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INTRODUCTION 

STATEMENT OF THE PROBLEM 

Fetal hemoglobin is a strong modulator of sickle cell anemia. Even a moderate 

increase in the levels of fetal hemoglobin can provide some degree of amelioration of the 

clinical course ofsickle cell disease. Considerable efforts are being made to identifY 

factors that would help clinicians to achieve this goal. The levels ofHbF expression in 

sickle cell patients are, in part, correlated to the chromosome type, haplotype, of the 

affected individuals. The objectives of this research were to determine the. effects of 

variant sequences at regulatory regions of specific 13 '-chromosomes on the expression of 

fetal hemoglobin. Two classes of 13 '-chromosome were studied; one that is associated 

with higher levels ofHbF expression (Senegal haplotype) and the other with lower levels 

(Benin and Bantu haplotype). Recombinant DNA reporter gene constructs containing 

portions of the 13-globin locus control region (LCR) and the 5' Gy promoter region were· 

transiently introduced into human and mouse erythroleukemic cells. These constructs will 

allow measurement of the effectS of the variant regions within the 13-LCR HS-2 of specific 

13'-chromosomes on humany gene·dpression. To better understand the mechanism for 

elevating HbF levels, a series ofDNA constructs containing portions of the 13~~GR and 

gamma promoter from different hapliltypes were exposed to hydroxyurea, 5-azacytidine 

and butyrate which are known inducers ofHbF. 

1 
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LITERATURE REVIEW 

Homozygous sickle cell disease is one of the most common genetic disorders in the 

world and is found most frequently in persons of equatorial African origin. The first 

report of sickle cell disease in the United States was from Herrick JB and dates back to 

1910 (1 ). The genetic defect arises from a single nucleotide change in the 13-globin chain 

in which glutamic acid is replaced by valine in the sixth amino acid position. This causes 

synthesis of abnormal hemoglobin, changes in oxygen affinity and reduced solubility of the 

deoxyhemoglobin molecule. The most noticeable effect is the low solubility of 

deoxygenated hemoglobin under situations of reduced oxygen tension, in which HbS 

tends to polymerize into a gel and form crystals which result in a distorted cell structure 

(2). Prior to this finding it was observed that the red blood cells of individuals with sickle 

cell disease sickled much more avidly than those of sickle cell trait individuals (3). The 

clinical course of sickle cell disease shows a wide range of manifestations with some 

patients presenting with very mild disease, while others frequently have severe crisis, 

organ damage and stunted growth. 

Ervthroid Development: In the erythroid pathway, terminal differentiation gives rise to 

mature red blood cells, which almost exClusively contains hemoglobin due to selective 

expression of the globin genes as well as differential stability of globin as opposed to non

globin mRNA ( 4). The globin genes of man are organized into two clusters the a cluster 

on chromosome 16 and the 13 cluster on chromosome 11 (Figure1). The a and the 13 

globin clusters differ in their structure. The a -gene cluster is nestled in a Ge-rich region 

and contains no nuclear llllltrix binding sites. The 13-globin genes, however, do contain 

potential sites for binding to the nuclear matrix (5). In the human, the a -cluster spans a 



Figure I: The organization of the human globin gene complex: Graphical representation 

of the developmental stage specific expression of the individual globin genes . . The 

erythroid specific DNasel hypersensitive sites (1-5) of the LCR are indicated by vertical 

arrows. The panel below indicates the aevelopmental age and the appearance of the 

various globin genes during development (adapted from (26)). 
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region of30 kb located on the short arm of chromosome 16. The a-cluster includes an 

embryonic gene (~2), two fetal/adult genes (a2 a1), three pseudogenes ('1'~1, 'Jfa2, 'Jf<X1) 

and a gene (81) of unknown function (6). The 13-cluster is located on the short arm of 

chromosome 11 and spans a region of70 kb. This cluster includes an embryonic gene (e), 

two fetal genes Ay and Gy, two adult genes (3 andl3) and a pseudogene ('1'13) (7). 

Throughout development, a balance is maintained in the expression of these two clusters 

of genes. Any imbalance in the expression of either a or 13 genes leads to red cell 

abnormalities. One molecule of hemoglobin is made up of two pairs of polypeptide 

subunits and each pair is derived from either the a or the 13 gene cluster (7). 

The composition of the hemoglobin subunits change temporally during development. 

Hemoglobin appears in three different forms in humans, each meeting the changing 

requirements for oxygen uptake (8). Toward the end of the third week of gestation the a 

and the 13 loci are activated; the primitive line erythroblasts, derived from hematopoietic 

stem cells in the yolk sac, produce embryonic hemoglobin. The embryonic hemoglobin 

(~2e2) appears first. ~2£2 is specialized for the absorption of diffused oxygen which is 

present in the blood islands of the embryonic yolk sac. Fetal hemoglobin appears next at 

about ten weeks of intrauterine life. The fetal hemoglobin HbF ( <X2Y2) which replaces the 

embryonic hemoglobin is designed for the uptake of oxygen from the maternal blood in 

the placenta. The last and the final form of hemoglobin to appear is the adult hemoglobin, 

HbA (a2l32). Adult hemoglobin slowly replaces most of the fetal hemoglobin and by about 

.six months after birth the major form of hemoglobin is the adult form. However, during 

adulthood small amounts ofHbF 0.5-1% are produced. It is interesting to note that both 



clusters of genes are arranged along the chromosome in the order in which they are 

expressed during development (9). Also, there is an important difference in the 

developmental switch between the two clusters; the a-like genes undergo a single 

developmental switch i.e embryonic --+ fetal/adult and the 13-like genes undergo an 

additional switch around the time of birth, embryonic --+ fetal --+ adult. 

Early models assumed that the adult and the embryonic globin genes originated 

from two separate hematological lineages. The adult cell lineage was exclusively 

committed to the expression of adult globin genes, whereas, the primitive lineage was 

committed solely to the expression of embryonic globin genes (1 0). It was believed that 

the developmental switch was a result of a replacement of the primitive lineage by the 

definitive lineage. There is now much evidence against the clonal model of switching 

5 

(11, 12). Studies on clonal erythroid cell cultures have indicated the existence of a single 

committed progenitor cell type from which other colonies originate. If there were a 

separate stem cell lineage for the embryonic, fetal and the adult globin, each should be 

produced from separate colonies. The idea that the cells lacking HbF are derived from 

different stem cells came from the observation of heterocellular distribution ofHbF in 

normal adults and patients with hematopoietic disorders. This hypothesis, however, was 

disproved by the· finding ofF and A erythroblasts in colonies derived from a single 

progenitor cell (13). Another study reported the coexpression of E and y globin in 

colonies produced by plating progenitors from early human fetuses (14). Further, 

evidence against the multi-stem cell theory was the observation that hemoglobin disorders 

such as chronic myelogeneous leukemia, polycythemia vera and others originate from a 
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single stem cells (15). Furthermore, if indeed they and the 13 globin switch were a result 

of a replacement then there should be a discontinuous pattern in the level ofHbF. On the 

other hand, if a single progenitor cell gives rise to fetal, neonatal and adult lineages then a 

continuous distribution ofHbF would be expected during switching; the assumption is that 

in the adult stage the expression of fetal genes is replaced by the expression of adult globin , 

genes. The earlier cells contain trans-acting factors that favor the y-expression, whereas; 

the adult globin genes have the trans-acting ,factor environment suitable for 13 expression. 

Experimental data favor the single stem cell population model. Direct evidence for this 

comes from experiments done with somatic cell hybrids produced by the fusion ofMEL 

cells _and human fetal erythroid cells (16). At first, these hybrids produced predominantly 

fetal human globin indicating that the human fetal erythroid cells had passed on the 

program which directs the enhanced expression of y globin. Interestingly, it was observed 

that when these hybrids were cultured for a period of time a "switch" from y to 13 was 

observed. These data support the single cell lineage theory. 

Developmental switching of gene expression is an intrinsic property of the 

erythroid cell. Support for this theory comes from observations that the level ofHbF in 

the newborn is dependent on the age from conception rather than from birth (17). Infants 

born prematurely are found to have a much higher than normal HbF and switch to adult 

globin at a time corresponding to the end of their normal gestation period. Thus, the 

developmental maturity of the fetus appears to determine the time as well as the rate of the 

y to 13 globin switch and is independent of the intrauterine or the extrauterine status of the 

gene. Progenitors from various developmental stages were studied by cloning 

hematopoietic cells. HbF and HbA levels in the colonies were correlated to the 
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developmental stage from which the cells were derived. The adult erythroid burst forming 

unit (BFUe) produced moderate levels ofHbF which were significantly lower than the 

HbF levels in cultures offetal or neonatal progenitors (18). On the other hand, BFUe 

from the human fetal liver gave rise to erythroid colonies which contained 90-95% HbF. 

It is evident that the erYthroid progenitor cells carry a developmental program whi~h 

allows expression at a specified stage and thus, globin gene switching is an intrinsic 

property of hematopoietic cells. 

The role of methylation in globin gene switching and expression is not very clear. 

Often the cytosine residues of inactive genes are methylated although it is not certain 

whether this association is either coincidental with or a secondary response to gene 

inactivation. Extensive methylation is reported in non-erythroid cells, whereas in the 
' 

erythroid cells the methylation pattern changes with the developmental stage (19). Thus 

it, is clear that the e gene is unmethylated in embryonic erythroblasts while the Gy Ay and 

the 13 genes remain methylated. However, in the fetal liver erythroblast the y and the 13 

genes are unmethylated and active and the E genes are methylated and inactive. The 

situation is also reversed in adult bone marrow where the y genes become remethylated 

and the 13-genes unmethylated. 

Erythroid progenitors are identified by their ability to give rise to colonies of 

erythroblasts in semisolid media. The two general kinds are the BFUe and their colony 

forming units CFUe. The transitions from BFUe to CFUe and from CFUe to 

proerythroblast are not seperated by a defined number of cell divisions. Colonies derived 

from BFUe contain colonies with and without HbF; thus, it is assumed that F cells 

originate during the differentiation of primitive progenitors (20). Transition from fetal to 
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adult hemoglobin production occurs during terminal maturation in the erythroblast. 

Erythropoiesis is under the control of a number of hematC?poietic growth factors that 

interact and control the differentiation and maturation of erythroid cells. These factors are 

broadly divided into early acting and late acting factors. The principal role of early acting 

factors are to stimulate proliferation of primitive progenitors while the late acting factors, 

e.g erythropoietin, exert their role at the CFUe stage. 

B-Globin Gene Regulation: The expression of the 13-globin gene cluster is finely 

orchestrated (2,21,22). Each of the five genes interact specificaUy with their own 

enhancer and promoter. Also, the expression of these genes is both tissue and 

developmentaUy specific. Expression of the entire locus involves interaction of the cis

active regulatory elements in the DNA with trans-acting factors. The important cis-acting 

elements include promoters, a silencer upstream from the e globin gene, and an intragenic 

enhancer within the 13-globin genes (Figure 2). Upstream approximately about 20 Kb 

from the e globin gene is the 13-globin locus control region which is essential for the 

establishment of an open chromatin structure and is responsible for the high level 

expression of the globin genes. Thus, the expression of the entire locus involves 

interaction and regulation of multiple factors including promoters, enhancers, ubiquitous 

and erythroid specific transcription factors, and the structural configuration of the 

chromatin. A better understanding of these interactions should enable one to find 

solutions to the ultimate cure of genetic diseases like sickle cell anemia. 

It was reported by Watson in 1948 (23) that when compared to those of older 

children with sickle cell disease, the red blood cells of newborns with the disease did not 

readily sickle. This was due, in part, to the presence of a very high percentage of fetal 



Figure 2: {3-globin gene cluster cis-acting elements (adapted from (180)) 
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hemoglobin which is present for a short time after birth .. Later it was observed that sickle 

cell patients with high fetal hemoglobin levels usually have a milder course of the disease. 

Subsequent studies confirmed that fetal hemoglobin is, indeed, a potent inhibitor ofHbS 

polymerization and hence a natural antisickling agent (24). Since HbF does not 

copolymerize with HbS, a mixture ofHbS and HbF is significantly more soluble than HbS 

alone. Biochemical, molecular and clinical evidence is very compelling about the 

beneficial role ofHbF in sickle cell patients (25-27). Understandably, there has been 

considerable interest in studying the factors and therapeutic agents that influence the 

production ofHbF for the potential use of these agents in the therapy of sickle cell 

disease. 

Gy 5' Gene Regulatory Region: HbF is composed of two y chains, named Gy for the 

chain with glycine at position 136 and Ay for the chain with alanine at position 136. The 

level ofGy and Ay at birth is about 70% Gy and 30% Ay. This ratio is much more 

variable in adults (21,28,29). 

The tandemly duplicated y globin genes contain several regulatory elements. The 

proximal promoter contains about 300 bp ofDNA and many important binding sites for 

DNA binding proteins. A number of point mutations which are known to correlate with 

the hereditary persistence of fetal hemoglobin (HPFH) are found in the y promoter and 

most of these mutations occur in the binding sites for transcriptional regulators (30,31). 

Promoter functions are regulated through an interaction with the locus control region and 

perhaps an upstream silencer. The promoter sequences of the two y globin genes are 

identical. Each contains a CAC box, two CCAAT boxes within a duplicated 27 bp 

fragment and a single TATA box. The TATA box is the region where the transcription 
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initiation complex is assembled (32). The frequency of initiation is influenced by the 

interaction with trans-acting factors that bind to several upstream regions. The 

developmental regulation of globin genes is controlled by both cell-specific and ubiquitous 

factors. In addition, stage-specific transcription factors are also likely to play an important 

role. This is clearly shown in the chicken, where the e to 13 globin switch is dependent 

upon the binding of a stage selector protein (SSP, also known as NF-E4) to a cis acting 

stage-selector element, SSE, which results in the alteration of the enhancer-promoter 

complex (33). In humans, an element in the proximal y promoter is analogous to the 

chicken 13 globin SSE and is believed to be involved in they to 13 switch (34). 

Interestingly, this element allows the y promoter to function in preference to the 13 

promoter in a plasmid construct containing the 13-LCR HS-2. Evidence of the role of 

SSE and SSP in vivo is further supported indirectly by. the observation of the absence of 

SSE sites in the globin promoters of species lacking fetal expression ofy genes and the 

appearance of a de novo SSE site in one form of hereditary persistence offetal 

hemoglobin (35,36). Between position -55 and -50 of the Gy promoter are two CpG 

sequences which are methylated in embryonic and adult erythroblasts (19). It has been 

postulated that the methylation status of a gene may influence binding of transcriptional 

regulators to the gene and, thereby, modulate gene activity (37). In they promoter, 

methylation ofCpG residues leads to a ten fold increase in Spl binding, which occurs at 

the expense of SSP binding (34). It is reasonable to assume that Sp 1 could be acting as a 

repressor since. SSP binding to the promoter correlates with a high level of promoter 

activitY in the fetal stage cells. Methylation could be a secondary effect that modulates y 

gene expression. They gene could' be turned off in erythroid cells before these sites are 
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methylated and thus these two events may not be linked (38). Nevertheless, a mechanism 

involving competitive binding of Sp 1 and SSP could contribute to developmental silencing 

of they genes. 

Several proteins are known to interact with the CCAAT region of they promoter. 

