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HUAIYU HU 
Suppression of GATA-1 Gene Expression by a Hammerhead Ribozyme 
Reduces Hemoglobin Synthesis in HEL Cells 
(Under the direction of KENNETH D. LANCLOS) 

GATA-1 is a major erythroid trans-acting factor. To determine if GATA-1 is 

required for globin gene expression in HEL cells, we have used an antisense 

RNNribozyme strategy to suppress the expression of the gata-1. DNA coding for 

a hammerhead ribozyme with flanking sequences antisense to the GATA-1 

mRNA was cloned into an eukaryotic expression vector pMAMneo-luc at a 

position within the 3'-untranslated region of the firefly luciferase gene. Following 

stable transfection into HEL cells, both luciferase assays and RNA-PCR were 

used to show that the luciferase mRNA is present. HEL cells possessing the 

antisense RNNribozyme showed morphological changes that may resemble 

macrophages. Latex uptake experiments showed that these cells indeed 

acquired more phagocytic activities than the_ controls suggesting that they 

resemble a macrophage phenotype. Northern blot analyses show a 50% 

reduction of GATA-1 mRNA in the HEL cells possessing the antisense 

RNNribozyme. Following induction with o-ALA, isoelectric focusing gel data 

showed a 50-90% reduction of fetal and embryonic hemoglobins in these cells. 

Cell growth was unaffected. Northern blot analyses also showed that the level of 

the chimeric luciferase mRNA was lower than that required for a stoichiometric 

antisense effect. Therefore, the hammerhead ribozyme may be acting 

catalytically. Our conclusion is that GATA-1 is requi_red for hemoglobin gene 

expression in HEL cells. 

INDEX WORDS: GATA-1, Hammerhead Ribozyme, Hemoglobin, HEL 
Cells 



ACKNOWLEDGEMENTS 

There are many people at the Medical College of Georgia whom I 

appreciate very much. I am especially grateful to my major advisor, 

Dr. Kenneth D. Lanclos. Throughout this research, he has offered 

intelligent guidance, very much encouragement and wise advice. He 

has been an invaluable source of knowledge and a fine example. I owe 

an unrepayable debt to him. I would also thank the members of my 

advisory committee, Dr. Eugene F. Howard, Dr. Ferdane Kutlar, Dr. 

David F. Lapp, Dr. David F. Scott, and Dr. Nurul H. Sarkar. They have 

also offered much guidance and assistance throughout this project. 

Especially, I want to thank Dr. Eugene F. Howard for his kindness to 

have let me perform many experiments in his laboratory. 

I have been supported by Graduate Student Research Assistantship 

from the School of Graduate Studies. This research has been 

partially supported by funds from the School of Graduate Studies. 



TABLE OF CONTENTS 

INTRODUCTION .......................................................................................... : ............... 1 

A. Statement of the Problem ...................................................................... 1 

B. Review of Related Literature ............................................................... 3 

Human Hemoglobin Genes ....................................................................... 3 

Developmental Regulation of Hemoglobin Genes ......................... 6 

Regulation of Hemoglobin Gene Expression ................................ 10 

GATA-1 and other GATA Binding Factors .................................... 23 

Antisense RNA and DNA ........................................................................ 27 

Ribozyme ................................................................................................. : .. 32 

Human Erythroleukemia Cell Line (HEL) ....................................... 39 

C. Rationale and Specific Aims ............................................................. .43 

MATERIALS AND METHODS ................................................................................ 45 

Section A. Probe Preparation .................................................................. 45 

Probes .......................................................................................................... 45 

Purification of DNA Probes from Agarose Gels ....................... .45 

Oligolabelling of cDNA Probes .......................................................... 46 

End Labelling of Oligonucleotide Probes ...................................... 47 

Section B. HEL Cells .................................................................................. .48 

Maintenance of HEL Cells .................................................................... 48 

Transient Transfection of HEL Cells ............................................. 48 

Stable Transfection ............................................................................. .48 

i i 



Cell Cloning ..........•................................................................................... .49 

Cell Doubling Time ................................................................................ .49 

Cellular Uptake of Latex Particles ................................................. 50 

Hemoglobin Induction ........................................................................... 51 

Benzidine Staining ................................................................................. 5-1 

Hemoglobin Concentratio_n Measured by 

Absorbance at 420 nm ............................................................... 52 

lsoelectric Focusing ............................................................................. 52 

Section C. DNA Studies .............................................................................. 53 

DNA Extraction from HEL Cells ........................................................ 53 

Southern Blot Analyses ................................................................... , ... 53 

Section D. RNA Analysis ............................................................................ 55 
I 

Total RNA Extraction ............................................................................ 55 

Poly A+ RNA Extraction from Total RNA ...................................... 56 

Northern Blot Analysis .; ................................... _. .................................. 57 

RNA-Polymerase Chain Reaction (RNA-PCR) .............................. 59 

Section E. Cloning ......................................................................................... 60 

Insertion of Synthetic DNA into Plasmid ......... , .......................... 60 

Transformation ....................................................................................... 62 

Colony Hybridization ............................................................................. 63 

Large Scale Preparation of Plasmid .............................................. 63 

Section F. Functional Assays of Reporter Genes ............................ 65 

Luciferase Assay .................................................................................... 65 

CAT Assays .... : .......................................................................................... 65 

iii 



RESULTS ................................................................................................................... 67 

Design of the Ribozyme ............................................................................. 67 

Cloning the DNA coding for Antisense RNA/Ribozyme ................. 69 

Stable Transfection of HEL Cells .......................................................... 69 

Copy Number determination ..................................................................... 73 

Cell Doubling Time ....................................................................................... 75 

Northern blot analysis ............................................................................... 75 

Expression of the Luciferase Gene ....................................................... 81 

Hemoglobin Analysis ............................................... _. ................................... 84 

Morphology and Latex Uptake by HEL cells ........................................ 92 

CAT Assay ........................................................................................................ 92 

DISCUSSION ............................................................................................................. 97 

Role of GATA-1 in Hemoglobin Expression ....................................... 97 

Role of GATA-1 on Other Characteristics of HEL cells ............... 99 

Hammerhead ribozyme ................................................................•........... 1 0 0 

Induction of Hemoglobin Synthesis by 8-ALA ............................... 1 03· 

SUMMARY ...................•........................................................................................... 1 05 

REFERENCES OF LITERATURE CITED ........................................................... 1 0 6 

iv 



LIST OF FIGURES 

F~ura P~e 

1. Map of the human a-like globin gene cluster ................................ 4 

2. Map of the human 13-like g!objn gene cluster ................................ 5 

3. Structure and expression of the [3-globjn gene ............................ 7 

4. Structure of the human 13-, y-globin gene promoters ............. 12 

5. Location of the [3-globin gene 3· enhancer .................................. 13 

6. LCR of the [3-g!obin gene c!uster ..................................................... 16 

7. LCR of the a-globjn gene cluster .................................................... 19 ' 

8. Antisense RNA inhibition of gene expression ............................ 29 

9. Actions of antisense oligodeoxynucleotides ............................. 31 

1 o. Modificati'ons of ODN ............................................................................ 33 

11. The consensus hammerhead domain ............................................... 36 

12. The Haseloff-Gerlach model for designing a ribozyme ......... 37 

13. Map of pMAMneo-luc and pMAMneo-luc-ribozyme .................... 61 

14. Hammerhead ribozyme targeting GATA-1 mRNA ...................... 68 

15. lnsettion of the annealed DNA .......................................................... 70 

16. Colony hybridization ............................................................................. 71 

17. Confirmation of the DNA insertion in the plasmid .................. 72 

18. Copy number determination ............................................................... 74 

19. Comparison of cell doubling times ............... _.'. ................................ 76 

V 



20-1. Northern blot hybridization of total BNA .................................... 77 

20-·2. Normalized densities of GATA-1 and y-globin mRNA bands 

in avtoradjograph of Northern blotted total BNA .................. 78 

21-1 . Northern blot hybrjdjzatjon of poly A+ BNA ............................... 79 

21-2. Normalized densities of GATA-1 and y-globin mRNA bands 

in autoradiograph of Northern blotted poly A+ BNA ............. 80 

22. y-globin and GAPDH mRNA levels in HEL cells 

prjor to jnductjon ................................................................................ 82 

23. Dot blot hybrjdjzatjon of RNA-PCB product. .............................. 85 

24. Comparison of benzjdine positive cell in percentage ............ 86 

25. Benzjdjne stained HEL cells possessing 

the antjsense RNAfribozyme .......................................................... 87 

26-1 . IEF of protein extracts from HEL cells possessing 

the antisense RNAfrjbozyme .................. , ....................................... 89 

26-2. Analyses relative guantjtjes of Hb on the IEE geL .................. 90 

27. Appearance of HEL cells possessing 

. the antjsense BNNribozyme .......................................................... 93 

28. Latex particle uptake by HEL cells possessing 

the antjsense BNNribozyme .......................................................... 94 

29. Relative activity of Ay-175T and Ay-175C promoters 

in HEL cells possessing the antjsense RNA/rjbozyme ........ 96 

30. Evnctjon of heme controlled inhibitor (HCI) ........................... 1 04 

vi 



LIST OF TABLES 

Table Page 

I. Developmental regulation of hemoglobin genes .......................... 8 

II. Luciferase activity in HEL cell extracts ..................................... 8 3 

111. Hemoglobin analysis of HEL cell clones ....................................... 91 

vii 



Abbreviation 

BFU-E 

bp 

BSA 

CAT 

cDNA 

CFU-E 

· o-ALA 

DEPC 

DMSO 

DNase I 

OTT 

EDTA 

EP 

EpoR 

ES 

GAPDH 

GP 

Hb 

HbA 

HbF 

LIST OF ABBREVIATIONS 

Definition 

burst-forming unit-erythroid 

base pair 

bovine serum albumin 

chloramphenicol acetyl transferase 

complementary DNA 

colony-forming unit-erythroid 

a-amino levulinate 

diethyl pyrocarbonate 

dimethylsulfoxide 

deoxyribonuclease I 

dithiothreitol 

ethylenediaminetetraacetic acid 

erythropoietin 

erythropoietin receptor 

e·mbryonic stem cells 

glyceraldehyde-phosphate dehydrogenase 

.glycoprotein 

hemoglobin 

adult hemoglobin 

fetal hemoglobin 

viii 



HEL human erythroleukemia cell line 

HIV human immunodeficiency virus 

HS superhypersensitive site 

IEF isoelectric focusing 

IVS intervening sequence 

kb kilobase pair 

LCR locus control region 

MEL murine erythroleukemia cell line 

mRNA messenger RNA 

nee neomycin 

ODN oligodeoxyribonucleotide 

PBS phosphate-buffered saline 

PCR polymerase chain reaction 

PDGF platelet-derived growth factor 

SDS sodium dodecyl sulfate 

SEM standard error of the mean 

TE 10 mM Tris, 1 mM EDTA, pH 8.0 

TPA 12-O-tetradecanoyl-phorbol-13-acetate 

UV ultraviolet 

ix 



INTRODUCTION 

A. Statement of the Problem 

The globin gene family is an excellent system in which to study tissue and 

developmental stage specific expression in the erythroid lineage of 

hematopoietic cells (85). Trans-acting factors that bind in vitro to promoter and 

enhancer sequences of globin genes have been identified by gel retardation 

and footprinting techniques (41). GATA-1 is a major erythroid trans-acting factor 

that binds the consensus sequence [(A/T)GATA(A/G)] (41, 85). This sequence is 

found in the regulatory regions of all globin genes, including the locus control 

region (40). The binding sites are also present in other erythroid specific 

promoters of human genes coding for porphobilinogen deaminase (75, 76, ~3), 

carbonic anhydrase I (94) and the erythropoietin receptor (94, 95, 96). These 

findings suggest that GATA-1 is important for the establishment of erythroid cell 

lineages. Experimental support for this idea comes from the studies of Pevny, et 

al (102). They disrupted the gata-1 (the gene coding for GATA-1) in a male 

murine embryonic stem cell line. The mutant cell line was injected into wild type 

blastocysts to produce chimeric mice. The results of these experiments showed 

that the mutant embryonic stem cell did not develop into mature red blood cells. 

Therefore, GATA-1 is required for erythroid differentiation and for hemoglobin 

synthesis in the mouse. 

HEL cells (human erythroleukemia) are a cell line that upon induction with 

hemin or 15-ALA will synthesize several types of hemoglobins (147, 148), namely, 

Hb Gower I, Hb Bart's and Hb F. The gata-1 is known to be expressed in these 
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cells (80). The question is whether or not GATA-1 is required for hemoglobin 

expression in HEL cells 

We have studied tl:le role of GATA-1 in the induction of hemoglobin in HEL 

cells by inhibiting the expression of gata-1 using antisense technology. 

Specifically, we designed an RNA sequence that is a hammerhead ribozyme 

targeting GAT A-1 mRNA using the Haseloff-Gerlach model. DNA coding for this 

antisense RNNribozyme was synthesized and cloned into the 3'-untranslated 

region of the firefly luciferase gene in a mammalian expression vector 

pMAMneo-luc. This chimeric luciferase-antisense RNNribozyme construct was 

stably transfected into HEL cells. HEL cells possessing the antisense 

RNA/ribozyme showed morphological changes resembling macrophages. Latex 

uptake experiments showed that these cells possessed higher phagocytic 

activities than the controls suggesting that they were more macrophage-like 

compared to control cells. The expression of the chimeric gene should lead to its 

interaction with GATA-1 mRNA, which in turn would result in cleavage of the 

target RNA. This should, in theory, lead to a decrease in the level of GATA-1 

mRNA (in the HEL cells) which, in turn, would result in a decreased level of 

GATAa1 factor in HEL cells. We found that HEL cells possessing the antisense 

RNA/ribozyme have reduced GATA-1 mRNA and reduced amount of 

hemoglobins upon induction. We conclude, therefore, that GATA-1 is required 

for hemoglobin expression in HEL cells. 



B. Review of Related Literature 

Human Hemoglobin Genes 

Hemoglobin (Hb) (1, 2) is the protein which accounts for more than 95% of the 

total protein in erythrocytes. Its main function is the transport of oxygen from the 

alveolar capillaries of the lung to other body tissues. The Hb molecule is a 

tetramer which contains two a-like subunits and two non-a-like (13-like) subunits. 

Each subunit is composed of a globin· polypeptide chain and a heme prosthetic 

group which contains ail iron atom. The metal, iron, is normally in the ferrous 

state. In humans, there is more than one type of a-like and 13-like globin chains. 

The a-like globins include the ~-chains and a-chains. The 13-like globins include 

the e-chains, y-chains a-chains and !3-chains. 

The genes coding for a- and 13-like globins are located on different 

chromosomes (3, 4). The a-like globin genes form a cluster near the telemere of 

the short arrri_ of-chromosome 16 (5) (Figure 1 ). There are three functionally 

important genes found in the a-globin gene cluster, the embryonic ~-globin 

gene, fetal and/or adult a2- and a1-globin genes (6, 7). The 8-globin gene, an 

additional a'like globin gene, has been recently identified (8). This gene is 

located downstream from the a1-globin gene. The function of this gene, if any, is 

still not known. Although messenger RNA (mRNA) transcribed from this gene 

was identified from fetal erythroid tissue and in some erythroleukemic cell lines, 

no 8-globin polypeptide has been found (9). The 13-like globin gene cluster is 

located on the short arm of chromosome 11 (10) (Figure 2). There are five 

3 



Figure 1. . Map of the human a-like globjn gene cluster. 

The human a-like globin gene cluster is located on the short arm 

of chromosome 1 s within a so kb chromosomal regjon. This 
figure shows relative locations of the indiyjdual a-like globin 

genes. Dotted boxes represent the three pseudogenes. 1:- and 

a-globin genes are shown by open boxes, B-globin gene is 

shown by a hatched box. 
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Figure 2. Map of the human B-like globin gene cluster. 

The B-like globin gene cluster is tocated on chromosome 11 

within a zo kb region. The tive tunctjonat genes are shown by 

open boxes and the pseudooene is shown by an dotted box, 
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functional globin genes in this cluster: embryonic globin gene e, two fetal globin 

genes, Gy and Ay, and two adult globin genes, 6 and ~ (10). 

There are pseudo-genes in both the a-like and the ~-like globin gene clusters 

that have sequence homology to the globin genes but are not expressed. The 

pseudogenes lack some essential sequences which are necessary for their 

expression. In the a-globin gene cluster, three pseudo-genes were identified, 

'I'~, wa1 and wa2 (6, 7). In the ~-globin gene cluster, only one pseudo gene, 'I'~, 

is observed (3, 4, 11 ). 

The fine structure of the globin genes demonstrates a typical eukaryotic gene 

that codes for a polypeptide chain. Each hemoglobin gene contains two intrans 

and three exons (12) (Figure 3). The promoters are located upstream of each 

globin gene. These promoter elements interact with specific and ubiquitous 

trans-acting factors for globin gene transcription (13). After transcription of these 

globin genes, the premessenger RNA is capped, the exons are spliced and 3' 

end of the message is polyadenylated. The mature mRNA is transported to the 

cytoplasm. So, the intrans do not code for the final protein products of these 

genes (14). 

Developmental Regulation of Hemoglobin Genes 

The expression of the a-like and ~-like globin gene clusters is 

developmentally regulated (Table I) (1, 3,-15, 16, 17, 18). This developmental 

regulation of globin gene expression is a programmed phenomenon during 

prenatal and postnatal life. For the a-like globin genes, the expression of the ~

globin gene is mainly at the embryonic stage whereas the a-globin genes are 

expressed in the early fetal stages and continue in adult life. This switch of 



Figure 3. Structure and expression of the B-globin gene. 

This figure shows the basic features of the human B-globin gene 

structure, The promoter resides at the 5' side of the aene, The 

jntrons are shown by the whjte boxes, PoJyadenyJatjon signal is 

_located at the 3'-untranslated reoion .. The pre-mRNA is modified 

so that the-mature roBNA is cagged and has a goJy A tail as a 

tygjcaJ roBNA ot eukaryotjc cens. 
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Table I peyelopmental regulation ot hemoglobin genes. 

Developmental 

stage 

Embryonic 

Fetal 

Adult 

Major site of Major active 

erythropoiesis genes 

Yolk sac ~. a, E. and y 

Liver and a, y, and ~ 

spleen 

Bone marrow a, ~- and 6 

Major_ 

Hemoglobins 

Hb Gower I (~2e2) 

Hb Gower II 

(a2E2) 

Hb Portland (~2Y2) 

Hb F (a2r2) 

Hb A (a2~2) 

Hb A (a2~2) 

Hb A2 (azli2) 
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hemoglobin gene expression is also observed in the P-like globin genes. The e

globin gene is expressed in the embryonic stage, and the y-globin gene is 

expressed in the fetal stage. The expression of globin genes is switched from y

to the 6- and p-globin genes shortly after birth. 

