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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 y-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 vy-
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 ®y- or “y-globin gene promoters. SEA-
HPFH occurs from a 27 kb deletion, including the B-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 y-globin gene expression, and
the presence of the specific erythroid enhancer downstream to the 3’ breakpoint
that was brought close to the y-globin gene may enhance y-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/148p 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
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CHAPTER |
INTRODUCTION

Hb F is heterotetramer complex of 2 a-globin chains and 2 y-globin chains
with heme groups. The y-globin chain production is regulated by the y-globin genes in
the B-globin gene cluster. Upstream of the entire B-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 € gene. The LCR plays a critical role
in B-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 B-globin gene, 3'HS1, which may mark the 3' boundary
of the B-globin gene domain.

Hereditary persistence of fetal hemoglobin (HPFH) and 5p3°-thalassemia are
associated with a high level of HbF synthesis (5-30 %) in adult stage. The HPFH
usually has normal hematologic parameters while JSB°-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 B-thalassemia. The molecular
defects of HPFHs were either deletion of DNA from the y-globin gene to 3’ of the [3-
globin gene (deletional HPFH) or mutation at “y- or “y-globin gene promoters (non-
deletional HPFH) including small deletion, insertion, and nucleotide substitution.
Nine types of HPFH and 19 types of dB°-thalassemia caused by deletion of B-like
globin genes and 16 types of non deletional HPFH (Wood, 2001). In Thailand, more
than eight types of deletional HPFH and and Jp°-thalassemia were reported
(Fucharoen et al, 1987; Fucharoen et al, 2002; Panyasai et al, 2004; Winichagoon et al,
1990).

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

changing transcription factor binding, which elicited for the y-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 y-globin gene silencing
sequences, competition of LCR to the y-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 y-globin gene production was stimulated when the deletion brought this sequence
close to the y-globin gene (Anagnou et al, 1995).

In addition a number of 63°-thalassemia and HPFH lost the 3'HS1, which was
a scaffold attachment sites and may function as an insulator at 3' end of [-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 B-globin gene and the 3° HS1 sequence of the -
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 B-globin cluster. The EGFP gene replaced “y-globin coding
region in frame to monitor “y-globin gene expression. The effects of the HPFH-3
enhancer sequence and human 3'HSI to “y-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 B-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 IlI
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 a chains of 141 amino acid residues each and
two B chains of 146 residues each (Peruz, 2001). The a- and B-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™ or Fe™
state, but ferrihemoglobin (methemoglobin) (Fe*) can not bind oxygen.

In adult humans, the most common hemoglobin is a tetramer (contains 4
subunit proteins) called hemoglobin A, consisting of two a and two B subunits non-
covalently bound. This is denoted as o,f,. 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 a-

and B-globin chains: o;B; and o f3;.
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Deoxyhemoglobin

(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:

CO;, + H,O <->HCO5 + 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, NO, and H,S. The
iron atom in the heme group must be in the Fe™ oxidation state to support oxygen
transport. Oxidation to Fe™ state converts hemoglobin into hemiglobin or
methemoglobin which cannot bind oxygen. NO; 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 (&¢;)
- Hemoglobin Gower 2 (ax¢;)
- Hemoglobin Portland (&,y2)
In the fetus:
- Hemoglobin F (ayy2)
In adults:
- Hemoglobin A (a2f3;) - the most common type.
- Hemoglobin A, (a,0,) — 6-globin chain synthesis begins late in the third
trimester and in adults, it has a normal level of 2.5%.
- Hemoglobin F (ayy2) - in adults hemoglobin F is restricted to a limited

population of red cells called F cells.
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Hemoglobin Dissociation Curve, pH 7.4
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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 € and £ embryonic chains synthesized after conception
are gradually replaced by a- and y-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 B-chain, minor at first, begins to accelerate around the thirty-
fourth week of pregnancy. Within 3 weeks after birth, B and y chains are in equal
competition. At 6 months after birth, the adult Hb A has predominate expression over
Hb A, (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 A,, 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.
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Figure 3.4 Human globin gene. Upper panel shows p-globin cluster at chromosome

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

3.2.1 aglobin locus
The o-like globin genes (a0 and &) are located on the short arm of the

chromosome 16 (16p13.3), forming a 25 kb cluster, with each haploid genome
containing the two a-globin genes. On this chromosome, two widely spaced C -globin
genes come first, followed by a defective a-like "pseudogene, " wal, that does not
code for a protein chain, and finally two a-globin genes labeled a2 and al.. Promoter

elements exist 5' to each a-globin gene.

3.2.2 B globin locus

The B-globin cluster, contains five functional genes, 5' &-“y-"y-yB-8-B-3', are
located on the short arm of the chromosome 11 (11p15.5), forming a cluster of
approximately 60 kb. On this chromosome, an e-gene is followed after a long interval
by the two “y and “y-globin genes, another defective pseudogene, wp1, and then by
the 8- and B-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 e-globin gene. The LCR is comprised of five DNase I-hypersensitive
sites designated HS1 to HSS (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 3-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 B-globin gene. The two extreme HS sites flanking the [3-
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globin complex have been suggested to mark the boundaries of the B-globin gene
domain. The B-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 a- and y-chain synthesis
replaces C- and e-chain synthesis, and a perinatal fetal to adult switch during which -
chain synthesis replaces y-chain synthesis. The a-like globin genes switch only once
at the time of the {2 a switch, whereas the B-like globin genes switch twice: 2> v =2
. 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 -globin synthesis at 6 weeks induces the beginning of the
vy to B-switch and B-globin chain production makes up approximately 1.5, 5.0 and 10.0
percent of the non o-like globin synthesis at 6, 7 and 10 weeks of gestation,
respectively. The final switch from y- to B-chain synthesis has special features. The
switch occurs between two pairs of genes: upstream “y and “y genes to the
downstream 6 and (-globin genes. During the switch, there is disproportionate change
in the expression of two y-globin genes. Expression of the “y-globin gene diminishes
faster than that of the “y globin gene. Consequently, the ratio of “y- to “y-globin
chains falls from 3:1 at the time of birth to 2:3 by approximately 5 months of age. A
low level of y-globin chain production persists throughout adulthood and normally

accounts for one percent or less of the 3-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, o.-amino-n-butyric acid, a
metabolite found in the plasma of hyperinsulinemic infants of diabetic mothers,
inhibits the y to B 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 a-chain composition as adult hemoglobin,
Hb A, Hb F is composed of two additional polypeptide chains, refered to as gamma-
(y-) subunits, that are highly homologous to the B-chains of Hb A. Thus, Hb F is an
oY, 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 O, 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 O, must move from the maternal
circulation to the fetal circulation and the higher average of affinity of Hb F insures
that O, 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 O, 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 [-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, a,f% ) and is
physiologically substitute for normal adult hemoglobin (Hb A, a..f3,) in erythrocytes of
patients with P-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 [°-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 B- to y-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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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-B) had synergistic effects with respect to
Hb F by pancellular reversal of y-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 y-globin gene expression.