An ubiquitously expressed ii>rotein, CP1, binds to both CCAAT boxes and acts as a 

positive transcriptional activator. CDP, a CCAAT displacement protein, is a 

transcriptional repressor and has been shown to bind competitively with CP1 (39). They 

promoter inducibility in h_uman erythroid cells is dependent on the CCAAT region and is 

linked with a decrease in CDP level (40). A GATA-1 binding site is located between the 

two CCAAT boxes (30). Several mutations in the CCAAT box have been linked to 

HPFH. A thirteen bp deletion in the distal CCAAT box of adult erythroid cells results in a 

hundred fold increase in y gene expression. This deletion destroys binding ofCP1, CDP 

and NF-E3 in vitro (41). These results led to the postulation that CDP and NF-E3 may be 

acting as repressors of y gene expression in adult erythroid cells. High level y promoter . . 

activity in transfection assays requires the CAC region which binds to a number of 

ubiquitously expressed trans-acting factors, especially Spl. In spite of the CAC being 

essential for high level expression of the y promoter, no studies have implicated a role for 

CAC in the developmental regulation of they globin genes. 

An increase in the level ofGy chains has been observed in individuals with a C~T 

mutation at position -158 in the Gy promoter. However, homozygosity for this mutation 

is not associated with appreciable increases in the level ofHbF compared to the 

heterozygotes ( 42). Random sampling of sickle cell patients with very high levels ofHbF 

expression have shown individual mutations ofboth Gy and Ay between position -350 
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and +50. However, the observed mutations in HbF cannot be attributed to any single 

mutation ( 43). It has been suggested that in addition to influencing an increase in the 

expression of gamma chains, the mutation -158 C~T modulates the differential 

expression ofGy and Ay (42). These data, however, do not rule out the possibility of a 

regulatory role ofDNA sequence elements 5' to the promoter, enhancer sequences, or 

silencer regions in the expression ofHbF (22,44,45). On the other hand, the T ~C 

mutation at -175 of the Ay globin gene promoter is associated with a forty fold increase in 

the Ay expression in adult erythroid cells (46). In the DNA surrounding position -175, 

two GATA-1 binding sites are found in an inverted orientation flanking an Oct-1 binding 

sites. As a result of -175 mutation the binding site for Oct-1, a ubiquitously expressed 

protein, is abolished and GATA-1 binding to this region is altered (47). 

The -200 region of they promoter is an area where several point mutations 

associated with the HPFH phenotype are found. A T~C substitution at -198 increases 

Sp 1 binding. This binding exerts a major influence on the y promoter activity as indicated 

by a four to five fold increase in the CAT reporter gene activity ( 48). It has been 

suggested that the HPFH point mutations in this region result mainly from alterations in 

DNA conformation. This region of the promoter isknown to form an intramolecular 

DNA triplex which gives rise to a single-stranded region spanning positions -206 to -217 

( 49). It was proposed that this triplex is a binding site for a repressor protein in normal 

cells, and when this region is disrupted by mutations, enhanced expression of the y gene 

occurs in the adult erythroid cells. 
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I 
The binding proteins Oct-1, GATA-1 and SATBl are known to bind to the -2?0 

to -240 region of the promoter. SATBl is involved in nuclear matrix interactions (47). 
I 

Regions further upstream have also been linked to several binding interactions. The s\tes 
I 

that have been identified include binding sites for Octl, YYl and GATA-1. Howevet, no 
I 

functional studies have been reported for these factors. 

Locus Control Region: The expression of the 13-globin genes is partially controlled by the 
. I 

locus control region whic~ is found 6-18 kb 5' to the epsilon globin gene (50). A f 

' thorough understanding of how the 13-LCR mediates this regulation may be required'for 
I 

successful gene therapy of the hemoglobinopathies. Long time research efforts have 

resulted in some understanding of the complex process whereby the 13-LCR influem;es the 
I 

' developmental regulation of globin genes. The 13-LCR contains five distinct nuclease 
I 
i 

hypersensitive sites, HS 1, 2, 3, 4, 5. The enhancer activity of the HS-2 has been lo'calized 

to • 732 bp Hiwiiii-Bg]II- ""'"" re,;oo""' """"'" bmdfug ...,""I 
ubiquitous and erythroid specific nuclear proteins (Figure 3). The 732 bp fragment was 

I 
further analyzed for the core activity region and this led to a further division of the HS-2 

fragment into a 374 bp HindTII- Xbal 5' fragment and a Xbal- Bgiii 358 bp 3' frakent. 

The major core enhancer activity was shown to reside in the 5' segment since this 

I 
fragment showed higher enhancer activity in transgenic mouse studies when comphred to 

I 
the whole fragment. This suggests the possibility of negative regulators in the 3' fragment 

(51). Purine/pyrimidine repeat sequences ~ere found in the 3' segment. HaploJe 

specific variations are also found in the AT repeat sequences of the 13-LCRHS-21(52). 

I 



Figure 3: Trans-acting domains in the /3' chromosome of BeninHS-2: The location of 

Benin /3' chromosome sequence variations in the HS-2, relative to known DNasel 

footprints. Footprints found both in vitro and in vivo are in open letters, while solid 

letters designate footprints found in vitro. The solid bars denote the regions of sequence 

variations in Benin /3' chromosomes. The= indicates the location of maximal 

enhancer activity (tandem NFE-2/AP-1 binding sites). The open uppercase "E" 

represents a footprint found exclusivelj in erythroid extracts (with permissipn {52)). 
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The ~-LCR functions are dependent, in part, on the cell environment and the 

promoters interacting with the LCR (53). Functions of the ~-LCR are broadly divided 

into two categories. First, studies in cell culture and using transgenic mice have 

demonstrated that the pattern of globin gene expression is influenced by the 13-LCR The 

~-LCR acts as an enhancer of transcription of the globin genes leading to a high level of 

position independent, copy number dependent, erythroid specific and development stage 

specific expression of the globin genes (54-61). Second, it organizes the ~-globin locus 

into an active chromatin domain. An active open configuration of chromatin is essential 

for appropriate transcriptional regulation (62,63). In erythroid cells, the ~-globin gene 

cluster exists in an open configuration making it susceptible to DNase1 digestion, 

whereas, in the non-erythroid cells the cluster is in a closed configuration which is 

inaccessible to DNase1 (64). The 13-LCR plays an important role in keeping the chromatin 

structure open. Studies done with somatic cell hybrids containing chromosome 11 with 

the 13-LCR deleted have shown a clear alteration in chromatin structure and late 

replication of the ~-globin cluster is seen in non erythroid cells (65). Among all the HS 

sites tested, haplotype specific variations are found only in the HS-2. This involves the 

AT repeats located between p<;>sition -10623 and -10570 relative to the epsilon globin 

gene cap site and several point mutations (66) (Figure 4). Sequence variations are 

observed in the 5' HS-2 of the LCR from a homozygous Benin haplotype and the 

homozygous Senegal haplotype (52). Increased y globin gene expression is attributed to a 

complementary role played by trans-acting factors that arise during hematopoietic stress 

and their interaction with the Senegal haplotype specific LCR HS-2 sequence (67). A 

sickle cell patient homozygous for Benin haplotype was observed to have an unusually 



Figure 4: Haplotype variations in the LCR HS-2: Graphical representation of variations 

found in the human /3-globin LCR-HS-2 among various sickle cell haplotypes. The 

Hindlll- Bglll 740 bp fragment consists of several point mutations and variations in the 

AT repeat sequences. The haplotypes Benin, Senegal, Cameroon, Bantu and Arab

Indian are r~presented here as 19, 3, 17, 20 and 31, respectively. 
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high levels ofHbF. When the DNA was analyzed, a crossover was observed that included 

the ~-LCRHS-2 of the Senegal chromosome and about 1.3 kb of the 5' flanking region of 

the Gy from the Benin chromosome. Thus, sequences associated with the Senegal 

chromosome may influence high levels ofHbF expression and also suggest that LCR 

sequence variations may influence the expression ofy globin genes (52). 

An understanding of the functional importance of the~ LCR is further advanced 

by comparing the structure and function of ~-LCR among various species. The goat and 

the human ~-LCR show a 6.5 kb homology of which 68% is conserved. The general 

organization and the spatial arrangement of individual sites are conserved, although the 

goat genome lacks HS-5 ( 68). Specific binding sites both within and flanking the 

individual hypersensitive sites are 80-90% homologous. When the mouse and the human 

~-LCR were compared, an identical organization of hypersensitive sites was observed. 

However, variations in the distance between individual hypersensitive sites are observed 

(69). A significant homology is obse!Ved in the binding sites both within and flanking the 

HS-2. The ~ gene LCR of the chicken has been partially characterized. The chicken ~

LCR consists of three hypersensitive sites 1, 2 and 4. The enhancer function, however, is 

restricted to a HS site between the adult ~ and the embryonic e genes. This ~/e region 

contnoutes to the position independent and copy number dependent effect upon the 

expression of any linked globin gene, in vitro (70). 

It is most likely that the overall expression ofHbF in sickle cell patients is a result 

of complex interactions of DNA binding proteins with specific DNA sequences located in 

the LCR and/or 5' flanking sequences which play a major role in the regulation of globin 

gene expression. The ~-globin genes, like other genes, are regulated by transcription 
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factors which interact with each other and with DNA sequences in the tissue and 

developmental stage specific expression of the globin gene cluster. These DNA binding 

protein may be divided into three major categories: (1) The general transcription factors 

that are involved in the formation of the pre-initiation complex at the TATA box; (2) 

factors that are erythroid specific and may influence the expression of globin genes 

throughout development; (3) those which are involved in the regulation of globin gene 

switching. Many investigators have concentrated on finding specific cis motifs that might 

interact with specific trans-acting factors that are responsible for erythroid specific gene 

expression. Interestingly, only three major binding sites are consistently evident within the 

core sequence of the ~-LCR, a region which has been studied among various species. 

These sites include GATA-1, AP-1 and CACC binding sites (71). The presence of GAT A 

and CACC motifs correlates with the position independent activity of the LCR, whereas, 

the AP-1 motif is required for the classical enhancer activity of the HS-2. GATA and AP-

1 motifs have been shown to bind to the erythroid specific transcription factors GATA-1 

and NF-E2 respectively, whereas, the CACC sites bind the widely distributed Spl family 

(72). The DNA binding proteins NF-E2, belonging to the jun/fos family, appear crucial 

for the HS-2 enhancer activity (73, 74). However, the duplicated NF-E2 binding site 

located in the 3 7 4 bp Hindiii-Xbai fragment of the HS-2 is not sufficient for the high level

expression of the linked globin genes (74). When the NF-E2 site is deleted, the HS-2 

retains the ability to express a linked globin gene in a copy number dependent manner, 

though at a lower level (75). Thus, it is clear that although HS-2 NF-E2 has strong 

enhancer activity and is important for the high level expression of globin genes, it is not 

sufficient for position independent activation (76, 77). GATA-1 plays an important role in 



20 

globin gene switching and is known to have multiple binding sites in the promoters and 

enhancers of each of the 13-globin genes, as well as in several regions of the 13-LCR. The 

erythroid specific induction of 13-globin is downregulated when the GATA-1 sites are 

deleted in the promoter (78). However, GATA-1 alone is incapable ofbringing about 

position independent expression of globin genes. At least six GATA-1 binding sites are 

present in the immediate 5' and 3' flanking region of the human 13-globin gene. A 

significant increase in GATA-1 mRNA levels is observed which coincides with the time 

when mammalian adult 13-globin begins to appear during erythropoiesis (79). GATA-1 

plays an important role in the developmental switch from the embryonic to the adult 

erythroid lineage (80). Different GATA-1 binding sites throughout the 13-globin locus 

have different binding affinities for GATA-1 protein; each dependent upon the 

environment in which they are located. Evidence exists for the presence of another factor, 

USF, which is a component of the human 13-globin LCR heteromeric protein complex 

(81 ). The abundance offactor binding sites and differential binding affinities indicates that 

a plethora of factors and conditions are responsible for the highly regulated expression of 

theHbF. Interestingly, it was found that deletions of combinations ofGATA-1 and other 

ubiquitous factor binding sites from HS-2 (60,75) did not reveal any sites that were crucial 

for 13-LCR activity. However, it was found that only the combination of multiple copies 

of these minimal HS-2 fragments could bring about enhanced transgene expression. These 

data suggest that 13-LCR activity results from the interaction of these fragments. 

It has been proposed that the 13-LCR functions over a large distance by tracking or 

looping, reviewed by Felsenfeld (62). The tracking model proposes that transcriptional 

components gain entry into the chromatin at the 13-LCR and track via long RNA 
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transcripts to the downstream genes. Conversely, the looping model suggests that the 13-

LCR interacts with individual gene promoters via loops which results in complexes 

involving proteins ( 62). This looping model may, perhaps, explain why the globin genes 

compete with each other for interaction with the 13-LCR The exact mechanism by which 

the 13-LCR activates the expression of globin genes is not known, however, two models 

have been put forward (33,62). The first is autonomous regulation: According to this 

mode~ the 13-LCR provides an open chromatin environment and the developmental stage 

specific expression of globin genes is an intrinsic characteristic of the individual genes. 

The second model is competitive regulation: This model involves competition of individual 

globin genes for the 13-LCR in such a way that at any particular time only one gene-LCR 

interaction is functional (Figure 5). Competition for each globin gene· according to this 

model may be influenced by transcription factors that bind to the promoters as well as the 

13-LCR (82). The gene that successfully competes for the 13-LCR is preferentially 

expressed while the unsuccessful one is switched off. Evidence for the competition model 

has been obtained from experiments in which there is targeted insertion of a heterologous 

- promoter between the 13-LCR and the 13 globin gene in cultured cells. The 13 globin gene, 

in this case, was silenced while the heterologous promoters were expressed (83). 

The developmental expression of the globin genes is also influenced by a number 

of other variables which include the distance of the globin genes from the 13-LCR, the 

order of the genes and the polarity of the genes with respect to the 13-LCR (84,85). The 

question of whether the relative distances oft?-e individual globin genes from the 13-LCR is 

responsible for the developmental stage specific expres~ion of the individual globin genes 

was addressed using transgenic mice. When tandem globin gene combinations such as 



Figure 5: Developmental model for the regulation of {3-globin genes: The {3-LCR and the 

{3-gene promoter interaction in the developmental regulation of the human {3-globin gene 

locus during embryonic, fetal and adult development. In the diagram X represents an 

interaction that has been nulled by stage-specific trans-acting factors and an arrow 

represents a productive interaction (adaptedjrom (181)) 
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a:~, ~a:, y~ or ~y were linked to the ~-LCR it was observed that the polar organization 

of the globin genes relative to the ~-LCR was important in the sequential expression of the 

globin gene (84). However, when tandem repeats of they or the ~ globin genes were 

used, gene order was found to be ofless significance when compared to the trans-acting 

factor environment in the developmental stage specific regulation of the globin genes (85). 

Due to a large difference in the spatial arrangement of the genes that are Cloned into a 

construct, when compared to the natural arrangement in vivo, it is difficult to establish the 

physiological significance of the gene order experiments. This problem was addressed 

with transgenic mice that bear the entire ~-globin locus as a 248 kb YAC fragment. 

Expression studies using these transgenic mice, clearly indicate that the y-globin genes are 

expressed predominantly in yolk sac, at a lower level in the fetal liver, and only minimally 

in adult mice (85). 

Transgenic mouse studies done with human y and ~ globin genes in the absence of 

the ~-LCR have suggested the possibility that the ~-LCR, rather than playing a direct role 

in the developmental stage specific expression of specific globin genes, serves mainly as a 

general enhancer of all globin genes. Thus, allowing each gene to express in a 

development stage specific manner in response to specific cis and trans-acting factors 

.(86). 