In addition to the changes in globin gene expression, there is also a change in 

the site of hematopoiesis during development as indicated in Table I (1, 3, 15, 

16, 17, 18). The embryonic chains are expressed in the blood islands of the yolk 

sac. a-globin genes are expressed in both fetal liver and _adult bone marrow. y

globin genes are expressed in fetal liver. 6-globin genes and p-globin genes are 

expressed in adult bone marrow. a-globin production was detected in 

megaloblastic cells from yolk sac indicating that the embryonic switch begins in 

the yolk sac. Some y-globin can also be found in megaloblastic cells, there is no · 

simple correlation between hemoglobin switching and hematopoietic tissue 

switching. 

Different combinations of peptides from these differentially expressed globin 

genes result in the production of different types of hemoglobins at different 

developmental stages (1, 3, 15, 16, 17, 18). Hemoglobin Gower I (~2E2), Gower 

II (a2e2) and Hemoglobin Portland (~2Y2) are found mainly in the red cells 

derived from the blood islands of the yolk sac. Hb F (a212) is primarily 

expressed in the fetal stage in both the red cells derived from fetal liver and bone 

marrow. Hb F expression is gradually substituted by Hb A (a2P2) and Hb A2 

(a262) during the late fetal stage of development and the first six months after 

birth. Although hemoglobin switching is a very complex phenomenon, the 

amounts of a-like globin and p-like globin chains are always balanced, a 1 :1 

ratio in a normal individual. The developmental expression of human 

hemoglobin genes follows the 5' to 3' order of these genes located on the 

chromosomes. The importance of gene order in hemoglobin switching is not 
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clear, since the globin genes from other organisms do not necessarily follow the 

same pattern (41). 

There are two types of y-globin genes, Gyand Ay (1, 2, 3, 19). The Gy-globin 

gene codes for a polypeptide chain where the amino acid residue at position 

136 is glycine. The Ay-globin gene codes for the same polypeptide except the 
. 

amino acid residue at position 136 is alanine. The relative expression of these 

genes also shows a developmental switch. The ratio of Gy to Ay at birth is 3:1. 

This ratio is switched to 2:3 following the fetal to adult globin switch shortly after 

parturition (20, 21 ). 

Regulation of Hemoglobin Gene Expression 

The redundant expression of human hemoglobin genes is precisely regulated 

(1, 2, 3). The amount of a.-like globin chains is equivalent to the amount of 13-like 

globin chains. The hemoglobin genes have been a good model to study how 

specific genes are regulated in a temporal and tissue specific manner. Some 

DNA sequences, cis-acting elements, located nearby and at a distance from the 

globin genes, have been shown to be important for the expression of these 

genes. Multiple protein factors, trans-acting factors, bind to these regulatory 

DNA sequences. Some of these trans-acting factors are ubiquitously distributed, 

while others· are found only in erythroid cells. The interaction of these cis- and 

trans-acting factors has been a major focus of current molecular biological 

research. 

In addition to the cis- and trans-acting factors, a locus control region (LCR) that 

is located further upstream from the globin gene cluster has been identified as 

an important element for high level and tissue specific expression of globin 

genes (40). The LCR was originally identified as superhypersensitive sites that 

are extremely sensitive to DNase I digestion (37). 
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1. Local C/s-actlng Factors 

Initially, regulatory DNA sequences were found in the proximal promoter 

regions of globin genes (Figure 4). Upstream sequences from the transcription 

start site of several globin genes were compared (22, 23). This comparison 

revealed that three DNA sequences are highly conserved among different 

genes. ,:hese conserved sequences were presumed to be important for the 

function of these genes. Functional analyses of murine and rabbit (3-globin 

genes that contain a variety of mutations in the promoter region provided 

evidence that these DNA sequences are important for gene expression (23, 24, 

25). As shown in Figure 4, three important motifs are found in 13 and y globin 

promoters. They are the TATA box at approximately -30 (relative to the cap site), 

CAAT box at a position near -70 to -90 and CACCC box at positions around -95 

to -120. Deletional mutations that delete one or more of these conserved DNA 

sequences abolish the promoter activity of the (3-globin gene. The activities of 

these motifs were confirmed by linker scanning and point mutation studies of the 

murine 13-major globin promoter. An Spl binding motif, the GC box, is also 

observed in the y-globin promoter at a region about -200 upstream of the Cap 

site. The importance of this GC box is indicated by base substitution mutations in 

this motif that result in hereditary persistence of fetal hemoglobin (26). 

Enhancers have also been identified in the human (3-globin gene cluster 

(Figure 5). The enhancers are able to enhance the expression of globin genes 

and operate over distances up to several thousand base pairs and in either 

orientation (27). When a Pst I fragment, 259 bp in length, which is located 3' of 

the human (3-globin gene or a DNA fragment that include this Pst I fragment 
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.Figure 5. Location of the B-qlobin gene 3' enhancer. 

The 3' B-qlobin gene enhancer is located within a 259 bp Pst I 

fragment, 
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were linked to the human y-, or ~-globin gene to produce transgenic mice (28, 

29), this fragment had the ability to boost the expression of the reporter genes in 

the transgenic mice. The third exon of the human ~-globin gene with adjacent 

DNA sequences was also shown to enhance the expression of human y-globin 

gene in transgenic mice (29). The boundary of this enhancer has not been 

defined. Up regulation by these two enhancer fragments was further confirmed 

by their ability to enhance the expression of a non-erythroid reporter gene, the 

Mouse H-2K gene (30). Another enhance~. located 3' to Ay-globin gene, was 

identified when DNA fragments from this region were joined to an expression 

plasmid containing a y-globin promoter and the CAT reporter gene. The 3' Ay 

enhancer fragment up regulates the CAT reporter gene activity in K562 

erythroleukemia cells (31 ). 

A series of deletional mutants oi the 5'-flanking sequences of the human e

globin gene were constructed and linked to the bacterial CAT gene. These 

constructs were transfected into HeLa cells and K562 cells. The sequence 

between -1 n to -392 of the Cap site was found to have negative effect on thee

globin promoter activity. This negative effect is observed in a position and 

orientation independent manner. Therefore, this segment of DNA has been 

termed a silencer for transcription (32). This is the only silencer found in the 

globin gene ·clusters. 

2. Locus Control Regions (LCR) 

Chromatin structure is an important factor in determining gene expression in 

eukaryotic cells (33). In chromatin, nuclease hypersensitive sites that are 

believed to be nucleosome-free regions represent the "open windows" that allow 

the interaction of trans-acting factors with the cis-acting DNA sequence 

elements. They are often located in the promoter regions of genes which are 
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"poised" for transcription. Nuclease digestion is often used to study active , 

chromatin. The presence of hypersensitivity to DNase I digestion is often 

associated with the potential expression of the nearby genes. The human P-like 

globin gene cluster is more sensitive to DNase I digestion in erythroid cells than 

in other cell types. Hypersensitivity is often found within 200 bp 5' of the CAP 

sites of they-, 6- and p-globin genes in fetal liver cells but not found in the 

promoter region of ttie e-globin gene (34). Adult bone marrow cells exhibit 

hypersensitivity only .upstream from the 6- and p-globin genes (34). 

Hypersensitive sites in globin gene promoters have been identified in HEL and 

K562 cells also. HEL and K562 cells are human erythroleukemia cell lines that 

synthesize fetal/embryonic hemoglobins upon induction with hemin or 6-ALA. In 

K562 cells, E-, Gy-, Ay-globin promoters show hypersensitivity, but the p-globin 

promoter has no hypersensitive region. HEL cells, on the other hand, have 

hypersensitive sites in the promoter regions of all four genes (34). The human P

globin gene is not expressed in either HEL cells or K562 cells (35, 36). So the 

presence of hypersensitive sites does not necessarily correlate with p-globin -

gene expression. 

The discovery of superhypersensitive sites 5' of the human p-globin gene 

cluster has led to important new insights concerning the role of chromatin 

structure in hemoglobin gene regulation. These superhypersensitive sites differ 

from the above mentioned hypersensitive sites in that they are present in all 

. developmental stages. Tuan, et al. identified five superhypersensitive sites in 

the region 6 - 25 Kb 5' of the human e-globin gene and a single site at about 20 

kb 3' of the human p-globin gene (Figure 6) (37). Forrester et al. discovered one 

superhypersensitive site at 5' region of the e-globin gene (38). These 



Figure 6. . LCR of the B-globin gene cluster. 

Arrows pointing up indicate the locatjons of local DNase 

hv□ersensitive sites of individual qlobin aenes. Arrows pointing 

down indicate the superhypersensjtjye sites. There are four 

such sites 5' of e-globin gene. There is one site 3' of the B-globin 

gene. The 5' HS 1-4 comprise the locus control region of the B-

alobin gene cluster on chromosome 11. Also shown in the figure 
. are the three 8°-thalassemia ·determinants: Dutch. English, and 

_ Hispanic The position of the arrowheads of these deletions 

. indicate the 3· breakpoints - The 5' breakpoints of these 

deletions are unidentified. 
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superhypersensitive sites demarcate the entire 80 kb region that contains all p

glo_bin cluster genes. Four of the upstream sites and the 3' downstream site are 

erythroid specific and present in all developmental stages of hemoglobin gene 

expression which is in remarkable contrast to the hypersensitive sites adjacent to 

individual globin genes. It was hypothesized that these superhypersensitive 
, 

sites might define the boundaries of a large active chromatin domain that 

contains the entire p-globin cluster (37). Forrester et al (39), showed that when 

human non-erythroid cells were fused with the MEL cells (a murine 

erythroleukemia cell line that synthesizes adult type hemoglobins upon induction 

with DMSO), the human p-globin cluster displayed all the superhypersensitive 

sites that were found in the erythroid tissue. The data provided the first evidence 

of locus activation by these superhypersensitive sites. 

The function of these superhypersensitive sites has been demonstrated in 

transgenic mice (40). When y-globin genes or p-globin genes along with their 

promoter sequences are introduced into transgenic mice, the transgenes may or 

may not be expressed. When they are expressed, the expression levels of the 

transgenes are very low, typically less than 1 % of the mouse endogenous 

counterparts. Failure of expression was attributed to position effects (41 ). The 

expression of the y-globin and the p-globin gene is both tissue specific and 

_ developmentally specific. The y-globin gene is expressed only in the blood 

islands of the yolk sac in transgenic mice. The p-globin gene is expressed only 

in fetal liver and adult bone marrow in transgenic mice (40). 

Temporal expression was lost when the individual y- and p-globin genes were 

linked to sequences containing about 21 kb of the DNA including all of the 5' 

superhypersensitive sites. However, the level of expression was increased to 

levels comparable with those of the endogenous mouse globin genes, and the 

expression was copy number dependent (40, 42, 43). Although developmental 
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stage specificity is lost, tissue specificity remains unchanged (42). The proper 

developmental regulation was restored by putting the y-globin gene and the ~

globin gene together in cis to the superhypersensitive sites to produce 

transgenic mice (43, 44). The e-globin gene without these superhypersensitive 

sites was not expressed in transgenic mice (40, 45, 46). However, when the 

embryonic e-globin gene was linked to the superhypersensitive sites, the 

transgenic mice showed proper developmental regulation of the expression of 

thee-gene; the e-globin gene was expressed only in yolk sac but not in fetal liver 

and adult bone marrow. When the 5' silencer was removed, transgenic mice 

expressed the e-globin gene in all developmental stages. 

Higgs, et al have identified a LCR region within -20 to -60 kb 5' of the ~-globin 

gene within the a-like globin gene cluster on chromosome 16 (Figure 7) (47). 

This region contains a tissue-specific, positive regulatory element that is very 

important in determining the level of human a:-globin gene expression. When 

this region was fused to the a:-globin gene and used to produce transgenic mice, 

the a:-globin mRNA was present at high levels in erythroid tissues. In contrast, 

transgenic mice containing the a:-globin gene without the positive regulatory __, 

region did not express this gene at any developmental stage (48, 49, 50). Two 

major hypersensitive sites (-30 kb and - 40 kb) and four minor sites were 

identified (47). It is believed that this region is the equivalent of the LCR found in 

~-globin gene cluster. Both the human LCR-~ and LCR-a: globin constructs 

confer proper developmental regulation in transgenic mice (40). That is to say, 

the ~-globin gene is expressed only in the yolk sac while the 



Figure 7. _ LCR of the a-globin gene cluster. 

Hypersensitive sites located -30 to -so kb 5' of the 1:-globin gene 

promoter on chromosome 16, Two of these sites are ervthroid 

specific (jndjcated by bigger down pointing arrows}, Also shown 

are the tour chromosomal deletions IRA, Tl IJ, and MM} that 

cause a-thalassemia. The arrowheads indicate the break pojnts 

of the deletions 
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a-globin gene is expressed in fetal liver and bone marrow. This finding is in 

contrast with that of the human fetal to adult switch observed in transgenic mice 

where y-, f3-globin geries and LCR have to be present in the same DNA fragment 

for proper developmental regulation in transgenic mice (43, 44). 

The functions of these superhypersensitive sites are also demonstrated in 

three types of deletions that cause (y6f3) 0 -thalassemia (Figure 6). These 

deletions leave one or more of the f3-globin cluster genes intact, but the genes 

are not expressed. One type of deletion was found in an English patient (51 ). 

The deletion starts at an unknown 5' site and ends at a site 5' to the Gy globin 

gene. The e-globin gene is deleted, but all they-, 6- and f3-globin genes are 

intact. Yet, these genes are not expressed. In the Dutch deletion, only the f3-

globin gene remains intact. The remaining f3-globin gene is not expressed (52). 

Perhaps the Hispanic deletion (53) best demonstrates the function of the LCR. 

This deleted DNA fragment extends from -9.5 Kb to -39 Kb 5' of the e-globin 

gene. The deletion includes three of the four DNase I hypersensitive sites. The 

remaining sequences of the (3-globin complex, including the 5'HS-1 

(hypersensitive site at -6.1 Kb), 3'HS-1 (the hypersensitive site 3' of the f3-globin 

cluster) and all structural genes in cis to the deletion are physically intact. The 

genes are nonfunctional as evidenced by the absence of Hb S in the patient in 

which the 13S-globin gene is located on the chromosome that has the deletion. 

Therefore, the two hypersensitive sites which remain intact in this deletion 

cannot activate the f3-globin gene cluster. Several a-thalassemia-1 (7) (a 

condition where two a-globin genes on the same chromosome are non

functional) determinants are caused by deletions involving the LCR on the a

globin cluster (Figure 7). Neither of the two a-globin genes is expressed even 

though the a-globin genes are intact (54, 55, 56, 57). 
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3. Trans-acting factors 

The regulation by cis-acting DNA sequence elements is mediated by trans

acting factors through protein-protein and protein-DNA interactions. Recently, 

some protein factors have been identified from nuclear extracts that interact with 

promoter and enhancer DNA sequences. Trans-acting factors that regulate 

globin gene expression are grouped into two categories: ubiquitous factors, and 

erythroid specific factors (41 ). 

Cell fusion studies provided evidence that diffusible factors regulate globin 

gene expression (41 ). When transient heterokaryons between two 

erythroleukemia cells, murine MEL cells and human K562 cells, were formed, 

the result was the activation of the human adult (3-globin gene (which is not 

active in K562 cells) and the murine embryonic E-globin gene (which is not active 

in MEL) (58). Murine non-erythroleukemic cells were fused with embryonic-fetal 

like human K562 cells. The fusion resulted in the activation of murine embryonic 

globin genes (58). Fusion of human fibroblasts to the adult-like murine MEL 

cells resulted in activation of human adult globin genes (59). These data clearly 

demonstrated that diffusible cellular factors are involved in activation of the 

globin genes. Bazett-Jones et al (60) found that preincubation of globin gene 

templates in cell extracts of K562 increases in vitro transcription of E·, y-; and 13· 

globin genes by HeLa cell extract 30 fold. This increase in transcription is 

specific for globin genes. Non-globin genes were not affected by the 

preincubation. Interestingly, both y- and (3-globin gene transcriptions were 

enhanced, although the (3-globin gene is not expressed in K562 cells. 

The TATA box is recognized by transcription factor TFIID (61). This factor is 

required for the initiation of transcription by polymerase II of TATA box containing 

promoters. It is reasonable to believe that globin gene transcription requires 
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TFIID and all the other minimal factors (TFIIA, TFIIB, TFIIF, TFIIE) required for 

basal level of transcription (61 ). 

Several CAT boxes binding factors have been identified (41). Those that have 

been demonstrated to bind to globin gene promoters by in vitro binding assays 

are CP1 (62, 63, 64, 65), CP2 (66), CTF/NF1 (67), and CDP (65). That CP1 is a 

globin gene transcription factor is supported mainly by two experimental 

observations. An upstream CP1 binding site is required for regulated expression 

of the human ~-globin promoter in MEL cells (63) and a mutation that makes the 

CAT sequence of the y-globin promoter more like the consensus binding site for 

CP1 generates a stronger binding site in the human y-globin promoter (64). 

These data correlate vyell with the increased expression of the y-globin gene 

seen with the -117 HPFH mutation (68, 69). CAT box displacement protein 

(CDP) also binds to the duplicated CAAT motif of the human y-globin gene 

promoter and inhibits the binding of CP1 (65). 

It has been shown that Sp1 interacts with the CACCC box (70, 7i, 72, 73). 

Proteins that may be erythroid specific also recognize the CACCC box. For 

example, a cell specific binding activity to the proximal CACCC motif in the ~

globin promoter was identified by gel retardation and DNase I footprinting (74). 

Several trans-acting factors that are found mainly or exclusively in erythroid 

cells have been identified. GATA-1 is a factor initially thought to be erythroid 

specific but has been shown to be present in several hematopoietic cells (see 

below). An erythroid specific factor distinct from GATA-1 which binds to 

ATACTCA has been identified (75, 76). This factor was named NF-E2. 

Another erythroid specific factor found in chickens, NF-E4, has been found to 

be present only in mature adult erythrocytes that express the ~A-globin gene 

(77). This factor binds to a "developmental stage-selector element" located in 
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the adult ~-globin promoter (78). This factor may mediate hemoglobin switching 

in chickens. 