The y-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 Kriippel-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 Kriippel-like zinc finger family, which recognize CACCC motif and
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include the ubiquitous proteins Spl and YY1, erythrod Kriippel-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 B-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
NF-E2 Basic-leucine zipper

TAL/SCL  Basic-helix-loop-helix

RBTN2 LIM domain protein

EKLF Kriippel zinc finger
BKLF Kriippel zinc finger
SSP CP2/Grainyhead

NF-E4 unknown

(T/A)GATA(A/G)
(T/C)GCTGA(C/G)TCA (T/C)

CAGATG

May not bind DNA directly

CCNCNCCCN

CCNCNCCCN

GGCGGCGGCTGGCTAGGG

RAGAGGRGG

Some degeneracy
Heterodimer of p-45
(lineage-specific; cnc
protein) and p18 ( widely
expressed, maf protein)
Heterodimerizes with E-box
bHLH proteins

Interacts with TAL/SCL

Erythroid specific CACCC
binding protein; may
mediate y-to-f3 globin gene
switch

Corresponds to TEF-2 ; high
expression in embryonic
midbrain

May mediate interactions
between LCR and y-globin

gene

Suspected activation of
adult B-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 B-globin cluster. It may be one of the factor to interrupt
regulatory region downstream to y-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 B-globin
insulators, which flank the entire B-globin gene cluster, protect the neighboring
erythroid-specific folate gene from the enhancer effect of the B-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 y=>f3 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 Xmnl positive at “y-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 y-globin gene expression is being
explored as a treatment for patients suffering from B-globin deficiencies. The short-
chain fatty acid butyrate has been shown to elevate fetal hemoglobin by inducing
expression of the y-globin gene via inhibition of the enzyme histone deacetylase
(McCaffrey et al, 1997). In addition to regulating y-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
B-like globin gene were found worldwide. The abnormalities due to the gene deletion
are classified as HPFH and op-thalassemias. Hb Kenya ,which produces of a hybrid
AyB-globin chain accompanied by the increased “y-globin chain synthesis, was also
included in the HPFH condition. The 5p-thalassemias are subdivided into those that
produce both %y and “y-globin chains, the Sy"y(8B)°-thalassemias (including Hb
Lepore), and those that produce only “y-globin chain, the “y(“y5B)°-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 B-globin cluster can also be subclassified. Those in which there is an
increase of only the % or “y-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 y-globin gene expression but are not linked to
the B-globin complex. These include one localized to chromosomes 6, 8§ and X
chromosome.

HPFH and JpB-thalassemia were originally distinguished on hematologic and
clinical criteria. Heterozygous Of-thalassemia had a similar red cell picture to 3
thalassemia, with hypochromic and microcytic erythrocytes, but a normal level of Hb
A; (<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 A,, 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 3 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 of°-thalassemia have been
determined at present. Sizes and locations of deletion fragment on B-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 -globin cluster.

3.6.22.1 Linked to B-globin gene

The major cause of non-deletional HPFH which linked to B-globin
cluster are point mutations in the promoter of the y-globin genes. The mutation
including point mutation, nucleotide substitution, and small deletion. Moreover, some
polymorphisms on y-globin promoters and y-globin genes rearrangement showed
slightly higher Hb F in adult.

a) Mutation on y-globin promoters

Non deletional HPFH which caused by mutation on y-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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Genetics
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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.)



Literature Review / 26

Khaimuk Changsri

(9661 ¥ 72 5221807 BIISER[RY-, ((JQAy)Ag TEYT, 33 PAJ[RI AJETIUL

( TRL [ “3SREUM) TRIOGUE]

“GS AR URISY JSRATINO G COE TR iz .2 91 0f o g o umansdngy g HAdHVES
iUz ¢l GiEE it 3o prgdy vAuay] gy
AZAURTHAT Ay PI0aar1op] ng -~ d.pody o-HIJH
my 41707 oo~ d.E oy gE oA £ +O-HadH
aps w Ajod
UL 91 “0z 671 § Jowmansusop g 00} Qeadarnyyur) g ¢ ¢-HddH
e 01T F1 Ot ~ 429100 e .l E #-H4dH
TETT] T+9°EF T RF d.£ 9% nf o3 (eadarnyy ur) grh ¢ £-HadH
TRTELRTL) 2TF PR s (eadar 1) 4.£ 9 06 03 M 30 TIZAT r-HddH
qae[g 0E-07 anT~ .2 8 g6 0 (eadazngy w9 weansdn o oL p [-HAdH
HAdH
sajofAzolalay (gi) JUamISEI]
ANEUONER] auad urgold palafacg aum k]
BRI S H s WSTR[l

: er oo
.:SNEOE.SDNEESG

pue sofnodoureioleely) BNUAS SEIEY- (oA, pUR BNUasseley] - (d Q) pUe [IJH U BUNNSAT s9UaE wrqelE-o ] W uonA[2 7§ 9[qel



Ph.D. (Mol. Genet. Genet. Eng) / 27

Fac. of Grad. Studies, Mahidol Univ.

[m]
ysepeEuRy
‘RIS A TR, Y{ae]g ‘eroda §9-¢°0 a1
TR AURITSIA ] f TR §1°E (il feadas 170 4.2 91 970 IRAT g
aEaWRINAT Y TR TETOE] 1“0t R (eadar 1) ¢.£ 01530 [[SA] g
ueadoing 158y 2161 G dI0Igalm e .o el L
Aar(g 24 SR g0 weanswaop o L0 03 (eedarnyy ) g g 9
LTT papaaut puosiag
ST, TRIUOpaiE PR 11 g 9] pue J wenswaop g ¢ 11 019, ¢dg gQ)
TIOTETRATT Tk TIOTS[ap o ] e
USRI o o (Fradar [0 9 J0 £ O 17 03 e J0 € O[T t
T §1% gTem (eader 1) ¢ 30 £ O 11 04 J0 £G4 1 3
s dg 9 FII~ I"HAJH O £ 9 503 § g0 ¢ eadar ]y i
asatmde i 0ET< o WEaRSAOR F 0 Ay JO E O T I
A s s 4idg)
sajofAzZolatay  (q) JuawEeRl]
AEUonE ] auad urqoels palarag

ut 1 9H % uona[a

[#

(roa} (1007 "Pooi 10T "PIRASOR)
pue senodouueAopeels) BNNa s se[El- (Qhy) pUe Bnmasserey) ((dQ) pue AL W Sunnsar saual wqoE-g ayl w venaag g .m.__._w_H_



Literature Review / 28

Khaimuk Changsri

TIOTSIAALT

Ui Y 0L L PUR § 0 [I] BOXS Usasag noTalap

5B AIPPIL TETPU 21-01 0z~ 3 B £ PR Ay JO T[] THONE TR [T 24 TJ0 BORalEp dy o8 &
HoR]G URILIOW 179 g ipradar [T .8 30 0 1109 4y JO [T SAT g
ysepm L F1-01 e~ 430 £1e medar [Tpuodaq dg gf 0330 € 9] L
TR £i17E] g teadar 1) d £ 8 0F 07 Ay J0 1T AT B
(f-HAdH pue , § woiy weansdn dg i)

umiA[ag FTFT g 9.2 9T 0F 93 Aye 30 1T 24T c

(£ HAdH 3o wenswaop dg gz 1)
RIS L) £1-01 e 930 EOT LT 044G 30 £ T ¥

[adiy asavmyny Jo wmansdn
BSAURTILNL AR oo do £1) . £30 feadar 17 03 (398 de )iy goumansdn dg o] £
asaumyy) 06 oy~ (E-HAdH . ¢ 91 110 9.2 91 08 03 &y 30 11 SAT 4
B80T () RIS ARTR T4 0z-a61 0fi< .5 01y JO ¢ O 00F-002 T
_WEEEE.E?D__.Q_@PE
sajoB4AT0IAAY  (Q¥) JUIWEE]
AN[ETOIE R] auas uqols palafag
Ut J9H %o wonaRg

: : L
_H.Eon_u_.ioomﬁoo?.gomﬁm_ﬁo@

pue sonodouueiojeurelg) viura s se[etl- (dohe) pue ermasserey) (do) pue HIJH W Sunnsar sauad urqold-¢ ayl ut uenaag g .m.E_w_H_



Fac. of Grad. Studies, Mahidol Univ.

Ph.D. (Mol. Genet. Genet. Eng) / 29

Table 3.3 Point mutations in the promoter of the “y- and “y-globin genes resulting in

non-deletional HPFH.