The ~-LCR interacts uniquely with different globin promoters in K562 cells (53). 

Differential expression of the C/EBP family of transcription factors was observed in MEL 

and K562 cells. C/EBP are members of a leucine zipper class ofDNA binding proteins 

and dimerization of these proteins is required for interaction with DNA Interestingly, 

K562 cells contain substantially less C/EBP mRNA than MEL cells which leads to the 



possibility that differential expression of these factors could be due to the developmental 

state of these two cell types in the erythroid pathway (87). 
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Stage Soecific Reoressors: To a great extent, efforts have been directed towards the 

finding of globin gene activators, which include GATA-1, NF-E2 and EKLF. On the 

other hand, silencing of embryonic globin genes during the switch to either fetal or to 

adult genes may involve either the loss of positive factors or the presence of repressors. 

An ubiquitous kruppel family protein, YY1, has been implicated as a possible repressor of 

humanE andy globin promoters (35). Recently, it has been shown that the GATA-1 

motif in the human E globin promoter acts as a repressor and that at a selected 

developmental stage, the GATA-1 trans-acting factor may act as a negative regulator 

(88). EKLF, erythroid kruppellike factor, is an erythroid specific trans-acting factor that 

binds to CACCC motif found in the human beta-globin promoter and is abundant in 

erythroid cells. The EKLF gene promoter contains a GATA motif and this motif is 

essential for its activities in transfection assays. Therefore, it is reasonable to argue that 

EKLF may play an important role coincidentwith GATA-1 in the regulation of erythroid 

development (89). The human 13-globiri promoters 3!e activated to a greater extent than 

they globin promoters by EKLF. Therefore, EKLF may be involved in they to 13 switch 

(90). Reports suggest the importance of developmental stage specific suppressors as 

regulators of individual globin genes (91). This implies that the 13-LCR would interact 

with any of the globin genes during development and preferentially with theE-globin gene 

in the yolk sac. When the stage specific suppresser hinders the interaction of E gene in the 

fetal liver, the 13-LCR interacts preferentially with the y genes, which in tum are 
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suppressed in the adult stage. In the adult stage the 13-LCR interacts with the adult globin 

genes. The y and the 13 genes are kept low or silent at the early stages, most probably by 

way of competition of the genes for the 13-LCR Additionally, in the embryonic e globin 

promoter a positive regulatory element (PREll) motif has been ide~tified that is required 

for the stage-specific activation of thee globin genes (92). 

B-Globin Gene Haplotypes: Several genetic variations in the 13-locus of chromosome 11 

are associated with increased levels ofHbF in the adult. Among these are the non

deletional forms of hereditary persistence of fetal hemoglobin (HPFH) which exhibit 

characteristic mutations in the 5' flanking regions ofboth gamma genes (93). Haplotype 

specific variations are found in the 13' chromosome of sickle cell patients (94) as well as in 

genetic vari~tions associated with 13-thal (94-98). There are five major haplotypes which 

are associated with sickle cell disease. These have been named Benin, Bantu, Cameroon, 

Senegal and the Saudi-Indian types (99,100). Benin, Bantu and the Cameroon haplotypes 

are associated with lower than normal levels ofHbF; whereas, the Senegal and the Saudi

Indian types are associated with high levels ofHbF (52). The activation ofy gene 

expression may depend on the interaction between the cis-acting DNA sequences and the 

trans-acting DNA binding factors present during hematopoietic stress. This assumption of 

stress during hemopoiesis is important because normal individuals who carry these 

haplotypes have normal levels ofHbF and F cells (101). Specific mutations in the 5' 

flanking and intervening sequence 11 (IVS-11) region of both gamma globin genes from 

sickle cell patients have been identified (Figure 6). Interestingly, however, no remarkable 

differences were observed among the haplotypes in expression studies conducted with 5' 



Figure 6: Haplotype variations in the Gy 5' flanking region: Graphical representation of 

variations found in the human Gy 5'flanking region. Homozygous sickle cell patients 

with haplotypes Benin, Bantu, Senegal, Arab- Indian and Cameroon are represented here 

as type 19, 20, 3, 31 and 17 respectively (with permission-(102)). 
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flanking region of the Gy globin gene. This indicates that the haplotype variations are not 

the only factor responsible for differences in the expression ofHbF in the sickle cell 

patients (102). A putative silencer characterized by a AT rich sequence with a (AT).(T)y 

core structure is located -530 bp 5' to the ~-globin gene. The ~-globin cluster haplotypes 

are linked to the polymorphic variation in this region. It has been proposed that ~-globin 

expression may be influenced by the binding ofBPl, a putative repressor (103,104). BPI 

binds to the (AT).(T)y sequence with varying affinities depending on the composition of 

the sequence. The result is a differential repression of the ~-globin transcription. The 

high HbF expre~ing Saudi-Indian haplotype has a much higher ·affinity for BPI compared 

to the low HbF expressing Bantu haplotype. The -530 region could influence the severity 

of sickle cell disease symptoms by suppressing the synthesis of 13'. Among the (AT).(T)y 

motifs, AT9Ts sequence along with the -158 C-+T polymorphism is associated with high 

HbF in some individuais (105). However, no relationship between the -530 region and the 

HbF levels in sickle cell patients has been reported. 

A four base pair deletion (AGCA) at -222 to -225 5' to the Ay gene is associated 

with decreased expression ofHbF in newborns with the Cameroon haplotype (106). 

Studies in vitro indicate that this region contains binding sites for trans-acting factors, and 

hence, this region may act as a cis-acting element that affects the expression of y genes. 

Another region associated with variation in the Gy value is the -158 C-+T mutation 

observed 5' to Gy. An increase in the expression of y globin level is observed in sickle 

cell individuals with this mutation ( 42). The Senegal and Saudi-Indian haplotypes have 



the -158 C~T mutation. Studies have shown a beneficial effect ofhaving at least one 

Senegal chromosi>me (107). 

Therapeutic Approaches: The therapeutic approaches that are currently used in the 

treatment of sickle cell disease focus on reducing intracellular polymerization by altering 

the hemoglobin molecules and the alteration of erythrocyte properties or the distribution 

of intracellular hemoglobin species. 
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Hemoglobin modification: There are a number of ways whereby the solubility ofHbS in 

the deoxygenated blood could be increased. Early attempts focused on reducing the 

polymerization potential of the sickle cell hemoglobin (1 08) Agents such as urea, that 

were known to disrupt hydrophobic interactions were proposed to minimize the 

interaction with the 13 '6 valine. The solubility of deoxygenated HbS was also found to be 

increased when other agents such as ethanol, aromatic alcohols, acids and alkylurea were 

used. However, the therapeutic results were not satisfactory (1 09). 

Sickle erythrocyte modification~ The polymerization ofHbS is strongly dependent on 

the corpuscular hemoglobin concentration, which suggests that increasing the cell water or 

decreasing the intracellular HbS concentration reduces the tendency of the HbS to 

polymerize (110). The extent of polymerization is also dependent on the intracellular 

hemoglobin composition, oxygen satUration and intracellular pH. a-thai and HbF are the 

two major modifiers of sickle cell anemia. The polymerization tendency of the HbS is 

· largely dependent on its concentration and any reduction in concentration is of extreme 

benefit. a-thai is known to ·reduce the cellular volume, as well as, the hemoglobin 

concentration (111). One of the other means by which the sickle erythrocytes could be 
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modified is by increasing the oxygen affinity by inactivation of2,3DPG with agents such 

as cyanate (112). 

Pharmacological and other treatment strategies: The chaltge in the intracellular 

concentration of the various hemoglobin species is generally achieved through 

pharmacological agents. Attempts to elevate HbF levels b:r, treatment with chemical 

agents has become the central focus of sickle cell research in recent years. 

Pharmacological manipulation ofHbF synthesis takes advantage of cell-cycle specific 

cytotoxic compounds, DNA methylation, and histone acetylation processes (113). Other 

treatment strategies which include bone marrow transplantation and possible gene 

replacement therapies are also under active clinical and laboratory investigations. The 

ultimate gene therapy which is rephicement of the defective ~·gene with a normal gene is 

theoretically attractive but as Y,et unfeasible. The obstacles that need to be· overcome for 

this to be practical are: (1) perfecting methods for efficient delivery and maintaining 

. transgene expression at sufficient levels to be of therapeutic benefit; (2) devising 

' ' 

transfection protocols ~o th~t the trailsgene has minimum potential to disrupt host genes; .· . ... . . 

(3) improving current methods for the isolation and maintenance of pluripotent 

hematopoietic stem cells in vitro, prior to ex-vivo transfection (114). In the interim, it is 

likely that therapies based on modulation of the globin gene expression offer the most 

promise in ameliorating the clinical severity of the sickle cell disease and its genetic 

variants. 

The genetic defect in the 13-chains which gives rise to sickle cell disease does not 

affect fetal hemoglobin which cOntains gamma globin chains. Since the predisposition of 

sickle hemoglobin to polymerize intracellularly is reduced in the presence ofHbF, 

·' 
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manipulation of the level ofHbF by delaying the switch from gamma to beta globin or 

reactivating the silenced gamma globin gene has been the focus of research over the past 

years. Fetal hemoglobin induction has a number ofbenefits which include decreased 

probability of sickling and improved red blood cell survival. The low levels ofHbF 

synthesis in adultS· may be enhanced by genetic or acquired factors or by changing the 

erythroid kiitetics with the help of pharmacological agents. In this. context several 

cytotoxic/cytostatic agents known to improve the clinical condition of sickle cell patients 

have been investigated. 

Control ofHll.F production appears to be primarily at the level of erythroid 

' progenitors. Modulation may occur by "reprogramming" erythroid progenitors, thereby, 

changing the ratio ofF cells to non F cells (29, 115). The other option is "recruitment'' 

where committed cells are stimulated selectively so as to give rise to premature cells which 

have higher HbF levels. BFUe, when triggered prematurely as a result of stress give rise 

to colonies with an increased proportion ofF-positive cells (116). F cells are formed as a 

result of a premature commitment of early progenitor cells. This condition is the same as 

that found during accelerated erythropoiesis, which results in an increased F cell 

production as observed in acute marrow degeneration (117). On the other hand, under 

conditions of chronic anemia the situation is much different. Premature progenitor cells 

are recruited in much lower numbers due to less severe stress on erythroid differentiation. 

A list of possible HbF inducing agents consists of the cell cycle specific cytotoxic 

compound hydroxyurea, the nucleoside analogue 5' azacytidine and butyrate analogues. 

Hydroxyurea: Hydroxyurea has been shown to be effective and is a very promising 

candidate for therapy of sickle cell disease. The use of hydroxyurea as a potential 
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therapeutic agent for the augmentation ofHbF level in sickle cell disease is favored 

because of its ease in administration, relative safety and the rapid reversibility of its 

myelosuppressive effects (118,119). The mode of action of hydroxyurea in increasing 

HbF is not fully understood but a number of mechanisms have been put forward. These 

include, inhibition of nbonucleotide diphosphate reductase which inhibits DNA replication 

(120) and induction of erythroid marrow regeneration (121-123). The increase in the 

synthesis of erythroid progenitors by hydroxyurea probably is a consequence of 

cytoreduction and a resultant change in the kinetics of the erythroid progenitor cells. 

Thus, there are more immature progenitors Capable of high HbF synthesis (116,123). The 

cytotoxic effects of the drugs are primarily on late erythroid progenitor cells, the CFUe. 

This is followed by rapid recovery due to influx of the more primitive progenitors, the 

BFUe. 

The effects of hydroxyurea at the transcriptional and the post-transcriptional level 

of c-jun mRNA regulation have been studied in K562 cells (124). The protein products of 

these genes are believed to bind to AP-1 sites and reports have suggested the importance 

of these sites in the control of globin gene synthesis by erythroid differentiating agents 

(77). When cells are treated with hydroxyurea, there may be either an up or a down 

regulation of a gene (125,126). Among the sickle cell patients, the responses to 

hydroxyurea treatment are found to vary greatly; some patients respond with clinically 

significant HbF levels, while others respond marginally or not at all (127, 128). 

Hydroxyurea increases the F-cell count from about 30% to about 50% (129, 130). The 

marked individual differences in the patient response to hydroxyurea (128) is consistent 

with studies on animal (131) and on the genetics ofHbF production (42,132,133). One 
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possible reason for this variation in response is that individuals with certain haplotypes 

react differently to hydroxyurea. This variation is confounded by various hormones and 

cell growth factors that affect HbF production. There are many aspects of the use of 

hydroxyurea for sickle cell therapy which remain unresolved and which have resulted in 

much skepticism with regard to the use of hydroxyurea as a drug of choice to alleviate the 

symptoms of sickle cell disease (127). 

Hydroxyurea was found to have a very broad spectrum of effects when analyzed 

for its cellular effects on human peripheral blood. These include the inhibition ofDNA 

replication which in tum results in a lower cell number and increases in the hemoglobin 

content per cell, the HbF level and the cell size (134). In addition to stimulating gamma

globin production in sickle cell patients, hydroxyurea also has been proposed to increase 

globin synthesis in some thalassemia intermedia patients (135). 

Use of hydroxyurea in conjunction with other agents, which are known to elevate 

HbF, may permit the attenuation ofthe symptoms of sickle cell disease (136). For 

example, hemin in combination with hydroxyurea· has a synergistic effect on the levels of 

HbF, and this combination also minimized the cytotoxic side-effects in cultured cells 

(137). Recombinant human erythropoietin supplemented with iron, when given alternately 

with hydroxyurea, elevated HbF and F-cell number in sickle cell patients compared to 

administration ofhydtoXyw-ea alone (13.8). However, a subsequent study found no 

measurable benefit of recombinant human erythropoietin either alone or in combination 

with hydroxyurea (139). Homozygous ~-thai patients, when given erythropoietin in order 

to induce "stress" hematopoiesis, showed no measurable changes either in the HbF levels 

or in they-globin chain synthesis. However, an i!lcrease in the production of thalassemic 



RBCs was obseiVed to be due to a more balanced globin chain synthesis which 

consequently improved pathological changes in RBC membrane characteristic of 

thalassaemia (140). The multicenter study of hydroxyurea has shown the influence of 

age, gender and the ''F-cell" production (FCP) locus on the response ofHbF to 

hydroxyurea treatment(141). 
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5-azacytidine: The agent 5-azacytidine incorporates into DNA and functions 

predominantly as a clastogen (142). During replication 5-azacytidine is incorporated into 

newly formed DNA in place of cytosine. Azacytidine containing DNA is not methylated 

by methyltransferase and thus DNA is hypomethylated (143, 144). DNA hypomethylation 

results in altered cell differentiation and gene expression (145). However, DNA 

methylation is not the primary mechanism that controls globin gene switching (146). 

