003) Fetal hemoglobin 

synthesis determined by gamma-mRNA/gamma-mRNA + beta-mRNA 

quantitation in infants at risk for sudden infant death syndrome being 

monitored at home for apnea. Pediatrics 112: e285. 

8. Baron MH (1997) Transcriptional control of globin gene switching during 

vertebrate development (review). Biochimica et Biophysica Acta 1351: 

51-72. 

9. Bauchwitz R, Costantini F (2000) Developmentally distinct effects on human ε-, 

γ- and δ-globin levels caused by the absence or altered position of the 

human β-globin gene in YAC transgenic mice. Hum Mol Genet 9: 561-

574. 

10. Bell AC, West AG, Felsenfeld G (1999) The protein CTCF is required for the 

enhancer blocking activity of vertebrate insulators. Cell 98: 387-396. 

11. Bhanu NV, Trice TA, Lee TY, Miller LJ (2004) A signaling mechanism for 

growth-related expression of fetal hemoglobin. Blood 103: 1929-1933. 

12. Bhanu NV, Trice TA, Lee YT, Gantt NM, Oneal P, Schwartz JD, et al. (2005) A 

sustained and pancellular reversal of γ-globin gene silencing in adult 

human erythroid precursor cells. Blood 105: 387-393. 

13. Blau CA, Stamatoyannopoulos G (1994) Regulation of fetal hemoglobin. In: 

Sickle cell disease: Basic principles and clinical practice.Embury SH, 

Hebbel RP, Mohandas N, Steinberg MH, (eds).: Raven Press, New York. 

pp. 247-266. 

14. Blom van Assendelft G, Hanscombe O, Grosveld F, Greaves DR (1989) The β-

globin dominant control region activates homologous and heterologous 

promoters in a tissue-specific manner. Cell 56: 969-977. 

15. Boosalis MS, Bandyopadhyay R, Bresnick EH, Pace BS, Van DeMark K, Zhang 

B, et al. (2001) Short-chain fatty acid derivatives stimulate cell 

proliferation and induce STAT-5 activation. Blood 97: 3259-3267. 

16. Brosch G, Ransom R, Lachner T, Walton, J.D., Loidl P (1995) Inhibition of 

maize histone deacetylases by HC toxin, the host-selective toxin of 

Cochliobolus carbonum. Plant Cell 17:1941-1945. 



Khaimuk Changsri                                                                                                             References / 124 

 

17. Bulger M, von Doorninck JH, Saitoh N, Telling A, Farrell C, Bender MA, et al. 

(1999) Conservation of sequence and structure flanking the mouse and 

human β-globin loci: The β-globin genes are embedded within an array of 

odorant receptor genes. PNAS 96: 5129-5134. 

18. Bunn HF (1997) Pathogenesis and treatment of sickle cell disease. N Engl J Med 

337: 762-769. 

19. Burcin M, Arnold R, Lutz M, Kaiser B, Runge D, Lottspeich F, et al. (1997) 

Negative protein 1, which is required for function of the chicken lysozyme 

gene silencer in conjunction with hormone receptors, is identical to the 

multivalent zinc finger repressor CTCF. Mol Cell Biol 17: 1281-1288. 

20. Calzolari R, McMorrow T, Yannoutsos N, Langeveld A, Grosveld F (1999) 

Deletion of a region that is a candidate for the difference between the 

deletion forms of hereditary persistence of fetal hemoglobin and δβ-

thalassemia affects β- but not γ-globin gene expression. EMBO J 18: 949-

958. 

21. Camaschella C, Oggiano L, Sampietro M, Gottardi E, Alfarano A, Pistidda P, et 

al. (1989) The homozygous state of G to A 117 Aγ hereditary persistence 

of fetal hemoglobin. Blood 73: 1999-2002. 

22. Camaschella C, Serra A, Gottardi E, Alfarano A, Revello D, Mazza U, et al. 

(1990) A new hereditary persistence of fetal hemoglobin deletion has the 

breakpoint within the 3' β-globin gene enhancer. Blood 75: 1000-1005. 

23. Chada K, Magram J, F. C (1986) An embryonic pattern of expression of a human 

fetal globin gene in transgenic mice. Nature 319: 685-689. 

24. Chakalova L, Osborne CS, Dai Y-F, Goyenechea B, Metaxotou-Mavromati A, 

Kattamis A, et al. (2005) The Corfu δβ-thalassemia deletion disrupts γ-

globin gene silencing and reveals post-transcriptional regulation of HbF 

expression. Blood 105: 2154-2160. 

25. Chodosh LA, Baldwin AS, Carthew RW, Sharp PA (1988) Human CCAAT-

binding proteins have heterologous subunits. Cell 53: 11-24. 



Fac. of Grad. Studies, Mahidol Univ.                                              Ph.D. (Mol. Genet. Genet. Eng) / 

 

125

26. Chung JH, Whiteley M, Felsenfeld G. A (1993) 5' element of the chicken β-

globin domain serves as an insulator in human erythroid cells and protects 

against position effect in Drosophila. Cell 74: 505-514. 

27. Coleman MB, Adams JG, 3rd, Steinberg MH, Plonczynski MW, Harrell AH, 

Castro O, et al. (1993) G gamma A gamma (beta+) hereditary persistence 

of fetal hemoglobin: the G gamma -158 C-->T mutation in cis to the -175 

T-->C mutation of the A gamma-globin gene results in increased G 

gamma-globin synthesis. Am J Hematol 42: 186-190. 

28. Collins FS, Stoeckert CJ, Serjeant GR, Forget BG, Weissman SM (1984) Gγβ + 

hereditary persistence of fetal hemoglobin:cosmid cloning and 

identification of a specific mutation 5' to the Gγ gene. PNAS 81: 4894-

4898. 

29. Collins FS, Metherall JE, Yamakawa M, Pan J, Weissman SM, Forget BG (1985) 

A point mutation in the A gamma-globin gene promoter in Greek 

hereditary persistence of fetal haemoglobin. Nature;313: 325-326. 