Mutation

% HbF in heterozygotes

References

Sy -globin promoter
-202, C>G

-200, +C
-175, T>C

-114,C>G
114, C>T

-110, A>C

Ay -globin promoter
4 bp deletion (-226 until -223)

202, C>T

-198, T>C

-196, C>T
-195,C>G

-175, T>C

-158,C>T
117, G>A

-114,C>T
13 bp deletion ( -114 until -102)

14.3-21.0

18.0-23.5 (with HbS)

18.0-28.0
22.1

29.5 (with HbS)
8.6

11.0-14.0
0.6-0.8

54,32

1.6-3.9

1.8-13.0

12.0-16.0
4.5-7.0

37.0-38.5
37.3 (with HbC)
40.4 (with HbS)
2.9-5.1

7.1-15.6

4.7-4.8
30.1-31.8

(Collins et al, 1984),

(Pissard et al, 1996)

(Friedman and Schwartz, 1976;
Surrey et al, 1988)

(Motum et al, 1994)

(Fucharoen et al, 1990)

(Indrak et al, 1991)

(Huang et al, 2000)

(Gilman et al, 1988; Hattori et
al, 1986)

(Donald et al, 1988; Harvey et
al, 1992; Tate et al, 1986)
(Giglioni et al, 1984)

(Costa et al, 1990)

(Coleman et al, 1993; Stoming
et al, 1989)

(Patrinos et al, 1998)
(Camaschella et al, 1989;
Collins et al, 1985; Gelinas et al,
1985; Ottolenghi et al, 1988;
Superti-Furga et al, 1988)

(Oner et al, 1991)

(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 Gy-globin gene and the A>G

mutation at position -161 “y-globin gene.

- The C-2T polymorphism at position -158 G;‘Lglobin 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 Yy 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 Sy-globin gene is associated with the higher level of Hb F in
B-thalassemia (Efremov et al, 1994). The XmnI-%y 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 “y-globin gene.

- The A=G mutation at position -161 yglobin 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 p~globin genes rearrangement
The rearrangement of y-globin genes on [-globin that different from the

normal ( 5°-g- “y- *y-yB-8-B-3° are as follows.

- 9% or Aty
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- the presence of multiple y-globin genes (three, four and five y-globin

genes) (Huisman et al, 1998).

These anomalies were firstly observed in adults with the Gy- Gy-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 “y values of 94.6-98%. However, C> T
mutation at -158 %y at both “y-globin gene is the major factor responsible for the
elevated level of Hb F.

In other studies, adults with y-globin gene quadruplication or quintuplication
showed the level of Hb F from 0.7 — 3.8% with mainly “ (85-95%) and elevated
levels of Hb A,

3.6.2.2.2 Unlinked to B-globin gene

Association of high Hb F production in adult unlinked to the -globin gene
has been studied since neither mutations at y-globin gene promoters nor deletion on -
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 B-thalassemia
allele present in these families and the C=>T mutation at position -158 (Gy), 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-% 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 8B°-thalassemia have been reported in
unrelated families in Thailand and Malaysia (Fucharoen and Winichagoon, 1997).
Four deletion of B-like globin gene including Chinese “y(*y8p)°-thalassemia, Thai
Sv(*y8pB)°-thalassemia, Indian “y*y-HPFH and Thai “y*y(8B)°-thalassemia were found
in Thailand since 1987 (Fucharoen et al, 1987; Fucharoen and Winichagoon, 1997;
Winichagoon et al, 1990). Thai “y(*y8p)°-thalassemia was later characterized and
categorized as HPFH-6 (Kosteas et al, 1996). DNA fragment at 3’ breakpoint of this
mutation function as “y-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 Gy(AySB)O—thalassemia, Thai 6p°-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 A,FA with Hb F levels higher than 10% were investigated for their
molecular defects. The deletion inversion “y(*y8f)°-thalassemia, HPFH-6 (Sy(*y5pB)°-
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thalassemia) and 12.5 kb deletion Thai/ Vietnamese df-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 B-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 ®y*y and 8B 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 y-globin genes promoters may be in
competition with the 8- and B-globin gene promoter. In normal adult stage, the
competion between LCR to globin gene would favor the 6- and B-globin gene as a
result of the chromatin conformation, stage-specific trans-acting factors, or both.
However, when both the 8- and B-globin gene promoters are deleted, the y-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 - and y-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 y-globin
gene expression during development in constructs lacking the B-globin gene (Arcasoy
et al, 1997; Dillon and Grosveld, 1991; Peterson et al, 1995). Furthermore,
competition between [B- and y-globin genes could not explain the phenotypic

differences between HPFH and “y"y(8B)° thalassemia.
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3.8.1.2 Loss of regulatory regions ( y- globin gene silencing)

Huisman suggested that a regulatory region responsible for repressing y-
globin gene expression in adult life might lie between the “y- and 8-globin genes
(Huisman et al, 1975). Loss of these area would make it defective and shift the
equilibrium toward y-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. B-globin cluster constructs, with and without the region
between y- and d-globin region, have also been studied in transgenic mice. The result
showed that y-globin genes were more or less completely switched off in adults
(Gaensler et al, 1993), and no increase in y-globin gene expression was observed in the

mice with the deleted y- and 5-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 y-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 y-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 y globin gene. The binding

can cause both enhancing and suppressing of it’s y- 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 y-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 y-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.
NFEl 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 NFEI 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 y-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). NFEI1 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 y-globin promoter. Transfection of a ggl-
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 y-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 “y- or “y-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;
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Katsantoni et al, 2003). In the investigation of deletional HPFH, not only breakpoint
sequence but also surrounding genes within 3-globin cluster and distance from the
breakpoint to the y-globin gene, may affect the y-globin gene expression. The study
that showed surrounding effects of deletion within 3-globin cluster was demonstrated
by YAC carring B-globin cluster (Bauchwitz and Costantini, 2000; Peterson et al,
1995; Zhang et al, 1997). BAC vector which contained B-globin cluster was used to
investigate y-globin gene expression in mutation caused by deletion or point mutation
on B-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 y-
globin gene promoter have been investigated by binding of transcription factor at the
mutation region and over expression of y-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 y 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 Spl binding, the -198

mutation greatly increases the binding of proteins GT1 and Spl. 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 NFEI motif. OTFI 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 NFEI1, that the
mutation somewhat decreases the extent of DNasel protection on the 3° NFE1 binding
region and on some downstream sequences. This observation suggested that the
NFEI-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 y-globin promoter caused high -
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 y-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 y-globin gene expression by a different mechanism than the -117 HPFH
mutation. Furthermore, this study provides evidence against a general increasing of y-
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 “y-globin gene construct containing a -382 5'
truncation of the “y-globin gene promoter had a phenotype of HPFH but, when the

CACCC box of this sequence was deleted, there was no y-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 y-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 y-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 Sy-globin gene is associated with the HPFH phenotype and
shows (Motum et al, 1994)

The mutation of a non-deletional HPFH, -175 T->C Gy-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 y-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 Gy-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 B-lactamase that confers resistance to
ampicillin (Ap") and tetracycline resistance gene (Tc"). The map shows enzymes that
digest pBR322 DNA once and used for plasmid manipulation in this experiment (Pstl,
Aatll, Nhel, 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/148p (Fig. 4.2)

pEBAC/148p plasmid is a second generation BAC clone containing the
entire 3-globin locus (about 73 kb), as well as additional sequences at both the 5' and
3" ends. This plasmid was generated from PAC/148p3, 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/148[3 genomic insert was isolated as a
single Notl fragment and cloned into the Notl site of pEBAC/140, to generate
pEBAC/148p.

The vector is based on the backbone of the F plasmid pBeloBACI11. The
hygromycin (Hyg") 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 (Cm®) gene enables for selection in
bacterial cells.

4.1.2.3 The EBAC/148B:EGFP Sy*yB

The EBAC/148B:EGFP Sy*yB was modified from EBAC/148B that
replaced EGFP gene at Sy-globin gene and its downstream until B-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 Bglll 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 (Pcmy ) 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 (neo’), 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 (Kan") into the Ncol site, downstream of the I-Scel
recognition site of the pST98AS plasmid. pSTI8AS plasmid contains an inducible |-
Scel 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 pSCI101 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 cI5S78 (APR 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 6B-thalassemia (Table 4.1)

4.1.3.2 B-globin haplotype ( Table 4.2)

4.1.3.3 For “y and Yy-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 8f3-thalassemia.

Size of PCR
Type Primer names and sequences (5°>3")
product (bp)
HPFH-6 HPFH-6_L: TGTTGACGCATGCCTAAAGA 1500 (mutant)
HPFH-6_R: AATCCACTGAACACCGAAGC
Vietnamese F1: TTGGGTTTCTGATAGGCACTG 1585
3pB°-thalassemia F2: GTGTCACCCATTAATGCCTTGTAC (F1/F2 normal)
F3: TAGATCCCTTTGCCATTATG 1165

Chinese

Gy(Ay 8pB)° thalassemia

G1: GGCATATATTGGCTCAGTCA
G2: CTTGCAGAATAAAGCCTATC
G3: TCAACAATTATCAACATTACACC

(F1/F3 mutant)

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 B-globin

gene cluster.