PAL, another protein factor in adult red blood cells of chickens, binds to a 

palindromic sequence in the promoter region of the ~A-globin gene (73). 

Preliminary sequence data of purified peptides and cDNA sequences indicate 

that PAL is erythroid-specific and a member of the NF1 family of trans-acting 

factors (40, 41 ). Binding activity of the PAL factor increases two orders of 

magnitude during .the course of chicken erythroid cell differentiation. The factor 

is most abundant in late embryonic or circulating adult erythrocytes when globin 

gene expression is inactive. 

GATA-1 and ·other GATA Binding Factors 

The trans-acting factor GATA-1 was initially thought to be.erythroid specific. 

GATA-1 was identified independently by several laboratories and several names 

have been given, Eryf1 (79), GF-1 (80), NF-E1 (81) and EF-ya (64); the name 

GATA-1, was agreed upon at the hemoglobin switching conference in 199.0 (40). 

The binding sites for GATA-1 are present in regulatory regions (promoter and 
' . 

enhancers) of all chicken globin genes as well as all human globin genes (41 ). 

There are multiple GATA-1 binding sites in the locus control regions of the globin 

genes (82, 83, 84). The consensus sequence is (A/T)GATA(A/G), hence the 

name GATA-1. 

The cDNAs coding for mouse (85), chicken (86), and human GATA-1 (87, 88) 

have been cloned. The deduced amino acid sequence of the product from all 

species contains a highly conserved region which is rich in cysteine (40). The 

cysteine rich region of the polypeptide contains two repeats presumably 

arranged in a way similar to the cysteine arrangement in the zinc fingers of the 

steroid hormone receptor family (41, 89). There are two zinc fingers in the 
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GATA-1 protein. The N-terminal finger of murine GATA-1 is not essential for 

DNA binding; whereas the C-terminal finger is essential for DNA binding (40). 

Human and murine GATA-1 have 413 amino residues with 86% homology to the 

murine protein (87). Chicken GATA-1 is smaller and contains only 304 amino 

acid residues. 

Gene expression of gata-1 -is mainly regulated at transcription level; GATA-1 

mRNA is not detectable in a variety of non-erythroid cells. It was thought that 

GATA-1 was a erythroid specific trans-acting factor (85, 86): However. jn sjtu 

hybridization and Northern blot analysis have detected GATA-1 mRNA in a 

number of other hematopoietic cells. gata-1 is also expressed in mast cells (90), 

megakaryocytes (90, 91 ), basophils and eosinophils (92). The presence of 

GATA-1 mRNA in these cells is detectable by Northern blot hybridization of total 

RNA using cDNA probes. In addition to·globin genes, a number of other genes 

have been found to have GATA-1 binding sites in the promoter region. Genes 

coding for porphobilinogen deaminase (93, 76; 75), carbonic anhydrase I (94) 

and erythropoietin receptor (94, 95, 96} have GATA motifs that bind to GATA-1 

as shown by gel retardation assays. Genes coding for the platelet glycoprotein 

lib-Illa complex also contain GATA-1 binding sites (91 ). 

In addition to the presence of GATA-1 binding motifs in the promoters and 

enhancers of globin genes, GATA-·1 motifs are also found in the DNase I 

hypersensitive domains of the LCR. There are multiple copies of the GATA-1 

motif in the 5'HS of the (3-LCR (82, 83, 84). The newly discovered a-LCR also 

contains GATA-1 binding sites (40). Data indicate that GATA-1 may be involved 

in the establishment of an open chromatin domain structure which is necessary 

for globin gene expression (40). 

The gene coding for the mouse gata-1 has been cloned (98). It has six axons 

distributed in a DNA region of about 8 kb. Each of the two zinc fingers is coded 
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by two separate exons. The gata-1 promoter sequence from mouse contains 

two GATA-1 binding motifs .. The promoter of the gata-1 lacks a TATA box and a 

CCAAT box. However, the gata-1 promoter contains several Sp1 binding 

elements and CACC boxes. There is a strongly conserved sequence between 

positions -665 to -760 in both the mouse and human gata-1 (99). The conserved 

region contains a duplicated GATA-1 binding motif. This region binds GATA-1 

as shown by gel retardation assays. When a DNA fragment containing this 

region were linked to a CAT reporter gene along with either a gata-1 promoter 

or a SV40 promote_r, the conserved sequence showed erythroid specific 

enhancer activity. A base substitution in the GATA-1 motif abolished enhancer 

activity. An experiment using growth hormone as a reporter gene has 

demonstrated that both the CACC boxes and the GATA-1 binding motifs are 

required for full promoter activity (98). Point mutations in the either of these DNA 

motifs dramatically reduce promoter activity. In vivo footprinting of the gata-1 

gene promoter in MEL cells has detected GATA-1 binding to both the GATA-1 

binding sites, and thus, Tsai; et al (98) have suggested that gata-1 is 

auto regulated. 

Indirect evidence from several laboratories has suggested that GATA-1 is a 

positive regulator of gene expression. Several base substitutions in the chicken 

3' ~-enhancer which disrupt one or both of the duplicate binding motifs also 

reduces the expression of the chimeric constructs in transient expression assays 

(79, 100). The expression of the Ay-globin gene, believed to be mediated by 

GATA-1, is enhanced in individuals that carry a T to C substitution at the position 

-175 of the Ay-globin gene (80). This mutation increased binding by GATA-1 

(195). Moreover, deletional analyses of the human 3' enhancer and·the mouse 

a1 -globin promoter have demonstrated that GATA-1 binding sites are at least 
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- part of the cis-acting elements necessary for up-regulation of these genes (29, 

81,101). 

The regulation of GATA-1 on erythroid development was also demonstrated 

by gene targeting experiments (102). The gata-1 has been localized to 

chromosome X in both mouse and in man (102, 88). The gata-1 was inactivated 

in murine male embryonic stem (ES) cells by the insertion of a neom·ycin 

resistance gene (Neo) gene by homologous recombination. These cells were 

used to produce chimeric mice by introducing mutant ES cells into blastocysts. 

The results of these experiments showed that the mutant ES cells gave rise to 

mature white blood cells and other tissues, but failed to give rise to mature 

erythroid cells. These results were confirmed by the types of hemoglobins 

produced by the chimeric mice. Thus, GATA-1 must play a major role in the 

determination of cell lineages in the bone marrow. Whether the inactivation of 

gata-1 affects ttie development of megakaryocytes, mast cells, basophils ar:id 
' 

eosin·ophils remains to be seen. 

Erythropoietin receptor (EpoR) is one of the first erythroid genes expressed in 

committed erythroid progenitor and precursor cells. Erythroid progenitor cells, 

burst-forming unit-erythroid (BFU-E) and colony-forming unit-erythroid (CFU-E), 

are responsive to EP- and have surface receptors for EP (103). A si_ngle GATA-1 

binding site has been found in the promoter region of gene for EpoR (96). 

Expression studies have shown that GATA-1 alone is sufficient to tum on the 

promoter for transcription of the EpoR gene which contain the GATA-1 binding 

site. Binding sites for GATA-1 were also found in the gata-1 promoter. It has 

been postulated that GATA-1 positively autoregulates its own gene expression 

and also up-regulates the expression of the EpoR gene to effect the commitment 

of bone marrow progenitor cells to the erythroid cell lineage (96). Erythropoietin 

induced erythroid differentiation in mouse erythroleukemia SKT6 cells results in 
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hemoglobin synthesis in these cells. Erythropoietin induction also results in 

increased levels of mRNA for GATA-1 in these cells as shown by Northern blot 

analysis of poly A+ RNA (97). 

mRNA coding for two other GATA binding factors, GATA-2 and GATA-3, have 

been discovered in chicken erythroblasts using Northern blot hybridization with 

conditions of reduced stringency (40, 104). The deduced amino acid sequence 

from the sequence of cDNA revealed that GATA-2 and GATA-3 have zinc fingers 

that are highly homologous to those of GATA-1 and bind to similar GATA motifs 

(40). Although GATA-2 and GATA-3 show remarkable cDNA sequence 

homology throughout, they diverge significantly from GATA-1 and show 

sequence conservation only in the zinc finger domains. GATA 2 and GATA-3 are 

not limited to chickens; they are found in humans and some other species. The 

distribution of GATA-2 and GATA-3 among different cell types is also different 

from that of GATA-1. The distribution of GATA-binding protein factors among 

hematopoietic lineages is as follows (90, 91, 92, 104, 105): GATA-1 is found in 

erythroid, megakaryocyte, mast cell, eosinophil, and basophil lineages; GATA-2 

is found in mast cell, basophil, megakaryocyte, erythroid and eosinophil 

lineages; and GATA-3 is found in T-cell and mast cell lineages. 

GATA-1 has never been detected in non-hematopoietic tissues. However, 

GATA-2 mRNA has been found in several other tissues including embryonic 

brain and liver, embryonic cardiac muscle, adult kidney, and fibroblast of chicken 

(104) and endothelial cells. GATA-2 is not detectable in T-cells, adult liver or 

embryonic skeletal muscle. GATA-3 mRNA has been found in adult kidney and 

embryonic brain (104). 
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Antisense RNA and DNA 

Natural antisense RNA control mechanisms have been found in several 

different biological systems. These include the control of plasmid replication and 

copy number of ColE1 plasmids by RNA I (106, 107), transcriptional regulation of 

cyclic AMP receptor protein CRP in E. coli by ticRNA (108), and translational 

regulation by micF (109). Artificial antisense RNA-mediated regulation has been 

used to study gene functions in prokaryocytes and eukaryocytes (110, 111, 112). 

Antisense RNAs exert their effect through base hybridizations with the target 

RNAs and thereby directly repress gene expression. Specificity of these 

antisense RNAs is conferred by their sequence complementarity with the target 

RNAs. Translation of the target mRNAs is inhibited by the formation of sense

antisense RNA hybrids. Several mechanisms by which 'anti sense RNAs exert 

their action have been postulated (110, 111, 112, 120). They may bring about 

interference Of splicing and translational arrest by hybridization to the target 

mRNA molecule. The antisense RNA-RNA hybrids may in tum induce 

degradation of the target RNA by specific double-strand nucleases. RNA hybrids 

may cause premature transcription termination of the nascent mRNA molecule. 

Antisense RNA-RNA hybrids may also be unwinded by an unwindase activity. 

Unwinding is not the only activity of this enzymatic activity. It also modifies the 

RNA molecules to change A into I. This modification may cause degradation of 

the RNA molecule and change of coding. 

Artificial antisense genes have been constructed by cloning either partial or 

whole cDNA sequence of the target gene in the reverse orientation into an 

expression vector (Figure 8) (113). The transcription of this f.lipped gene gives 

rise to an RNA molecule that is complementary to the natural target RNA. The 



Figure 8. Antisense RNA inhibition of gene expression 

The flow of genetic information is shown by the solid arrows. 

_Jhe traditional use of antisense RNA inhibition of gene 

expression is shown wjth the broken line. The cQNA /or a 

fragment of it} of the target is flipped and inserted into a plasmid 

containing a promoter. The transcdotion aives an RNA product 

. that is complementary to the mRNA of the target gene This 

-antisense·RNA will hvbddize to the mBNA according to Watson-

Crick base pair rule. 
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promoter of the flipped gene is usually a Class II promoter. Another approach to 

antisense RNA methodology is to synthesize antisense RNA in vitro with T7 

polymerase and to introduce antisense RNA into cells by microinjection. This 

_method is often used in experiments involving Xenopus oocytes and in 

Drosophila embryos to study the developmental regulation of specific genes 

(114, 115). 

Antisense oligodeoxynucleotides (ODNs) have been used to selectively inhibit 

gene expression (116). The effects of antisense ODNs on the activities of -

cultured cells were unexpected since their entry into the cells was not predicted 

(117) .. Although it is still not clear how these molecules make their entrance into 

the cells (117), receptor mediated endocytosis has been proposed (118, 119). 

Different targets within the cell have been considered for these antise·nse DNAs 

(Figure 9) (120). Antisense ODNs targeted to the splice junction sites of 

premRNA could lead to inhibition of splicing and hence, a reduction of mature 

mRNA production. Binding of antisense ODNs to mRNA through base pairing 

could lead to a physical arrest of translation and/or induce ribonuclease H 

digestion of the target mRNA. Binding of single stranded ODN to a double 

stranded DNA target could lead to the formation of a triple helix. This binding is 

not through Watson-Crick base pairing and therefore, is not a sense-antisense 

- interaction. The formation of a triple helix is through Hoogsteen hydrogen bond 

formation between ODNs and the major groove of the double helix (120). 

Unmodified antisense ODNs were often, but not always, readily degraded by 

nucleases present in the culture medium and within cells (121, 122). This led to 

a search for effective derivatives that would be resistant to DNase digestion but 

still result in the inhibition of expression of the target gene (123). Modification of 



Figure 9. Actions of antisense oligodeoxvnucleotides. 

ODNs have been widely used to inhibition gene expression in 

cen culture systems. This figure shows the possible mechanism 

of OPN activity, Exogenous ODNs mav exert their action in a 

number of levels, #l l They may interact with ONA directly 

through triole helix formation, A homoovrimidine OPN mav bind 

to the maior groove of the double helical DNA at a homoourine

. homopycimidine seauence, The bindioa is through Hooasteen 
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. affect the splicing process, #3} Antjsense OONs may be targeted 
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produces ONA-RNA hybrids whjch are substrates for RNase H 

whjch digests the RNA part of the hybrids. #4 & #5} Antjsense 

OPNs may be targeted to 5'-untranstated region and the 

_ ·translation initiation region; These interactjon may affect the 

initiation of translation, They may also activate RNase H activity. 
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the backbones of antisense ODNs with chemical groups such as methyl 

phosphonate, phosphorothioate, ethylphosphotriester or 

isopropylphosphotriester have been tested (Figure 10). Some of these 

modifications increase the stability of the QDNs. Some of the modifications have 

shown a reduced sus9eptibility of RNase H activity while others have no effect. 

There is, however, no clear recommendation for the general use of one type of 

modified ODN over the other. Subsequent modifications have involved the 

addition of a cross-linking moiety (124) such as psoralen, metal complexes that 

cleave the target RNA, acridine rings.which increase the affinity for RNA and 

various adducts designed to increase the ability of membrane penetration (e.g., 

polylysine, cholesterol). 

It was estimated that the minimum length of an ODN required to recognize a 

single target in the mRNA population of a living cell should be between 11 and 

15. This calcolation is based on the assumption that about 0.5% of the human 

genome is expressed as mRNA (124). The two numbers correspond to extreme 

cases where the target region contains only G and C (the length of ODN should 

be 11) or only A and T (the length of ODN should be 15). Although many parts of 

a given mRNA molecule have been targeted (126, 127), there is no general rule 

as to which part of the mRNA molecule is the best target sequence (120, 125). 

The translation initiation site (sequences surrounding the AUG codon), however, 

seems to be the first choice of a target region in designing antisense ODNs (125, 

128). 

Rlbozyme 

Ribozymes are RNA molecules that exhibit catalytic activities. Studies of the 

rRNA precursor of Tetrahymena thermophila revealed a mechanism for the self 



Figure 10. Modjficatjons of OQNs. 
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splicing of intrans (129, 130). The L-19 RNA was derived from the Tetrahymena 

rRNA intron by removal of the first 19 nucleotides (131, 132, 133). Its activity 

involves the assembly of diribonucleotides into longer chains and, thus, is an 

RNA polymerization activity (134). The catalytic activities of RNA molecules have 

been implicated as evidence for a key role of RNA in the origin of life (133). L-19 

RNA can also promote transesterification and cleavage of phosphodiester 

bonds, and can act as a site-specific endonuclease. Cleavage occurs on the 3' 

side of the tetranucleotide (CUCU). Site specific mutagenesis of the enzyme 

active site located at the 5' end of the molecule alters the.cleavage specificity in 

a manner predictable by Watson-Crick base pairing. Therefore, based on this 

model, any tetranucleotide could be selected as a target site for the artificial 

ribozymes (135). 

RNase Pis involved in the 5' end maturation of tRNAs in E. coli. It catalyzes 

RNA hydrolysis to leave 5'-phosphate and 3'-hydroxyl groups on the products. It 

has two subunits, a 377 nucleotide RNA (M1 RNA) and a small polypeptide. The 

RNA cleaves tRNA precursors precisely and with multiple turnover (136). The 

polypeptide moiety alone has no catalytic activity. Its role is to facilitate the 

reaction. This RNA enzyme is the only ribozyme that occurs naturally as a true 

enzyme; the ribozyme exhibits multiple turnover rather than autocatalytic activity. 

Two other types of ribozymes, "hairpin" and "hammerhead" motifs, have been 

found in some primitive plant pathogens. Viroids are small circular RNA that is 

infectious by itself. Virusoids and satellite RNA are circular and linear .RNA that 

are encapsulated by the coat proteins of certain plant RNA viruses. They 

replicate using rolling-circle mechanism. Multimeric RNA are cut into unit size 

genome through self cleavage. A self cleaving "hairpin" ribozyme has been 

identified in the minus strand of the satellite RNA of tobacco ring spot virus (137). 

Using computer modeling of the secondary structure of the RNA molecule, a 
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putative catalytic domain was identified. This putative catalytic domain contains 

two minimal sequences, a 50-base catalytic sequence, and a 14-base substrate 

sequence. The catalytic activity of the domain was tested in vitro with catalytic 

and substrate RNA sequences synthesized in vitro. The results demonstrated 

that the hairpin structure is indeed a ribozyme. The sequence recognition site for 

'this ribozyme is the trinucleotide, GUC. The cleavage occurs 5' of this 

trinucleotide and produces a 5'-hydroxyl and a 3'-1, 2 cyclic phosphodiester 

bond. Mutagenesis studies on the hairpin ribozyme have shown that this 

ribozyme will cleave any RNA substrate as long as the RNA molecule has a GUC 

trinucleotide in the sequence (138). 

Another ribozyme was found in the plus strand satellite RNA of tobacco ring 

spcit virus (139). Comparison of several self catalytic RNAs of plant viroids and 

virusoids has enabled investigators to deduce a consensus secondary structure, 

the "hammerhead" (139). There are 13 invariant nucleotides (Figure 11 ). The 

cleavage site of this ribozyme is the phosphodiester bond 3' of a GUX 

trinucleotide. The outcome of the cleavage by this hammerhead ribozyme is the 

production of 2', 3'-cyclic phosphate and 5' hydroxy termini. This autocatalytic 

transesterification reaction is an essential step in the replication process of self

cleaving RNAs. Based on this plant viroid model, Uhlenbeck (140) 

demonstrated that the hammerhead ribozyme could be adapted in· vitro to 

produce endonucleolytic activity. He successfully cleaved a 24 nucleotide RNA 

substrate with a 19 nucleotide ribozyme. 