There are reports to suggest that the binding affinities of the DNA proteins may depend on 

the methylation status of the gene (147,148). Other modes of action for 5-azacytidine 

have been proposed. Reports suggest a cytotoxic mechanism which leads to rapid 

erythroid regeneration and an increase in the generation of the immature primitive 

progenitors (116). Another is the proposal that 5-azacytidine increases the number ofF

cell colonies by reprogramming the bone marrow (115). The molecular basis of the latter 

may be linked to the methylation status of the gene (113). An enhancement in the level of · 

fetal hemoglobin by 5-azacytidine was first demonstrated in baboons (149) and later 

reported in patients with either sickle cell anemia or thalassemia (150, 151 ). The potential 

carcinogenicity of 5-azacytidine led to concerns about its use as a therapeutic agent in 

sickle cell disease (152). Recently, interest in this drug has been rekindled. A general 

correlation exists between the methylation status of genes and gene expression, active 



genes are normally unmethylated; whereas, inactive genes are frequently methylated, 

especially in their promoter region. 
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Butyrate: Butyrate and its analogues are largely free of myelosuppressive effects that are 

associated with cytotoxic agents. This characteristic makes them much more attractive 

for use in the therapy of sickle cell disease. A naturally occurring fatty acid, butyric acid, 

is known to inhibit the enzyme histone deacetylase (153). As a result of this, histones 

remain hyperacetylated and, thereby, modify the chromatin structure for enhanced gene 

expression(154,155). Histone hyperacetylation may decrease intranucleosomal stabilizing 

forces resulting in the unfolding of the nucleosome core (156). The interest in using 

butyrate compounds for HbF induction stemmed from the observation of a significant 

delay in the fetal to adult hemoglobin switch in infants of diabetic mothers. These infants 

develop in hyperglycemic environment which produces reactive hyperinsulinemia and 

insulin has been shown to re-activate genes (157). Later, it was shown that o: amino-n

butyric acid could induce HbF in adults (158). Studies done with ovine fetuses have 

indicated that when developing fetuses are exposed to sodium butyrate in utero, the result 

is either a delay or an arrest in the transition from fetal to adult globin synthesis (159). 

Another study reported that when anemic chickens were treated sequentially with 5-

azacytidine and sodium butyrate, the embryonic p-globin gene was activated in adult 

erythroid cells (160). 13-oxidation breaks down butyrate to two molecules of acetate and 

this compound is capable of stimulating HbF synthesis, in vivo (74). Butyrate could either 

reactivate a silenced gamma gene or inhibit the silencing of the gamma gene or both. 

Results from somatic cell hybrids have indicated that o:-amino butyric acid is capable of 

transiently slowing down the y to 13 switch, suggesting that modulation of y - globin gene 
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expression by butyrate may be by preventing the silencing of y gene and not by the direct 

induction of they gene (161). Studies in transgenic mice indicate that butyrate is not 

capable of reactivating silenced gamma genes; but butyrate could activate prior to the 

silencing of the gene (162). In addition to its effects on histone hyperacetylation, butyrate 

may also act on specific DNA sequences directly and influence gene expression (163). In 

transient expression studies with a human y- globin promoter reporter gene activity was 

induced in the presence of sodium butyrate. This suggests that specific sequences in the 

promoter of the globin genes are required for sodium butyrate to act ( 40). The study 

concluded that the induction of they-globin promoter by sodium butyrate resulted from a 

loss of the CCAAT displacement protein (CDP), thereby, allowing the transcriptional 

activation by the CCAAT box binding protein (CBP). It haS been proposed that sodium 

butyrate manifests its inductive expression of the gene by way ofbutyrate response 

elements found in the 5' flanking region of they gel)es (164). Gamma globin gene 

promoter activity is enhanced in the presence of sodium butyrate and further enhancement 

in the expression is seen by the introduction ofLCR elements into the construct (165). 
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RATIONALE AND SPECIFIC AIMS: 

In the last few decades, our knowledge of the human globin genes has increased 

profoundly. This in turnhas channeled our research interest into an era where 

investigators are m search of a meaningful therapy for the management of sickle cell 

anemia and thaiassemia. In addition to ·a better understanding of the intricacies of the 13 

globin gene regulation, unraveling the mechanism of globin gene transcription may 

ultimately provide the information for the development of novel strategies to reactivate the 

silenced y globin gene in adults with hemoglobin disorders and thus ameliorate the clinical 

condition of the disease. 

The levels ofHbF expression in sickle cell patients are, in part, associated with the 

'chromosome type, haplotype, of the affected individuals. The objectives of this research 

are to determine the effects of variant sequences at regulatory regions of specific 13-

chromosomes on the expression of fetal hemoglobin. Two classes of 13-chromosome will 

be studied; one that is associated with higher levels ofHbF expression (Senegal haplotype) 

and the other with lower levels (Benin and Bantu haplotypes). Recombinant DNA 

constructs containing portions of the locus control and the Gy promoter will be 

introduced into human and mouse erythroleukemic cells. These constructs will allow 

measurement of the effects of variant regions within the 13-LCR HS-2 of spe~c 13-

chromosome on CAT reporter gene expression. 

To better understand the mechanism for elevating HbF levels, a series ofDNA 

constructs containing combinations of the 13-LCR HS-2 and Gy 5' promoter region from 

different haplotypes will be transfected into K562 and MEL cells treated with 
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hydroxyurea; 5-azacytidine or butyrate which are known inducers ofHbF. The following 

objectives will be accomplished in the present study: 

1) Clone the Gy 5' flanking region and the 13-LCRHS-2 enhancer sequences from sickle 

cell patients homozygous for Benin, Bantu and Senegal haplotypes into an expression 

vector with a CAT reporter gene . 

2) Measure the relative expression of the above constructs in KS62 and MEL cells. 

3) Measure the relative expression of the above constructs in cells treated with inducers 

ofHbF; hydroxyurea; butyrate and 5-azacytidine. 

This study should extend our understanding of gene regulation in the expression of 

fetal hemoglobin and determine the importance of haplotype specific regulatory sequences 

in the HbF response to drugs such as hydroxyurea, butyrate and 5-azacytidine. These 

results may also provide a basis for the future treatment of genetic abnormalities by gene 

therapy. 



METHODS OF PROCEDURE 

DNA extraction from whole blood: 

White blood cells (WBC} were isolated from whole blood and lysed. The proteins 

were denatured and the genomic DNA extracted and purified (166}. 

Blood was obtained from individuals homozygous for the Benin, Bantu and the 

Senegal haplotypes. Blood samples were collected in tubes containing EDTA Samples 

were transferred to 15ml tubes and 10ml ofretic saline solution were added and mixed by 

inverting the tube few times, washed and centrifuged at 3000 rpm for 10 min. 

Supernatants were removed by aspiration and the retic saline procedure was repeated 

three times. RBCs were lysed with 15ml of freshly prepared lysis solution which 

contained 131mMNH4Cl and 0.9mMNH4COJ. The sample tubes were nutated for 10 

min at room temperature and centrifuged for 10 min at 2400 rpm, after which the 

hemolysates were aspirated. The lysis step was repeated several times until the pellet was 

no longer pink. The WBC pellets were resuspended in 2.5 ml of STE solution and shaken 

vigorously. To the suspension 0.125 ml of 10% SDS and lOOnt of 100rrg/ml proteinase K 

was added to each of the tube. The cell suspensions were. then incubated overnight at 

37"C. At the end of incubation period an equal volume of phenol saturated with 200mM 

tris pH 8.0 containing 0.1% hydroxyquinoline was added to each tube, mixed, nutated for 

30 min, and centrifuged at 2400 rpm for 10 min. The aqueous phase was removed, 

transferred to a clean tube, and extracted with 10 ml chloroform (10 min nutation, 10 min 

38 
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incubation and 10 min centrifugation were part of this extraction process). After 

centrifugation the aqueous phase from each tube was transferred to a flask containing 100 

m1 of95% ethanol. The precipitated DNA was transferred into an eppendorf 

microcentrifuge tube and washed twice with 70% ethanol. The pellet was dried in a 

microcentrifuge tube using a speed-vac and then dissolved in sterile water. Quantification 

ofDNA was done spectrophotometrically by reading the absorbance at 260 and 280 nm 

wavelength. Concentration ofDNA in the sample was estimated from the reading at 260 

run; an optical density of one corresponds to approximately 50Jlg/ml of DNA The ratio 

between 260nm and 280 nm gave an estimate of purity of the DNA. 

Amplification ofDNA: 

The Gy promoter fragments and the LCR HS-2 fragments were amplified from 

genomic DNA by PCR using a Perkin Elmer DNA thermal cycler 480. Total reaction 

volume of 1 OOJ.Ll contained 1Jlg of genomic DNA, 1 OOpmoles of forward and reverse 

primers (Table 1-) and 2.5 units ofTaq polymerase. The stock (lOX) concentration of 

reagents in the reaction mix were 0.2mM MOPS, 30mMMgCb, 500mM KCl and 2mM of 

each of the four dNTPs. The amplification was carried out for 33 cycles. Each cycle 

consisted of denaturation at 94" C for 1 min and 30 sec, annealing at 58"C for 1 min and 

30 sec and extension at 72" C for 3 min and 30 sec for the LCR HS-2 fragment-. The 

amplification of the Gy fragment followed the same procedure except that the forward and 

the reverse primers were different and, thus, the annealing temperature was 56"C. The Gy 

primers carried Hindiii restriction site at the 5' end. 



Table 1: 

Oligonucleotide primers and probes used in the experiment 

Func:tion 

A) Primers 
Gy S' flanking forward Primer 
Gy S' flanking reverse primer 
S' HS-2 forward primer 
S' HS-2 reverse primer 
B) Probes 
8S80N 
BSBOM 
8S98N 
8S98M 
9114N 
9114M 

Sequenc:e 

S'- ACGTCATAATCTACCAAGGTCATG-3' . 
S'-GGCGTCTGGACTAGGAGCTTATTG-3' 
S'-TAAGCTTCAGTTTTTCCTTAGT-3' 
S'-TAGATCTGACCCCGTATGTGAGCAT-3' 

S'-CAGGCCCCGGTCGGGGTC-3' 
S'-CAGGCCGGTGTCGGGGTC-3' 
S'-AGTGCCCCACCCCGCCTT-3' 
5'-AGTGCCCCGCCCCGCCTT-3' 
5'-CCGTACTTTTGTCCTTTTG-3' 
5'-GAAAAGGACTAAAGTACGC-3' 

~ 
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Purification of amplified DNA: 

Amplified DNA was purified by electrophoresis in a 1% Seak:em gold agarose gel 

containing ethidium bromide and TAE (40mM Tris-acetate 1mMEDTA pH 8.0) buffer. 

Electrophoresis was carried out at 75 volts and room temperature until the dye marker 

·reached the mid-point of a 8 em gel. The lambda Hindill digest was used as a standard to 

determine the size of the fragment. The LCR HS-2 740 bp fragment and the Gy 5' 

flanking 1.3 kb fragments were excised from the gel and purified using Geneclean ~, ( 

BID 101 Inc., LaJolla, CA). The principle involved in this procedure is the binding of the 

DNA molecules to a glass suspension (glassmilk® BID 101 Inc., LaJolla, CA) which was 

then eluted from the glass beads at a low salt buffer concentration or in water. The band 

was excised and the gel slices were weighed. Three volumes of sodium iodide solution, 

provided by the manufacturer, were added to the gel slices and the mixture was incubated 

at 55°C for 5 min or until the gel slices dissolved. To this, 50- 100!Jl of glassmilk was 

added. The suspension was mixed well and incubated at room temperature for 5 min with 

occasional mixing by inversion. At the end of the incubation period, the suspension was 

centrifuged for 5 sec and the supernatant was discarded. The pellet was resuspended in 1 

ml of cold New Wash® provided by the manufacturer (BID 101 Inc., LaJolla, CA). The 

New Wash is a mixture of sodium chloride, Tris EDTA and ethanol, the final pH ranges 

between 7.0 and 8.5. The DNA, now bound to glassmilk was pelleted by centrifugation 

for 5 sec. The washing step was repeated two times. The pellet was resuspended in 50 J.ll 

of sterile water, incubated for 5 min at 55°C, and finally centrifuged for 5 sec. The 

supernatant containing DNA was removed. A second elution was performed using .30 J.ll 
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of water. The eluted DNA was concentrated to a volume of 10 J.Ll using a speed-vac. 

Alternate methods used for the purification ofDNA samples from the agarose gels were 

13-Agarase method and SpinBindTM DNA extraction method; (FMC BioProducts, 

Rockland, ME). The 13-agarase method involves the use of 13-agarase which digests 

molten agarose followed by recovery ofDNA by ethanol precipitation. Since the standard 

agarose has a melting temperature of 90" -95"C low melting point agarose was used in 

these experiments. Such high temperatures could denature or damage the DNA of 

interest. The agarose, SeaPlaque GTG® or SeaPlaque® (FMC BioProducts, Rockland, 

ME) was used for DNA fragments which were greater than 1 kb. NuSieveR GTG agarose 

(FMC BioProducts, Rockland, ME) was used for fragments less than 1 kb. In order to 

avoid gel melting and/or band streaking caused by excessive voltage and buffer 

breakdown, the gels were refrigerated for about 30 min at 4"C with TAB buffer and then 

run at low voltage at room temperature. In the SpinBindTM DNA recovery method, a 

silica membrane containing unit was used which binds to the DNA in the presence of 

chaotropic salts; unbound contaminants are separated by centrifugation. The DNA bound 

to the silica was eluted with a low ionic strength buffer. The amount ofDNA was 

quantified by running a quantitative agarose gel. A known volume of the purified DNA 

was used along with serial dilutions oflamda HindiTI marker. The concentration of each 

marker band was calculated based on the marker concentration added to the well and the 

size of the band. The amount ofDNA was quantified by comparing the brightness of the 

marker band to the brightness of the fragment of interest. 
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Sequencing: 

The HS-2 and the Gy fragments were sequenced either manually or by automated 

sequencing. The manual sequencing was done using the Sequenase version 2.0 (USB) kit 

according to the manufacturers protocol. The principle involved in sequencing is that of 

the dideoxy chain termination method developed by Sanger and Coulson (167). The 

sequencing gel was 6% polyacrylamide and 8M urea and the buffer used was TBE (Tris-

borate-EDT A buffer pH8.0). After the completion of the polymerase reaction, 41J.l of the 

reaction mixture was added to the prewarmed gel and run for 2 hrs. The gel was fixed in 

a solution containing 10% glacial acetic acid and 12% methanol to remove the urea. The 

gel was then carefully transferred to Whatman filter paper, covered with Saranwrap and 

· dried in a Bio-Rad gel dryer. Autoradiography was used to visualize the sequence (Figure 

7-8). The automated DNA sequencing was done by an automated fluorescence Sequencer 

(Dye termination method) using a Applied Biosystems 377 Prism DNA Sequencer. 
. ' 

Cloning of the Gy fragment into the pSVoCAT ex_Pression vector: 
' ' ' 

Amplified and purified Gy fragment from the Benin, Bantu and the Senegal 

haplotypes were cloned into the Hindill site of the pSVoCAT expression vector. The 

expression vector was first linearized by Hindill; the reaction mixture consisted of 80 IJl 

ofpSVoCAT (0.5-1J.Lg/ml), 10 1J.1 Hindill and 10-IJ.l10XPromegaHindill buffer. The 

' 
reaction was incubated overnight at 37" C. The Magic DNA Cleanup System~ by 

(Promega Inc.) was used to remove the salt and enzymes from the digestion mixture as 

described in the manufacturer's protocol. The plasmid was eluted with 50 IJl of deionized 

water and quantified by gel electrophoresis 1.1sing the comparison ofknown concentration 



Figure 7: Benin AT repeat sequence: A portion of a sequencing gel showing the AT 

repeat sequence found in the LCR HS-2 of the Benin haplotype. The sequence observed · 

here is 8TA-2CA-2TA-CGTG-7TA. 
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Figure 8: Senegal AT repeat sequence: A portion of a sequencing gel showing the AT 

repeat sequence found in the LCR HS-2 of the Bantu haplotype. The sequence observed 

here is 9TA-2CA-2TA-CG-IOTA 

\ 
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of the Lambda Hindiii marker. The next step was to dephosphorylate the plasmid. Calf 

intestinal phosphatase was used for the dephosphorylation of the vector. The final ratio of 

the enzyme to DNA was I:IO (O.I units ofCIP/ pmol ends of pSVoCAT). The reaction 

mixture was incubated for I hr at 37"C and then at 75"C for IO min to inactivate the 

enzyme. The dephosphorylated plasmid was purified and quantified. The PCR amplified 

and purified Gy fragment was digested with Hindiii and purified. The ligation ofHindiii 

cut and dephosphorylated pSVoCAT with Hindiii cut Gy fragment was done using the 

Takara Ligation Kit® (Takara, Shuzu, Inc) according to t!te manufacturer's instruction. 