PCR product(bp)
Undigested  Digested
¢) )

Gene Sequences of primer pairs Restriction

location (523" site

-158 Sy-globin ~ F: GGCCTAAAACCACAGAGAGT
gene R: CCAGAAGCGAGTGTGTGGAA

Xmnl 578 400, 178

5' g-globin F:GGCACATGGATGGAATTGAA
gene R:ACCATGATGCCAGGCCTGA

Hincll 1068 540, 528

F:TGCTGCTAATGCTTCATTACAA _
Sy-globin gene HindIII 782 436, 346
R:AAGTGTGGAGTGTGCACATGA

F:TGCTGCTAATGCTTCATTACAA _
“y-globin gene HindIII 762 436,326
R:TAAATGAGGATGACAACA

YB-globin F:GAACAGAAGTTGAGATAGAGA

Hincll 699 354, 345
gene R:ACTCAGTGGTCTTGTGGGCT
3''¥YB-globin F:TCTGCATTTGACTCTGTTAGC :
Hincll 590 470, 120
gene R:GGACCCTAACTGATATAACTA
F:TGTCATCACTTAGACCTCAC 791, 213,
B-globin gene Avall 1419
R:GCTTGGACTCAGAATAATCC 415
3' of B-globin F:GCCCACATCACCAAGGCAAT
BamHI 1520 1228, 292

gene R:GCTCTACGGATGTGTGAGAT
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Table 4.3 Sequences of primers for y-globin promoter sequencing.

Primer name

Sequences of primers 5’23’

G33L
G6R
G7L
Ag L

oligo4

AAATCCTGGACCTATGCCTA
CTGAAGGGTGCTTCCTTT
AAAAGAAGTCCTGGTATCC
GGCAAAGTCACAAAGAGT
TTCCACACACTCGCTTCTGG

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

HPFH.

Primer name

Sequences of primers 5’23’

FH-1 TGGTATCTGCAGCAGTTGCC
FH-4 AGCCTCATGGTAGCAGAATC
FH-5 ATTGTTGAGTTGCAGGATCG

Table 4.5 The primer pairs for DIG-labeled probes and their locations on the 3-globin

gene cluster.

Globin gene  Location Sequences of primers (5' =2 3")

Gy Promoter F:AAATCCTGGACCTATGCCTA
R:TGAAGGGTGCTTCCTTT

Y3 Coding region F:GAACAGAAGTTGAGATAGAGA
R:ACTCAGTGGTCTTGTGGGCT

) Exon 1 F:GAGTCAACTTGTTAAAACAT
R:GGACTCACCCTGAAGTT

B 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

IScel/K L ctcgcettctg gaacgtetga gattatcaat aagetectag

tccagacgcec ggtecgaact ctaaactget ga

IScel/K_R ataagaacc atccttgcta ctcagetgea atcaatccag

cccccaggte ggegtgatcet gatecttcaac

I-Scel/Km cassette

EGFP L ctcgettetg gaacgtctga gattatcaat aagetcctag EGFP cassette
tccagacgec tgaccgeege cggatcacte te

EGFP R attaagaacc atccttgcta ctcagctgea atcaatccag
cccecaggte accacaacta gaatgcagtg

EGFP_Kan R attaagaaccatccttgctactcagctgcaatcaatccageccccag EGFP/Km cassette
gtctgatggeaggttgggegt

EGFP_Kan L ctegcettctggaacgtctgaggttatcaataagetectagtccagacg

ccatggtgagcaagggcgagga

Ag IScel L fw

ggtecgaactctaaactgetga

Left border across

Ag IScel L rev tatcagggttattgtctcatg [-Scel/Km cassette
Ag IScel R fw cactgcattctagttgtggt Right border across
Ag IScel R rev. ctcccttgaa atgetgtga [-Scel/Km cassette
Ag EGFP L fw  ggcctcactg gacgtacag Left border across EGFP
Ag EGFP_L rev atgtttcaggttcaggggagg cassette

Ag EGFP R fw
Ag EGFP R rev

cactgcattctagttgtggt
ctccettgaa atgcetgtga

Right border across EGFP

cassette

EKAN2FL ggtccgaactctaaactgetga Left border across
EKAN2RL tatcagggttattgtctcatg EGFP/Km cassette
EKAN2FR cactgcattctagttgtggt Right border across
EKAN2RR ctcccttgaa atgetgtga EGFP/Km cassette
FH-1 agcctcatggtagcagaate Left border across
3pHS rev ggcagtggagtttttgctgt 3’HS-1 sequence in pSEA-
HPFH_3pHS1
FH-1 agcctcatggtagcagaatc Left border across 0.7 kb
EnH_rev gccctgaataagetgtgcte enhancer in pEnH
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Table 4.7 Sequences of primers used for cloning fragment on pBR322.

Primers name

Sequences (5' =2 3")

Cloning fragment

FRT_AMP L1

FRT_AMP RI

Aatll 3pH L1

3pH NHel R1
Nhe Enh L1

Enh Eco52I R1
Nhe BreakEn L1

BreakEn Eco521 Rl

50 FRT L1

50 FRT R1

caatgaagttcctatactttctagagaataggaacttccttttcta
cggggtetgacg
tgttgacgtcacgaagttcctattctctagaaagtataggaactt
catccgetecatgagacaatacce
ctgtgacgtcttgcttggttttcttctttcattca
agttgctagcgtggceagtggagtttttgctgt
ctcagctagcgtgtcaaaacggaccaataag
agatcggccgttgecctgaataagetgtacte
ctcagctagegtgattetcaggtetggaactta
agatcggccegttgeectgaataagetgtgete

tgcaaaagacatattcaaacttccgcagaacactttatttcacat
atacatgaagttcctatactttctagag
tagaaccggttagaagttattgaagggcatgaaataatagteg
ttggaaagaagttcctattctctagaaagtat

Ampicillin gene
flanking FRT

sequences

3’HS1 sequences

0.7 kb HPFH-3 core
enhancer sequence
8 kb with 0.7 kb
breakpoint sequence of
SEA-HPFH
Cassette amplification
of modified pBR322
plasmid for

recombination
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4.1.4 Enzymes

4.1.4.1 DNA polymerase

- AmpliTag Gold DNA polymerase (Perkin Elmer Cetus, Norwalk, CT)
for PCR amplification of HPFH and of-thalassemia screening, haplotype analysis,
amplification of 11-DIG- labeled probe and PCR recombinant clone screening.

- HotStarTag DNA polymerase (Qiagen, GambH, Germany) for PCR
amplification of HPFH and Op-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 (Tag Pyrococcus species GB-D DNA polymerase mixture in storage buffer)and
buffer system 5X Buffer A [300 mM Tris-SOs, (pH 9.1 at 25°C), 90 mM (NH4),SO4
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 MgSOq4].

4.1.4.2 DNA digestion

4.1.4.3 Restriction enzymes: ECORI, Xbal, EcoR52I, Pstl , HindIII,
BamHI, I-Scel (New England Biolabs, Bevery, MA, or MBI Fermentas, Ambherst,.
NY, USA) and Eag II, EcoR52] (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 A(mrr-hsdRMS-mcrBC)®80dlacZ AM15
AlacX74 endA1 recAl deoR A(ara,leu)7697 araD139 galU galK nupG rpsL A). It
was to used to maintain BACs, small plasmids, and homologousrecombination.

- E.coli strain DY38: DH10B [Acl857 (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 DHIOB 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 KCI, 30 mM CaCl,, 50
mM MgCl,)

- TSS solution: ( 100 ml: LB medium, 10 g PEG3350, 5 ml DMSO,
pH 6.5); add 200 pl of sterile solution of 1 M MgCl, and 1M MgSO, 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,
2% (w/v) bacto-tryptone 0.5% bacto-yeast extract, 0.05% (w/v)
SOB medium
NacCl, 10 mM MgCl,
SOC medium 20 mM glucose in SOB medium

Table 4.9 Antibiotics used in the homologous recombination experiments.