For the purpose of in vivo cleavage of target RNA molecules, Haseloff and 

Gerlach developed a model (Figure 12) using the hammerhead ribozyme 

targeting specific RNA molecules (141 ). This hammerhead ribozyme is much 

smaller than the Tetrahymena r RNA or hairpin ,ribozymes. Although the 
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cleavage site of the hammerhead ribozyme is !he trinucleotide GUX (X=A, C or 

U), certain nucleotide substitutions of the first nucleotide are tolerated (142, 199). 

The specificity of the ribozyme is provided by antisense sequences that are 

complementary to the sequences flanking the GUX target. 

Ribozymes are expected to be more efficient inhibitors of gene expression 

than conventional antisense RNA or DNA. Theoretically, ribozy(Tles have 

enzymatic activity with multiple turnover so that a low level of ribozyme 

molecules will cleave comparatively higher amounts of target, thus making 

inhibition more ,efficient. Ribozymes have been synthesized in vitro and 

introduced into cells. Alternatively, expression vectors containing genes coding 

for the desired ribozyme can be stably transfected into cells. Transcription of the 

introduced DNA would produce the specific ribozyme endogenously. 

The catalytic activities of ribozymes can be readily detected in vitro using 

appropriate buffers and reaction conditions. The conditions for the catalytic 

activity of the hairpin ribozyme and hammerhead ribozyme are very similar with 

respect to pH and Mg++ concentration (137, 140). They both produce terminal 

2', 3'-cyclic phosphate and 5'-hydroxyl groups. The temperature dependence, 

however, is quite different. The hammerhead structure results in a temperature 

optimum of 55°C while the optimum temperature for the hairpin ribozyme is 

37°C. Also, the Km values differ between the two enzymes; the Km value for the 

hammerhead was 0.62 µM while the Km value for the hairpin ribozyme was 0.03 

µM. The ratio of the kcafKm for the hairpin to the kcafKm for the hammerhead is 

87. This value indicates that the hairpin ribozyme is catalytically more efficient. If 

the hairpin ribozyme shows catalytic activity in vivo, it might be a better ribozyme 

than the hammerhead ribozyme because the hairpin ribozyme has low Km value 

and an optimal temperature of 37°C. 
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Some experiments have been conducted to demonstrate the ability of 

ribozymes to inhibit gene expression in cell culture systems. A hammerhead 

ribozyme directed against the chloramphenicol acetyltransferase gene was 

found to reduce CAT activity by as much as 60% in monkey COS cells (143). An 

hammerhead ribozyme has also been designed to target the HIV gag gene 

(144, 145). A construct coding for a hammerhead ribozyme targeting HIV-1 gag 

transcripts was constructed. The promoter of the ribozyme expression vector 

was the human ~-actin promoter. When the cells expressing this ribozyme were 

challenged with HIV-1, there was a substantial reduction in the level of HIV-1 

gag RNA relative to controls (controls lack the ribozyme construct). Antigen p24 

level was also reduced in cells containing the ribozyme construct. In another 

experiment, a DNA fragment coding for a hammerhead ribozyme targeting c-fos _ 

mRNA was cloned into a mammalian expression vector pMAMneo (146). This 

construct was transfected into a tumor cell line, A2780DDP, resistant to the 

chemotherapeutic agent, cisplatin. C-fos was proposed to be the causal factor 

in mediating drug resistance. The cells transfected with the ribozyme construct 

have reduced c-fos mRNA levels and increased drug sensitivity. 

Human Erythroleukemia Cell Line (HEL) 

The human erythroleukemia (HEL) cell line (147) was established by Martin 

and Papayannopoulou from the peripheral blood of a patient at the time of 

relapse with Hodgkin's disease (the patient later developed erythroleukemia). 

Several experiments were performed to test whether the cells could be induced 

to express erythroid characteristics. When actively proliferating cells were 

treated with 10-100 µM hemin for 4 days, benzidine staining showed an 

increased number of positive cells. Hemoglobin synthesis in these cells was 

confirmed by isoelectric focusing of the cell lysate. It was found that HEL cells 
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produce mainly Hb Bart's (a y-chain tetramer) and only trace amounts of other 

embryonic hemoglobin species. No Hb A was found. lsoelectric focusing 

followed by fluorography of globin chains from the cell lysates showed that both 

Gy- and Ay- globins are present with slight predominance of Ay-globin. 

lmmunofluorescence studies showed that HEL cells produced a minute amount 

of hemoglobins before induction with hemin. Hemin induction only serves to 

increase the production of pre-existing hemoglobins. There was no qualitative 

change in hemoglobin production after induction. 

Although a-globin production was not detected in the initial IEF studies, later 

studies from the same laboratory detected substantial amounts of a-globin 

synthesis in HEL induced with 6-ALA(148). Substantial amounts of Hb F were 

also observed along with traces of e- and ~-chains in HEL cells. Three different 

hemoglobins are readily observed on IEF gels, namely, fetal hemoglobin (Hb F), 

Hb Gower I and Hb Bart's. Thus, HEL cells are an embryonic/fetal-like cell line. 

There was no detectable expression of the adult type non-a chains (6 and ~). 

When restriction endonuclease maps of the a- and ~-globin genomic regions· of 

the HEL cells were compared with that of normal human genomic DNA (149), 

the restriction patterns were the same. No abnormality was found in either of the 

globin clusters in HEL cells. These data demonstrate that the restricted 

expression of the globin genes in HEL cells is not due to a major deletion or 

rearrangement in the globin gene clusters. 

Using S1 nuclease mapping analysis, 8-globin mRNA was detected in HEL 

cells after hemin induction (150). Following 5-azacytidine treatment, the level of 

8-globin mRNA was further increased to levels comparable to that of a-globin 

mRNA. The authors did not attempt to identify any possible polypeptide 

translated from this 8-globin mRNA. 
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In addition to Hb production HEL cells exhibit other erythroid specific 

characteristics. For exa'mple, glycophorin, i-antigens, H antigen, transferrin 

receptor (148), and erythropoietin receptor (151) are all present in various 

quantities on HEL cells. 

Erythroid characteristics are not the only cell lineage characteristics that HEL 

cells exhibit. When HEL cells are treated with 12-0-tetradecanoyl-phorbol-13-

acetate (TPA), morphological, functional and biochemical changes were 

observed (152). It was demonstrated that the treated cells have a greatly 

enhanced ability to phagocytize sensitized sheep red cells and latex particles. 

The TPA treated HEL cells were not able to be induced by o-ALA to produce 

hemoglobins. Most HEL cells grow in suspension culture as round-shaped cells. 

TPA treatment causes these cells to adhere to the culture flask surface. The cells 

lost their ability to proliferate and exhibited characteristic cytoplasmic spreading. 

Thus, HEL cells exhibit characteristics of macrophage-like cells upon the 

treatment of TPA. 

Ultrastructural and cytochemical studies have shown that HEL cells have 

organelles resembling platelet a-granules (153). The proteins that are fo·und in 

a-granules (von Willebrand factor, platelet factor-4 and ~-thromboglobulin) also 

are found in the cytoplasm of HEL cells. Western blot analysis has shown that 

they also have platelet-megakaryocyte membrane glycoproteins, e.g., 

glycoproteins llb, Illa and lb. The production of the above named platelet

megakaryocyte markers is markedly increased upon induction with TPA and 

dimethylsulfoxide (DMSO). It was later shown that the glycoprotein llb-llla 

complex of HEL cells was capable of fibrinogen binding (154). HEL cells also 

produce platel~t-derived growth factor (PDGF) (155). The production of the B

chain of PDGF, but not of A-chain, is increased when they are treated with 
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phorbol esters (156). They also have a peroxidase activity that resembles the 

activity found in platelets (153). 

Both HEL cells and K562 (157) cells are hemoglobin expressing cell lines. 

The main difference in hemoglobin expression is that K562 cells express much 

more e-globin chain than HEL cells. The uniqueness in globin gene expression 

and non-globin phenotypic properties in HEL cells make them a valuable 

complementary cellular model to the existing K562 cells for studying regulatory 

aspects of erythroid-specific proteins (148). HEL cells have been used as a 

model to study platelet characteristics such as platelet-specific proteins and 

glycoproteins such as processing and assembly of glycoprotein llb-llla complex 

(158) and the interaction of thrombin with its receptor (159). Some platelet 

specific genes which express platelet characteristics have been cloned from 

cDNA libraries prepared from HEL cells. Examples include cDNAs of GPlb 

(160), GPllb (161 ), and 12-lipoxygenase (162). 



C. Rationale and· Specific Aims 

To briefly conclude the literature review, the globin gene family is an excellent 

system in which to study tissue and developmental stage specific expression in 

the erythroid lineage of hematopoietic cells (85). Some trans-acting factors that 

bind in vitro to promoter and enhancer sequences of globin genes have been 

identified (41 ). GATA-1 is a major erythroid trans-acting factor that binds the 

consensus sequence ((NT)G'ATA(A/G)] (41, 85). This sequence is found in the 

regulatory regions of all globin genes. There are multiple GATA-1 binding sites 

in the locus control region (40). The GATA-1 binding sites are also present in 

other erythroid specific promoters of human genes coding for porphobilinogen 

deaminase (75, 76, 93), carbonic anhydrase I (94) and the erythropoietin 

receptor (94, 95, 96). These findings suggest that GATA-1 is important for the 

establishment of erythroid cell lineages. Experimental support for this idea 

comes from the studies on a male murine embryonic stem cell line which has 

disrupted and therefore inactivated gata-1 (102). These experiments showed 

that the mutant embryonic stem cells failed to develop into mature red blood cells 

in chimeric mice. Therefore, GATA-1 is required for hemoglobin synthesis in the 

mouse. 

Presumably, GATA-1 is also required for human hemoglobin gene expression. 

This research is intended to provide experimental evidence. HEL cells (human 

erythroleukemia) are a cell line that upon induction with hemin or Ii-ALA will 

synthesize several types of hemoglobins (147, 148), namely, Hb Gower I, Hb 

Bart's and Hb F. The gata-1 is known to be expressed in these cells (80). 

Therefore, the HEL cell line is a good model to test the hypothesis that GATA-1 is 

required for human hemoglobin synthesis. 
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It is very difficult to obtain genetic mutants of a eukaryotic gene. Recent 

development of the technologies of antisense RNA, antisense ODN and 

ribozymes has provided a method to inhibit the expression of a specific gene 

without actually altering the gene itself to create dominant mutations. Because 

ribozymes act catalytically, they should be more efficient than antisense RNA. 

Therefore, we have· chosen to use ribozyme technology to inhibit gata-1 

expression in HEL cells. The specific-aims of this research are: 

1 ). To determine whether or not the hammerhead ribozyme is able to inhibit 

the expression of gata-1. 

2). To determine whether or not GATA-1 is required for hemoglobin gene 

expression in HEL cells. 

Therefore, we will study the role of GATA-1 in the induction of hemoglobin in 

HEL cells by inhibiting the expression of gata-1 using antisense technology. 

Specifically, we will design an RNA sequences, using the Haseloff-Gerlach 

model, that is a hammerhead ribozyme containing antisense RNA targeting the 

human GATA-1 mRNA. DNA coding for this antisense RNA/ribozyme will be 

synthesized and cloned into the 3'-untranslated region of the firefly luciferase 

gene in a mammalian expression vector pMAMneo-luc (Clonetech Laboratories, 

Palo Alto, CA). This chimeric luciferase-antisense RNA/ribozyme construct will 

be stably transfected into HEL cells. The expression of this chimeric gene 

should lead to its interaction with GATA-1 mRNA, which in turn would result in 

cleavage of the target RNA. This should, in theory, lead to a decrease in the 

level of GATA-1 mRNA (in the HEL cells) which, in turn, would result in a 

decreased level of GATA-1 factor in HEL cells. If GATA-1 is required for 

hemoglobin gene expression in HEL cells, reduced amounts of hemoglobins 

and their mRNAs should be observed. 



MATERIALS AND METHODS 

Section A. Probe Preparation 

Probes 

The human glyceraldehyde-3-phosphate dehydrogenase cDNA probe (163) 

was obtained from the American Type Culture Collection, Rockville, Maryland 

20852. The human cDNA probe for GATA-1 was provided by Dr. Stuart H. Orkin, 

Division of Hematology-Oncology, The Children's Hospital, Dana-Farber Cancer 

Institute, Department of Pediatrics, Harvard Medical School, Boston, MA 02115. 

The human y-globin probe was prepared by polymerase chain reaction. A rimer 

pair that cover the first two exons of the y-globin gene were used to amplify using 

human genomic DNA. The sequences of the primers are: 

Forward primer: 5' TTTAAGCTTATGGGTCATTTCACAGAGGAGG 3' 

Reverse primer: 5' TGAAGCATTAGCAGCATTT 3' 

The luciferase probe is a Sal I fragment from pMAMneo-luc. The probe was 

isolated by agarose gel electrophoresis and purified with GENECLEAN® Kit. 

Oligodeoxynucleotides were synthesized by Dr. Terrance A. Stoming 

(Department of Biochemistry and Molecular Biology, Medical College of Georgia, 

Augusta, GA 30912) using a 3808 DNA synthesizer (Applied Biosystems, Foster 

City, CA). 

Purification of DNA Probes from Agarose Gels 

DNA fragments from agarose gels were purified using the GENECLEAN® Kit 

(Bio 101 Inc., La Jolla, CA 92038). Briefly, DNA fragments from restriction 
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digests or PCR were sized on agarose gels by electrophoresis using TAE buffer 

(40 mM Tris-acetate, 1 mM EDTA). The DNA bands were excised and put into 

Eppendorf tubes. Three volumes of 6 M Nat solution were added to the tube. 

The tube was incubated in a 55°C water bath for 5 minutes with occasional 

mixing. Five µI of GLASSMILK (a silica matrix suspension in water} were added. 

The tube was left on ice for 5 minutes for the DNA to bind to the matrix. The 

GLASSMILK/DNA complex was then pelleted by centrifugation for 5 seconds. 

The supernatant was removed. The pellet was washed with NEW wash 

(prepared by adding 140 ml of water and 155 ml of absolute ethanol to the 

manufacturer's NEW Concentrate} at least 3 times by vortexing and 

microcentrifugation. After the last wash, all the NEW wash solution was carefully 

removed. The GLASSMILK pellet was resuspended in 100 µI of water. The tube 

was incubated on a 55°C water bath for 3 minutes. The GLASSMILK was 

pelleted and the supernatant was collected. 

Oligolabelling of cDNA Probes 

Radioactive labelling of cDNA probes was done with the Oligolabelling. Kit 

from Pharmacia LKB (Uppsala, Sweden) using (a-32P)dCTP. Briefly, 50 ng of 

DNA was diluted to a final volume of 34 µI. The DNA was then heated in boiling 

water for 3 minutes. The tube was immediately transferred to ice. Two minutes 

later, the tube was centrifuged briefly. The following were added to the tube: 1 O 

µI of reagent mix (provided by the kit), 5 µI of (a-32P)dCTP (3000 Ci/mMol, NEN 

Research Products, Boston, MA}, and 1 µI of the Kienow Fragment of DNA 

polymerase I. The solution was mixed gently and centrifuged briefly. The tube 

was incubated at 37°C for one hour. The labelled probe was purified from 

unincorporated isotope by Sephadex G-50 gel filtration using a NICK™ column 

from Pharmacia. The columns were calibrated in such a way that probes were 
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eluted at a fixed elution volume. The labelling mixture less than 100 µI in volume 

was applied to the column. After the mixture entered the gel bed, 400 µI of TE 

(pH 8.0) was added to the column. and allowed to enter the gel bed. Another 400 

µI of TE was added and the eluant was collected in an Eppendorf tube. This 400 

µI eluant contained mor_e than 90% of the labelled probe. The probe specific 

activity is ~ 4X106 cp~/ng. 

End Labelling .of Oligonucleotide Probes 

5' end labelling of ODN probes was done with T4 polynucleotide kinase 

(United States Biochemical Corporation, Cleveland, Ohio). One hundred 

pmoles of oligonucleotide were diluted to a final volume of 2 µI in water. Five µI 

of 1 OX phosphorylation buffer (0.5 M Tris-HCI, pH 7.6, 100 mM MgCl2, 100 mM 

-~-mercaptoethanol) were added to the tube. Two µI of (y-32P)dATP (ICN 

Biochemicals, Inc., Irvine, CA) was added to the solution. One µI of 1 :1 0 diluted 

T4 polynucleotide kinase (USB) (3 units) was added to the solution and mixed 

gently. The tube was incubated at 37°C for 30 minutes. The labelled probe was 

then purified from unincorporated (y-32P)dATP using a NENSORB™20 nucleic 

acid purification cartridge (Du Pont NEN Products, Boston, MA) according to the 

manufacturer's protocol. Two ml of 100% methanol were passed through the 

column to pre-wet the resins. Three ml of reagent A (0.1 M Tris-HCI, 1 0 mM 

triethylamine, 1 mM disodium EDTA, pH 7.7) was passed through the column. 

The labelling mix was diluted with 200 µI of reagent A and applied to the column. 

The column was then washed with 3 ml of reagent A and 3 ml of water. The 

labelled DNA was then eluted with 400 µI of Reagent B (20% ethanol). This 

eluted probe was directly used for hybridization. The probe specific activity was 

~ sx1 o5 cpm/pmole 
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Section B. HEL Cells 

Maintenance of HEL Cells 

The HEL cell line was obtained from Dr. Josef.T: Prchal (Department of 

Hematology, University of Alabama, Birmingham, AL). Cells were maintained in 

complete medium , which contained RPMI 1640 supplemented with 10% fetal 

bovine serum (Hyclone, defined), glutamine (2 mM), HEPES buffer (pH 7.4, 10 

mM) and penicillin (100 units/ml)/streptomycin (100 µg/ml). Cells were 

incubated in a humidified environment at 37°C and in the presence of 5% CO2. 

Transient Transfection of HEL Cells 

Cells were washed 3 times with PBS (phosphate-buffered saline) and 

adjusted to a concentration of 7 X 106 in 0.4 ml of PBS. Twenty-five µg of 

plasmid were thoroughly mixed with the cells and electroporation was done at 

180 volts and 960 µFD using a Bio-Rad Gene Pulser with a Capacitance 

Extender (169). The cells were stored on ice for 1 O minutes before being 

suspended in complete RPMI 1640 culture medium. 