The insert to vector molar ratios used were 2:I and 4:1. Two IJl ofth«;lligation reaction 

was used for transformation. Competent SURE® cells (Stratagene, LaJolla, CA) were 

thawed on ice. Twenty !Jl of cells were transferred to a pre-chilled culture tube for each 

transformation. To each of these tubes, 2111 of the ligation reaction was added and the 

reaction was incubated on ice for 30 min. The cells were "heat-shocked" for 45 sec. at 

42" C and incubated on ice for 2 min. The cells were revived by the addition of 80 111 of 

SOC followed by. incubation at 37" C with continuous shaking of the cells at 225 rpm for I 

hour. Next, the transformed cells were plated onto agar plates which contained 751-lg/ml 

ampicillin and the plates were incubated overnight at 37" C. Uncut and cut vectors were 

used as positive and negative controls, respectively. Colonies were picked and cultured in 

3m! ofLuria broth. The plasmids from these cultures were isolated using the Wizard 

Miniprep DNA Purification System® (Promegalnc.). The manufacturer's protocol was 

followed. The plasmid DNA was eluted in 501Jl of 65"C pre-warmed sterile water. The 

colonies were screened by agarose gel electrophoresis following Hindiii digestion. 
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Positive clones were indicated by the presence of a 1.3 kb Gy band and a 4.5 kb vector 

band. The orientation of the 1.3 Kb Gy 5' flanking fragments were determined by Pvuii 

digest; this enzyme has a site each in the vector as well as in the Gy fragment. Further .. 

confirmation was done by using BamHl, since a unique restriction site is present in the 

vector. BamHl will linearize the construct (pGySVoCAT) and produce a: single 5.8 kb 

band (Figure 9). 

Cloning ofLCR HS-2 fragment into pNOTA shuttle vector: 

The pNOTA vector was chosen for cloning ofPCR fragments with dA overhangs. 

The manufacturer's protocol was followed in cloning the LCRHS-2 fragment. During the 

procedure, a modification step blunts the PCR generated fragment. The insert to vector 

ratios used for ligation were 2:1 and 4:1. The pNOTA vector contained a 13-galactosidase 

gene derived from the lac-operon of E Coli. that is capable of a-complementation. 

Isopropythio-(3-D-galactoside (IPTG) was used to induce this gene and 5-bromo-4-

chloro-3-indolyl-~-D-galactoside (X-gal) was used as a chromogen substrate. The 

generation ofblue and white colonies allows one to readily identify potential positive 

clones that contain the insert. When the insert fragment is incorporated into the 

polycloning site of the ~-galactosidase gene, the gene becomes dysfunctional and the 

result is the formation of white colonies. On the other hand, if the insert fragment fails to 

incorporate, the gene remains active and then the result is the blue colonies. After 

transformation, cells were spread on well dried agar plates that contained ampicillin, and 

the plates were incubated overnight at 37•c. Potentially positive clones, white clones, 

were picked and cultUred overnight in 3 m1 ofLuria broth containing 501J.g/ml ampicillin. 



Figure 9: Expression vector pSVoGyCAT: A a_garose quantitative gel. The 1.3 Kb Gy 5' 

flanking region was amplified and purified from homozygous sickle patients with 

Senegal, Benin and Bantu haplotypes and cloned into the Hind/!! site of the 4.5 Kb 

dephosphorylated pSVoCAT expression vector. {A) Lanes 5 and 6 indicates the 5."8 Kb 

pSVoGy(Sen)CAT and pSVoGy(Ben)CAT; (B) Lane 7 indicates the 5.8.Kb 

pSVoGy(Ban)CAT expression vector. The 5.8 Kb band is indicated by an arrow. 
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The plasmids from these cultures were isolated using the Wtzard Miniprep DNA 

Purification System11 (Promega Inc.). The plasmid DNA was eluted in SOJ.L) of65°C 
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prewarmed sterile water. Initial screening of the clones was done using a BamBI 

restriction enzyme digest since the pNOTA vector contains two BamBI restriction sites 

located on either end of the polycloning sites. A positive result of this BamBI digest of a 

pNOTA/HS-2 construct yields a 740 bp HS-2 fragment and a 2. 7 kb vector fragment. 

The reaction mixture for BamBI digestion consisted of811l ofDNA, 1111 ofBamHI 

enzyme and 1J.L) of 10XBamHI buffer and was in~bated for 2 hrs. at 3'f C. The enzyme 

digests were run on a 1% Seakem gold agarose gel and the appearance of the 740 bp 

fragment indicated the presence of a positive clone. The next step was to confirm the 

clones by dot blot analysis and DNA sequencing. 

Dot Blot hybridization· 

The ECL 3' end oligolabelling system of Amersham was used. The procedure 

involves the hybridization of3' end fluorescein labelled probes specific for the point 

mutations in the LCR HS-2 to _the LCR HS-2 target sequence which is present on a 

membrane. The detection step involves the generation of chemiluminescence from the 

bound probe which results from the interaction between luminal and the anti-fluorescein

HRP conjugate. Thus, the chemiluminescence exposes the X-ray film. The normal and 

the mutlint oligonucle~tide probes specific for the 8580, 8S98 and the 9114 [3' point 

mutations (compared to the GenBank HUMHBB reference sequence) were synthesized in 

a Perspective Bio8ystems Expedite DNA Synthesizer. One hundred pmoles of each of the 

oligonucleotide probes (Table 1) were 3' end labeled by incubation in a reaction mixture 
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consisting of 10 IJl fluorescein dUTP, 161Jl cacodylate buffer, 161Jl tenninal transferase 

and water to a final volume of 160 IJl for 2 hrs at 37"C. The reagents were supplied by the 

manufacturer. The labelled probes were stored in -20°C freezer for later use. 

Forty IJl of the miniprep DNA were denatured overnight in 40 Ill of 4 MNaOH 

0.25 M EDTA and 320 IJl water. Hybond N" membranes were cut into 9x12 em. 

portions and divided into halves: one side for the mutant probe and the other for the 

normal probe. The membrane was equilibrated by soaking in water for 10- 15 min; the 

water was replaced with 2X SSPE and further incubated for 10-15 min at room 

temperature. The membrane was placed on the dot blot apparatus, (3-4 pieces of 

Whatman filter paper were cut, sized to match the membrane, soaked in water and placed 

beneath the membrane for better absorption) and connected to the vacuum. An equal 

volume of the denatured DNA sample was applied to the corresponding wells designated 

as mutant and normal for each sample. Once the samples were adsorbed by the 

membrane, the membrane was removed and baked for 2 hrs at 80°C. This procedure 

results in the binding ofDNA to the membrane. The membrane was then cut into halves, 

one for the hybridization with the mutant probe and the other for hybridization with the 

normal probe. Each membrane was placed in a 50 mi tube for pre-hybridization in a 

hybridization oven. The pre-hybridization temperature was set at 64°C for the 8580 

mutant and normal probe. Twenty mi of the pre-hybridization buffer was added to each 

tube. The membranes were pre-hybridized for one hour with continuous rotation in a 

hybri~tion oven. Following prehybridization, the buffer was replaced by the 

hybridization buffer (The hybridization buffer is pre-hybridization buffer with labelled 



probe.) which consisted of sx sse, 0.1% (w/v) hybridization buffer component, 0. 02 

(w/v) SDS, 20 fold dilution of liquid block"' (ECL Amersham Life Science) and the 

respective mutant or normal probes. The concentration of the probe in the hybridization 
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buffer was 10 ng/ml. The blots were placed into the hybridization buffer and incubated at 

60" C for 2 hrs. in a hybridization chamber. The blots were removed from the 

hybridization buffer and placed in a container. They were immediately covered with the 

tirst wash solution, (2X SSC, 0.1% SDS.) and incubated 5 min at room temperature with 

constant agitation; this process was repeated twice. The wash solution was discarded and 

replaced with a second wash which contained IX SSC, o, 1% SDS. The membranes were 

then incubated at 60" C for 20 min with shaking in a temperature-controlled incubator. 

The process was repeated twice. The blots were placed inthe third wash (O.lX SSC, 

0.1% SDS) and incubated at 60" C for 20 min. The blots were washed once in TMAC for 

20 min at 60" C. The next step involves blocking and antibody reaction. For this, the 

membrane was washed in buffer 1 (NaCl 0.15M, Tris O.lM pH 7.5) for 2 min at room 

temperature and incubated with the liquid block for 30 min at room temperature with 

constant agitation. A' second incubation in buffer ·1 for 5 min was then carried out. The 

blots were covered with anti-fluorescein conjugate and incubated for 30 lnin at room 

temperature with constant agitation. Next, the membranes were washed 5 min with buffer 

2 (NaCl 0.4M, Tris 0.1M pH 7.5); the step was repeated four times. The final step was 

detection. The blots were placed on· Saranwrap with the side carrying the DNA facing 

up. Equal volumes ~f detection reagents"' (ECL Amersham Life Science) 1 and 2 were 

mixed in a tube' and then immediately added to the blots so as to cover the blots 
' 
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completely. After 1 min, the excess detection reagent was drained off and the blots were 

wrapped in Saranwrap. The blots were placed in a film cassette and autoradiography was 

done to visualize the hybridization of the probe to the target sequence (Figure 10-11 ). 

The same membrane was used for the detection of8590 and 9114 mutations. In 

order to reuse the membrane, it was stripped off the previous probe. This was done by 

washing the blots in 5X SSC for 5 min and then incubating them in 0.1X SSC, 0.1% SDS 

at 65" C for 1 hr with constant agitation followed by washing in 5X SSC for 5 min. Pre

hybridization and hybridization temperatures for the 8580 mutant and normal probes were 

64" C and 60" C, respectively. The pre-hybridization and hybridization conditions forth~ 

9114 mutsnt and normal probes were 54"C and 50"C, respectively. The Tm of the probe 

determines the hybridization temperature. 

Cloning of the LCR HS-2 into. the pSVoGyCAT expression vector: 

The expression vector pSVoGyCAT was linearized at its BamHI site; purified, and 

dephosphorylated with calf intestinal phosphatase. The vector concentration was 

quantified, and the vector was used for insertion of the LCR HS-2 fragment (Figure 12) 

into the single BamHI site using a Takara Ligation Kit® manufactured by Takara Shuzo 

Inc. The insert to vector ratio for this ligation reaction was 2:1 or 4:1. Two !Jl of the 

ligation reaction was used for transformation of SURE® cells. Uncut and cut vectors were 

used as positive and negative controls respectively. Colonies were picked and cultured in 

3ml Luria broth. Plasmids from these cultures were isolated and screened. The positive 

clones yielded a 740 bp HS-2 fragment and a 5.8 kb vector fragment upon digestion with 

BamHI (Figurel3-14 ). 



Figure I 0: Dot blot hybridization of HS-2 plasm ids: Dot blot hybridization of 

pSVoHS2/GyCAT plasmids, containing the LCR 5' HS-2from either Senegal, Benin or 

Bantu haplotypes, with mutant and normal probes specific for the 8595 A -7G point 

mutation in the LCR HS-2. Plasmids with Benin HS-2 hybridized to the mutant probe, 

on the other hand, plasmids with Senegal and Bantu HS-2 hybridized to the normal 

probe. All represents Sen/Ban; Cl represents Ben/Sen; D 1 represents Ben/Ben; D2 

represents Ben/Ban; Dl2 representsBan!Sen; E9 represents Ban/Ben; ElO represents 

Ban/Ban. 
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Figure 11: Dot blot hybridization of HS-2 plasmids: Dot blot hybridization of 

pSVoHS2/GyCAT plasmids, containing Senegal HS-2, with mutant and normal probes 

specific for the 8595 A -7G point mutation in the LCR HS-2. The Sen/Ben (C7) and 

Sen/Sen (All) plasmids hybridized to the normal probes. 
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Figure 12: The 740 bp LCR HS-2: An agarose quantitative gel. The LCR HS-2 fragment 

was first amplified, purified and cloned into the pNoTA shuttle vector. The HS-2 

fragment was isolated by BamH 1 digestion. Lanes 5, 6 and 7 indicates the BamH 1 

digested 7 40 bp LCR HS-2 fragment from the Senegal, Benin and Bantu haplotypes, 

respectively. The 7 40 bp fragment is indicated by an arrow. 
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Figure 13: BamHJ digest ofpSVoHS2/GyCAT :The BamHJ digest of the expression 

vector pSVoHS2/GyCAT. The presence of 740 bp HS-2fragment indicates a positive 

clone. The 7 40 bp and 5. 8 Kb fragments (indicated by arrows) seen in (A) Lanes 2 and 3 

represents Sen/Sen and Sen/Ben (B) Lanes 4 and 5 represents Ben/Ben and Ben/Sen 

clones, respectively. 
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Figure 14: BamHI digest ojpSVoHS21GyCAT: BamHJ digest of the expression vector 

pSVoHS2/GyCA T. The presence of a 7 40 bp HS-2 fragment indicates a positive clone. 

The 7 40 bp and 5. 8 Kb fragments (indicated by arrows) seen in lanes 2, 3, 7 and I 0 in 

the top panel and lane 2 in the bottom panel represents the Ban/Ban, Sen/Ban, Ben/Ban 

Ban/Sen and Ban/Ben positive clones, respectively. 
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Constructs: 

Recombinant DNA constructs containing LCR HS-2 and the G-y S¢flanking 

region from Senegal, Benin and Bantu haplotypes were made (Figure 1S-!'6). 

Large scale plasmid preparation: 
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Cells were grown in Luria broth supplemented with song ampicillin/ml (Sigma 

Inc.). Three ml of the Luria broth (LB) starter culture was inoculated with SO rrt of frozen 

stock cells containing the desired plasmid. The starter culture was grown overnight in a 

shaker incubator at 37" C. The entire 3 ml culture was used to inoculate SO ml LB with 

ampicillin, which, in tum, was used to inoculate 1liter ofLB. After 16 hrs incubation, the 

cells were pelleted and the pellet was resuspended in 9.6ml of2S% sucrose in O.OS M Tris 

pH 8.0. To this cell suspension, 1.2 ml of freshly prepared lysozyme (Sigma Inc.) solution 

( lOmglml in 0.02SM Tris) was added. The suspension was mixed well by swirling the 

bottle and further incubated on ice for 60 min. Next, 3.8 ml of0.2S MEDIA was added, 

and after proper mixing the samples were incubated on ice for S min. At the completion 

of the incubation period, 1S.4 ml of Triton solution was added to the cell suspension, and 

the mixture was transferred to a 30 ml polycarbonate centrifuge tube. The mixture was 

centrifuged in a Beckman SW28 swinging bucket rotor at 2S,OOO rpm for 30 min at 4•c. 