30. Costa FF, Zago MA, Cheng G, Nechtman JF, Stoming TA, Huisman THJ (1990) 

The Brazilian type of nondeletional A gamma-fetal hemoglobin has a C--

>G substitution at nucleotide -195 of the A gamma-globin gen. Blood  76: 

1896-1897. 

31. Craig JE, Barnetson RA, Prior J, Raven JL, Thein SL (1994) Rapid detection of 

deletions causing delta beta thalassemia and hereditary persistence of fetal 

hemoglobin by enzymatic amplification. Blood  83:1673-1682. 

32. Craig JE, Rochette J, Sampietro M, Wilkie AOM, Barnetson R, Hatton CSR, et 

al. (1997) Genetic heterogeneity in heterocellular hereditary persistence of 

fetal hemoglobin. Blood  90: 428-434. 

33. Crossley M, Whitelaw E, Perkins A, Williams G, Fujiwara Y, Orkin SH (1996) 

Isolation and characterization of the cDNA encoding BKLF/TEF-2, a 

major CACCC-box-binding protein in erythroid cells and selected other 

cells. Mol Cell Biol 16: 1695-1705. 

34. Dhar V, Nanti A, Schildkraut CL, Skoultchi AI (1990) Eryhroid specific 

nuclease-hypersensitive sites flanking the human β globin domain. Mol 

Cell Biol 10: 4324-4333. 



Khaimuk Changsri                                                                                                             References / 126 

 

35. Dillon N, Grosveld F (1991) Human γ-globin genes silenced independently of 

other genes in β-globin locus. Nature 350: 252-254. 

36. Dimovski AJ, Divoky V, Adekile AD, Baysal E, Wilson JB, Prior JF, et al. 

(1994) A novel deletion of ~27 kb including the β-globin gene and the 

locus control region 3'HS-1 regulatory sequence: βo-thalassemia or 

hereditary persistence of fetal hemoglobin? Blood  83: 822-827. 

37. Donald JA, Lammi A, Trent RJ (1988) Hemoglobin F production in 

heterocellular hereditary persistence of fetal hemoglobin and its linkage to 

the beta globin gene complex. Hum Genet 80: 69-74. 

38. Dover GJ, Boyer SH (1987) Fetal hemoglobin-containing cells have the same 

mean corpuscular hemoglobin as cells without fetal hemoglobin: a 

reciprocal relationship between gamma- and beta-globin gene expression 

in normal subjects and in those with high fetal hemoglobin production. 

Blood 69: 1109-1113. 

39. Dover GJ, Smith KD, Chang YC, Purvis S, Mays A, Meyers DA, et al. (1992) 

Fetal hemoglobin levels in sickle cell disease and normal individuals are 

partially controlled by an X-linked gene located at Xp22.2. Blood 80: 

816-824. 

40. Efremov D, Dimovski A, Huisman T (1994) The -158 (C-->T) promoter mutation 

is responsible for the increased transcription of the 3' gamma gene in the 

Atlanta type of hereditary persistence of fetal hemoglobin. Blood  83: 

3350-3355. 

41. Elder JT, Forrester WC, Thompson C, Mager D, Henthorn P, Peretz M, et al. 

(1990) Translocation of an erythroid-specific hypersensitive site in 

deletion-type hereditary persistence of fetal hemoglobin. Mol Cell Biol 

10: 1382-1389. 

42. Farrell CM, West AG, Felsenfeld G (2002) Conserved CTCF insulator elements 

flank the mouse and human β-globin loci. Mol Cell Biol  22: 3820-3831. 

43. Feingold  EA, Forget BG (1989) The breakpoint of a large deletion causing 

hereditary persistence of fetal hemoglobin occurs within an erythroid 

DNA domain remote from the β-globin gene cluster. Blood 74: 2178-

2186. 



Fac. of Grad. Studies, Mahidol Univ.                                              Ph.D. (Mol. Genet. Genet. Eng) / 

 

127

44. Feng D, Liu DP, Huang Y, Wu L, Li TC, Wu M, et al. (2001) The expression of 

human α-like globin genes in transgenic mice mediated by bacterial 

artificial chromosome. Proc Natl Acad Sci U S A  98: 15073-15077. 

45. Filippova GN, Fagerlie S, Klenova EM, Myers C, Dehner Y, Goodwin G, et al. 

(1996) An exceptionally conserved transcriptional repressor, CTCF, 

employs different combinations of zinc fingers to bind diverged promoter 

sequences of avian and mammalian c-myc oncogenes. Mol Cell Biol 16: 

2802-2813. 

46. Fleenor DE, Kaufman RE (1993) Characterization of the DNase I hypersensitive 

site 3' of the human β-glogin gene domain. Blood  81: 2781-2790. 

47. Fletcher C, Heintz N, Roeder RG (1987) Purification and characterization of 

OTF-1, a transcription factor regulating cell cycle expression of a human 

histone H2b gene. PNAS  85: 773-781. 

48. Forget BG (1998) Molecular basis of hereditary persistence of fetal hemoglobin. 

Ann NY Acad Sci 850: 38-44. 

49. Fragkos M, Anagnou NP, Tubb J, Emery DW (2005) Use of the hereditary 

persistence of fetal hemoglobin 2 enhancer to increase the expression of 

oncoretrovirus vectors for human gamma-globin. Gene Ther 12: 1591-

1600. 

50. Fraser P, Hurst J, Collis P, Grosveld F (1990) DNaseI hypersensitive sites 1, 2 

and 3 of the human β-globin dominant control region direct position-

independent expression. Nucleic Acids Res  18: 3503-3508. 

51. Friedman S, Schwartz E (1976) Hereditary persistence of foetal haemoglobin 

with beta-chain synthesis in cis position (Ggamma-beta+-HPFH) in a 

negro family. Nature 259: 138-140. 