Stock Final
Antibiotic Solvent
concentration concentration
Chloramphenical(Cm)  12.5 mg/ml dH,O 12.5 pg/ml
Ampicillin (Amp) 100 mg/ml 100% 100 pg/ml
ethanol
Kanamycin (Km) 25 mg/ml dH,O 25 pg/ml

Tetracyclin (Tet) 100 mg/ml dH,O 100 pg/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 pg/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 ™ (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

EDTA, pH 8.3)

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

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-HCI, 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
ng/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 ®y- and “y-globin chain by Triton-acid-urea

electrophoresis

The “y-globin chain and “y-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



Khaimuk Changsri Materials and Methods/ 54

samples. Samples were freshly prepared by mixing 5-7 pl hemolysate (10-20 pg of
globin ) with 120 ul of sample buffer. 10-15 pl 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 y-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 2.5x10” RBC suspension (10 ul 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 pl of mouse monoclonal antibody to human Hb F
labeled FITC and 70 pl of PBS, 0.1% BSA was added to 10 ul of the suspension
(about 1 to 2x10° 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 AmpliTag Gold DNA polymerase ( Perkin Elmer Cetus, Norwalk,
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CT), 1 mM MgCl,, 10mM Tris HCI (pH 8.3), 50 mM KCl, and 200 uM each dNTP in
a final volume of 50 pl. 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 72°C for 50 sec. The final
elongation step was carried out at 72° 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 pl) contained 200 ng DNA, 10 pmole of forward and
reverse primers, 200 uM dNTPs and 1 U Vent® DNA Polymerase (New England
Biolabs, Bevery, MA, USA), and 2.0 mM MgSO, 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 95°C for 5 min and followed by 30 cycles of PCR. PCR reaction was
performed in 50 pl for 30 cycles (94°C 4 min for 1 cycle; 94°C 30sec; 55°C 30 sec;
72°C 30 sec for 10 cycles / 94°C 30sec; 60°C 30 sec; 72°C 30 sec for 10 cycles for 1
cycle/ 94°C 30 sec; 65°C 30 sec; 72°C 30 sec for 10 cycles cycles) and 1 cycle of 72°C
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 pl of 0.5xTE buffer.

4.2.5.2 For PCR fragment larger than 3 kb

The reaction (50 pl) contained 200 ng of genomic DNA or 100 pg of
plasmid template, 10 pmole of forward and reverse primers, 200 uM dNTPs and 1 ul
of Elongase enzyme mix (Invitrogen corporation, Carlsbad, CA, USA), and 1.6 mM
MgSO4 from 4 pl of 5Xbuffer A and 6 pl of 5Xbuffer B. The amplification reaction
was carried out in a DNA thermocycler 2400 (Perkin-Elmer Cetus, Norwalk, CT)
started with denaturation at 94°C for 30 sec and followed by 30 cycles of PCR. Each
cycle of PCR consisted of denaturation at 94°C for 30 sec, annealing at 55°C to 65°C
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 1 XTBE 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 B-globin haplotype analysis
The B-globin gene cluster polymorphic sites were determined by restriction
enzymes, including the XmnlI site at the position-158 nt 5’ to the “y-globin gene, the
HinclI site 5' to the € -globin gene, the HindIII sites in the “y- and “y-globin genes, the
HinclI sites in the W[p-globin gene , and in its 3' region, the Avall site in the 3-globin
gene, and the BamHI site 3' to the 3-globin gene, using the PCR-based strategy (Sutton
et al, 1989). PCR fragments from each location on f-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.l 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 1 XTBE 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 8p°-thalassemia
Common HPFH and JB°-thalassemia which previously found in Thai
including HPFH-6, Vietnamese 8B°-thalassemia, Chinese “y(*y 8p)°-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 5p-thalassemia in Table 4.1) for 45

sec and extension at 72°C for 2 min in every cycle.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Mol. Genet. Genet. Eng) / 57

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 y-globin gene promoter, V[3-
globin gene, exon 1 of d-globin gene and between IVS 1 and exon 2 of B-globin gene.
The locations, sequences and sizes of DIG-labeled probes on B-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 pl 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 HCI (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 ° C. Hybridization was carried out by addition of the denatured probe, in the same
solution, for 16-20 hours at 63 ° 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 67° 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 pl )
contains 400 ng DNA, 10 pmole FH-1 and FH-5 primer, 15 pmole FH-4 primer, 200
uM each dNTP, and 1 U HotStarTag DNA polymerase (Qiagen, GambH, Germany),
and 2.5 mM MgCl; in 1X PCR buffer (Qiagen, GambH, Germany). The amplification
reaction was described in section 4.2.5 with annealing temperature of 58°C for 60 sec.

4.2.11 DNA sequencing
4.2.11.1 For ®y- and “y-globin promoter.

Yy- and “y-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 y-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, 8ul Big Dye
reaction mix, 4 pl of 0.8 pmole/ul sequencing primer and dH,O to a final volume of
20 pl. The sequencing was performed for 30 cycles (96°C 1 min for 1 cycle/ 96°C 20
sec; 55°C 20 sec; 60°C 4 min for 30 cycles). The sample was precipitated by adding

80 ul 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 ul 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 37°C, 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 ul of lysis buffer
followed by gentle inversion and incubated at room temperature for 5 min. Then 300
ul 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
ul 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 pl 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/148p:“y*y 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 pl 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 ODggo 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 pl 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 pg of DNA was added in 100 pl of sterile bacterial
suspension solution for 5 min. A 200 pl 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 ODggo 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 pl 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 upl 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 pg -7 ug of purified PCR product or 20 ng of BAC with volume of 2 ul 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 200Q2. 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 37°C 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 pug DNA
electroporated (cfu/ug DNA).

4.2.15 EBAC Recombinant clone identification
4.2.15.1 Existence of B-like globin genes in B-globin cluster.

The existance of the human [-globin cluster was evaluated by PCR
using primers; Oligo1/Oligo2 (780 bp e-globin gene product), Oligo3/0Oligo4 (540 bp
Yy globin promoter products), Oligo5/0ligo6 (538 bp Yy globin geneproducts), Oligo
5/0ligo 7 (457 bp *y globin gene products), Oligo8/Oligo9 (750 bp yp globin gene
products), Oligo8/0ligo9 (750 bp 3' wp globin gene products),and Oligo 12/0ligo13
(730 bp 3' yP 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, Ix 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
1 XTBE 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 y-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/148B was used as BAC vector which initially replaced “y-
globin gene with EGFP gene to yield pEBAC/148B: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/148B:EGFP to yield another
three EGFP modified construct as described in Figure 4.5
4.2.16.1 Replacement of “y-globin gene with EGFP gene in pEBAC/148p
4.2.16.1.1 Two steps of recombination for replacement of “y-
globin gene with EGFP gene in pEBAC/148f (and recombinant clone selection).
4.2.16.1.1.1 Preparation of I-Scel/Km cassette
The I-Scel/Km cassette was amplified from pSTIS8AS/Km plasmid
with the primers [-Scel/K L and I-Scel/K R. Upper case characters correspond to the
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homology targeting arms of the “y-globin gene sequences, while lower case characters
correspond to the sequences used to prime amplification of I-Scel/Km cassette. PCR
reaction was performed in 50 ul for 30 cycles (94°C 4 min for 1 cycle; 94°C 30sec;
55°C 30 sec; 72°C 30 sec for 10 cycles / 94°C 30 sec; 60°C 30 sec; 72°C 30 sec for 10
cycles for 1 cycle/ 94°C 30 sec; 65°C 30 sec; 72°C 30 sec for 10 cycles cycles; 72°C
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 pl of 0.5xTE
buffer. The size of [-Scel/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 ul for 30 cycles (94°C 4 min for 1 cycle; 94°C 30sec; 55°C 30 sec; 72°C 30 sec
for 10 cycles / 94°C 30sec; 60°C 30 sec; 72°C 30 sec for 10 cycles for 1 cycle/ 94°C
30 sec; 65°C 30 sec; 72°C 30 sec for 10 cycles cycles; 72°C 10 min for 1 cycle) with
Vent® polymerase (New England Biolabs, Bevery, MA, USA). The size of [-Scel/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-Scel/Km cassette into “y-globin gene of pEBAC/148p.
Approximately 1 pg of the purified I-Scel/Km cassette was electroporated into DY380
(pEBAC/148p) 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 ul LB medium.
Aliquotes (1 pl ) were then used for PCR screening with primers Ag IScel L fw/
Ag IScel L revand Ag IScel R fw/ Ag IScel R rev.at left and right border across
recombination junction. The insertion of the I-Scel/Km cassette yields PCR products
of 477 bp and 251 bp respectively. Corrected recombinant clones (pEBAC/14883: I-