Stable Transfection 

To select for stable transfectants, HEL cells were grown in complete RPMI 

1640 culture medium for 24 hr after electroporation. G418 sulfate (a neomycin 

analog; named Geneticin® by GIBCO® Laboratories, Life Technologies, Inc., 

Grand Island, NY) was added to a final concentration of 1000 µg/ml. The 

medium was changed by pelleting cells by centrifugation and resuspending 

them in fresh medium containing the same concentration of G418 sulfate. At 

about 10 days to two weeks, clones of stable transfectants were observed by 



light microscopy. Stable transfectants were later maintained in medium 

containing 500 µg/ml G418 to prevent the loss of the plasmid. 

Cell Cloning . 
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To see the possible relationship of expression of transfected genes with their 

copy numbers, cell cloning were performed by the limited dilution method (164). 

Cells to be cloned (subcultured the day before) were counted with a 

hemocytometer. The cells were then diluted to final concentration of one cell per 

200 µI with complete medium. The cells were then plated in 96-well plate with 

200 µI in each well.-.. The number of cells in each well was checked the next day 

with a microscope as the cells settle to the bottom. A single cell grows to a 

colony visible to the naked eye within two weeks. Individual colonies were then· 

transferred to 24-well plates with 1 ml of medium in each well. The cells were 

then transferred to T-75 culture flasks one week later. 

Cell Doubling Time 

The cell doubling time for HEL cells was estimated by the method described 

by Gopalakrishman and Anderson (165) with slight modifications. Cells were 

plated in 30 ml of medium in T-75 flasks at a concentration of 103 cells per 

milliliter. The flasks were incubated at 37°C for 9 days. The cells were treated 

with trypsin (500 µg/ml)-EDTA (200 µg/ml) and diluted with equal volume of PBS. 

The cells were counted using a hemocytometer. The number of cell doublings 

was obtained by the following formula: 

Cell Doubling Number=log2cell Cone. (9th day)/cell Cone. (1st day) 

The cell doubling time (X) was obtained for each clone by dividing the number 

of hours of growth by the number of cell doublings: 

X=hours of growth/cell doubling number 
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Cellular Uptake of Latex Particles 

Latex uptake by HEL cells was measured as follows (166, 167, 168); 

Approximately 1.5X106 cells were plated in 30 ml of medium in T-75 flasks. 

Three days later, 60 µI of 10% polyvinyltoluene latex particles (2.35 µm, 

standard deviation: 0.0197 µm, Dow Diagnostics, The Dow Chemical Company, 

Indianapolis, IN) were added to the cell culture flasks. The flasks were mixed 

gently by swirling the flasks several times and incubated for 14 hours. The cells 

were scraped off the culture flask using a cell scraper and washed 10 times in 

PBS by centrifugation at 200 g for 2 minutes at room temperature. The 

supernatant was discarded after each centrifugation and the cells were 

suspended in PBS by inverting the tubes several times. After 10 washes, no 

latex particles could be seen on the surface of the cells with light microscope. 

The cells were suspended in 1 ml PBS and 100 µI aliquots were taken out for 

measurement of total protein. The remaining ce_lls were pelleted by 

centrifugation, the supernatant was discarded and 2 ml of dioxane were added 

to the tubes. The tubes were covered with parafilm and incubated at room 

temperature overnight to extract the latex particles. The tubes were then 

centrifuged. The latex content (µg) in the 900 µI cells was obtained by 

comparing A274 to a standard curve obtained with known amounts of latex. 

To measure the total protein, the 100 µI cells were lysed by three rounds of 

freezing (in dry ice and ethanol) and thawing (in 37° incubator) in an Eppendorf 

tube. Following centrifugation in a microcentrifuge for 10 minutes, the 

supernatant was removed and the protein in 5 µI was measured by the Bio-Rad 

protein assay method as described by the manufacturer's protocols. BSA was 

used for the standard curve. 
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Hemoglobin Induction 

Hemoglobin synthesis in HEL cells was induced by adding to the cell culture 

ii-ALA (Sigma, St. Louis, MO) to a final concentration of 500 µM during early log 

phase of growth (about 1 o4 cells/ml). The cells were further incubated for five 

days in the presence of ii-ALA. 

Benzidine Staining 

For benzidine staining of HEL cells, cells were grown in T-75 flasks. 

Benzidine staining of HEL cells was done according to Orkin, et al (170) with 

minor changes. The cell suspension was diluted 1 : 10 before staining. One 

tenth volume of benzidine staining solution (freshly mix 5 µI of 30% H2O2 with 1 

ml of 10 mg/ml benzidine dissolved in 4% acetic acid) was added to the cell 

suspension. The staining was done at room temperature for 20 minutes. The 

cells were pelleted by centrifugation and the supernatant was discarded. "T:he 

cells were placed on a slide and covered with a coverslip. Blue, benzidine

positive cells were visualized using light microscopy. Total hemoglobin 

concentration in cell extracts was also measured by benzidine staining (171 ). 

Cells were lysed by freezing and thawing without additional water. The 

supernatant after centrifugation was collected. Twenty-µI of the supernatant 

were mixed with 1 ml of 1 % benzidine and 1 ml of 1 % hydrogen peroxide 

dissolved in 10% acetic acid. Color development continued for 20 minutes at 

room temperature. Absorbance was measured at 515 nm. The hemoglobin 

content was obtained by comparing A515 to a standard curve obtained with 

serial dilutions of hemolysate at known concentrations. 
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Hemoglobin Concentration Measured by Absorbance at 420 nm 

Hemoglobin concentration was also measured spectrophotometrically (165). 

Cell lysates were prepared after washing cells three times with PBS and by 

freeze-thaw lysis in 1 ml of water. The lysed cell suspension was centrifuged in 

Eppendorf tubes with a microcentrifuge at maximum speed (approximately 

1 0,000X g) for 15 minutes .. The supernatant was recentrifuged to ensure the 

clarity of the liquid. Absorbance was measured in a spectrophotometer at 420 

nrri using water as blank. The absorbance at 42°0 nm was multiplied by 0.0945 to 

give hemoglobin concentration in milligrams per milliliter (165). 

lsoelectric Focusing 

lsoelectric focusing of hemoglobins was carried out according to the 

instructions for the Neonatal Hemoglobin Screen, a kit from lsolab Inc. (Akron, 

Ohio). HEL cells were grown in T-150 flasks. Cells were induced as described 

previously (see Hemoglobin Induction section). Approximately 108 cells were 

washed with PBS and pelleted. Cellular protein extract was prepared by freeze

thaw, followed by microcentrifugation to obtain the supernatant. Total protein 

was measured using the Bio-Rad protein assay method. Two hundred and 

fourteen µg bf total protein were applied onto IEF agarose gels. The gel 

contained RESOLVE Ampholites pH 6-8. The power supply was set at a 

constant 30 watts. After isoelectric focu~ing, gels were fixed in a 10% 

trichloroacetic acid solution for 10 minutes and placed in distilled water for 15 

minutes. The gel was stained in freshly-made staining solution. The gel was 

rinsed three times with distilled water and soaked with copious amount of 

distilled water for at least one hour. The relative quantity of the different 
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hemoglobins was measured by density scanning with a Shimadzu CS9000 Dual 

Wavelength Flying Sp_ot Scanner (Shimadzu Company, Kyoto, Japan). 

Section C. DNA Studies 

~NA Extraction from HEL Cells 

Genomic DNA of HEL cells was ,extracted essentially as described by Poncz et 

al (172). Roughly 5X1 o,6 HEL ce_lls were scraped off the culture flasks using cell 
.. 

scrapers. The cells we_re washed three times with PBS. The cell pellets were 

suspended in 19 ml STE (0.1 M NaCl, 0.05 M Tris, pH 7.4, f mM EDTA). One ml 

of 10% SDS was added to the cell suspension along with 200 µI of proteinase K 

(100 µg/ml). The whole suspension was mixed gently by inverting the tube 

several-times. The tube was incubiated in a 37°C oven overnight. The digested 

protein products were extracted with an equal volume of redistilled phenol 

previously saturated with Tris buffer (200 mM Tris (pH 8.0), 0.1 % 

hydroxyquinoline). The phenol extraction was repeated once. The sample was 

then extracted with phenol/chloroform-isoamyl alcohol (50/50) once and 

· chloroform-isoamyl alcohol (24:1) once. The genomic DNA was precipitated 

with 30 ml of 95% ethanol. The DNA pellet was then washed twice with 100 µI of 

75% ethanol. The pellet was dried briefly to remove the ethanol using a Speed

Vac (Savant Instruments Inc., Farmingdale, N. Y.) and finally dissolved in 1 ml of 

TE buffer (1 mM Tris, pH 7.5, 1 mM EDT A). 

Southern Blot. Analyses 

Plasmid or genomic DNA was digested with restriction enzymes using 

conditions recommended by the manufacturer. After digestion, xylene cyanol 

and bromophenol blue were added to final concentration of 0.25% (w/v). The 
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samples were then separated by agarose gel electrophoresis (176). Southern 

blot analysis (173) was carried out as described below. After electrophoresis, 

the agarose gel was placed in 0.25 M HCI until the dyes changed color. The gel 

was left in the HCI solution for an additional 10 minutes. The 0.25 M HCI step 

was omitted when the DNA fragments were shorter than 10 Kb in size. The 

agarose gel was rinsed in distilled water and placed in denaturation solution (1.5 

M NaCl and 0.5 M NaOH) for 30 minutes at room temperature with gentle 

shaking. The gel was rin-sed in distilled water and placed in neutralization buffer 

(1.5_ M NaCl, 0.5 M Tris-HCI pH 7.2 and 1 mM EDTA) with gentle shaking at room 

· temperature for 15 minutes. The neutralization step was repeated once. The 

DNA was then blotted onto Zeta-P~obe membrane (Bio-Rad Laboratories, 

Richmond, CA) by capillary action in 20X SSC solution (3 M NaCl and 0.3 M 

sodium citrate): The membrane was rinsed gently once in 2X SSC solution and 

baked at 80°C for 2 hours. The membrane was incubated in a 25 ml solution 

containing the following: 5X SSPE (0.9 M NaCl, 50 mM sodium phosphate and 5 

mM EDTA, pH 7.7), 5X Denhart's solution (0.1% of Ficoll, 0.1% 

polyvinylpyrollidone and 0.1 % BSA), 0.5% SOS, and 100 µg/ml of heat 

denatured salmon sperm DNA at 65°C for at least one hour in a shaking water 

bath. Oligolabelled cDNA probes were heat denatured by boiling for 5 minutes 

and immediately transferred to ice to cool. The denatured probe was then 

added. The probe concentration was less than 20 ng/ml (usually ~ 8X106 

cpm/ml). The bag was resealed and incubated with constant agitation at 65°C 

overnight. Following hybridization, the membrane was washed with constant 

agitation iri 2X SSPE (360 mM NaCl, 20 mM sodium phosphate, and 2 mM 

EDTA, pH 7.7) containing 0.1% SOS at room temperature. The 2X SSPE wash 

was repeated once. The membranes were then washed once in SSPE 

containing 0.1 % SOS at 65°C for 15 minutes. The SSPE step was repeated 
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once. The filters were then wrapped in Saran wrap and exposed to Kodak 

diagnostic film (X-OMAT'"M.AR) with intensifying screens from 30 minutes to 

overnight, developed and the hybridization signals were visualized. 

Section D. RNA Analysis 

Total RNA Extraction 

Total RNA was extracted using the RNAzol™ method (Biotecx Laboratories, 

Inc., Houston, Texas 77033). Briefly, HEL cells were scraped off the flask with 

cell scrapers and washed once in PBS. Cells were lysed in 0.2 ml of RNAzol™ . . . 

solution per 106 cells. The lysate was pipetted up and down a few times. Ten 
. . 

percent (relative to the lysate volume) of chloroform was added to the solution 

and the sample was tightly covered. The tubes were shaken vigorously for 15 

seconds and _put on ice for 15 minutes. The samples were then centrifuged at 

12,000xg for 15 minutes at 4°C. The aqueous phase was carefully removed and 

transferred to a clean tube. An equal volume of isopropanol was added and the 

samples were kept at -20°C for 45 minutes to precipitate RNA. The samples 

were centrifuged for 15 minutes at 12,000xg at 4°C, the RNA pellet was washed 

with 75% ethanol, and subsequently centrifuged for 8 minutes at 7,500xg at 4°C. 

The final RNA pellet was dissolved in a 0.1 % sarkosyl solution (100 mM ~

mercaptoethanol and 0.1 % sarkosyl in diethyl pyrocarbonate (DEPC)-treated 

water). The total RNA concentration (µg/ml) was obtained by multiplying A260 

by a "factor of 40 (176). The RNA was re precipitated with ethanol for long term 

storage at -20°C. Approximately 1 mg total RNA was obtained for 108 cells. 
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Poly A+ RNA Extraction from Total RNA 

Poly A+ RNA was prepared using the Fast Track™ mRNA isolation kit 

(lnvitrogen Corporation, San Diego, CA) as described by the manufacturer. 

Briefly, about 500 µg total RNA was dissolved in 10 ml of lysis buffer (5 M 

guanidinium isothiocyanate, 0.05 M Tris-HCI pH 7.5, 0.01 M Na2EDTA and 5% 

l}-mercaptoethanol) and incubated at 65°C for 5 minutes. The solution was then 

cooled on ice for 1 minute and then transferred to room temperature. Six 

hundred and thirty-three µI of 5 M NaCl were added to adjust the NaCl 

concentration of the solution to 0.5 M and one oligo (dT) cellulose tablet was 

added to the solution. The oligo (dT) cellulose tablet was allowed to swell for 2 

minutes with gentle mixing until the tablet was completely dispersed. The tube 

was sealed and rocked for 30 minutes at room temperature on a Nutator (Becton, 

Dickinson and Company, Parsippay, NJ). The oligo (dT) cellulose was then 

pelleted at 3,000xg at room temperatu·re. The supernatant was discarded and 

the pellet was resuspended in 20 ml of binding buffer. The oligo (dT) cellulose 

was pelleted and resuspended in 10 ml of binding buffer. The oligo (dT) . 

cellulose was then pelleted and resuspended in 10 ml· of low salt wash ~uffer. 

The low salt buffer wash step was repeated several times until the buffer was no 

longer cloudy. After the last wash, the oligo (dT) cellulose was resuspended in a 

final volume 0.8 ml of low salt buffer and pelleted by centrifugation in a spin

column at 5,000Xg. The oligo (dT) cellulose pellet was then washed with low 

salt buffer in the spin-column several times until the A2so of the "flow through" 

was below 0.05. The poly A+ RNA was then eluted with 200 µI of elution buffer 

and recovered by centrifugation. The poly A+ RNA was precipitated with 0.15 

volume of 2 M sodium acetate and 2.5 volumes of ethanol. The sample was 

placed on dry ice for 15 minutes. The sample was then centrifuged at 16,000xg 
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for 15 minutes. The pellet was washed once with 70% ethanol. The poly A+ RNA 

pellet was finally resuspended in 50 µI elution. buffer. The concentration of poly 

A+ RNA (µg/ml) was obtained by multiply A2so with a factor of 40. The yield was 

about 5 to 10 µg. 

Northern Blot Analysis 

Northern blot hybridization analysis was carried out usi!]g the GeneScreen 

Plus™ hybridization transfer membrane according to the manufacturer's 

protocols (Du Pont Company, NEN Products, Boston, MA). The RNA samples 

were glyoxalated before bei.ng loaded on to the gel. For glyoxalation, RNA was 

dissolved in 20 µI of the glyoxalation solution (1.0 M deionized glyoxal, 50% 

dimethylsulfoxide (DMSO), and 12 mM Tris-6 mM sodium acetate-0.3 mM EDTA, 

pH 7.0). The samples were then incubated at 50°C for 30 minutes on a heating 

block. After incubation at 50°C, the samples were cooled on ice. Tracking dye 

was added and the samples were loaded onto a 1.5% agarose gel prepared in 

12 mM Tris-6 mM sodium acetate-0.3 mM EDTA (pH 7.0). Electrophoresis was 

conducted for 4 - 6 hours in the presence of 12 mM Tris-6 mM sodium acetate-

0.3 mM EDTA, pH 7.0. This buffer was changed at 30 minutes intervals to 

maintain the pH of the buffer below 8.0. Following electrophoresis, RNA 

samples were blotted overnight in 1 OX SSC onto the "b" side of GeneScreen 

Plus™ hybridization transfer membrane. The membrane was removed and 

immediately immersed in 50 mM sodium hydroxide solution for 15 seconds to 

reverse glyoxalation. The membrane was then quickly transferred to SSC (0.15 

M NaCl, 15 mM sodium citrate) solution containing 0.2 M Tris-HCI, pH 7.5, 

incubated for 30 seconds and air dried. The membrane was incubated in 1 O ml 

of the following solution: 50% formamide (deionized), 1 % SDS, 1 M sodium 

chloride, 10% dextran sulfate and 50 mM Tris pH 7.5 in a shaking water bath at 
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42°C for several hours. One mg of salmon sperm DNA in a volume of less than 

100 µI and radiolabelled cDNA probes were boiled for 5 minutes and quickly 

transferred to ice. Denatured salmon sperm DNA was added to a final 

concentration of 100 µg/ml. The final concentration of probe in the bag was 

approximately 10 ng/ml. The bag was resealed and incubated at 42°C 

overnight. After hybridization, the membranes were washed to reduce 

background signals. The membrane was first washed twice at room temperature 

with 200 ml of 2X SSC solution (0.3 M sodium chloride-30 mM sodium citrate), 

twice at 60°C for 30 minutes in 2X SSC solution containing 1.0% SDS, and 

twice with _0.2X SSC containing 1 % SOS at 60°C, and once in 0.1 X SSC at 

room temperature for 30 minutes. To prevent the membrane from drying, the 

membrane was placed on a sheet of Whatman 3MM filter paper prewet with 0.1 X 

SSC with the "b" side up. The membrane and the paper were wrapped in Saran 

wrap and exposed to Kodak diagnostic film (X-OMA"fTM.AR) with intensifying 

screens to visualize the hybridization signals. Relative levels of the hybridization 

signals were measured by density scans of the autoradiographs with a 

Shimadzu CS9000 Dual Wavelength Flying Spot Scanner. For stripping of the 

membranes, 500 ml of 0.01 X SSC (1.5 mM sodium chloride, 0.15 mM sodium 

citrate) containing 0.01% SDS was heated to boiling and poured onto the 

membrane in a clean container. The container was then agitated until the 

temperature of the solution cooled to room temperature. The ·above procedure 

was repeated until there was no signal following an overnight exposure to X-ray 

film. Prehybridization and hybridization were done as described above. 
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RNA-Polymerase Chain Reaction (RNA-PCR) 

RNA-PCR was carried out using the GeneAmp® RNA PCR Kit (Perkin Elmer 

Cetus, Norwalk, CT) essentially as described by the manufacturer's protocol. 