The supernatant was transferred to a SO ml tube and CsCI was added to a final 

concentration 0.9Sglml. Thereafter, 2 ml ofethidium bromide stock (10 mg!ml) solution 

was added. The solution was transferred to a 30 ml corex tube and centrifuged in a· 

Beckman SW28 swinging bucket rotor at 11,000 rpm for 20 min at 20• C. The clarified 

DNA solution was loaded into quickseal tubes (tube capacity 12.S ml) which were filled to 

capacity and sealed. These tubes were then centrifuged in a Beckman Ti 70.1 rotor at 



Figure 15: The complete expression vector: The expression vector pSVoCATwith 1.3 kb 

Hindlii Gy 5'jlanking sequence and the LCR 5' HS-2 740 bp BamHJ fragment. 

Various clones were obtained by cloning the Gy and the HS-2 fragment from Senegal, 

Benin and Bantu haplotypes into the expression vectorpSVoCAT. 



59 

Hindi II 

Hind Ill 

pSVoGy/HS-2CAT 

Bam HI 

Bam HI 



Figure 16: The human /3-globin gene constructs: combinations of the Gy 5' flanking 

region and the LCR 5' HS-2. The DNA was obtained from homozygous sickle cell 

individuals with Senegal, Benin and Bantu haplotypes. 
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CONSTRUCTS: 

-

-! Sene2al HS-2 I 5' Gv Sene!!al GAT 1- Sen/Sen 

-! Sene2al HS-2 I 5' GvBenin GAT 1- Sen/Ben 

I 
-! Benin HS-2 5' Gv Sene2al I CAT 1- Ben/Sen 

-! Benin HS-2 5' GvBenin GAT 1- Ben/Ben 

-J Sene!!al HS-2 I 5'GvBantu fiT 1- Sen/Ban 

-J Benin HS-2 S'GvBantu GAT 1- Ben/Ban 

.-J Bantu HS-2 l 5' Gv Sene!!al GAT 1- Ban/Sen 

-J Bantu HS-2 I 5' GvBenin GAT 1- Ban/Ben 

-J Bantu HS-2 I 5' GvBantu GAT 1- Ban/Ban 
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60,000 rpm for I6 hrs. At the end of centrifugation the tubes were carefully removed, and 

the ethidium labeled plasmid bands were illuminated with UV light. The lower band which 

contained plasmid DNA was collected with a syringe and I8G needle. The plasmid DNA 

was transferred to another quickseal tube (tube capacity 5.5 ml), and the tube was filled to 

capacity with CsCI solution (0.9Sg/ml) and sealed. The tubes were centrifuged in a 

Beckman NVT90 rotor at 80,000 rpm for 3 hrs. The plasmid band was collected as 

described above and transferred to a IS ml tube. An equal volume of isoamyl alcohol 

saturated with 0.2 M Tris pH 8.0 was added, the two phases were mixed by vortexing, 

and centrifuged at. 2400 rpm for 2 min The organic phaSe; containing ethidium bromide, 

was removed and discarded. Extractions were repeated until the organic phase was 

colorless. The DNA samples were dialyzed in 21iters ofTE (pH 8.0) for 3 hrs. The TE 

buffer (pH 8.0) was _changed and dialysis continued overnight. Next, the DNA was 

precipitated by the addition of0.25 volumes of7.S M ammonium acetate followed by the 

addition of two volumes IOO% ethanol. DNA precipitation was completed by incubating 

the mixture at -20"C for at least I hour. The precipitate was collected by centrifugation at 

ISOOO rpm for 30 min, washed twice in 70% ethanol and air-dried. The pellet was then 

dissolved in SOO!J.I sterile water, and the concentration of the DNA measured 

spectrophotometrically as previously described (see_ page 39). 

Cell culture 

K562 and HEL cells were grown at 37"C in I640 RPMI medium, supplemented 

with IO% fetal calf serum, 5 ml penicillin & streptomycin (IOOOOU/ml), 5 ml glutamine 

(2mM) and 5 miHepes (IOmM) at pH7.5. MEL cellsweregrowninDulbecco'sEagle 



medium, supplemented with 10% fetal calf serum, 5 ml penicillin & streptomycin 

(lOOOOU/ml), 5 ml glutamine ( 2mM) and 5 m!Hepes ( lOmM) at pH7.5. 

Drug Treatments: 
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Sodium butyrate treatment: In order to test the effects of sodium butyrate on the activity 

of different constructs, K562 cells were treated with varying concentrations of sodium 

butyrate for one to five days either before or after electroporation. In the pretreatment 

plan, the cells were treated with the drug prior to electroporation, whereas, in the post

treatment plan the cells were treated with the drug after electroporation. A pre-treatment 

schedule of0.2mM for two days was decided; concentrations higher or lower failed to 

give any consistent results. Following the treatment, the cells were transfected and 

transferred to a fresh medium without drug and incubated for 48 hours before harvesting. 

MEL cells were pre-treated for two days in lmM sodium butyrate. 

Hydroxvurea treatment: In order to test the effect of hydroxyurea on the activity of 

various constructs, K562 cells were treated with varying concentrations of hydroxyurea 

for one to five days either before or after electroporation. In the final experiments the 

human erythroid progenitor cell line, K562, was incubated for three days in 50J.IM 

hydroxyurea prior to electroporation. Fallowing electroporation, the cells were 

transferred to fresh medium without hydroxyurea and incubated for 48 hours before 

harvesting. MEL cells were pre-treated with hydroxyurea under similar conditions. 

5-Azacytidine treatment: Since 5-azacytidine has the potential to increase the HbF level, 

the interest was in studying the effect of this drug on the test plasmids in cell culture. 

Initial experiments were done with a wide range of doses and times, K562 cells were 

incubated for two to five days in 5J.IM- 320J.IM 5-azacytidine as part of a pretreatment 



plan, the cells were harvested after 48-72 hrs of incubation. MEL cells were treated 

similarly. 

Electroporation: 

K562, BEL and JMEL cells were grown to mid log-phase and harvested by 

scraping the cells from the culture dish. The cells were then centrifuged at 2400 rpm for 

about 5 min. The supernatant was discarded and the pellet was resuspended in fresh 

medium. The cells were counted using a Coulter counter with a window setting of7.51J.. 

for the BEL and K562 cells and 7.0j.L for JMEL cells. Counted cells were suspended in 

medium to a final concentration of20 X 106 cells/mi. Four hundred j.Ll of the cell 

suspension was transferred to a lml Biorad 0.4mm electroporation cuvette along with 

lOj.Lg of test plasmid DNA and lOj.Lg of internal control pCMV~gal DNA. The cell 
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suspension was mixed well just prior to electroporation. The conditions for 

electroporation using a Bio-Rad Gene Pulsar Unit were 960 J.1F capacitance and 260V for 

BEL and K562 cells, whereas, for JMEL cells the settings were 960J.IF and 240V. 

Following electroporation the cells were immediately transferred to !Om! of fresh medium 

and the BEL, and K562 cells were induced with 500 j.IM 0-arnino-levulenic acid; the MEL 

cells were induced with 2% DMSO. The cells were allowed to grow for 48 hrs prior to 

harvesting. The cells were scraped from the culture dish, transferred to a IS mi tube, and 

centrifuged for 5 min at 2400 rpm. The media was discarded and the cell pellets were 

resuspended in PBS, transferred to a microcentrifuge tube, and centrifuged for 2 min. 

This procedure was repeated twice. After the third wash the cells were resuspended in 

250 j.Ll of Reporter Lysis Buffer~' (IX) provided by the manufacturer (Promega Inc.) and 
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subjected to three freeze/thaw cycles using a dry ice bath and 37"C incubator respectively. 

After each cycle the cells were vortexed vigorously for precisely 3 0 sec. The cell extracts 

were then centrifuged for 2 min and the supernatant divided into two microcentrifuge 

tubes, one for the CAT assay and the other for 13-gal assay. In order to inactivate the 

endogenous deacetylase activity, the celllysates for CAT assays were subjected to 10 min 

of heat inactivation at 60" C. 

Protein assay: 

The protein concentration of the cell extracts was measured using the Pierce BCA 

Protein Assay Kit, Rockford, IL. This procedure involved the reaction of protein with 

. Cu2+ in an alkaline medium. The reaction produces Cu4
+ ions, which are detected by 

bicinchoninic acid, a specific reagent for Cu4
+. The purple reaction product was measured 

at 562nm. Dilutions ofbovine serum albumin stock (two mg/ml) were used as protein 

standards. Ten J.1l of each cell-extract were measured according to the manufacturer's 

instructions, and all samples were analyzed in triplicate. 

CAT assay: 

The CAT assay is based on the transfer of the butryl moiety ofn-butryl CoA to C14 

labelled chloramphenicol by chloramphenicol acetyl transferase. The product, n-butryl 

C14 -chloramphenicol partitions into xylene. Cell extracts corresponding to 10 11g of 

protein were used for the assay. Reporter lysis buffer (IX) was added to- the extracts so 

that the final volume was 100111. Each reaction mixture consisted of lOOJ.Ll of the cell 

extract, 5 111 n-butyrl CoA, 3J.Ll C14-chloramphenicol (0.05!1Cil!ll) and 17 J.1l of water in a 

final reaction volume of 125 111. Reactions were incubated at 37"C for 6 hrs. At the end 
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of the incubation period each reaction was terminated by addition of 3 00 J.1l of mixed 

xylenes. The samples were vortexed for 30 sec, centrifuged for 5 min, and the upper 

phase was transferred to a fresh tube. One hundred J.1l of0.25M Tris at pH 8.0 was added 

to $e sample and back extracted; this step partitions the unreacted substrate 

chloramphenicol into the aqueous phase, thereby, reducing background. The back 

extraction procedure was repeated twice. Two hundred J.1l of the xylene phase were 

transferred to a scintillation vial whereupon 5 ml of Scintiverse 11 scintillation fluid was 

added. Counting was done in a Beckman LS 6000TA counter. 

B-Gal assay: 

The 13-galactosidase assay involves enzymatic hydrolysis of the substrate ONPG 

(o-nitrophenyl-13-D-galactopyranoside) into o-nitrophenol by 13-galactosidase. The 

yellow-colored product was measured at 420 nm. Cell extracts corresponding to lOOJ.Lg 

of protein were added into the appropriate microtiter plate wells, and reporter lysis buffer 

(IX) was added so that the final cell extract volume was 50 )Jl. Next, SOJ.Ll of the 2X 

assay buffer was added (which contained ONPG). The plate was incubated at 37"C for 30 

min or until a faint yellow color developed. The reaction was stopped by adding 150 J.1l of 

·1M sodium carbonate and the absorbance of the samples were measured at 410 nm. 



RESULTS 

In order to study the effects of sequence variations in the LCR 5' HS-2 and the Gy 

5' flanking region of the J3-globin gene haplotypes on reporter gene expression,· constructs 

were made that contained different combinations ofHS-2 and Gy fragments from the 

Senegal, Benin and Bantu haplotypes (Figure16). The constructs were introduced into 

HEL, KS62 and MEL cells and the reporter gene activity was measured. HEL cells 

mainly expresses. Gy and Ay (168), while KS62 cells express endogenous e andy-globin 

gene and have been considered a model for the embryonic to fetal stages of erythroid 

development (90). MEL cells express adult J3-globin and are considered a fetal-adult 

model (87). To better understand the regulation of fetal hemoglobin gene expression, 

transfected cells were exposed to pharmacological inducers ofHbF; hydroxyurea, 5-

azacytidine and butyrate. Studies reported here indicate the importance of sequence 

variation in regulatory regions of the 13-globin gene haplotypes on the expression offetal 

hemoglobin. 

The LCR HS-2 and Gy 5' flanking region of the Senegal haplotype: A high level of 

CAT reporter gene activity (Figure 17) was observed when combinations of the LCR 5' 

HS-2 and the Gy 5' flanking region were derived from the Senegal and Benin J3' 

chromosomes respectively ( Sen/Ben). This combination showed higher expression than 

the homologous Senegal LCR 5' HS-2 and the Gy 5' flanking (Sen/Sen) construct . ' ' .. 
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Figure 17: Relative expression of CAT among constructs in K562 cells: Transient 

expression studies with the Senegal, Benin and Bantu regulatory sequences. The 

constructs contained the LCR 5' HS-2 and the Gy 5' flanking DNA sequences. The 

activity was measured by CAT reporter gene assay using C14 chloramphenicol, CPM of n 

- butyrl C14 chloramphenicol formed in K562 cells is expressed relative to pSVoCAT. The 

plasmid pRSVCATwas used as a positive control. Each bar represents the mean value 

of nine separate transfections (three experiments done in triplicates) and the error bars 

represent standard error of the mean. 
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(p=0.0001). The expression data, however, shows a lower activity of the reporter gene 

when the Senegal LCR 5' HS-2 was combined with the Bantu 5' Gy flanking region 

(Sen/Ban) (p=0.0001). All statistical analysis involved the use of a three factor analysis 
'' . 

of co-variance and the significance level was 0.05. To test the effect of the Senegal 5' Gy 

flanking region, independently from the Senegal HS-2, constructs were also made in 
. . 

combiilation with the LCR 5' HS-2 from the Benin and Bantu haplotype. The data show 

that when the Senegal 5' Gy promoter flanking region is driven by the Benin 5' HS-2 ( 

Ben/Sen) the CAT reporter gene activity is lower than the·Sen!Sen (p=0.0001); whereas, 

the CAT activity of the Ban! Sen plasmid wa8 comparable to ihat with the Sen! Ben 

plasqrld. The results of this study indicate that a higher CAT expression is observed when 

either the HS-2 or the Gy fragment from the Senegal chromosome is present in the 

construct. A major exception was observed when the combinations of regulatory 

sequences included~ either the Benin HS-2 or the Bantu Gy 5' flanking region. When these 

constructs containing combinations of Senegal HS-2 and/or 5' Gy fragment were tested in 

MEL cells, no significant differences in CAT reporter gene activity were observed ~ong 

any of the groups studied (Figure 18). 

The LCR HS-2 and Gy 5' flanking region of the Benin haplotype: The expression 

level of cells transfected with plasmids containing DNA sequences from the Benin 

haplotype also suggest haplotype related effects (Figure 17). It was of interest therefore 

to test whether the sequence variations found in the LCR 5' HS-2 of the Benin haplotype 

would alter gene expression in cell culture. The cells transfected with the Benin HS-2 

plasmid expressed CAT at a lower level when combined with any of the other promoter 



Figure 18: Relative expression of CAT among constructs in MEL cells: Transient 

expression stUdies with the Senegal, Benin and Bantu regulatory-sequences. The 

constructs contained the LCR 5' HS-2 and the Gy 5' flanking DNA sequences. The 

activity was measured by CAT rep~rter gene assay using C14 chloramphenicol, CPM of n 

- butyrl C14 chloramphenicol formed in MEL cells is expressed relative to pSVoCAT. The 

· plasmid pRSVCATwas used as positive control. Each bar represents the mean value of 

nine separate transjections (three experiments done in triplicates) and the error bars 

represent standard error of the mean. 
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fragments. To test the effect of the Benin 5' Gy flanking region on the reporter gene 

expression, constructs were made with combinations of the Benin 5' flanking region and 

the LCR 5'HS-2 of Senegal, Benin and Bantu haplotypes. The data show that Sen/Ben 

plasmids gave a higher CAT activity in k562 cells when compared to the Ben/Ben plasmid, 

(p=0.0001). These results suggest that presence of the Benin HS-2lowers the CAT 

reporter gene activity in all combinations studied here and this may be attributed to the 

Benin HS-2 sequence. The same constructs containing combinations ofBenin HS-2 

and/or 5' Gy fragment were tested in MEL cells and the results indicate no significant 

difference in the CAT reporter gene activity among any of the groups studied (Figure 18). 