52. Fucharoen S, Winichagoon P, Chaicharoen S, Wasi P (1987) Different molecular 

defects of Gγ(Aγδβ)ο-thalassemia in Thailand. Eur J Haematol  38: 154-

160. 

53. Fucharoen S, Shimizu K, Fukumaki Y (1990) A novel C-T transition within the 

distal CCAAT motif of the Gγ-globin gene in the Japanese HPFH: 

implication of factor binding in elevated fetal globin expression. Nucleic 

Acids Res 18: 5245-5253. 



Khaimuk Changsri                                                                                                             References / 128 

 

54. Fucharoen  S, Winichagoon P (1997) Hemoglobinopathies in Southeast Asia: 

molecular biology and clinical medicine. Hemoglobin  21: 299-319. 

55. Fucharoen S, Pengjam Y, Surapot S, Fucharoen G, Sanchaisuriya K (2001). 

Molecular characterization of (δβ)0/β0-thalassemia and (δβ)0-

thalassemia/hemoglobin E in Thai patients. Eur J Haematol  67: 258-262. 

56. Fucharoen S, Fucharoen G, Sanchaisuriya K, Surapot S (2002) Molecular 

characterization of thalassemia intermedia associated with HPFH-6/beta-

thalassemia and HPFH-6/Hb E in Thai patients. Acta Haematol 108: 157-

161. 

57. Fucharoen S, Pengjam Y, Surapot S, Fucharoen  G, Sanchaisuriya K (2002) 

Molecular and hematological characterization of HPFH-6/Indian 

Deletion-Inversion Gγ(Aγδβ)o-thalassemia/HbE in Thai patients. Am J 

Hematol  71: 109-113. 

58. Fucharoen S, Panyasai S, Surapot S, Fucharoen G, Sanchaisuriya K (2005) 

Compound heterozygote state for GgammaAgamma(deltabeta) degrees -

thalassemia and hereditary persistence of fetal hemoglobin. Am J Hematol  

80: 119-123. 

59. Gaensler KML, Kitamura M, Kan YW (1993) Germ-line transmission and 

developmental regulation of a 150-kb yeast artificial chromosome 

containing the human β-globin locus in transgenic mice. Proc Natl Acad 

Sci U S A  90: 11381-11385. 

60. Gaensler KML, Zhang Z, Lin C, Yang S, Hardt K, Flebbe-Rehwaldt L (2003) 

Sequences in the Aγ -δ intergenic region are not required for stage-specific 

regulation of the human β-globin gene locus. PNAS  100: 3374-3379. 

61. Garner C, Tatu T, Reittie JE, Littlewood T, Darley J, Cervino S, et al. (2000) 

Genetic influences on F cells and other hematologic variables: a twin 

heritability study. Blood 95: 342-346. 

62. Garner C, Silver N, Best S, Menzel S, Martin C, Spector TD, et al. (2004) 

Quantitative trait locus on chromosome 8q influences the switch from 

fetal to adult hemoglobin. Blood 104: 2184-2186. 



Fac. of Grad. Studies, Mahidol Univ.                                              Ph.D. (Mol. Genet. Genet. Eng) / 

 

129

63. Garner PC, Tatu T, Steve B, Lisa C, Thein S, Lay (2002) Evidence of genetic 

interaction between the β-globin complex and chromosome 8q in the 

expression of fetal hemoglobin. Am J Hematol  70: 793-799. 

64. Gelinas R, Endlich B, Pfeiffer C, Yagi M, Stamatoyannopoulos G (1985) G to A 

substitution in the distal CCAAT box of the A gamma-globin gene in 

Greek hereditary persistence of fetal haemoglobin. Nature 313: 323-325. 

65. Giglioni B, Casini C, Mantovani R, Merli S, Comi P, Ottolenghi S, et al. (1984)  

A molecular study of a family with Greek hereditary persistence of fetal 

hemoglobin and β-thalassemia. EMBO J 3: 2641-2645. 

66. Gilman J (1987 The 12.6 kilobase deletion in Dutch βο thalassaemia. Brithish 

Journal of Haematology) 67: 369-372. 

67. Gilman J, Mishima N, Wen X, Stoming T, Lobel J, Huisman T (1988) Distal 

CCAAT box deletion in the Aγ globin gene of two black adolescents with 

elevated fetal Aγ globin. Nucleic Acids Res 16: 10635-10642. 

68. Graslund T, Li X, Magnenat L, Popkov M, Barbas CF, III (2005) Exploring 

Strategies for the Design of Artificial Transcription Factors: targeting sites 

proximal to known regulation regions for the induction of γ-globin 

expression and the treatment of sickle cell disease. J Biol Chem  280: 

3707-3714. 

69. Gregory R, Taxman D, Seshasayee D, Kensinger M, Bieker J, Wojchowski D 

(1996) Functional interaction of GATA1 with erythroid Kruppel-like 

factor and Sp1 at defined erythroid promoters. Blood  87: 1793-1801. 

70. Grosveld F, G.B. vA, Greaves DR, Kollias G (1987) Position-independent, high-

level expression of the human β-globin gene in transgenic mice. Cell 51: 

975-985. 

71. Gumucio DL, Lockwood W, Weber J, Saulino A, Delgrosso K, Surrey S, et al. 

(1990) The -175T --> C mutation increases promoter strength in erythroid 

cells: correlation with evolutionary conservation of binding sites for two 

trans-acting factors. Blood  75 756-761. 



Khaimuk Changsri                                                                                                             References / 130 

 

72. Gumucio DL, Rood KL, Blanchard-McQuate K, Gray T, Saulino A, Collins F 

(1991) Interaction of Sp1 with the human γ globin promoter: binding and 

transactivation of normal and mutant promoters. Blood 78: 1853-1863. 

73. Gumucio DL, Rood KL, Gray TA, Riodan MF, Sartor CI, Collins FS (1988) 

Nuclear proteins that bind the human γ-globin promoter : alterations in 

binding produced by point mutations associated with hereditary 

persistence of fetal hemoglobin. Mol Cell Biol 8: 5310 -5315. 