Two µg of total RNA were transcribed into cDNA in a 20 µI reverse transcription 

mixture containing PCR Buffer (20 mM Tris (pH 8.3), 50 mM KCI, 2.5 mM MgCl2, 

1 mM DTT, 100 mg of bovine serum albumin per ml) 1 mM dNTP, 2.5 µM random 

hexamer, 25 units of RNase inhibitor, and 10 units Moloney Murine Leukemia 

Virus (M-MLV) reverse transcriptase. The mixture was overlaid with 50 µI of 

mineral oil and incubated at 42°C for 15 minutes. The RNA-DNA hybrid was 

denatured by heating to 99°C for 5 minutes followed by immediate cooling to 

5°C. The reverse transcription product was used directly for the PCR by adding 

80 µI PCR buffer containing 2 mM MgCl2, 2.5 units of AmpliTaq DNA 

polymerase, and 0.15 µM of each primer. The mixture was subjected to 

temperature cycling as follows: 2 minutes at 95°C for 1 cycle, 1 minute at 95°C, 1 

minute at 60°C for 35 cycles and 7 minutes at 60°C for 1 cycle. Temperature 

cycling was done with a DNA Thermal Cycler (Perkin Elmer Cetus, Norwalk, CT). 

The primer pair for luciferase mRNA gave a PCR product 1 kb in size. Twenty µI 

of the PCR product were denatured in 400 µI of denaturation solution containing 

a final concentration of 400 mM NaOH and 25 mM EDTA. The denatured DNA 

was dot blotted onto Zeta-Probe membrane. Hybridization with a luciferase 

cDNA probe was carried out as described for Southam blot (see Southern Blot 

Analysis section). 

RNA-PCR products were analyzed using the dot-blot hybridization method 

(174). Twenty µI were denatured for 10 minutes in 400 µI of denaturation 

solution containing a final concentration of 400 mM NaOH and 25 mM EDTA. 

The denatured DNA was then dot-blotted to Zeta-Probe membrane (presoaked 
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in 2X SSPE: 0.36 M NaCl, 20 mM NaH2PO4, pH 7.7, and 2 mM EDTA) with a 

Bio-Dot™ Apparatus(Bio-Rad Laboratories, Richmond, CA). The membrane was 

removed and baked at 80°C for 2 hours. Hybridization of the dot blotted 

membrane was carried out as described for the Southern blot analysis above. 

Section E. Cloning 

Insertion of Synthetic DNA into Plasmid 

Oligodeoxynucleotides were synthesized using a 380B DNA synthesizer 

(Applied Biosystems, Foster City, CA). Annealing of single stranded DNA (175) 

was carried out in 250 mM Tris (pH 7.7). Oligonucleotides were brought to a 

final concentration of 20 pmol/µI. The solution was heated to 95°C for five 

minutes. It was quickly transferred to 70°C and slowly cooled (-3.5 hr} to 4°C. 

The annealed double stranded DNA was stored in a -20°C freezer. The 

mammalian expression vector pMAMneo-luc (Clonetech Laboratories, Palo Alto, 

CA, Figure 13a) was us!=!d for construction of plasmid. Linearization of plasmid 

with restriction enzymes, Xho I and Kpn I, was carried out according to the 

conditions recommended by the manufacturer (BRL, Bethesda, MD). These two 

restriction enzymes produce different overhangs (Kpn I produces a 5' overhang 

while Xho I produces a 3' overhang}. They also require different buffer systems. 

Therefore, 25 µg of plasmid was first digested with ·Kpn I. A minigel 

electrophoresis was run to check the completeness of the digestion. The 

completely digested plasmid was subjected to phenol extraction and ethanol 

precipitation. The plasmid DNA was redissolved in TE buffer and subjected to 

digestion by Xho I. A separate tube of supercoiled plasmid was digested under 

the same condition by Xho I. Minigel electrophoresis was run to 



Figure 13. Map of pMAMneo-luc and pMAMneo-luc•ribozyme. 

The top figure tal·shows the map of mammalian exoression 

vector. pMAMneo-luc rc1onetech Laboratones\. -The expressjon 

of firefly lvciferase c□NA is under the control of an MMJY-LIB 

.and an BSY-LIB, The vector contains a neomycin resistance 

gene which can confer the cell resistance to G418 sulfate ra 

neomycin analog\. It also contains a pBR322 ongjn of 

repncatjon and an aropicillin qisistance gene for propagation in 

. E coli, The location of the ribozvme insertion is shown in (bl-

. pMAMneo-luc-nbozyme, The insertion sjte is at a position 3' to 

_the termination codon otthe firefly luciferase cPNA, 
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check the complete digestion of control plasmid. The incubation time for each of 

the restriction enzymes at 37°C was 16 hours. When the control plasmid was 

completely linearized, the double digested plasmid was subjected to phenol 

extraction and ethanol precipitation. The resulting linearized plasmid was 

dissolved in TE, and used for directional cloning. The ligation of the annealed 

double stranded fragment to the linearized plasmid was done accordi~g to 

standard methods (176). One tenth µg of linearized plasmid, dissolved in TE, 

was mixed with the annealed DNA fragment. The molar ratio of the DNA 

fragment to the plasmid was 2 : 1. The mixture was warmed in a 45°C water bath 

for 5 minutes and slowly cooled to 4°C. One µI of 1 OX bacteriophage T 4 DNA 

ligase buffer (200 mM Tris-HCI, pH 7.6, 50 mM MgCl2, 50 mM OTT, and 500 

µg/ml BSA), 0.1 Weiss unit bacteriophage T 4 DNA ligase (USB, United States 

Biochemical Corporation, Cleveland, Ohio) and 1 µI of 5 mM ATP were added to 

the DNA fragments; the final volume was 20 µI. The ligation reaction was 

incubated at 16°C overnight. 

Transformation 

Competent E. coli DH5cx cells were obtained from BAL (Bethesda Research 

Laboratories, Bethesda, MD). Cells were transformed with plasmid constructs as 

described by the manufacturer with minor changes. Fifty µI aliquots of E. coli 

DH5cx were pipetted into Falcon 2059 tubes and stored on ice. One µI of a 5-fold 

dilution of the ligation reaction mixture was mixed with the bacteria by gentle 

shaking for 5 seconds. The mixture was then incubated on ice for 30 minutes, 

heated for 45 seconds in a 42°C water bath, and cooled on ice for 2 minutes. 

Four hundred and fifty µI of S.O.C. (2% bactotryptone, 0.5% yeast extract, 1 O mM 

NaCl, 2.5 mM KCI, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose) were added 

at room temperature. The tube was then incubated at 37°C at 225 rpm for 1 hr. 
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All the cells were then plated on 1.5% agar plates prepared with LB medium (1 % 

bacto-tryptone, 0.5% yeast extract 1 % NaCl) containing 75 µg ampicillin per 

milliliter. 

Colony Hybridization 

Colony hybridization was carried out to screen bacterial colonies for positive 

clones. Hybond™ gridded nylon membranes (Hybond-N) were laid on 

LB/ampicillin agar. Bacterial colonies from transformation were inoculated onto 

duplicate membranes with a sterile toothpick. Care was taken to select 

individual colonies, well separated from others. The membranes were incubated 

at 37°C overnight.
0 

One of the membranes was removed from the agar plate and 

placed colony side up for 7 minutes on a piece of filler paper that was previously 

soaked in denaturation solution (1.5 M NaCl, 0.5 M NaOH). Then, the 

membrane was placed for 3 minutes on another piece of filter paper that was 

previously soaked in neutralization solution (1.5 M NaCl, 0.5 M Tris-HCI pH 7.2, 

and 1 mM EDTA); the neutralization process was repeated once. The filter was 

rinsed gently in 2X SSC and placed on dry filter paper and air dried with the 

colony side up. The side of the filter containing colonies was illuminated with 

short wavelength UV light for 3 minutes to cross-link the DNA. Hybridization was 

then carried·out with an end labelled ODN probe as previously described for 

Southern blot hybridization (see Southern Blot Analysis section) 

Large Scale Preparation of Plasmid 

Thirty ml LB medium was inoculated with cells from a single bacterial colony 

and incubated at 37°C with shaking. The culture was grown to late log phase (to 

an ODsoo of ~0.6) and transferred into 500 ml of LB medium in a 2-liter flask. 

2.5 ml of chloramphenicol (34 mg/ml in ethanol) was added to the culture after 
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2.5 hours and growth was continued overnight. DNA was isolated using the 

alkaline lysis method (176). Bacterial cells were washed by centrifugation in 

100 ml of ice-cold STE (0.1 M NaCl, 10 mM Tris-HCI, pH 8.0, and 1 mM EDTA, 
' 

pH 8.0). The bacterial pellet was resuspended in 10 ml of solution I (50 mM 

glucose, 25 mM Tris-HCI, pH 8.0, 10 mM EDTA, pH 8.0) and 1 ml of freshly 
i -
prepared lysozyme solution (10 mg lysozyme/ml in 10 mM Tris-HCI, pH 8.0). 
I . 
Twenty ml of freshly prepared solution II (0.2 N NaOH, 1 % SOS) were added, 

~ixed gently by inverting the bottle several times, and incubated at room 
I 
temperature for 10 minutes. Fifteen ml of ice-cold solution Ill (mixture of 60 ml 5 
I 

M potassium acetate, 11.5 ml glacial acetic acid and 28.5 ml of water) were 

added; the contents were mixed and placed on ice for 10 minutes. The white 

flocculant precipitate containing chromosomal DNA,- high-molecular-weight RNA, 

and potassium/SOS/protein/membrane complex was then centrifuged at 4000 

rpm for 15 minutes at 4°C in a Sorvall GS3 rotor. The clear supernatant was 

transferred to a clean tube, 0.6 volume of isopropanol was added, and the 

mixture was kept at room temperature for 10 minutes. The plasmid precipitate 

was centrifuged, the pellet was washed twice with 70% ethanol, dried for 5 

minutes under vacuum, and dissolved in 30 ml of TE (pH 8.0). Thirty grams of 
' 
¢set was dissolved in the 30 ml mixture and 1 ml of 1% ethidium bromide (w/v) 

was added. The solution was transferred to Quick-Seal™ centrifuge tubes 

(Beckman Instruments, Inc., Palo Alto, CA). Centrifugation was at 40,000 rpm for 

24-48 hours at 15°C in a vertical VTi50 rotor (155, 187g). Two DNA bands, 

located at the center of the centrifuge tube, were seen under UV light. The upper 

band contained linear bacterial DNA and nicked circular plasmid DNA. The 

lower band contained closed circular plasmid DNA. The lower band was 

collected and dialyzed against copious amount of TE (pH 8.0) with several 
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changes using boiled Spectrapor® Membrane Tubing (Spectrum Medical 

Industries, Inc., Los Angeles, CA). 

Section F. Functional Assays of Reporter Genes 

Luciferase Assay 

A luminescence assay for firefly luciferase activity was carried out with minor 

changes according to the method of V. T. Nguyen et al (177) which utilizes a 

scintillation counter. Fifteen million HEL cells were washed 3 times with PBS. 

The cells were lysed in 100 µI lysis buffer (25 mM potassium phosphate buffer 

(pH 7.8), 8 mM MgCl2, 1 mM DTT, 1 mM EDTA, 1% Triton X-100, 1% BSA, 15% 

glycerol) and the supernatant was obtained by centrifugation. Light emission 

was initiated by mixing 50 µI of cell lysate with 200 µI of reaction buffer (0.13 mM 

'luciferin, 0.5 mM ATP, 100 mM potassium phosphate, pH 7.8, 8 mM MgCl2, 1 

mM DTT, 1 mMEDTA, 1% BSA, 1% Triton X-100 and 15% glycerol) in a 1.5 ml 

microcentrifuge tube. The sample was placed into a scintillation vial and 

introduced into the counting chamber of the scintillation counter and care was 

taken to measure each sample 6 minutes after the initiation of the reaction. 

CAT Assays 

CAT assays were carried out using a thin layer chromatography method 

essentially as described by Gorman et al ( 178). HEL cells were washed 3 times 

with PBS. Cells were resuspended in 150 µI of 0.25 M Tris-HCI, pH 7.8. The 

cells were then subjected to 3 rounds of freezing (with dry ice and ethanol) and 

thawing (in 37°C incubator). The cell debris was pelleted in a microcentrifuge at 

12,000xg at 4°C for 15 minutes, and the supernatant was transferred to a new 

microcentrifuge tube. The total protein concentration of each extract was 
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determined using the Bio-Rad protein assay kit. An equal amount of protein (125 

µg) was taken from each sample for CAT analysis. The final volume of each 

sample was adjusted to 125 µI with 0.25 M Tris-HCI, pH 7.8. The samples were 

then heated to 65°C for 1 o minutes to inactivate the eukaryotic 

acetyltransferases. Then, 20 µI of acetyl-CoA (35.2 mg/ml) an\:I 5 µI of 14c

chloramphenicol (NEN Research Products, Boston, MA) were added to each 

sample, and the mixtures were incubated overnight at 37°C. 14c

chloramphenicol and 14c-acetlylated chloramphenicol were extracted with 1 ml 

of ethyl acetate by vortexing for 30 seconds followed by centrifugation in a 

microcentrifuge at room temperature for one minute. The top organic phase was 

carefully transferred to a microcentrifuge tube and dried under vacuum. The 

samples were dissolved in 30 µI of ethyl acetate and spotted on Silica Gel IB 

(J.T. Baker Inc., Phillipsburg, NJ). The plate was developed by ascending thin 

layer chromatography using chloroform/methanol (95/5, v/v). After 

chromatography, the radioactive signals were visualized by exposing Kodak 

diagnostic film (X-OMATTM.AR) to the silica gel with intensifying screens. 

Quantitative analysis was obtained by cutting out the radioactive spots from the 

silica gel plates and counting 14c in 1 O ml of ScintiVerse™ BD (Fisher Scientific, 

Fair Lawn, NJ) in a scintillation counter. 



RESULTS 

Design of the Ribozyme 

The design of the hammerhead ribozyme (Figure 14) was carried out 

according to the model provided by Haseloff and Gerlach (141). The first GUC 

trinucleotide downstream from the initiation codon of GATA-1 mRNA was 

chosen as the target site. The nucleotide.sequence shown in italics is exactly 

the same as the sequence at the hammerhead domain from the satellite RNA of 

the tobacco ring spot virus. Sequences that were added to both ends (or arms) 

are completely complementary to the GATA-1 sequences that flank the GUC 

trinucleotide. The DNA sequence that codes for the hammerhead ribozyme is as 

follows: 

5'TCTGAGGTCCCCAGGCTGATGAGTCCGTGAGGACGRAACCCCAGGCCAGG 

G3'. A complementary strand was written out according to the Watson-Crick • 

base pairing. Kpn: I and Xho I adaptor sequences were added to each end of the 

double stranded sequence to facilitate directional cloning of the DNA into the 

expression vector. Therefore, the following two ODNs were synthesized using 
. . 

the 380B DNA synthesizer (Applied Biosystems). Underlined are the adaptor 

sequences. 

5'.Q.TCTGAGGTCCCCAGGCTGATGAGTCCGTGAGGACGAAACCCCAGGCCAG 

GG.Q.3' 

and 

3'CATGGAGACTCCAGGGGTCCGACTACTCAGGCACTCCTGCTTTGGGGTCC 

GGTCCCGAGCT5' 
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Figure 14. Hammerhead rtbozyme targeting GATA-1 mRNA. 

This figure shows how the hammerhead rjbozyme targeting 

human GATA-1 mRNA was designed Partial mRNA sequence 

of GATA-1 starting from the initiation codon is shown. There are 

.several GUC sites in the mRNA of GATA-1 The first trinucleotide 

GUC (Underlined) 3' Of the initiation· codon was arbitrarily chosen 

as the target site The arrow indicates the theoretical cJeayaqe 

. site, The nucleotide sequence shown in italics is the same as 

the sequence fmm satellite RNA of tobacco dog snot virus. The 

arm sequences <underlined) are complementary to GATA-1 

mRNA sequences flanking the tdnucleotiPe GUC, The stars in 

the figure indicate Watson-crtck hydrogen bonding, 
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Human GATA-1 mRNA t 
5'AUGGAGUUCCCUGGCCUGGGGUC CCUGGGGACCUCAGAGCCCCUC3' ............. ..--- ················· 

3' GGGACCGGACCCCA GGACCCCUGGAGUCU 5' 
A CU G 
A A 
G U 
C •GA G 
A •u 
G•C 
G•C 

A G 

G U 
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Cloning the DNA Coding for Antisense RNA/Ribozyme 

The plasmid pMAMneo-luc (Figure 13a) were linearized with Kpn .1 and Xho I. 

The synthesized ODN coding for the antisense RNA/ribozyme were annealed. 

They were ligated to gave the construct which contains the luciferase-ribozyme 

chimeric gene in the correct orientation (Figure 15). The map of the resulting 

pMAMneo-luc-ribozyme is shown on Figure 13b. Forty-eight colonies of E.coli 

DH5a. clones, transformed with the pMAMneo-luc-ribozyme, were identified by 

colony hybridization to a ODN probe (Figure 16). The probe was the longer of 

the two ODN synthesized and end-labelled. 

One of the clones was arbitrarily selected and used to prepare plasmids. One 

hundred ng of the plasmid was further digested with Hpa I and sized on a 0.8% 

agarose gel. Southern blot hybridization was done with the end-labeled 

synthetic longer ODN as probe to con.firm that the selected plasmid had the 

ribozyme coding for sequences. Hpa I digestion of the pMAMneo-luc-ribozyme 

should produce two fragments, 2.6 and 7.7 kb respectively according to the 

restriction map of the plasmid. Ethidium bromide stain of gel prior to Southern 

blotting showed two bands with anticipated sizes (data not shown). 

Hybridization showed that only the 7.7 Kb fragment hybridized to the probe 

(Figure 17) and thus confirmed that the selected clone has the DNA coding for 

the antisense RNA/ribozyme insert. Large scale plasmid preparation of 

pMAMneo-luc-ribozyme was done using two rounds of CsCI banding. 