Scel/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 pg of the
purified EGFP PCR products were electroporated into 50 ul of electrocompetent
DY380 (pEBAC/148: I-Scel/Km) cells. Couterselection by the induction of I-Scel
endonuclease gene with I-Scel 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-Scel. The BAC DNA was ethanol precipitated
and re-electroporated into DHI10B 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 pl aliquots were used for PCR screening
for recombinant clones wusing 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 “y-
globin gene with EGFP/Km cassette in pEBAC/148B.(and recombinant clone
selection)
4.2.16.1.3.1 Preparation of EGFP/Km cassette
The EGFP/Km cassette, containing EGFP gene with Km® gene, into
the “y-globin gene of the pEBAC/148B. The EGFP/Km cassette was amplified with
EGFP_KL and EGFP_KR primers from the EGFP-N22 plasmid and targeted into “y-
coding region inframe. PCR reaction was performed in 50 pl 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 pl LB medium. Aliquots (1 pl) 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 B-like globin genes.in B-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, pPBR322: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 Aatll restriction site
(FRT amp L1/ FRT amp R1). The PCR fragment is blunted at 5'end and digested at
3" end with Aatll , and then ligated to pBR322 vector, previously digested with PstI
and blunted and digested with Aatll, 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' Nhel and 5' Eco52] hanging of
forward and reverse primers (Nhe Enh L1/ Enh Eco521 R1). The PCR products
were then digested with Nhel 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" Nhel and 5' Eco52I hanging of forward and reverse primers (Nhe BreakEn L1/
BreakEn_Eco521 R1). The PCR products were then digested with Nhel 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'HSI
was amplified from normal DNA with 5' Aatll and 5' Nhel hanging of forward and
reverse primers (Aatll 3pH L1/3pH NHel R1). The 3'HS1 PCR fragment is then be
digested with Aatll and Nhel 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
pEBAC148B:EGFP

pEBAC/148B: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 B-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/148B3:EGFP by homologous
recombination to replace location between the 5' breakpoint of SEA-HPFH (accession
no. AF042277) and 17 kb 3' downstream of B-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/148B:%/"*yp 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/148B:%y*yBEGEFP 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 ul. 4 pl of DNA was
diluted in 500 pl of Opti-MEM 1 Reduced Serum Medium (GIBCO-BBL,
Gaitherburg, MD, USA) mixed gently with 500 pl 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 2X10° 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 CO; incubator for 48 hours. The
cells suspenstion were brought to flow cytometer analysis. For the establishment of
episomal maintenance culture, hygromycin (400 ug/mL) was added after 48 hours for
EGFP-modified EBAC transfected cells and G418 sulfate (50 pg/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 ™ (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 FACSCalibur™ 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/148f (Narayan, et al. 1999)



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Mol. Genet. Genet. Eng) / 71

|I:IIZI'.'I'I.f IE

EGFP

POl A  FGFP-N22
4.7 kb BsiG |

Kan'/

Figure 4.3 Plasmid map of pEGFP-N22. (modified From technical protocol pEGFP-
N2 (Clontech, Palo Alto, CA).
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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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Ph.D. (Mol. Genet. Genet. Eng) / 73

Fac. of Grad. Studies, Mahidol Univ.

3/144 ‘zzedad

Wsd
108E

144 zzeyad

‘uononnsuod gzedgd payIpoN 9y 84nbi-

WS paz
(T



Khaimuk Changsri Results / 74

CHAPTER V
RESULTS

Part I Molecular characterization and hematologic data of HPFH

51 Hematologic data and DNA analysis of 7 unrelated HPFHs

Hematologic data, hemoglobin type, %y/ *y ratio, haplotype on B-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, 111, 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
B/Avall and 3°/BamHI was detected, gene deletion covering B-globin gene may
occur. Moreover, the size of gene deletion fragment may extend to cover other globin
gene in families I and V because only one pattern of haplotype was demonstrated. To
screen for common HPFH and 8B°-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 &f3°-thalassemia, Chinese

Sy(*y8P)°-thalassemia (data not shown).
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5.2 Detection of mutation in ®y- or “y-globin gene promoters by DNA
sequencing

To search for mutation in the “y- and “y-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 %y- or “y-globin gene promoters (accession number M91037).
The result showed the normal sequence of %y- and “y-globin gene promoters in all

seven families.

5.3  Detection of deletion region of B-globin gene cluster by Southern blot
hybridization with the non-radioactive labeled PCR probes.

Deletion of DNA on the B-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.

53.1 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 y-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 y-globin gene probes.
Sensitivity and incorporation of DIG-dUTP in the DIG-labeled y-, w3-, B- and

O-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/ul, then diluted to 1:10, 1:50 ,1:100 ,1:200 ,1:500 , 1:1000, 1:2000
and 1:4000, respectively, before applying 2 pl 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 vy,
B, wB and & 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 8- and W3- globin gene fragments were better than that of 3- and y-globin

gene fragments, and DIG-labeled 6-globin gene probe gave the strongest signals.
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lane M 1 2 3 4

(bp) 0 110 1:5 1:2
(DIG-dUTP:dTTP ratio)

Figure 5.1 Assessment of the incorporated DIG-dUTP during amplification of -
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 y-globin gene; lanes 2-4, DIG-dUTP incorporated 7y-globin gene

fragments.)
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b Dilution of DIG-dUTP labeled probe
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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 1ul and 2 pl (2X) on the membrane. The

negative control, which is unlabeled y-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 y -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/ul and diluted serially to 1:5, 1:20, 1:40, 1:80, 1:100 and 1:200, then applied 5 pl
to 1% agarose gel. The results showed that PCR product (6 ng/ul) 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 y 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 HindIIl. Various amounts of the digested DNA,
from 2.5 pg to 15 ng, were hybridized with 30 ng DIG-labeled d-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 pg of genomic DNA digested with HindIII
(Fig. 5.4). The size of positive fragments when hybridized with y-, yp-, 6-, and B-
globin gene probes are 7.3 kb, 18 kb, 18 kb and 7.5 kb respectively. The d-globin
gene probe shows cross hybridization with B-globin gene region then the fragment 18

kb coexist with 7.5 kb.
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Figure 5.3 Sensitivity of the y DIG-labeled probe hybridized to the unlabeled PCR
product of the same fragment.

A: Appearance of 5 pl 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 y-globin
gene probe.

(M, 100 bp molecular weight marker; lanes 1-6, 5 ul of 6 ng/ul unlabeled y-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 B-globin gene cluster in HPFH.

As shown in the previous result, homozygous state of alleles in normal DNA
can be detected when 2.5 pg DNA was used. In this study, 5 ug of DNA was digested
with various restriction enzymes, and then used for Southern blot hybridization with vy-
, WB-, and B- 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 BglIl and
HindIIl 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 BglIIl, Xbal, and EcoRI and used B-and d-globin fragment as
probes (Fig. 5.6B). Restriction map of BglIl, Xbal, and EcoRI and the area of the
deletion breakpoint in the B-globin gene cluster in the two HPFHs were shown in
Figure 5.6A. After digestion with ECORI and hybridization with DIG-labeled 3-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 1I and Xbal, and hybridized with the DIG-labeled & probe (Fig. 5.6B and 5.6C).
The result indicated that the deletion region of B-globin gene cluster resulting in
HPFH in individuals of families I and VII located between 3’end of 6- and 5’ end of -

globin genes to the 3’ end of B-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 y-, yB- and B-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 T around SEA-HPFH 5’breakpoint of
normal human DNA and their fragment sizes when hybridization to d-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 IT (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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55  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 B-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 B-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 -
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 B-globin

gene and downstream as shown in Figure 5.8.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Mol. Genet. Genet. Eng) / 87

lane

565 bp normal
76 bp abnormal

(bp) N Mo S F Mo S F
|<----Family I ---->|<----Family VII->|

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 [ 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 B-globin gene as indicated

by two headed vertical arrow.