74. Hardison R, Slightom JL, Gumucio DL, Goodman M, Stojanovic N, Miller W 

(1997) Locus control regions of mammalian β-globin gene clusters: 

combining phylogenetic analyses and experimental results to gain 

functional insights. Gene  205: 73-94. 

75. Hark AT, Schoenherr CJ, Katz DJ, Ingram RS, Levorse JM, Tilghman SM (2000) 

CTCF mediates methylation-sensitive enhancer-blocking activity at the 

H19/Igf2 locus. Nature  405: 486-489. 

76. Harvey MP, Motum P, Lindeman R, Trent RJ (1992) An A gamma globin 

promoter (four base-pair deletion) mutant shows linked polymorphic 

changes throughout the A gamma gene. Exp Hematol 20: 320-323. 

77. Hattori Y, Kutlar F, Kutlar  A, McKie V, Huisman TJH (1986) Haplotypes of βs 

chromosomes among patients with sickle cell anemia from Georgia. 

Hemoglobin 10: 623-628. 

78. Henthorn PS, Smithies O, Mager DL (1990) Molecular analysis of deletions in 

the human beta-globin gene cluster: deletion junctions and locations of 

breakpoints. Genomics 6: 226-237. 

79. Holtke H, Sagner G, Kessle RC, Schmitz G (1992) Sensitive chemiluminescent 

detection of digoxigenin-labeled nucleic acids: A fast and simple protocol 

and its applications. Bio Techniques 12: 104-113. 

80. Huang XD, O Yan X, Huang R-B, Zhang HY, Zhao HL, Zhao YJ, et al. (2000) A 

novel four base-pair deletion within the Aγ-globin gene promoter 

associated with slight increase of Aγ expression in adult. Am J Hematol 

63: 16-19. 

81. Huang Y, Liu DP, Wu L, Li TC, Wu M, Feng DX (2000). Proper developmental 

control of human globin genes reproduced by transgenic mice containing 



Fac. of Grad. Studies, Mahidol Univ.                                              Ph.D. (Mol. Genet. Genet. Eng) / 

 

131

a 160-kb BAC carrying the human β-globin locus. Blood Cells Mol Dis  

26: 598-610. 

82. Huisman THJ, Miller A, Schroeder WA (1975) A G gamma type of the hereditary 

persistence of fetal hemoglobin with beta chain production in cis. Am J 

Hematol 27: 765-777. 

83. Huisman THJ, Carver MFH, Efremov GD (1998) A syllabus of human 

hemoglobin variants.( 2nd ed): The Sickle Cell Anemia Foundation 

Augusta. 

84. Ikuta T, Aweh G, Boosalis V, White GL, Da  Fonseca S, Boosalis M, et al. (1998) 

Cellular and molecular effects of a pulse Butyrate regimen and new 

inducers of globin gene expression and hematopoiesis. Ann NY Acad Sci 

850: 87-99. 

85. Indrak K, Indrakova J, Kutlar F, Pospisilova D, Sulovska I, Baysal E, et al. (1991) 

Compound heterozygosity for a beta zero-thalassemia (frameshift codons 

38/39; -C) and a nondeletional Swiss type of HPFH (A-->C at NT -110, G 

gamma) in a Czechoslovakian family. Ann Hematol  63: 111-115. 

86. Ishiguro K, Sartorelli AC (2004) Activation of transiently transfected reporter 

genes in 3T3 Swiss cells by the inducers of differentiation/apoptosis - 

dimethylsulfoxide, hexamethylene bisacetamide and trichostatin A. Eur J 

Haematol 271: 2379-2390. 

87. Jamsai D, Orford M, Fucharoen S, Williamson R, Ioannou PA (2003) Insertion of 

modifications in the β-globin locus using GET recombination with single-

stranded oligonucleotides and denatured PCR fragments. Mol Biotechnol  

23: 29-36. 

88. Jamsai D, Zaibak F, Khongnium W, Vadolas J, Voullaire L, Fowler KJ, et al. 

(2005) A humanized mouse model for a common beta0-thalassemia 

mutation. Genomics 85:453-461. 

89. Jane SM, Ney PA, Vanin EF, Gumucio DL, Nienhuis AW (1992) Identification 

of a stage selector element in the human γ-globin gene promoter that 

fosters preferential interaction with 5' HS2 enhancer when in competition 

with the β-promoter. EMBO J 11: 2961-2967 



Khaimuk Changsri                                                                                                             References / 132 

 

90. Jane SM, Gumucio DL, Ney PA, Cunningham JM, Nienhuis AW (1993) 

Methylation-enhanced binding of Sp1 to the stage selector element of the 

human gamma-globin gene promoter may regulate development 

specificity of expression. Mol Cell Biol 13: 3272-3281. 

91. Katsantoni EZ, Langeveld A, Wai AWK, Drabek D, Grosveld F, Anagnou NP, et 

al. (2003) Persistent γ-globin expression in adult transgenic mice is 

mediated by HPFH-2, HPFH-3, and HPFH-6 breakpoint sequences. Blood  

102: 3412-3419. 

92. Katsube T, Fucharoen S, Tojo H, Fukumaki Y (1995) Molecular analysis of the 

human fetal-to-adult globin switching. Southeast Asian J Trop Med Public 

Health 26 Suppl 1 :212-220. 

93. Katsube T, Fukumaki Y (1995) A role for the distal CCAAT box of the gamma-

globin gene in Hb switching. J Biochem (Tokyo) 117: 68-76. 

94. Kaufman R, Pham CT, Ley TJ (1999) Transgenic analysis of a 100-kb human 

beta-globin cluster-containing DNA fragment propagated as a bacterial 

artificial chromosome. Blood 94: 3178-3184. 

95. Kijuma M, Yoshida M, Sugita K, Horimouchi S, Beppu T. Trapoxin, an 

antitumor cyclic tetrapeptide, is an irreversible inhibitor of mammalian 

histone deacetylase. J Biol Chem 1993;268:22429. 