The LCRHS-2 and Gy 5' flanking region of the Bantu haplotype: The Bantu HS-2 

when linked to the promoter regions of either the Senegal or Benin chromosomes, 

(Ban/Sen) and (Ban/Ben) plasmids respectively, showed a 2-3 fold higher CAT expression 

when compared to the homologous (Ban/Ban) plasmid (F.<J.0001) (Figure 17). Thus, the 

Bantu enhancer has the potential to affect a higher level of expression that is equal to the 

Senegal HS-2 when linked to an appropriate G'Y promoter sequence. The data also 

indicate that the extremely low expression of the Bantu enhancer/Bantu promoter 

combination resulted from the Bantu promoter region and not its 5HS-2 region. To test 

this conclusion, constructs that contained the Bantu promoter region in combination with 

the varied HS-2 r~_:gions from the Senegal, Benin, and Bantu chromosomes were 

transfected into K562 cells and were aitalyzed for transient expression of CAT (Figure 

17). The data show a low level of CAT expression, when the Bantu promoter region is 

present with the Senegal, Benin or the Bantu HS-2 enhancer fragments. Among the 
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Bantu promoter plasmids, the cells transfected with Ben/Ban plasmid expressed CAT 

significantly higher than the Sen/Ban and Ban/Ban plasmid (p=0.0001). These results 

indicate that the Bantu 5' promoter region results in the suppression of the linked reporter 

gene in the presence of 5' HS-2 fragments from various sickle cell haplotypes. 

Interestingly, while cloning the 5'HS-2 region of a SS patient who is homozygous for the 

Bantu~· chromosome, we found an atypical~· chromosome that may have resulted from 

crossover events within the 'classical' Benin and Bantu SS haplotypes. Clinically, this 

individual was found to have low levels ofHbF expression which is typical of patients with 

Bantu ~· chromosomes. Detailed sequencing of the 5' HS-2 region showed mutations 

which are characteristic of the Benin ~' chromosome. Also, the level ofHbF expression in 

this patient is consistent with that found in Benin and Bantu SS patients. 

To ascertain if the observed haplotype related enhancer/promoter effect was 

developmental stage related, the above constructs containing combinations ofBantu HS-2 

and/or 5' Gy fragment were transfected into MEL cells (Figure 18), a cell type with adult 

hemoglobin phenotype. Interestingly, there was neither a specific inhibition by the Bantu 

promoter region nor were there any significant differences observed among the 

enhancer/promoter constructs in MEL cells. 

Senegal and Benin HS-2 short fragments in HEL cells: The Benin and Senegal LCR 5' 

HS-2 fragments were amplified so as to generate fragments that were lacking the 9114 

A-7T point mutation. The short HS-2 fragments were cloned in combination with the Gy 

5' flanking sequences from the Senegal and the Benin haplotypes. Expression studies 

were done in HEL cells. These data (Figure 19) shows that the relative expression pattern 



Figure" 19 The effect of HS-2 short fragments on CAT in HEL cells: Reporter gene 

' 
activity of plasm ids carrying the Senegal and Benin HS-2 short fragments was measured 

CAT activity is expressed as CPM ofn-butyrl C14 chloramphenicol formed Each bar 

represents standard deviation of the mean. pRSVCAT and pSVoCATwere used as 

positive and negative control, respectively. 

: 
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was similar to that obtained with K562 shown in figure 17; the Sen/Ben combination 

plasmid when transfected into BEL cells expressed reporter gene activity at a higher level 

when compared to the Sen/Sen and the Ben/Ben plasmid. The CAT expression level of 

the Ben/Sen plasmid was lower than the Ben/Ben plasmid. 

Hytlraxy11rea Tl'elltment: To measure the effect of chemical inducers on these regulatory 

sequence variations, constructs containing the LCR HS-2 and Gy 5' flanking region from 

the Senegal, Benin and Bantu haplotypes were exposed to hydroxyurea, which is a known 

inducer of fetal hemoglobin. Preliminary experiments were conducted to select the dose 

and the duration of treatment. K562 cells were treated with varying amounts of 

hydroxyurea and for various periods of time following transfection (post-treatment plan). 

The dose and duration of treatment ranged from 26!JM-422IJM and from two to five days, 

respectively. The plasmids that were selected for the preliminary experiments were a low 

expressing Ban/Ban plasmid and a high expressing Sen/Ben plasmid. Preliminary data 

indicated a lack of response to the drug by the reporter gene, and an increase in cell death 

was observed at concentrations above IOS!JM. However, when the cells were treated 

with hydroxyurea prior to electroporation (pre-treatment plan) for two to five days, 

differences in CAT reporter gene activity were observed (Figure 20). From the data it 

was concluded that for KS62, the optimum non-~oxic dose ofhydroxyurea was 53!JM 

pretreatment for -three days. Therefore, all further studies were conducted using these 

: treatment conditions. 

The results (Figure 21) ofhydroxyurea treatment display no significant differences 

in the reporter gene expression among any of the plasmids studied when compared to the 



Figure 20: Hydroxyurea pretreatment - K5 62 cells: The time and dose effect of 

hydroxyurea on CAT expression in K562 cells. K562 cells were treated with hydroxyurea 

prior to transfectionfor 2-5 days and the treatment dose used were 26J1M- 422J1M. The 

CAT reporter gene activity of the Sen/Ben plasmid is represented here as CPM of n

butryl C14 chloramphenicol formed (n=l). 
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Figure 21: The effect of hydroxyurea on various constructs in K562 cell: The effect of 

hydroxyurea on the transient expression of the Senegal, Benin and Bantu haplotype 

regulatory sequences. The constructs contained the LCR 5' HS-2 and the Gy 5' flanking 

DNA sequences. K562 cells were pretreated with 50j1M hydroxyurea for two days 

followed by electroporation. The activity was measured by CAT reporter gene assay 

using C14 chloramphenicol, CPM ofn- butyrl C14 chloramphenicol formed in K562 cells 

is expressed relative to pSVoCAT. The plasmid pRSVCATwas used as a positive control. 

Each bar represents the mean value of nine separate transfections (three experiments 

done in triplicates) and the error bars represent standard error of the mean. 
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untreated controls. The lack _ofrespo~ to hydroxyurea may, ·perhaps, be attributed to 

the absence of factor~ tliat are essential for the expression. A similar protocol was 

followed for the treatment ofMEL cells with hydroxyurea prior to electroporation . . . 

Preliminary data obtained from the CAT reporter gene activity failed to indicate any 

positive response when c<impared to the untreated controls (Figure 22). 
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5-azacytidineTretltment Studies were done to analyze the effect of 5-azacytidine on the 

test plasmids. Initially, experiments were conducted to select the dose and the duration-of 

treatment K562 cells were treated with 5-azacytidine at varying amounts of dose and 

time prior to transfection (pre-treatment plan). The dose and duration of treatment ranged 

from 5 j..LM-40 j.1M for two to five days, respectively (Figure 23). In order to investigate 

the response of CAT reporter gene to higher concentrations of 5-azacytidine, K562 cells 

were exposed to 80 j..LM-320 j.1M of the drug for four days, since by the fifth day a decline 

in the CAT activity was observed (Figure 24). Results indicated a decrease in the CAT 

reporter gene respons!' to the drug. Furthermore, a combination plan was followed, in 

which K562 cells were initially pretreated with the drug for four days followed by 

electroporation, one day of recovery and two days of post-treatment with the drug. 

Results indicated no significant increase in the CAT activity in response to the drug 

treatment. The responses in MEL cells were the same as those obtained with K562 cells 

(Figure 25). 

Butyrate Treatment: Butyrate has been reported to ameliorate the sickle cell condition in 

patients. Studies were undertaken to analyze the effect of butyrate on the test plasmids. 

Constructs containing the LCR HS-2 ~d Gy 5' flanking region from the Senegal, Benin 

and Bantu haplotypes were transfected into K562 cells previously exposed· to butyrate. 



Figure 22: Hydroxyurea pretreatment "MEL cells: The time and dose effect of 

hydroxyurea on CAT expression in MEL cells. MEL cells were treated with hydroxyurea 

prior to transfection for 2-5 days and the treatment doses used were 26J.1M- 422J.1M. The 

CAT reporter gene activity of the Sen/Ben plasmid is represented here as CPM of n

butryl C14 chloramphenicol formed {n=J). The dotted line represents the untreated 

control. 
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Figure 23: Pretreatment of K562 cells with 5-azacytidine: The time and dose effect of 5-

azacytidine on CAT expression i~ K562 cells. K562 cells were treated with 5-azacytidine 

prior to transfection (pre-treated) for 2-5 days and the treatment doses used were 5J1M-

40J.1M. The CAT reporter gene activity of the Sen/Ben plasmid is represented here as 

CPM of n-butryl C14 chloramphenicol formed (n= 1). The dotted line represents 

untreated control. 
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Figure 24: Pre and Post-treatment of K562 cells with 5-azacytidine: The time and dose 

effect of 5-azacytidine on CAT expression in K562 cells. K562 cells were treated with 5-

azacytidine prior to and following transjection (pre and post-treated). The treatment 

regimen followed were; A) four days of pretreatment B) four days of pre-treatment, 

transfection, I day of recovery and 2 days of post-treatment. The treatment doses used 

were 80)1M-320J1M. The CAT reporter gene activity of the Sen/Ben plasmid is 

represented here as CPM ofn-butryl C14 chloramphenicol formed (n=I). 
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Figure 25: Pretreatment of MEL cells with 5-azacytidine: The time and dose effect of 

butyrate on CAT expression in MEL cells. MEL cells were treated with sodium butyrate 

prior to transfection (pre-treated) for 2-5 days and the treatment doses used were 5mM-

40mM. The CAT reporter gene activity of the Sen/Ben plasmid is represented here as 

CPM ofn-butryl C14 chloramphenicol formed (n=I). The dotted line represents 

untreated control. 
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Experiments were conducted to select the dose and the duration of treatment. K562 cells 

were exposed to lmM-16mM sodium butyrate for 2-5 days prior to electroporation. The 

data showed a small increase in reporter gene activity when K562 cells were treated with 

lmM ofbutyrate for 2 days (Figure 26). These data was suggestive of a response at 

lower doses. Hence, a lower dose of0.2mM-0.8mM for 1-2 days was selected 

(Figure27). A moderate increase in the CAT reporter gene activity was observed when 

K562 cells were exposed to 0.2mM of sodium butyrate for 2 days. To determine the effect 

of butyrate treatment after electroporation the cells were post-treated with butyrate 

(Figure 28). Results indicated no significant difference in the reporter gene activity. 

The conditionS select~ for butYrate induction in K562 ~ells were, pretreatment 

;with sodium butyrate at 0.2mM for two days followed by electroporation. These 
' . ' . 

experiments showed some interesting results. No significant differences in the expression 

of the CAT reporter gene were observed when the constructs contained the HS-2 from the 

Senegal (Figure 29) in cOmbination with either the Benin or Senegal Gy 5¢flanking region 

Sen/Ben and Sen/Sen respectively, whereas, the and Sen/Ban plasmid transfected cells 

responded to the sodium butyrate with a two and three fold increase in the reporter gene 

activity when compared to the untreated controls (p=O.OOOl). 

The enhancer/promoter combinations where the LCR 5¢HS-2 fragment originated 

from the Benin haplotype (Figure 29); pretreatment ofK562 cells with sodium butyrate 

and transfection with Ben/Ban or Ben/Sen plasmid yielded a two to three fold increase in 

the CAT reporter gene when compared to their respective untreated controls (p=O.OOOl). 

The Gy 5¢flanking region of the Benin chromosome responded to butyrate only whim it 

was in combination with the Benin 5¢LCR HS-2. 



Figure 26: Pre-treatment of K562 cells with Butyrate (A): The time and dose effect of 

butyrate on CAT expression in K562 cells. K562 cells were treated with sodium butyrate 

prior to transjection (pre-treated) for 2-5 days and the treatment doses used were 

J.OmM-J.6mM. The CAT reporter gene activity of the Sen/Ben plasmid is represented 

here as CPM ofn-butryl C14 chloramphenicol formed (n=J). The dotted line represents 

untreated control. 
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Figure 27: Pre-treatment of K562 cells with Butyrate (B): The time and dose effect of 

butyrate on CAT eXpression in K562 cells. K562 cells were treated with sodium butyrate 

prior to transfection (pre-treated) for 1-2 days and the treatment doses used were 

0. 2mM-0. 8mM. The CAT reporter gene activity of the Sen/Ben plasmid is represented 

here as CPM ofn-butryl C14 chloramphenicol formed (n= 1). The dotted line represents 

untreated control. 
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Figure 28: Post-treatment of K562 cells with Butyrate: The time and dose effect of 

butyrate on CAT expression in K562 cells. K562 cells were treated with sodium butyrate 

after transfection (post-treated) for 1-3 days and the treatment doses used were 0. 5mM-

4. OmM. The CAT reporter gene activity of the Sen/Ben plasmid is represented here as 

CPM ofn-butryl C14 chloramphenicol formed (n=J). The dotted line represents 

untreated control. 
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Figure 29: The effect of Butyrate on various constructs in K562 cells: The effect of 

Butyrate on the transient expression of the Senegal, Benin and Bantu haplotypes 

regulatory sequence. The constructs contained the LCR 5' HS-2 and the Gy 5' flanking 

DNA sequences. K562 cells were pretreated with 0.2mM sodium butyrate for two days 

followed by e/ectroporation. The activity was measured by CAT reporter gene assay 

using C14 chloramphenicol, CPM of n - butyrl C14 chloramphenicol formed in K5 62 cells 

is expressed relative to pSVoCAT. The plasmid pRSVCATwas used as a positive control. 