Stable Transfection of HEL Cells 

Plasmids pMAMneo-luc and pMAMneo-luc-ribozyme were linearized by 

digestion with Xmn I, extracted with phenol, and precipitated with ethanol prior 



Figure 15. Insertion of the annealed DNA, 

The insertion sjte is downstream from the JAA stop codon for 

translation in the firefly luciferase cPNA, The cloned double

stranded oliaodeoxynucieotide codes for the antisense 

BNA/nbozyme that was designed to tamet human GATA-1 

mRNA, Notjce the different overhangs at the ends, Kon I and 

Xho I The annealed DNA was djractjonany ligated into the 

oiasmjd. This orientation of insertion ensures the transcription of 

a chimeric luciferase mBNA that contain the ribozyme in its 3• 

:uotransiated region, 
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CTCTGAGGTCCCCAGGCTGATGAGTCCGTGAGGACGAAACCCCAGGCCAGGGC 

·····························~··························· CATGGAGACTCCAGGGGTCCGACTACTCAGGCACTCCTGCTTTGGGGTCCGGTCCCGAGCT - -Kpnl Xhol 

Rlbozyme .,_ _______ _ ._ ________ ..., __________ _. 

RSV-MMTV•LTR Firefly Luclferase cDNA 

SV40 splicing & 
polyadenylatlon 



Figure 16. Colony hybrjdjzatjon. 

Colony hybridization was done as described in Materials and 

Methods. The filter was hybridized to an end-labelled 

olioodeoxyoucleotide pmbe, The seguence 'Of this oliao is 

TCGAGCCCJGGCCTGGGGTTTCGQTQTCACGGAQTCATCAG 

CCTGGGGACCTQAGAGGTAC The dark spots are posjtjye 

. hybridization signals. The (-) sians indicate negative clones, 

The four circled minus sjgns indicate four negative controls, 
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Figure 17. _confjrmatjon of the DNA insertion in the plasmid, 

One tenth µg of plasmid DNA. pMAMneo-luc and pMAMneo-luc-

rjbozyme. were digested wjth Hoa I usjng BBL byffer REact™ 4 
_/final concentration, 2 mM Tris-HCI. pH 7.4, o.5 mM MgCl2,....mK! 

_5 mM KCI) wjth 1 unit of Hoa I restriction enzyme at 37°Q 

overnight, The digested plasmid was sized on an o,s¾ agarose 

minioel Southern blot analysis was carried as described in 

Materials and Methods. The membrane was hybridized to an 

end-labelled oijgodeoxynucieotjde, The sequence of this ongo 
_m 
_-JCGAGQQQTGGQQTGGGGffiQGCTQTCAQGGACJCATQAG 

- QCTGGGGAQQTQAGAGGTAQ. Lanes l & 4 are Hpa I digested 

oMAMneo-iuc, Lanes 2 & 3 are digests from two independent 

ciones of E coli that were positive by colony hybndizatjon. 
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to electroporation. The linearized plasmid was dissolved in PBS at a 

concentration of 25 µg/100 µI. Following electroporation, the cells were _grown in 

complete medium without G418 for 24 hr. After this 24 hr period, G418 sulfate 

was added to the culture flask to a final concentration of 1 mg/ml. Stable 

transfectants appeared in the culture within two weeks. They appeared as 

clusters of cells under the microscope. Individual clones of HEL cells, 

transfected with either pMAMneo-luc or pMAMneo-luc-ribozyme were obtained 

(the latter cells are generally referred to as HEL cells possessing the antisense 

RNA/ribozyme hereafter). Clones were grown in the presence of 500 µg/ml of , 

G418 sulfate to prevent the possible loss of the plasmid during culture. 

Copy Number determination 

To confirm the presence of integrated plasmid in these clones, genomic DNA 

was extracted from arbitrarily selected clones. Ten µg of the genomic DNA was 

digested with Xmn I and sized on a 0.8% agarose gel. Southern blotting was 

done using Zeta probe nylon filters. Hybridization was to the luciferase cDNA 

probe. The results of the Southern blot (Figure 18) showed that the probe 

hybridized to the expected 10.3 kb Xmn I fragment in genomic DNA from all of 

the HEL cell clones. To measure copy number of the plasmid integrated into the 

genomes, prasmid pMAMneo-luc DNA, equivalent to 50, 5, 0.5 and 0.05 copies 

per diploid genome was added to 10 µg of untransfected HEL DNA and digested 

with Xmn I which serve as standards. Densities of the 10.3 kb fragment of the 

transfected cells were compared with the densities of standards. The results 

showed the copy number of the integrated plasmids varied between 1 and 15 

among the clones, and that both P-1 and P-2 contain one copy of the integrated 

plasmid while Ribo-1, Ribo-2 and Ribo-3 contain 1 0, 15 and 14 



Figure 18. Qogy number determination, 

_ Ten µg of genomjc DNA were djgested with 1 o units of Xmn I in 

BBL REact™ 2 buffer lfjnal concentration, s mM Trjs-HCL gH a,o. 
l mM Mac12, and s mM NaCl}. southern blot analysis was 

gerformed as described in Materials and Methods The 

membrane was hybridized to oliqolabelled lucjterase cQNA 

probe. Lanes 1. 2. 3, and 4 are 10 µq of HELgenomic DNA with 

. an equivalent of 50, 5, 0,5, and 0,05 copies of pMAMneo-luc per 

.aenome added before Xmn I digestion, Lanes 5 and 6 are 

.oenomic DNA from two cell clones, P-1 and P-2, transfected with 

oMAMneo-luc, Lanes 7 8, and 9 are genomic DNA fmm cell 

clones, Bibo-J, Bibo-2. and Bibo-3, transtected with gMAMneo-

. luc-ribozyme, 
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copies respectively. All of the HEL cell clones tested contained at least one 

integrated copy of the plasmid. Also note that in the pMAMneo-luc-ribozyme 

transformed cells, there are bands that are bigger than 10.3 kb. These probably 

derived from rearranged plasmid. 

Cell Doubling Time 

To assess the effect that the presence of the integrated plasmid pMAMneo-luc 

·or pMAMneo-luc-ribozyme may have on the cell growth, the cell doubling times 

of HEL cells and HEL cells possessing the antisense RNNribozyme were 

measured. The results show that the cell doubling time of each clone is -

approximately 22 hours (Figure 19). Therefore, integration of the plasmids 

containing the antisense RNNribozyme sequence into HEL cells has no 

observable effect on cell growth. 

Northern blot analysis 

To measure gene expression at the mRNA level, Northern blot analyses 

(Figure 20-1 and -2, Figure 21-1 and -2) were performed on total RNA and poly 

A+ RNA isolated from several HEL clones which were 6-ALA induced for five 

days. Membranes were hybridized with specific probes as follows: GATA-1 (a 

cDNA probe), y-globin (a polymerase chain reaction product), glyceraldehyde-. - -

phosphate dehydrogenase (GAPDH, a cDNA probe obtained from American 

Type Culture Collection) and luciferase (a cDNA probe). Figure 20-1 and figure 

21-1 show that probes for mRNA of GATA-1, y-globin and GAPDH gave strong 

hybridization signals. Relative quantities of GATA-1 mRNA, y-globin and GAPDH 

were determined by densitometric analysis. The density of GATA-1 mRNA or y 

globin mRNA bands were divided by the density of the GAPDH 



Figure 19. Qomparjson of cell doubling times. 

Qell doubling time was measured as described in Materials and 

Methods, HEL is the cell line that was not transfected with any 

piasmjd. P-1 and P-2 are ciones transfected wjth pMAMneo-iuc, 

Rjbo-1 Bibo-2 and Bibo-3 are ciones transfected wjth 

pMAMneo-iuc-nbozyme. 
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Figure 20-1. Northern blot hybrjdjzatjon of total RNA, 

Cells were cultured in the presence of 500 µM &-ALA for five 

days Extraction of RNA and Northern blot analysis were carried 

out as described in Materials and Methods, The membrane was 
hybridized to probes of GATA-1, y-globin, GAPDH. and 

1ucjterase Lane 1, HEL' Lane 2 and 3 e-1 · Lane 4 and 5, e-2; 

~ Lane 6 and z. Ribo-1 : Lane 8 and 9, Ribo-2: Lane 1 o and 11, 

Rjbo-3. Hybridization wjth luciferase probe djd not give any 

hybridization signal even after extensive exposure of X-ra.v ·films 

and therefore not shown, 
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Figure 20-2. Normalized densities of GATA-1 and y-globin mRNA bands in 

autoradjograph of Northern blotted total RNA, 

. for analyses of relative Qvantjtjes the bands of the Northern blot 

of figure 20-1 were scanned using Shimadzu CSQOOO Dual 

Wavelength Flyjnq Spot Scanner. The areas for GATA-1, and y

_gjobjn mRNA bands were divided by the areas obtained for 

GAPPH band to normalize the data, Yertjcal axis /Relative 

Density} is the area of GATA-1 or y-globin mRNA bands divjded 

by the density of GAPPH bands and rovltiplied by one hundred, 

.The bars represent the means and standard error of the mean, 

Controls. iaclvde HEL e-1 ·and e-2 HEL cens possessing 

Iibozvme include Ribo-1, ·Ribo-2, and Ribo-3, 
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Figure 21-2. Normalized densities of GATA-1 and y-globin mRNA bands in 

autoradjograph of Northern blotted poly A+ RNA, 

for analyses of relative quantities, the bands of the Northern blot 

of figure 20-1 were scanned usjnq Shjmadzu cssooo Pval 
Wavelength Flying Spot Scanner. The areas for GATA-1, and y-

,,_,. I ·Odil:i 
globjn mRNA bands were gr11@.cl by the areas obtained for 

. . \ 
GAPPH bands tn normaQ,e the data Panel a, the resu!ts tor 

GATA-1 mRNA. PanP,I I':!, tt,A results for '.'f:Qlobin mRNA. 
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mRNA band to correct for variations in the amount of RNA applied to each lane 

and/or variations in the amount of RNA transferred to the nylon membrane. The 

results (Figures 20-2 and 21-2) showed that GATA-1 mRNA is decreased about 

50% in HEL cells possessing the antisense RNA/ribozyme compared to the 

controls and that y-globin mRNA is decreased up to 70% in the same cells 

compared to the controls. Northern blot analysis of total RNA and poly A+ RNA 

showed similar results (Figures 20-2 and 21-2). Hybridization to the luciferase 
, 

cDNA probe did not give any hybridization signals even after extensive exposure 

of the films to the filters. Therefore, the results of hybridization to luciferase cDNA 

probe is not shown in these figures. 

Another interesting but unexpected finding was ttiat GATA-1 and y-globin 

mRNAs are present in HEL cells at high levels prior to induction with 6-ALA. 

When total RNA from non-6-ALA induced 1-:EL cells were used to do Northern 

blot analyses, probes for GATA-1 and y-globin mRNA hybridized readily to the 

filter (Figure 22). The amount of GATA-1 and y-globin mRNA before induction is 

comparable to the amount after induction. 

Expression of the Luciferase Gene 

The finding that luciferase mRNA was not detectable by Northam blot analysis 

suggested ttiat the luciferase mRNA levels were extremely low in these cells. 

Further experiments were designed to determine if the firefly luciferase gene is 

expressed in HEL cells. Measurement of luciferase activity (Table II) indicated 

that every clone that was transfected with the plasmid pMAMneo-luc or 

pMAMneo-luc-ribozyme had much higher luciferase activity than the negative 

control (HEL cell that was not transfected) and thus, luciferase mRNA must be 

present in these cells. 



Figure 22. y-globin and GATA-1 mRNA levels in HEL cells prior to induction. 

Northern blot analysis was carded out as described in Materials· 

and Methods with 20 ug of total RNA for each sample. The 

hybridizations of the two membranes with GATA-1, y~globin, and 

GAPDH probes were carded out in the same hvbridization baas 
and washed at the same time. Note-that the non-§-ALA induced 

samples have comparable amount of GATA-l and y-globin 

mRNAs as the induced ones. 
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Table II Luciferase activity in HEL cell extracts. 

Cells Mean CPM ± SEM* 

HEL 43 ± 14 

Clone P-1 8.3 ± 0.3 X 1 o3 

Clone P-2 1.2 ± 0.2 X 1 o3 

Clone Ribo-1 8.0 ± 0.4 X 1 o4 

Clone Ribo-2 6.0 ± 0.2 X 102 

Clone Ribo-3 5.9 ± 0.7 X 102 

* measurements were from three separate dishes 



84 

To further prove that luciferase mRNA is present in HEL cells that were 

transfected with the plasmid construct, 2 µg of total RNA from P-1 and Ribo-1 

were used to prepare cDNA. The cDNA was used directly for PCR using a pair 

of luciferase specific primers. The PCR product was dot blotted and hybridized 

with the luciferase cDNA probe. The results (Figure 23) show that dot blotted 

plasmid pMAMneo-cat, a negative control, does not hybridize to the probe. The 

dot blotted positive control, plasmid pMAMneo-luc, hybridized to the probe. All 

the samples that are transfected with the plasmids hybridized to the correct 

probe. Since "No RNA Control" does not hybridize with the probe under the 

stringent hybridization conditio_ns, the hybridization signal is not due to the 

presence of PCR primers. Therefore, luciferase mRNA must be present in the 

HEL cell clones. 

Hemoglobin Analysis 

If GATA-1 is required for hemoglobin gene expression in 6-ALA induced HEL 

cells, a decrease in the GATA-1 faQtor should result in a decrease in globin 

mRNA levels and a concomitant decrease in hemoglobin levels in these cells. 

Following stable transfection, the relative level of hemoglobin was measured 

using benzidine staining. Benzidine staining of different individual clones of 

HEL cells yielded the results shown in Figure 24. All of the clones of HEL cells -

possessing the antisense RNA/ribozyme had fewer numbers of benzidine 

positive cells compared to the controls. (p < 0.01, x2 analysis). Figure 25 shows 

the appearance of benzidine stained cells; the HEL cells transfected with 

pMAMneo-luc-ribozyme show a dramatic decrease in the number of benzidine 

positive cells. 

Three clones of HEL cells possessing the antisense RNA/ribozyme and two 



Figure 23. Dot biot hybridjzatjon of RNA-PCB product. 

Dot blot analysis was carried out as described in Materials and 

Methods "pMAMneo-cat" is plasmid DNA serving as a negative 

control, "oMAMneo-luc11 is plasmid DNA serving as a positive 

control "P-l" is a clone transfected wjth pMAMneo-iuc "P-2" is 

a clone transfected wjth pMAMneo-iuc-nbozyme "No RNA 

Control" is dot blotted RNA-PCB "product" without total RNA in 

the reaction ·mixture. 
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Figure 24. Comparison of benzidine positive cell counts in percentage of 
1Q1&. 

Six clones of pMAMneo-luc transfected HEL cens and lo clones 

of pMAMneo-luc-rjbozyme transfected HEL cens were randomly 

selected. The cells were induced with 500 µM §-ALA for five 

days, Benzidine staining of HEL cells was as described in 

Materials and Methods. 
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Figure 25. Benzidine stained HEL cells possessing the antisense 

RNAtdbozyme. 

The cells were photographed with a OJympus BH2 microscope 

usjnq Kodak day light film GoJd-1 oo 11 oox1 Left; a typical field 

of HEL cells transfected wjth pMAMneo-Juc. Right; a typical field 

of HEL cells transfected wjth pMAMneo-Juc-ribozyme. 
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some controls were chosen arbitrarily for IEF gel analysis of hemoglobins. Three 

different hemoglobins, namely Hb F, Hb Gower I and Hb Bart's, are seen on IEF 

gels (Figure 26-1). The levels of all three hemoglobins are decreased in HEL 

cells possessing the antisense RNA/ribozyme (Figure 26-1 and -2). The 

reduction of total hemoglobins of different samples, as determined by 

densitometric analysis (Figure 26-2), ranged from 50% to 90% compared to 

controls. Specifically, Hb F was reduced about 30-90%, and Hb Bart's was 

reduced 80-95%. Hb Gower I, present in levels of 10-20% of Hb Fin normal 

controls, was almost undetectable in HEL cells possessing the antisense 

RNA/ribozyme. The IEF gel was further stained with Coomassie blue to visualize 

total proteins. The total amount of protein was the same for all of the samples. 

These data confirm that hemoglobin induction in the HEL cells transfected with 

pMAMneo-luc and the HEL cells possessing the antisense RNA/ribozyme is 

indeed different. The cellular protein extracts were also analyzed 

spectrophotometrically to determine the hemoglobin concentration in these cells 

(Table Ill). The results showed that the HEL cells possessing the antisense 

RNA/ribozyme have less that 50% of hemoglobins compared with the controls. 

As indicated in Table 11, the luciferase activity varies dramatically from sample 

to sample, ranging from a few hundred CPM for Ribo-3 to 80,000 CPM for Ribo-

1. The luciferase activity did not have a direct relationship with copy number of 

the plasmid. A clone with higher luciferase activity (Ribo-1) did have further 

reduced hemoglobins compared with the other two HEL cells possessing the 

antisense RNA/ribozyme tested. Thus, it appears that the inhibition otgata-1 

expression does not correlate with the levels of luciferase activity. 



Figure 26-1. IEE of protein extracts from HEL cells possessjng the antjsense 

BNA/rjbozyme. 

lsoeiectrjc focusjng was accordjng to 1solab lac /see Materials 

and Methods) Lane 1, standard contaiaiaq Hb A. Hb f Hb s. 
and Hb c. Lanes 2 and 3 are e-1 and P-2. Lanes 4 s. and 6 

are Bib0-1, Bibo-2 and Rjbo-3 Lane z js hemolysate from a 3 

month aid baby wjth Hb Bart"s. 
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Figure 26-2 Analyses of relative quantities of Hb on the IEE gel 

Relative quantity of different hemoglobins on the IEE gel was 

measured by density scanning with Shjmadzu csaooo Dual 

Wavelength Elying Spot scanner The density of each 

hemoglobin band is plotted. e-1 and e-2 are the two control 

HEL clones Bibo-1. Bibo-2 and Bibo-3 are the three HEL clones 

that were transfected with pMAMneo-luc-ribozyme. 
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Table 111 Hemoglobin analysis of HEL cell clones. 

Cells Benzidine Hb Concentration Hb Concentration 

P-1 

P-2 

Ribo-1 

Ribo-2 

Ribo-3 

Positive Cell (%)$ 

79 

77 

34 

12 

17 

$ Percentage of a single measurement. 