96. Kosteas T, Pavlou O, Palina A (1996) Complete sequencing and functional 

analysis of the HPFH-6 enhancer:detection of multiple motifs for 

transcription factors and identification of an open reading frame. Blood  

88: 150a. 

97. Kosteas T, Palena A, Anagnou NP (1997) Molecular cloning of the breakpoints of 

the hereditary persistence of fetal hemoglobin type-6 (HPFH-6) deletion 

and sequence analysis of the novel juxtaposed region from the 3' end of 

the β-globin gene cluster. Hum Genet 100: 441-445 

98. Lalioti M, Heath J (2001) A new method for generating point mutations in 

bacterial artificial chromosomes by homologous recombination in 

Escherichia coli. Nucleic Acids Res 29: E14. 

99. Langdon SD, Kaufman RE (1998) Gamma-globin gene promoter elements 

required for interaction with globin enhancers. Blood 91: 309-318. 



Fac. of Grad. Studies, Mahidol Univ.                                              Ph.D. (Mol. Genet. Genet. Eng) / 

 

133

100. Lee CH, Yu D, Velasco dM, Tessarollo L, Swing AD, Court LD, et al. (2001)  A 

high efficient Escherichia coli-based chromosome engineering system 

adapted for recombinogenic targeting and subcloning of BAC DNA. 

Genomics 73: 56-65. 

101. Leonova J, Kazanetz EG, Smetanina NS, Adekile AD, Efremov GD, Huisman TH 

(1996) Variability in the fetal hemoglobin level of the normal adult. Am J 

Hematol 53: 59-65. 

102. Levelle D, Molokie R, Ducksworth J, DeSimone J (2001) Effects of hydroxyurea, 

stem cell factor, and erythropoietin in combination on fetal hemoglobin in 

baboon. Exp Hematol 29: 156-162. 

103. Li Q, Duan ZJ, Stamatoyannopoulos G (2001) Analysis of the mechanism of 

action of non-deletion hereditary persistence of fetal hemoglobin mutants 

in transgenic mice. EMBO J 20: 157-164. 

104. Liberati C, Cera MR, Secco P, Santoro C, Mantovani R, Ottolenghi S, et al. 

(2001)Cooperation and competition between the binding of COUP-TFII 

and NF-Y on human ε- and γ-Globin gene promoters. J Biol Chem  276: 

41700-41709. 

105. Lingrel JB, Weimer J, Menon A (1987) Binding of nuclear factors to an upstream 

region of the human A gamma globin gene. Prog Clin Biol Res 251: 201-

210. 

106. Lipart C, Renault T (2002) Herpes-like virus detection in infected Crassostrea 

gigas spat using DIG-labeled  probes. J Virol Methods 101: 1-10. 

107. Liu LR, Du ZW, Zhao HL, Liu XL, Huang XD, Shen J, et al. (2005) T to C 

substitution at -175 or -173 of the γ-globin promoter affects GATA-1 and 

Oct-1 binding in vitro differently, but can independently reproduce HPFH 

phenotype in transgenic mice. J Biol Chem 290: 7452-7459. 

108. Lloyd J, Lee R, Lingrel J (1989) Mutations in two regions upstream of the Aγ 

globin gene canonical promoter affect gene expression. Nucleic Acids Res 

17: 4339-4352. 

109. Lutz M, Burke LJ, Barreto G, Goeman F, Greb H, Arnold R, et al. (2000) 

Transcriptional repression by the insulator protein CTCF involves histone 

deacetylases. Nucleic Acids Res 28: 1707-1713. 



Khaimuk Changsri                                                                                                             References / 134 

 

110. Magis W, Martin DI (1995) HMG-I binds to GATA motifs: implications for an 

HPFH syndrome. Biochem Biophys Res Commun 214: 927-933. 

111. Mantovani R, Malgaretti N, Nicolis S, Ronchi A, Giglioni B, Ottolenghi S (1988) 

The effects of HPFH mutations in the human γ-globin promoter on 

binding of ubiquitous and erythroid specific nuclear factors. Nucleic 

Acids Res 16: 7783-7797. 

112. Mantovani R, Superti-Furga G, Gilman J , Ottolenghi S (1989) The deletion of 

the distal CCAAT box region of the Aγ-globin gene in black HPFH 

abolishes the binding of the erythroid specific protein NFE3 and of the 

CCAAT displacement protein. Nucleic Acids Res  17: 6681-6691. 

113. Martin DI, Orkin SH (1989) An erythroid-specific DNA binding factor mediates 

increased γ-globin expression in hereditary persistence of fetal 

hemoglobin (HPFH). Prog Clin Biol Res 316A: 217-228. 

114. Martin DI, Tsai SF, Orkin SH (1989) Increased γ-globin expression in a 

nondeletion HPFH mediated by an erythroid-specific DNA-binding factor. 

Nature 338: 435-438. 

115. McCabe M, Power J, de Laat A, Davey M (1997) Detection of single-copy genes 

in DNA from transgenic plants by nonradioactive Southern blot analysis. 

Mol Biotechnol  7: 135-142 

116. McCaffrey GP, Newsome AD, Fibach E, Yoshida M, Su S-SM (1997) Induction 

of γ-globin by histone deacetylase inhibitors. Blood  90: 2075-2083. 

117. McDonagh K, Lin H, Lowrey C, Bodine D, Nienhuis A (1991) The upstream 

region of the human γ-globin gene promoter. Identification and functional 

analysis of nuclear protein binding sites. J Biol Chem 266: 11965-11974. 

118. McDonagh K, Nienhuis AW (1991) Induction of the human γ-globin gene 

promoter in K562 cells by sodium butyrate: reversal of repression by 

CCAAT displacement protein. Blood 78: 225a. 

119. Metherall JE, Gillespie FP, Forget BG (1989) Nuclear proteins of a human 

erythroleukemic cell line that bind to the promoter region of normal and 

nondeletion HPFH γ-globin genes. Prog Clin Biol Res 316A: 247-260. 