Normal 3’HS1
HPFH-3 core
€ Gy Ay yPB B Enhancer
[ | N | [ | _—
(kb)
6.0 154 4.4 247 8.0 0.7
SEA-HPFH e
. B B o s
| [ | | [1 7
(kb)
4.4 8.0 0.7

[ ] 27 kb deletion fragment

Figure 5.9 Illustration shows mapping of SEA-HPFH deletion on B-globin cluster in

comparison with normal DNA.
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5.7 Haplotype analysis and mutation detection of B-globin gene in families | and
VII.

In order to investigate the linkage of -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 B-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 (A,F) as he was
inherited [3-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 B*-
globin gene. The data of both mothers were consistent with the classic description of
HPFH. Haplotype analysis of DNA polymorphic sites on the [B-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 Il 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 -globin gene cluster in
pEBAC148B was modified by replacement of “y 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 “y globin gene by EGFP fragment

The replacement of “y globin gene with EGFP was performed by
transformation of pEBAC148f containing [-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 pPEBAC148 in DY 380

pEBAC148p in DHIOB was extracted by modified alkaline method and
electroporated into DY380. The LB media containing chloramphenical was used to
select the DY380 carrying pEBAC/148p. Plasmid isolation from five clones of the
transformant were selected and analysed by restriction enzymes digestion. The
digested pattern of ECORI and Xbal gave the similar pattern as the pEBAC148(3
isolated form DHI10B (Fig. 5.10). The clone 1 was selected for subsequent

experiment.
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Figure 5.10 EcoRI and Xbal restriction pattern of five EBAC/148f clone in DY 380

after electroporation compared with those from DH10B.
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5.8.2 Replacement of “y-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, pEBACI148B 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/148f3:1Sce-1/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 B-like globin gene fragment in each clone was analysed by PCR of &-, %y-, “y-,yB-,
and B-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 Yy-and “y-globin genes; clone 2, 3, and 13 showed the absence of “y-globin gene,
and clone 4 showed the absence of &-, “y-, “y-, yp-, and B-globin gene, respectively.
In order to investigate the replacement of “y-globin gene by ISce-I/Km cassette, the
plasmid DNA of seven clones were analysed by SB using Pstl digestion and
hybridized with the probe containing fragment of “y-globin gene promoter. The clones
2,3, and 13 showed two hybridizing fragments of 5.0 and 3.0 kb corresponding to Sy-
and “y-globin gene promoter, respectively whereas the clones 1, 5, and 12 showed
only one a hybridized fragment. The absence of both y globin gene promoter was
observed in the clone 4 (Fig. 5.12). In addition, the pattern of Xbal-digested plasmid
EBAC/148B:ISce-I/Km isolated from the seven clones was also performed. The clone
4 gave the different pattern compared with the original plasmid EBAC/148f 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/148B: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 1-Scel 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-Scel. 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 “y-globin gene.
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Figure 5.11 Illustration of two steps of recombination for replacement of “y-globin

gene with EGFP. (Km, kanamycin resistant gene; I-Scel, [-Scel restriction site)
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Table 5.3 Characterization of pEBAC/148: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/148f and B-like globin gene (e-, “y-, y, ¥B- and B-globin gene) in

seven pEBAC/148:1Sce-I/Km clones were shown as “+” and “-” respectively.

PCR pEBAC/148B:ISce-I/Km

. Clone no.
position

1 5 112 2 3 13 4 | pEBAC/1483 | DNA

Leftborder | + | + [ + + > + - - -
Right i RN S < (= & A A - -
border
e-globin S \ @2 T + - + +
gene
Ay-globin . - - = - - - + +
gene
y-globin - - - B/ \ aF - + +
gene
yB-globin | + | + | + | + | + + n - -
gene
B-globin + |+ |+ | + | + + + + +
gene
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Figure 5.12 Southern blot analysis and ECORI restriction pattern of pEBAC/148p:
ISce-I/Km clones after recombination ISce-I/Km cassette to pEBAC/148[3 in DY 380.
Upper panel shows Southern blot hybridization after digestion plasmid with Xbal and
hybridized with y-globin gene promoter probe. The target clones (no. 2, 3 and 13)
showed existence of both y-globin gene promoters. The lower panel showed

corresponding ECORI restriction pattern of pPEBAC/148[: ISce-I/Km clones.
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5.8.3 Replacement of “y-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 “y-globin gene. The EGFP/Km cassette was electroporated into clone 2 of
DY380 carrying EBAC/148p and then the recombinant clones were selected with
media containing kanamycin. Four recombinant clones, pEBAC/1483: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 B-like globin gene fragment, also performed by PCR, were shown in
Table 5.4. This result indicated the existance of Sy-, wB-globin gene and, B-globin
gene in three clones, clone 1, 2, and 3, with the absence of amplified product derived
from “y-globin gene. Southern blot analysis was performed using Pstl digestion and
hybridization with probe carrying y-globin gene promoter fragment. Two hybridizing
fragments of 9.5 kb and 4.0 kb corresponding to replacement of “y-globin gene with
EGFP/Km cassette via homologous recombination and “y-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/148B3: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.
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Table 5.4 Characterization of pEBAC/148 3:EGFP/Km clones by PCR.
The presence of PCR products of left and right recombination junctions of EGFP/Km

cassette on pEBAC/148p and B-like globin genes (¥P-. *y-. “y-, and B-globin gene) in

four pEBAC/148 B:EGFP/Km clones.

pEBAC/148 B:EGFP/Km
Clone no.
PCR
Position 1 2 3 4 pEBAC/148p DNA
Left border + + i + - -
Right border + + % + - -
Ay-globin gene = = F - gl +
Yy-globin gene + + o 5 + +
yB-globin gene + A 5t a8 + +
[ -globin gene i + u + ; +

-, absence; +, presence
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Figure 5.13 Pstl restriction map and Southern blot analysis of
pEBAC/148B3:EGFP/Km clones.

Upper panel shows Pstl restriction map and sizes of DNA fragment hybridized with vy-
globin-gene probe in normal DNA (A), DNA with the replacement of “y-globin gene
by EGFP/Km cassette (B), and DNA with the replacement of “y-and “y-globin genes
by EGFP/Km cassette (C). Lower panel shows Southern blot analysis of DY380
pEBAC/148B3:EGFP/Km clones by using y-globin gene promoter probe and Pstl
digestion. (lane 1, normal pEBAC/1483; lanes 2, 4 and 5, pEBAC/1483:EGFP/Km
clones 1, 2 and 3; lane 3, undigested pEBAC/148f3; lane 6, pEBAC/1483:EGFP/Km

clone 4)
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Figure 5.14 EcoRI restrictio 8B3:EGFP/Km clones.

Copyright by Mahidol University



Khaimuk Changsri Results / 102

5.9 EGFP expression of EBAC/148B:EGFP

The pEBAC/148B:EGFP/Km clone 1 designated as EBAC/148B3: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 “*yB.  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/148B: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 pg/ul of
each recombinant cassette was electroporated into EBAC/148B3: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 3pHSI were also identified by
amplification of recombination junction of 0.7 kb enhancer, 8.7 kb breakpoint of SEA-
HPFH, and 3’HSI1 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 3pHSI
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.



Events

Khaimuk Changsri Results / 104

Table 5.5 EGFP expression of the constructs transfected K562 cells 2 days post

transfection.
Construct % EGFP MPF
expressing Cells
pEBAC/148B:EGFP/Km clone 1 2.3£1.0 150+ 22
pEGFP-N22 15.045.0 130+ 35
pEBAC/%y*yB:EGFP 2.5+1.5 310+ 21

Data are expressed as mean + SD of three independent experiments.