Each bar represents the mean value of nine separate transfections (three experiments 

done in triplicates) and the error bars represent standard error of the mean. 
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The Bantu LCR 5' HS-2 (Figure 29) with, either Sen or Ben Gy flanking region 

showed no significant increase in the expression with sodium butyrate. However, the 

Ban/Ban transfected K562 cells responded by a two fold increase in the expression 

(p=0.0001). The Gy 5' flanking fragment from the Bantu showed significant increase in 

the activity of the CAT reporter gene when in combination with Sen, Ben or Ban HS-2 

(p=O.OOO 1 ). ). These results indicate that, the Benin LCR 5' HS-2 and Bantu Gy 5' 

flanking region responds to butyrate, under the conditions we studied 
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MEL cells were tested for their response to the drug sodium butyrate. Initial 

experiments were conducted to select the dose and the duration of treatment. MEL cells 

were exposed to 0.2mM-16mM sodium butyrate for 1-5 days prior to electroporation. An 

increase in the reporter gene activity was noted when the cells were treated at 1mM for 2 

days with sodium butyrate(Figure 30-31 ). However, constructs with combinations of 

LCR 5' HS-2 and 5' Gy flanking DNA sequences from the Benin, Bantu and Senegal 

haplotypes indicate no significant increase in the CAT activity when expressed in cells 

treated with sodium butyrate (Figure 32) 



Figure 30: Pre-treatment of MEL cells with Butyrate (A): The time and dose effect of 

butyrate on CAT expression in MEL cells. MEL cells were treated with sodium butyrate 

prior to transjection (pre-treated) for 2-5 days and the treatment doses used were JmM

J6mM. The CAT reporter gene activity of the Sen/Ben plasmid is represented here as 

CPM ofn-butryl C14 chloramphenicol formed (n=l). The dotted line represents 

untreated control. 
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Figure 31: Pre-treatment of MEL cells with Butyrate (B): The time and dose effect of 

butyrate on CAT expression in MEL cells. MEL cells were treated with sodium butyrate 

prior to transfection (pre-treated) for 1-2 days and the treatment doses used were 

0.2mM-0.8mM. The CAT reporter gene activity of the Sen/Ben plasmid is represented 

here as CPM ofn-butryl C14 chloramphenicol formed (n=l). The dotted line represents 

untreated control. 
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Figure 32: The effect of Butyrate on various constructs in MEL cells: The effect of 

Butyrate on the transient expression of the Senegal, Benin and Bantu haplotype 

regulatory sequences. The constructs contained the LCR 5' HS-2 and the Gy 5'flanking 

DNA sequences. MEL cells were pretreated with I. OmM sodium butyrate for two days 

followed by electroporation. The activity was measured by CAT reporter gene assay 

using C14 chloramphenicol, CPM of n - butyrl C14 chloramphenicol formed in MEL cells 

is expressed relative to pSVoCAT. The plasmid pRSVCATwas used as a positive control. 

Each bar represents the mean value of nine separate transfections (three experiments 

done in triplicates) and the error bars represent standard error of the mean. 
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DISCUSSION 

These studies were done to evaluate the functional significance of haplotype 

specific DNA sequence variations on the CAT reporter gene activity and what effect 

agents like hydroxyurea, 5-azacytidine and butyrate would have on gene expression. 

Haplotype specific variations correlate with the HbF levels in sickle cell patients. The 

Senegal haplotype is associated With high HbF levels; whereas, the Benin and the Bantu 

are associated with low HbF levels. Individuals with sickle cell anemia who inherit a 

single Bantu 13' chromosome are at greater risk of organ damage and disease severity 

when compared individuals with Senegal and Benin 13' chromosomes (169). The severity 

of the disease is much less when a Senegal chromosome is present; while patients with the 

Benin 13' chromosome show an intermediate and variable severity (157). The reporter 

gene expression studies presented here are in agreement with these observations; reporter 

gene expression in homologous constructs reflect HbF expression in vivo. The Sen/Sen 

plasmid transfected cells expressed at a higher level, followed by the Ben/Ben and then 

the Ban/Ban plasmid. 

· An increase in CAT expression was observed when the HS-2 fragment originated 

from the Senegal haplotype and acted in combination with the Gy 5' flanking region of the 

Benin 13' chromosome ( Sen/Ben). This expression was significantly higher compared to 

the expression of the Sen/Sen or the Ben/Ben plasmids. Earlier studies (52) have found 

that an individual homozygous for the Benin haplotype was found to have an unusually 
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high level ofHbF and on analysis of the DNA a crossover between the Senegal LCR 5' 

HS-2 and the Benin Gy 5' flanking was observed. It was proposed that the Senegal5' 

HS-2 may provide a favorable target for the binding of trans-acting factors (52). In 

addition, promoter-enhancer interactions play an important role in the expression of the 13-

globin genes (73, 170). Thus, variations in the promoter and its flanking sequence could 

influence the expression of globin genes. Furthermore, the expression of the Gy gene 

could be affected by the sequence variations in the LCR HS-2 (67). Haplotype specific 

sequence variations have been found in both the LCR HS-2 and the 5' flanking Gy regions 

(52,102). The variations found in the regulatory sequences of the globin gene which are 

characteristic of specific haplotypes may represent sites for cis and trans-acting factors 

which could influence the expression of the globin gene (25). Thus, our results suggest 

that expression ofHbF could be enhanced when the Benin Gy 5' flanking is in linkage 

with the Senegal 5' HS-2. On the other hand, we noticed a significant low level of 

expression when the Senegal HS-2 was in combination with the Bantu G y 5' flanking 

region. 

Several point mutations and specific AT repeat sequences in the LCR 5' HS-2 are 

characteristic of sickle cell haplotypes. The point mutations T --7G at position 8580, A--7G 

at position 8598 and A--7T at position 9114 are specific for the Benin 13' chromosome. 

The 8580 and the 8598 mutations are in the core enhancer fragment of the HS-2. In the 

Benin 13' chromosome, the point mutation at position 8598 creates a canonical Sp 1 binding 

site (171) and a mutation at this site in transgenic mouse studies decreased the expression 

of the linked globin gene (72). Binding of Sp 1 to the promoter of a gene could influence 
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the function of the gene in either a positive or a negative manner ,(172,173). The 9114 

mutation decreased the binding of an unknown trans-acting factor (171 ). These studies 

indicate that the sequence variations found in the LCR HS-2 could influence the binding 

affinity of various trans-actin~·~actors and thus, control the expression of the linked globin 

gene. The CAT reporter gene expression in Ben/Sen plasmid was significantly lower than 

the Ben/Ben plasmid, leading us to conclude that the Senegal Gy with the -158 C-7T 

mutation is not able to overcome the effect of the point mutation· and the AT repeat 

variations found in the Benin HS-2. This could be attributed to the difference in the level 

of requirement and interaction of the available trans-acting factors. Also, we found a 

lower level of expression of the reporter gene with the Ben! Ban combination. These 

results indicate a possible predisposition of the Benin LCR HS-2 towards a low level of 

HbF synthesis. On the other hand, the Gy flanking region of the Benin Haplotype affected 

expression differentially depending on the origin of the LCR HS-2 fragments. The highest 

level of expression was found with the Senegal HS-2, followed by the Bantu and the Benin 

HS-2. 

The CAT expression data presented here are in good agreement with the clinical 

findings. CAT expression from constructs contain41g a Bantu promoter in combination 

with any of the HS-2 fragments from Senegal, Benin, or Bantu f38 chromosomes was low. 

However, the Senegal promoter fragment in combination with the Bantu HS-2 fragment 

gave higher levels of expression that approached those of the positive control, pRSVCAT. 

Thus, the Bantu promoter regions must contain sequences which have an attenuating 

effect on gene expression in transient promoter/enhancer assays. Benin promoter regions 

resulted in expression levels that were approximately 50% of those exhibited with the 
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promoter region from the Senegal haplotype. Previous sequencing data has shown the 

presence of two mutations in the Benin G'Y promoter region (Gat position -369 and -309). 

The Bantu G'Y 5'-flanking region has aT at positions -1106 and -1105. In addition, there 

is a six bp deletion [TTT AAC] located within a tandem repeat between positions -403 to -

390 (102,174). The expression data in Figure 17 suggest that either the six bp deletion or 

the two T substitutions may play a role in the severely downregulated gene expression. 

The conclusion that the six bp deletion is involved in the attenuated gene expression is 

supported by the finding of a four bp [AGCA] deletion between position -222 to -225, 5' 

to the A.yr allele. This mutation is present in the Cameroon ~s chromosome haplotype. 

Newborns with this deletion have a significant decrease in total HbF. The lower HbF 

expression is associated with decreased expression not only of theY allele but also the 

G'Y gene in cis (175,176). Furthermore, a trans-acting factor binds the GCAGCA 

sequence in the promoter regions and to the same sequence in the 3' "y enhancer. These 

data would support our hypothesis that the decreased expression in the presence of a 

Bantu ~s haplotype results, in part, from the modulation of the HbF through cis-acting 

elements and trans-acting factors. Perhaps, the low level of expression with the Bantu 

promoter is brought about by the disruption of binding of erythroid specific transcription 

factors. 

In summary, the results of this study with the regulatory sequences from the 

Senegal, Benin and Bantu chromosome indicate that; Senegal LCR HS-2 and the Gy 5' 

flanking region may function towards the enhancement of the HbF expression. Whereas, 



the Benin LCR HS-2 and the Bantu Gy 5' flanking region may be responsible for the 

lower HbF expression. 
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The pattern of expression remained the same as in K562 cells, when the constructs 

containing the short HS-2 fragments from the Senegal and Benin haplotypes lacking the 

9114 A---?T mutation were expressed in HEL cells. Therefore, the data suggests that the 

9114 point mutation, is perhaps, not responsible for the differences observed between the 

Senegal and the Benin HS-2 in the present study. 

Expression of the various haplotype enhancer/promoter combinations in MEL cells 

showed no significant differences. Therefore, the relative levels of expression of the 

reporter gene could not be correlated to the haplotype sequence variations. These data 

are not surprising since it has been shown that MEL cells have an adult phenotype and fail 

to show any developmental stage specific expression of hemoglobin genes when 

transfected with plasmid DNA (177). Furthermore, the relative concentrations of various 

trans-acting factors play important roles in the stage-specific expression of the (3-globin 

gene cluster during development (178). Thus, the expression that we observe in K562 

cells which correlates with sequence variations in promoter region of the Bantu ~s 

chromosome may reflect both the interaction of and the relative concentrations of specific 

erythroid and ubiquitous trans-acting factors. 

Hydroxyurea, an S-phase specific cytotoxic agent known to function as an 

inhibitor of the enzyme ribonucleotide reductase is a very appealing therapeutic agent for 

the stimulation ofHbF production. This is especially true because ofits ease of 

administration and few side effects. Recent clinical data have demonstrated that sickle cell 
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patients who have at least one Bantu ~s chromosome fail to increase their fetal 

hemoglobin (HbF) following treatment with hydroxyurea (141). In contrast, patients 

having at least one Senegal ~s chromosome respond well to hydroxyurea treatment and 

show the highest levels ofHbF. Patients with the Benin haplotype show a varied 

response, but to hydroxyurea in general the trend is toward the lower end of the HbF 

expression spectrum. Here, we have analyzed the effect ofDNA sequence variations in 

regulatory sequences ofthe Senegal, Benin and the Bantu chromosome LCR HS-2 and 5' 

flanking region of the Gy gene on the response to hydroxyurea in K562 cells. In this 

study it was found (Figure 21) that the plasmids showed either a lack of response or a 

decrease in the reporter gene expression when transfected into cells treated with 

hydroxyurea. Among sickle cell patients, a large variation is observed in the response to 

hydroxyurea. This could be due to the differences in the genetic modulators that temper 

the production of the HbF. The lack of response to hydroxyurea and 5-azacytidine that 

was observed here may be attributed to the lack of appropriate interactions between the 

cis-acting elements and the trans-acting factors. 

Butyrate and its derivatives are very attractive candidates in the treatment of sickle 

cell anemia mainly because they act directly on the gene and bring about an increase in the 

production of the HbF, rather than acting indirectly by the perturbation of erythroid cell 

kinetics ( 40). In this study, a significant increase in the expression ofBen/Sen, Ben/Ben 

and the Ben/Ban plasmids was noted with sodium butyrate treatment. Higher levels of 

CAT reporter gene activity were also observed when the Gy 5' flanking fragment 

originated from the Bantu (Sen/Ban, Ben/Ban and Ban/Ban plasmids). These findings 
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indicate that the Gy flanking region from the Bantu haplotype and the LCR HS-2 of the 

Benin haplotype in some way modulate the response to Butyrate; perhaps, specific 

sequences in these two regulatory fragments influence the binding affinity of some trans

acting factor/s. · The other possibility is that, these plasmids started at a lower level of 

expression prior to induction with butyrate; hence, the observed rise in the activity with 

butyrate treatment. There are reports that indicate that sodium butyrate causes a 

significant increase in y chain synthesis by erythroid progenitors cells obtained from sickle 

cell patients (179). 

This study indicates the effect of combinationsfmteractions of the 5' HS-2 and Gy 

5' flanking region of the Senegal, Benin and the Bantu ~· haplotypes. These combinations 

may increase our understanding and the ability to predict the clinical severity of the disease 

and also enable us to study the efficacy of the various agents for its role in the 

amelioration of the sickle cell condition. 



SUMMARY 

(3 8 -chromosome haplotypes are peculiar to specific regions of Africa and Asia, and, 

are associated with different levels of fetal hemoglobin in sickle cell patients. Among 

these haplotypes, (38 -chromosomes found in the Senegal and the Saudi- Indian regions are 

associated with relatively high levels ofHbF expression, whereas those around the Benin, 

Bantu and the Cameroon regions show low levels ofHbF expression. The roles of 5'HS-

2 and the 5' flanking (promoter region) region in the expression of globin genes are well 

documented. The haplotype specific variations found in these regions have been 

postulated to be involved in the regulation ofHbF expression. In this study, we have 

analyzed the effect of sequence variations in regulatory regions of the Senegal, Benin and 

Bantu 5' HS2 and 5' flanking region of the G'Y gene on CAT expression. Furthermore, we 

studied the effects of hydroxyurea, 5-azacytidine and butyrate with these sequences on the 

reporter gene activity. A higher level of reporter gene activity was observed when the 

LCR HS-2 fragment originated from the Senegal haplotype in combination with the Benin 

Gy 5' flanking region (Sen/Ben), when compared to the Sen/Sen, Ben/Ben or the Ben/Sen 

combinations, in K562 cells. Conversely, reporter gene activity was always low when the 

plasmids contained LCR HS-2 from the Benin 13' haplotype. A diminution was observed 

in K562 cells when the promoter originated from the Bantu (3 8 chromosome. The lower 

expression was independent of the origin of the 5'HS-2 sequence: combinations,i>fthe 
' 

Bantu promoter were measured with the Benin, Bantu or Senegal 5'HS2 sequences in 

97 



98 

K562 cells. However, expression of the same plasmids in MEL cells showed no difference 

in CAT expression among the various sequence combinations studied. Either a lack or a 

decrease in the reporter gene actiVity was observed in response to hydroxyurea treatment. 

Preliminary studies done with 5-azacytidine failed to show any effect. Interestingly, on 

treatment with butyrate a significant increase in the expression of the reporter gene was 

observed when the plasmids contained either the Benin HS-2 or the Bantu Gy 5' flanking 

region. 
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BUFFER I 

BUFFER2 

Lysis Solution 

5X Retic Saline 

20XSSPE 

APPENDIX 

. 8.77 gNaCl 

12.1 g Tris 

pH7.5 

23.4gNaCl 

12.1 g Tris 

pH7.5 

7.14gNH.Cl 

O.Q7 g NILHC03 

Volume I liter 

40.9gNaCl 

1.85 gKCl 

7.1 gMgCh.6H20 

Volume I liter (Deionized water) 

175.3 gNaCl 

27.6 g NaH:zP04 

7.4gEDTA 

Adjust pH to 7.0 with IONNaOH 

Volume I liter. 

Autoclave. 
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20XSSC 175.3 gNaCl 

. 
88.2g sodium citrate. 

Adjust pH to 7.0 with lONNaOH 

Volume lliter 

Autoclave. 

STE Solution S.84gNaCl 

6.06 gTris 

0.37gEDTA 

Adjust pH to 7.4 with HCl 

Stripping Solution lOmllM Tris (pH 7.4) 

10ml20% SDS 

Volume 21iters 

TAE(lOX) 48.4 g Tris base 

11.42 glacial acetic acid 

20 m1 O.SM EDTA (pH 8.0) 

TBE(SX) 54 g Tris base 

27.5 g Boric acid 

20 m1 O.S M EDTA (pH 8.0) 

TMAC 32.89gTMAC 

Volume lOOml 