Fac. of Grad. Studies, Mahidol Univ.                                              Ph.D. (Mol. Genet. Genet. Eng) / 

 

135

120. Miller JL (2002) Hemoglobin swithching and modulation:genes, cells, and 

signals. Curr Opin Hematol 9: 87-92. 

121. Miyoshi K, Kaneto Y, Kawai H, Ohchi H, Niki S, Hasegawa K, et al. (1988) X-

linked dominant control of F-cells in normal adult life: characterization of 

the Swiss type as hereditary persistence of fetal hemoglobin regulated 

dominantly by gene(s) on X chromosome. Blood 72: 1854-1860. 

122. Motum PI, Hamilton TJ, Lindeman R, Le H, Trent RJ (1993) Molecular 

characterisation of Vietnamese HPFH. Hum Mutat  2: 179-184. 

123. Motum PI, Lindeman R, Harvey MP, Trent RJ (1993) Comparative studies of 

nondeletional HPFH γ-globin gene promoters. Exp Hematol 21: 852-858. 

124. Motum PI, Deng ZM, Huong L, Trent RJ (1994) The Australian type of 

nondeletional G γ-HPFH has a C-->G substitution at nucleotide -114 of 

the G gamma gene. Br J Haematol  86 :219-221. 

125. Muyrers JP, Zhang Y, Testa G, Stewart AF (1999) Rapid modification of 

bacterial artificial chromosomes by ET-recombination. Nucleic Acids Res  

27: 1555-1557. 

126. Narayanan K, Williamson R, Zhang Y, Stewart AF, Ioannou PA (1999) Efficient 

and precise engineering of a 200 kb β-globin human/bacterial artificial 

chromosome in E.coli DH10B using an inducible homologous 

recombination system. Gene Ther 6: 442-447. 

127. Nathan DG (1985)Regulation of fetal hemoglobin synthesis by cell cycle specific 

drugs. Prog Clin Biol Res 191: 475-500. 

128. Nicolis S, Ronchi A, Malgaretti N, Mantovani R, Giglioni B, Ottolenghi S (1989) 

Increased erythroid-specific expression of a mutated HPFH γ-globin 

promoter requires the erythroid factor NFE-1. Nucleic Acids Res 17: 

5509-5516. 

129. Oner R, Kutlar  A, Gu LH, Huisman THJ (1991) The Georgia type of 

nondeletional hereditary persistence of fetal hemoglobin has a C-->T 

mutation at nucleotide-114 of the A γ-globin gene. Blood  77: 1124-1125. 



Khaimuk Changsri                                                                                                             References / 136 

 

130. Orford M, Nefedov M, Vadolas J, Zaibak F, Williamson R, Ioannou PA (2000) 

Engineering EGFP reporter constructs into a 200 kb human β−gobin BAC 

clone using GET recombination. Nucleic Acids Res 28:e84. 
131. Ottolenghi S, Camashella C, Comi P, Giglioni B, Longinotti M, Oggiano L, et al. 

(1988) A frequent A gamma-hereditary persistence of fetal hemoglobin in 

nothern Sardinia: its molecular basis and hematologic phenotype in 

heterozygotes and compound heterozygotes with beta-thalassemia. Hum 

Genet 79: 13-17. 

132. Palena A, Blau A, Stamatoyannopoulos G, Anagnou NP (1994) Eastern European 

(δβ)0 thalassemia: molecular characterization of a novel 9.1-kb deletion 

resulting in high levels of fetal hemoglobin in the adult. Blood 83: 3738-

3745. 

133. Panyasai S, Fucharoen S, Surapot S, Fucharoen G, Sanchaisuriya K (2004) 

Molecular basis and hematologic characterization of δβ-thalassemia and 

hereditary persistence of fetal hemoglobin in Thailand. Haematologica  

89: 777-781. 

134. Partington GA, Patient RK (1998) Factor binding to the human gamma-globin 

gene distal CCAAT site: candidates for repression of the normal gene or 

activation of HPFH mutants. Br J Haematol 102: 940-951. 

135. Patrinos GP, Kollia  P, Loutradi-Anagnostou A, Loukopoulos D, Papadakis MN 

(1998) The Cretan type of non-deletional hereditary persistence of fetal 

hemoglobin [Aγ-158C->T] results from two independent gene conversion 

events. Hum Genet 102: 629-634. 

136. Peruz MF (2001) Molecular anatomy and physiology of hemoglobin. In: 

Disorders of hemoglobin: genetics, pathophysiology, and clinical 

management. Steinberg MH, Forget BG, Higgs DR, Nagel RL, (eds) 

Cambridge University Press, Cambridge, pp. 174-196. 

137. Peschle C, Gabbianelli M, Testa U (1993) c-kit reactivates fetal hemoglobin 

synthesis in serum-free culture of stringently purified normal adult burst-

forming unit-erythroid. Blood: 328-336. 

138. Peterson KR, Clegg CH, Huxley C, Josephson BM, Haugen HS, Furukawa T, et 

al. (1993) Transgenic mice containing a 248-kb yeast artificial 



Fac. of Grad. Studies, Mahidol Univ.                                              Ph.D. (Mol. Genet. Genet. Eng) / 

 

137

chromosome carrying the human β-globin locus display proper 

developmental control of human globin genes. PNAS 90: 7593-7597. 

139. Peterson KR, Li QL, Clegg CH, Furukawa T, Navas PA, Norton EJ, et al. (1995) 

Use of yeast artificial chromosomes (YACs) in studies of mammalian 

development: production of beta-globin locus YAC mice carrying human 

globin developmental mutants. Proc Natl Acad Sci U S A  92: 5655-5659. 

140. Peterson KR, Navas PA, Stamatoyannopoulos G (1998) β-YAC transgenic mice 

for studying LCR function. Ann NY Acad Sci 850: 28-37. 