MPF, median peak fluorescence

K562 pEGFP-N22 pEBAC/148 : EGFP/Km clone 1 PEBAC/148p: “y*yf EGFP
8 - 2 g 8
2 2 > g

120
Laay

15%

Figure 5.15 Flow cytometry analysis of K562 with pEBAC/1483:EGFP/Km clone 1,
pEGFP-N22 and pEBAC/148p: “y*yp EGFP after 2 days of transfection.
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Figure 5.16 EcoRI restriction pattern of EGFP modified EBAC constructs.

(M, A-hind III molecular weight marker; lane 1, pEBAC/148(3; lanes 2,
pEBAC/148B3:EGFP; lanes 3, pEnH; lanes 4, pSEA-HPFH; lanes 5, pSEA-
HPFH 3pHS1)
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Figure 5.17 Amplified produ BAC 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 3pHSI1. Lane 7 shows 902 bp amplified PCR product of

pEnH. (M, 1 kb molecular weight marker)

Copyright by Mahidol University
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5.11 EGFP expression with EGFP modified EBAC construct.

The transient transfection of EGFP modified EBAC, pEGFP-N22, and
EBAC/148p : “y*yB EGEP 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 3pHSI1 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 -

globin cluster.
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Table 5.6 EGFP expression of the constructs transfected K562 cells.

2 days 40 days
Constructs EGEP EGEP
Expressing MPF Expressing MPF
cell (%) cell (%)
Me
Mean SD Mean SD SD Mean SD
an
pEBAC/148B:EGFP
(back bone) 2.9 0.1 157.3 75 31.0 3.6 1743 5.1
pEnH 33 0.3 3780* 82 377 35 395.0 132
pSEA-HPFH 2.6 0.1 367.7* 154 303 25 3727 8.0
pSEA-HPFH 3pHSI1 2.4 0.2 147.0 75 263 2.1 167.3 10.7
EBAC/148p:%y*yp EGFP
P Py 3.1 0.3 2683 362 273 35 287.0 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 3pHSI
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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2 days TF

o440 days TF

control 2

pEBACI/148p:BGFP pBnH pSRA_HPFH pSBA HPFH HES1 conirol 1

control 1, pBBACI148p: Sy EGFP
control 2, pEGFP-N22

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 3p°-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 y-globin gene or point mutations (including small
deletions) in the promoter region of the y-globin gene (Forget, 1998;
Stamatoyannopoulos and Grosveld, 2001). Southern blot hybridization was generally
used to detect large deletions of the 3-globin gene cluster in both deletional HPFH and
op°-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 B-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 y-globin gene and DNA
fragment downstream including y-, 6- and B-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 pg 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 6- and ypB-globin gene probes were more sensitive
than DIG-labeled y- and B-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 pl of the 1:80 dilution of 6 ng/ul) 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 ug 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.
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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 pg. 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 pg 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
Sy and “y globin promoters including small deletion of the non deletional HPFH.
HPFHs that mutations at y-globin promoter or deletion of y-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 B-globin gene cluster.

Levels of Hb A; of individuals from families IV, V, and VI were higher than
3.5 % and only one polymorphic pattern at B/Avall and 3’/BamHI was detected.
This suggests that these abnormalities may occur from either large or small deletion of
B-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
8- and / or B-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 -
globin gene (Thai type) also could not be detected in all individuals by PCR method.
The common and rare B-globin gene mutations were not detected in the individuals

except B° 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 A, may cause by mutation, either on
B-globin gene, or d-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 y-globin gene or even mutation at insulator of B-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 Xbal and hybridized with the DIG-labeled 8-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 B-globin probe, the intensity of the 5.2 kb-B-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 5-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 3f3°-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 y-globin gene activation due to the area and extent of

gene deletion on the B-globin gene cluster (Anagnou et al, 1995). The Hb A; 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 B-globin gene downstream and 3' HS1 was deleted. The 5' breakpoint located
about 2 kb above the cap site of B-globin gene and 3' breakpoint located about 5 kb
downstream of 3'HS1 (Trachoo et al, 2003; Xu et al, 2000).

In general the 5B°-thalassemia and deletional HPFHs, both the 5-and -globin
genes are deleted, but only B-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 y-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 “y-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' “y-and the chicken 3' B-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 y and ¢
promoters, having no effect on the 8- or B-gene enhancers. The HPFH-3 deletion
moves this sequence element to within 5 kb of the “y-globin gene.

The multicopy of HPFH-1 core sequence, HPFH-3 core sequence and HPFH-
6 thatenhanced human “y-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 “y-globin gene, still provided high “*y-
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 y-globin
genes, so the absence of a 3'HS1 insulator would allow the downstream enhancers to
activate the y-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 [-globin gene. The region is very A/T rich and contains
topoisomerase Il 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 y globin reporter gene and transient transfection in erythroleukemia cell
lines (Fleenor and Kaufman, 1993). The mammalian (-globin cluster are embedded

within arrays of functional olfactory receptor genes and EBV-9 enhancer element
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(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 B-globin locus. This domain was found at 5'HS5 and 3'HS1 (Farrell et al,
2002). The conserved CTCEF sites also functioned as insulators in enhancer-blocking
assays, which transient transfection showed that the CTCF sequence prevented
enhancer effect of HS2 to “y-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'HSI
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 B-globin cluster, as a result of large
deletions, to the vicinity of the fetal y-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 “y-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 “y-globin gene expression. We attempted to mimic the deletion of
SEA-HPFH in a complete the environment of the human B-globin cluster including
LCR and the B-like globin genes in the natural arrangement.

The constructs that contained the whole human -globin cluster such as yeast
artificial chromosome (YAC) and bacterial artificial chromosome (BAC) have been
used in several experiments, but different manipulating approaches. B-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) B-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 a-
globin gene cluster or B-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 a-globin gene cluster or 3-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 B-globin cluster as the vector for
transient transfection into erythroleukemia cell line (K562). The vector contains LCR
and B-like globin genes with natural arrangement. The EGFP reporter systems have
been developed to monitor the activity of the p-like globin genes such as &-,%-, *y-, &-
and B-globin genes (Orford et al, 2000). The pEBAC/148 which contained entire 3-
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 pPEBAC/148B was used to replace “y-globin coding region
with EGFP gene, then “y-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
Ay-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 “y-globin promoter was higher than that under
control of the “y-globin promoter in the previous report (Orford et al, 2000). It
corresponded to our results of the MPF of pEBAC/148: “y*yEGFP (control 2) that
was higher than pEBAC/1483: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 “y-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 “y-globin gene, although the distance between them is about 18 kb.
The decrease of the “y-globin expression when 3'HS1 presented between “y-globin
promoter and HPFH-3 enhancer in the context of -globin cluster confirmed the role
of 3'HS1 as an 3' insulator of B-globin cluster. Although, the previous study showed
that the 3'HS1, especially CTCF binding site, insulate HS2 enhancer effect to the *y-
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 “y-globin
expression.

The HPFH-3 enhancer affected only g-and y-globin genes not 3- and 5-globin
genes which is the adult globin gene (Anagnou et al, 1995). This evidence was also
showed in heterozygote that Hb A, 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 “y-globin chain, Then, the elevation of
Ay-globin chain may be less susceptible than “y-globin chain in K562 cells as shown
percentage of “y/*y+%y in heterozygote was about 60 %. It is possible that the %y-
globin chain may expresse higher than “y-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 “y-globin gene
expression and the insulator effect of 3'HS1 under environment of 3-globin cluster can
interrupt "y 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 dp°-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 PB-globin gene cluster by Southern blot
hybridization using non-radioactive labeled PCR fragment probes, and point mutation
of y-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 B-globin gene cluster and
mutation at y-globin gene promoters may occur from a small deletion or from the other
factors that are not related to B-globin cluster.

3. The molecular mechanism of SEA-HPFH was investigated by transfection
of EGFP modified EBAC, which contains a B-globin gene cluster into K562 cells. In
the construct, EGFP gene was expressed under the control of *y-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 B-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 “y-globin gene expression and the 3'HS1 interrupts “y-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'HSI.
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