141. Pissard S, M'Rad A, Beuzard Y, Romeo PH (1996) A new type of hereditary 

persistence of fetal haemoglobin (HPFH): HPFH Tunisia beta + (+C-

200)G gamma. Br J Haematol 95: 67-72. 

142. Porcu S, Kitamura M, Witkowska E, Zhang Z, Mutero A, Lin C, et al. (1997) The 

human β globin locus introduced by YAC transfer exhibits a specific and 

reproducible pattern of developmental regulation in transgenic mice. 

Blood 90: 4602-4609. 

143. Pourbabak S, Rund CR, Crookston KP (2004) Three cases of massive 

fetomaternal hemorrhage presenting without clinical suspicion. Arch 

Pathol Lab Med 128:463-465. 

144. Ram TG, Reeves R, Hosick HL (1993) Elevated high mobility group-I(Y) gene 

expression is associated with progressive transformation of mouse 

mammary epithelial cellsI. Canc Res  53: 2655-2660. 

145. Reeves R, Nissen MS. Interaction of high mobility group-I(Y) nonhistone 

proteins with nuclosome core particles. J Biol Chem 1993;268(28):21137-

21146. 

146. Robertson M (1988) Homoeo boxes, POU proteins and the limits to promiscuity. 

Nature 336: 522-524. 

147. Ronchi A, Nicolis S, Santoro C, Ottolenghi S (1989) Increased Sp1 binding 

mediates erythroid-specific overexpression of a mutated (HPFH) γ-

globulin promoter. Nucleic Acids Res 17: 10231-10241. 

148. Ronchi A, Berry M, Raguz S, Imam A, Yannoutsos N, Ottolenghi S, et al. (1996) 

Role of the duplicated CCAAT box region in gamma-globin gene 



Khaimuk Changsri                                                                                                             References / 138 

 

regulation and hereditary persistence of fetal haemoglobin. Embo J 

15:143-149. 

149. Schoenherr CJ, Levorse JM, Tilghman SM (2003) CTCF maintains differential 

methylation at the Igf2/H19 locus. Nat Genet 33: 66-69. 

150. Solannas M, Escrich E (1997) An improved protocol to increase sensitivity of 

Southern blot using DIG-labeled DNA probes. J biochem biophy 35: 153-

159. 

151. Stamatoyannopoulos G, Grosveld F (2001) Hemoglobin switching. In: The 

molecular basis of blood diseases. Stamatoyannopoulos G, Majerus PW, 

Perlmutter RM, Varmus H, (eds) WB:Saunders, Philadelphia pp. 135-182. 

152. Starck J, Sarkar R, Romana M, Bhargava A, Scarpa AL, Tanaka M, et al. (1994) 

Developmental regulation of human gamma- and beta-globin genes in the 

absence of the locus control region. Blood 84: 1656-1665. 

153. Steinberg MH (2001) Compound heterozygous and other hemoglobinopathies. In: 

Disorders of hemoglobin: Genetics, pathophysiology, and clinical 

management. Steinberg MH, Forget BG, Higgs DR, Nagel R, (eds).: 

Cambridge University Press, Cambridge. pp. 786-810. 

154. Steinberg MH, Rodgers GP (2001) Pharmacologic modulation of fetal 

hemoglobin (review). Medicine (Baltimore) 80: 328-344. 

155. Stoeckert CJ, Jr (1991) Retroviral transfer of a human fetal globin gene carrying 

the -202 G γβ (+)-HPFH mutation into the human erythroleukemia line, 

KMOE. Hemoglobin 15: 257-268. 

156. Stoming TA, Stoming GS, Lanclos KD, Fei YJ, Altay C, Kutlar F, et al. (1989) 

An A gamma type of nondeletional hereditary persistence of fetal 

hemoglobin with a T-->C mutation at position -175 to the cap site of the 

A gamma globin gene. Blood 73: 329-333. 

157. Strouboulis J, Dillon N, Grosveld F (1992) Developmental regulation of a 

complete 70-kb human β-globin locus in transgenic mice. Genes Dev  6: 

1857-1864. 

158. Superti-Furga G, Barberis A, Schaffner G, Busslinger M (1988) The -117 

mutation in Greek HPFH affects the binding of three nuclear factors to the 

CCAAT region of the γ-globin gene. EMBO J 7: 3099-3107. 



Fac. of Grad. Studies, Mahidol Univ.                                              Ph.D. (Mol. Genet. Genet. Eng) / 

 

139

159. Surrey S, Delgrosso K, Malladi P, Schwartz E (1988) A single-base change at 

position -175 in the 5'-flanking region of the Gγ-globin gene from a black 

with Gγ-β+ HPFH. Blood 71: 807-810. 

160. Sutton M, Bouhassira E, Nagel R (1989) Polymerase chain reaction amplification 

applied to the determination of β-like globin gene cluster haplotypes. Am 

J Hematol 32: 66-69. 

161. Szabo PE, Tang SH, Silva FJ, Tsark WM, Mann JR (2004) Role of CTCF binding 

sites in the Igf2/H19 imprinting control region. Mol Cell Biol 24: 4791-

4800. 

162. Talbot D, Collis P, Antoniou M, M. V, Grosveld F, Greaves DR (1989) A 

dominant control region from the human β-globin locus conferring 

integration site-independent gene expression. Nature 338: 352-355. 

163. Tate VE, Wood WG, Weatherall DJ (1986) The British form of hereditary 

persistence of fetal hemoglobin results from a single base mutation 

adjacent to an S1 hypersensitive site 5' to the A gamma globin gene. 

Blood 68: 1389-1393. 

164. Thein SL, Weatherall DJ (1989) A non-deletion hereditary persistence of fetal 

hemoglobin (HPFH) determinant not linked to the β-globin gene complex. 

Prog Clin Biol Res 316B: 97-111. 

165. Townes TM, Lingrel JB, Chen HY, R.L. B, Palmiter RD (1985) Erythroid-

specific expression of human β-globin genes in transgenic mice. EMBO J. 

4: 1715-1723. 

166. Trachoo O, Sura T, Sakuntabhai A, Singhasivanon P, Krudsood S, Phimpraphi 

W, et al. (2003) Molecular characterization of hereditary persistence of 

fetal hemoglobin in the Karen people of Thailand. Hemoglobin 27: 97-

104. 

167. Tuan D, Feingold E, Newman M, Weissman SM, Forget BG (1983) Different 3' 

end points of deletions causing δβ-thalassemia and hereditary persistence 

of fetal hemoglobin: Implications for the control of γ -globin gene 

expression in man. PNAS  80: 6937-6941. 



Khaimuk Changsri                                                                                                             References / 140 

 

168. Tuan D, Solomon W, Li Q, London IM (1985) The 'beta-like-globin' gene domain 

in human erythroid cells. Proc. Natl. Acad. Sci. USA 82: 6384-6388. 

169. Vadolas J, Wardan H, Orford M, Voullaire L, Zaibak F, Williamson R, et al. 

(2002) Development of sensitive fluorescent assays for embryonic and 

fetal hemoglobin inducers using the human β-globin locus in 

erythropoietic cells. Blood 100: 4209-4216. 

170. Vitale M, Dimarzo R, Calzolari R, Acuto S, Oneill D, Bank A, et al. (1994) 

Evidence for a globin promoter-specific silencer element located upstream 

of the human δ-globin gene. Biochem Biophys Res Commun  204: 413-

418. 

171. Vitale M, Calzolari R, Marzo RD, Acuto S, Maggio A (2001) A region upstream 

of the human δ-globin gene shows a stage-specific interaction with globin 

promoters in erythroid cell lines. Blood Cells Mol Dis 27: 874-881. 

172. Winichagoon P, Fucharoen S, Thonglairoam V, Wasi P(1990) Thai Gγ(Aγδβ)o-

thalassemia and its interaction with a single γ-globin gene on a 

chromosome carrying βo-thalassemia. Hemoglobin 14: 185-197. 

173. Winichagoon P, Fucharoen S, Wilairat P, Chihara K, Fukumaki Y (1994) 

Nondeletional type of hereditary persistence of fetal haemoglobin: 

molecular characterization of three unrelated Thai HPFH. Br J Haematol  

87: 797-804. 

174. Wojda U, Noel P, Miller LJ (2002) Fetal and adult hemoglobin production during 

adult erythropoiesis: coordinate expression correlates with cell 

proliferation. Blood 99: 3005-3013. 

175. Wojda U, Leigh KR, Njoroge JM, Jackson KA, Natarajan B, Stitely M, et al. 

(2003) Fetal hemoglobin modulation during human erythropoiesis: stem 

cell factor has "late" effects related to the expression pattern of CD117. 

Blood101: 492-497. 

176. Wood WG (1993) Increased HbF in adult life. Baillieres Clin Haematol 6: 177-

213. 

177. Wood WG. Hereditary Persistence of Fetal Hemoglobin and δβ0-Thalassemia. In: 

In: Disorders of hemoglobin: Genetics, pathophysiology, and clinical 



Fac. of Grad. Studies, Mahidol Univ.                                              Ph.D. (Mol. Genet. Genet. Eng) / 

 

141

management. Steinberg MH, Forget BG, Higgs DR, Nagel R, (eds).: 

Cambridge University Press, Cambridge. pp. 356-388. 

178. Xu XM, Li ZQ, Liu ZY, Zhong XL, Zhao YZ, Mo QH (2000) Molecular 

characterization and PCR detection of a deletional HPFH: application to 

rapid prenatal diagnosis for compound heterozygotes of this defect with β-

thalassemia in a Chinese family. Am J Hematol65: 183-188. 

179. Zhang J-W, Lin C, Wang S, Gaensler KML (1997). Globin gene switching in β-

globin YAC transgenic with a 12.5 kb deletion of the region between the 
Aγ and δ-globin gene. Blood 90: 129a. 

180. Zhou W, Clouston DR, Wang X, Cerruti L, Cunningham JM, Jane SM (2000) 

Induction of human fetal globin gene expression by a novel erythroid 

factor, NF-E4. Mol Cell Biol 20: 7662-7672. 

 



Khaimuk Changsri                                                                                                              Biography  / 142 

 

BIOGRAPHY 
 

 
NAME 
 

Ms. Khaimuk Changsri 

DATE OF BIRTH 
 

19 February 1966 

PLACE OF BIRTH 
 

Bangkok, Thailand 

INSTITUTIONS ATTENDED Chiengmai University, 1987:  

Bachelor of Science (Medical 

Technology) 

Mahidol University, 1997: 

Master of Science (Microbiology) 

POSITION&OFFICE 
 

Faculty of Allied Health Sciences, 

Thammasat University (Rangsit campus, 

Prathum thani, Thailand 

Position: Lecturer 

Tel: 02-9269441-2 

HOME ADDRESS 
 

197/6 mue 6, Pravat, Bangkok, Thailand 

Tel: 02-3287704 

 

 


	PhD_thesis_Khaimuk1.pdf
	MOLECULAR MECHANISM OF HIGH FETAL HEMOGLOBIN PRODUCTION IN ADULT 
	  MOLECULAR MECHANISM OF HIGH FETAL HEMOGLOBIN PRODUCTION IN ADULT 
	Thesis 
	MOLECULAR MECHANISM OF HIGH FETAL HEMOGLOBIN PRODUCTION IN ADULT 
	 
	Thesis 
	MOLECULAR MECHANISM OF HIGH FETAL HEMOGLOBIN PRODUCTION IN ADULT 
	CONTENTS 
	 
	CONTENTS (CONT.) 
	LIST OF ABBREVIATIONS 
	 
	LIST OF ABBREVIATIONS (CONT.) 
	LIST OF ABBREVIATIONS (CONT.) 

	PhD_thesis_Khaimuk2.pdf