Measurement-1@ Measurement-2 

4.4 3.021 ± 0.057 ... 

4.7 2.730 ± 0.065 

2.4 0.922 ± 0.047 

1.2 1.088 ± 0.087 

1.4 1.317 ± 0.075 

@ measurement of a single flask by benzidine staining of the hemolysate 

followed by spectrophotometry (µg of Hb per mg of total protein). 

* measured by A420 of hemolysates from three separate flasks. Shown are 

mean ± SEM (µg of 'Hb per mg of total protein).· 
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Morphology and- Latex Uptake by HEL cells 

Normal HEL cells in• culture appear as round cells that either do not adhere or 

adhere very slightly to the culture flasks. The cells can be detached from the 

culture flasks by gently knocking the culture flasks against the table. Only a 

small fraction (<10%) of HEL cells attach to the culture flasks and have the 

appearance of cytoplasmic spreading. HEL cells possessing the antisense 

RNA/ribozyme, however, show that most (> 80%) of the cells attach to the culture 

flasks and have the appearance of cytoplasmic spreading (Figure 27). Uptake of 

· Iatex particles was measured to evaluate the phagocytic activity of these cells. 

The data presented in Figure 28 show that HEL cells possessing the antisense 

RNA/ribozyme have acquired greater ability to take up latex particles and 

strongly suggest that HEL cells possessing the antisense RNA/ribozyme have 

acquired increased phagocytic characteristics. 

CAT Assay 

Two expression plasmids were previously constructed by Lanclos and Gu 

(169) to study the promoter activity of -175 T ➔c mutation in the human "f"globin 

gene (196, 197, 198). The gene coding for chloramphenicol acetyl transferase 

(cat) is used in these two constructs. The only difference in these two constructs 

is that the - 175 position the Ay-globin gene promoter used to drive the 

expression of cat is either T (normal) or C (mutant). The base substitution of T ➔ 

C at this position is believed to be responsible for the HPFH phenotype of 

increased fetal hemoglobin in the individuals carrying this mutation and the 

phenotype may be mediated by GATA-1 (195). The base substitution increases 

CAT activity several folds in K562 cells (169). If GATA-1 is the factor that 



Figure 27. Appearance of HEL ceHs possessing the antjsense 

RNA/rjbozyme, 

HEL cens in culture were anowed to grow for fjye days in a r-zs 
flask with the presence of 500 µM o-ALA. Cells were 

photographed at 2oox wjth an inverted microscope Panel a 

shows the typical appearance of pMAMneo-luc transfected cens, 

Panel b shows the typical appearance of pMAMneo-1uc-

ribozvme transfected cells .. 



93 



Figure 28. Latex particle uptake by HEL cens possessing the antjsense 

RNA/ribozyme, 

Latex particle uptake by HEL cells were measured as described 

i □ Materials and Methods, The bars represent SEM of a triplicate 

experiment HEL is not transfected with any plasmid, P·l and P-

2 are stably transfected with pMAMneo-luc, Bibo-1, Bibo-2 and 

Bibo-3 are stably transfected with pMAMneo-lvc-ribozyme, 
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mediates the phenotype of the -175 T ➔ C mutation, the ratio of the promoter 

activity of -175C (mutant) to -175T (normal) should be lower in HEL cells 

possessing the antisense RNA/ribozyme than the controls. These supercoiled 

expression plasmids were transfected into several cell clones, the CAT activity 

was measured, and the results of the CAT assay are shown in Figure 29. The 

data, however, do not support this prediction. As shown in Figure 29, the ratios 

of the promoter activity (as measured by CAT assay) of -175C (mutant) to -175T 

(normal) in HEL cells possessing the antisense RNA/ribozyme were not lower 

than that in the controls at all. In fact the actual ratios is higher in cells that 

contain antisense RNA/ribozyme than that in the controls. 



Figure 29. Relative activity of Ay-175T and Ay-175C promoters in HELcells 

possessjng the antjsense BNA/rjbozyme. 

Two p!asmjds were used in this experiment -lZ5J is a plasmid 
which contains a CAT gene with normal human Ay-globin gene 

promoter. -175C is a Plasmid which contains a CAI gene with 
the mutated human Ay-globin gene /c175 T::tCl. Transient 

transfectjon was performed on the ceHs shown in the figure witb 

these two plasmids. CAT assays were measured as described 

in Materials and Methods. Bars represent the ratios of the 

means of the CPM obtajned from plasmid -1zsc to the means of 

_the CPM obtajned from plasmid -lZ5J, HEL is not stably 

transfected with anything. e-1 and e-2 are stably transfected 

with·transfected with oMAMneo-luc, Ribo-1, Bibo-2 and Ribo-3 

. are stably transfected with pMAMneo-!uc-ribozyme. 

., 
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DISCUSSION 

The Role of GATA-1 in Hemoglobin Expression 

GATA-1 is a major erythroid trans-acting factor and its binding sites are found 

in the regulatory regions of all globin genes, including the locus control region 

(40). The binding sites are also present in other erythroid specific promoters of 

human genes coding for porphobilinogen deaminase (75, 76, 93), carbonic 

anhydrase I (94) and the erythropoietin receptor (94, 95, 96). These findings 

suggest that GATA-1 is important for the establishment of erythroid cell lineages. 

Experimental support for this idea comes from the studies of the targeted 

disruption of the gata-1 in a male m.urine embryonic stem cell line (102). The 

mutant cell line was injected into wild type blastocysts to produce chimeric mice. 

The results of these experiments showed that the mutant embryonic stem cell 

did not develop into mature red blood cells. Therefore, GATA-1 is required for 

adult hemoglobin synthesis in the mouse. Later, Simon, et al (189) found that 

the mouse ES cells with interrupted gata-1 were unable to differentiate into red 

cells containing embryonic hemoglobins as well. 

In this study, we have used an antisense RNA/ribozyme strategy to suppress 

the expression of the gata-1 in HEL cells. DNA coding for a hammerhead 

ribozyme with antisense RNA sequences complementary to the GATA-1 mRNA 

was cloned into a eukaryotic expression vector pMAMneo-luc at a position within 

the 3'-untranslated region of the firefly luciferase gene. Following stable 

transfection into HEL cells, both luciferase assays (Table II) and RNA-PCR 

(Figure 23) were used to show that the luciferase mRNA is present. Northern 

blot analyses show a 50% reduction of GATA-1 mRNA in HEL cells possessing 
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the antisense RNA/ribozyme (Figures 20-1 and -2, 21-1 and -2). Following 

induction with 6-ALA, benzidine staining showed that HEL ·cells transfected with 

antisense RNA/ribozyme have a lower number of benzidine positive cells 

suggesting that these cells have reduced amounts of hemoglobins (Figures 24 

and 25). lsoelectric focusing gel data confirmed this and showed a 50-90% 

reduction of fetal and embryonic hemoglobins in HEL cells possessing the 

antisense RNA/ribozyme (Figure 26-1 and -2). Cell growth was unaffected in 

HEL cells possessing the antisense RNA/ribozyme (Figure 19). These data 

indicate that GATA-1 is required for the induction of fetal and embryonic 

hemoglobins in HEL cells. 

The inhibition of gata-1 expression in HEL cells possessing the antisense 

RNA/ribozyme was about 50% as measured by Northern blot analyses. The 

50% reduction in GATA-1 mRNA was accompanied by a 50% reduction of y

globin mRNA and a 90% reduction of hemoglobin levels in some HEL cells. 

possessing the antisense RNA/ribozyme. The finding that a 50% reduction in 

GATA-1 mRNA results in a 90% reduction of hemoglobin in one of the HEL cell 

clones possessing the antisense RNA/ribozyme suggests that there may fie 

other factor(s} affecting the expression of globin genes in the HEL cell clorie. Up 

to now, there is no erythroid-specifically expressed gene that has been shown to 

be free of GATA-1 binding sites in their promoters or enhancers. The gene 

coding for porphobilinogen deaminase, a enzyme required for heme synthesis, 

has multiple GATA-1 binding sites in its promoter region and they have been 

shown to bind to GATA-1 (75, 76, 93). Other enzymes for heme synthesis may 

require GATA-1 as well. Among the HEL cells possessing the antisense 

RNA/ribozyme, it is possible that some have further reduced amounts of heme 

synthesized than others although they have relatively equally reduced. y-globin 

mRNA. That further reduced heme synthesis would result in further reduced 
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hemoglobin synthesis although y-globin mRNA may present in substantial 

amounts. To test this hypothesis, one can look at the levels of mRNA coding for 

the enzymes required for heme synthesis. 

Although GATA-1 mRNA was reduced to 50% in HEL cells possessing the 

antisense RNA/ribozyme, there was no difference in the promoter activity of Ay

globin gene -175T and Ay-globin gene -175C (Figure 29). Maybe, the 

phenotype of this mutation is not solely mediated by GATA-1. Alternatively, the 

reduction of GATA-1 in HEL cells possessing the antisense RNA/ribozyme may 

not be great enough to be observed by CAT assay. 

Role of GATA-1 and Other Characteristics of .HEL cells 

HEL cells also have characteristics of two other cell types, macrophages (152) 

and megakaryocytes (153, 154, 155, 156). When HEL cells are treated with 12-

O-tetradecanoyl-phorbol-13-acetate (TPA), they undergo morphological, 

functional, and biochemical changes that are characteristic of macrophage-like 

cells. They exhibit greatly enhanced phagocytic activity and acquire receptors 

for binding and degradation of chemically modified lipoproteins. HEL cells also 

express megakaryocyte-platelet specific protein markers. These are platelet 

membrane glycoproteins (glycoprotein lb, glycoproteins llb and Illa) and a

granule proteins (von Willebrand factor, platelet factor-4 and (3-thromboglobulin). 

In addition, platelet-derived growth factor-like proteins are detected with or . 

without induction with TPA. It is known that the human glycoprotein llb promoter 

has binding sites for GATA-1 (91 ). It is also known that GATA-1 is present in 

megakaryocytes (90, 91). These data suggest that GATA-1 may be required for 

the expression of at least some megakaryocyte specific proteins (e'.g., 

glycoprotein llb). 

I 
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HEL cells possessing the antisense RNAfribozyme show morphological 

changes that probably resemble macrophages or megakaryocytes. It would be 

very interesting to identify which cell type these cells mostly resemble. Studies 

on cell surface antigen profiles, ultrastructural studies of cell organelles such as 

a-granules and measurement of the relative quantities of glycoproteins llb, Illa 

and a-granule proteins might yield additional information. 

The latex uptake experiments (figure 28) show that HEL cells possessing the 

antisense RNAfribozyme phagocytize latex beads twice as well as the controls. 

These data suggest that cells with reduced GATA-1 may have acquired some 

macrophage-like characteristics. 

Hammerhead Ribozyme 

The find_ing that the luciferase gene was expressed at low levels in stably 

transfected HEL cells was quite surprising. One would expect that the luciferase 

mRNA level would be much higher since the stably transfected gene has a fairly 

strong MMTV promoter/enhancer. Obviously, however, the MMTV-L TR are not 

strong enough in HEL cells to initiate transcription of the gene to a level 

detectable by Northern blot analysis. Attempts were made to boost the 

expression of luciferase gene by treating the cells with dexamethasone. 

Dexamethasone, however, did not boost the expression of the luciferase gene at 

all. This result suggested that HEL cells have low levels of glucocorticoid 

receptors or lack of this receptor. The fact that the levels of luciferase mRNA are 

lower than that of GATA-I suggests that the hammerhead ribozyme may be 

acting catalytically. 

Other investigations have shown that designed ribozymes are useful in 

inhibition of gene expression. Up to 60% suppression of the transient 

expression of cat with a hammerhead ribozyme transiently expressed along with 
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an luciferase gene in COS cells has been observed (143). DNA coding for 

hammerhead ribozymes have been stably transfected into cells in culture. The 

expression of the gag gene of HIV-1 genome has been affected by a 

hammerhead ribozyme (144, 145). When the cells expressing the ribozyme 

targeting gag message were challenged with infectious virus, it was found that 

the level of p24 antigen was decreased to 2 - 5% and the level of proviral DNA 

was decreased to 1 °lo in these cells. These results also show a substantial 

reduction of HIV-1 gag RNA in cells possessing the hammerhead ribozyme. 

Furthermore, the presence of the hammerhead ribozyme was observed in the 

total RNA by Northern blot analysis. Scanlon et al (146) designed a 

hammerhead ribozyme targeting c-fos mRNA. Cells stably transfected with the 

c-fos ribozyme plasmid showed detectable ribozyme sequences by PCR, and a· . 

decrease in c-fos mRNA was observed by Northern blot analysis. In our 

studies, the luciferase-ribozyme chimeric mRNA level is much lower than that of 

the target, GATA-1 mRNA. This indicates that the hammerhead ribozyme may 

have worked catalytically. Experimental evidence showing the catalytic removal 

of mRNA by ribozyme activity is extremely difficult, if not impossible to obtain. 

These experiments, along with ours reported here, indicate that hammerhead 

ribozyme is indeed useful in inhibition of gene expression. 

In the model of Haseloff and Gerlach (141) for designing hammerhead 

' ribozymes, a total of 16 nucleotides (8 nucleotides on each side of the cleavage 

site) were complementary between the arms of the ribozyme and the target. It 

was assumed that base pairing of this antisense flanking sequences should 

have a major influence on the rate of the reaction of the hammerhead ribozyme. 

Indeed, when different lengths of four, eight, twelve and longer base tracts of the 

arm length (192) were used to check catalytic activity in vitro, it was found that 

multiple turnover can occur with arm lengths of eight and twelve bases. A length 
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of four bases for each arm does not allow for hybridization and/or cleavage to 

occur. Goodchild and Kohli (193) used hammerhead ribozymes to cleave 

synthetic HIV-1 sequences in vitro. They found that the rate of cleavage at 37°C 

increased 1 O fold when the antisense RNA length was reduced from 20 to 12 

base pairs. Therefore, the base composition of the antisense RNA may have a 

major influence on the activity of the ribozyme. When four identical 

hammerheads sequences with different base compositions in the arms but of the 

same length were tested in vitro, the rate of cleavage was found to vary by more 

than 70-fold (194). Different base compositions of the antisense RNA may 

require different lengths. Obviously, if the length of the antisense RNA sequence 

is too short, hybridization with the target mRNA may not occur. On the other 

hand, if the length of the arm sequence is too long, the ribozyme may not 

dissociate from the cleaved target molecule to bind to another target molecule. 

High G +C levels would also lead to a reduced dissociation rate of the ribozyme 

from the substrate. Herschlag also argues that longer arm length may reduce 

specificity (200). He also suggests that A·U-rich arms may be better than G·C

rich ribozyme due to weaker binding of the A·U-base pair and thus allow for a 

longer arm length for sequence specificity recognition. 

For the ribozyme used in this study, the arms of the hammerhead ribozyme 

sequences were 12 nucleotides on the right side and 15 on the left. Thus, the 

total of 27 base pair of the antisense RNA length is longer than most of the 

ribozymes reported. We reasoned that if the ribozyme does not work 

catalytically, the increased length may exert a stoichiometric hybridization arrest 

of translation. 

The GATA-1 mRNA sequence has several trinucleotide GUC sequences. The 

first GUC which is 17 nucleotides downstream from the initiation codon was 

chosen for the following reason. If the antisense ODN is targeted at the region of 
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the initiation codon, an inhibitory effect is most often observed (125, 128). If the 

antisense ODN is targeted at other regions, such as the middle coding region of 

the mRNA, the inhibitory effect is not often observed (125, 128). This effect may 

be attributable to secondary structure within mRNA molecules. So, targeting the 

ribozyme to a site nearest the initiation codon may give the ribozyme the best 

chance to work. 

Induction of Hemoglobin Synthesis by 13-ALA 

An interesting but unexpected finding of this research is the presence of high 

levels of GATA-1 and y-globin mRNAs in HEL cells prior to induction with 13-ALA 

(Figure 22). This suggests that prior to induction with 13-ALA, very little, if any, y

globin mRNA is being translated in HEL cells. 13-ALA is a precursor of heme and 

the synthesis of 13-ALA, catalyzed by &-ALA synthetase, is the committed step in 

heme synthesis (190). The lack of translation of globin mRNAs in HEL cell~ prior 

to induction by 13-ALA may be because of low heme levels in uninduced HEL 

cells. 

It is known that reticulocytes synthesize hemoglobin at a rapid rate until the 

supply of heme is reduced (191 ). In the absence of heme, the synthesis of 

hemoglobins stops because of the formation of a protein synthesis inhibitor 

called heme-controlled inhibitor (Figure 30). When heme is present at significant 

levels, it binds to the inhibitor and protein synthesis proceeds. In the absence of 

heme, heme-controlled inhibitor catalyzes the phosphorylation of translation 

initiation factor elF2 so that the initiation step of protein synthesis does not occur. 

Therefore, it may be possible that supplementation of HEL cells with 13-ALA leads 

to ~he synthesis of heme which in turn reverses the effect of the heme-controlled 

inhibitor and allows for the translation for the y-globin mRNA. 



Figure 30. function of heme controlled inhibitor CHCI). 

Initiation of translation js blocked by phosphorylation of the a 

subunit of elf2, When heme levels are reduced in reticuloc.vtes, 

HCL a kinase. is activated, The phosphoryiated form of elf2 

binds to guanyl nucieotjde exchange factor wjth such a high 

affinity that GDP cannot be exchanged ·10 GIP, Hence. 

phosohorylated elE2 is· not able to initiate translation {modified 

after Stever L, Biochemistry 3rd ed, w. H; Freeman and 

company/New York. 1988) 
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SUMMARY 

GATA-1 is a major erythroid trans-acting factor. To determine if GATA-1 is 
' 

required for globin gene expression in HEL cells, we have used an antisense 

RNNribozyme strategy to suppress the expression of the gata-1. DNA coding for 

a hammerhead ribozyme with flanking sequences antisense to the GATA-1 

mRNA was cloned into an eukaryotic expression vector pMAMneo-luc at a 

position within the 3'-untranslated region of the firefly luciferase gene. Following 

stable transfection into HEL cells, both luciferase assays and RNA-PCR were 

used to show that the luciferase mRNA is present. HEL cells possessing the 

. antisense RNA/ribozyme showed morphological changes that may resemble 

macrophages. Latex uptake experiments showed that these cells indeed 

acquired more phagocytic activities than the controls suggesting that they 

resemble a macrophage phenotype. Northern blot analyses show a 50% 

reduction of GATA-1 mRNA in the HEL cells possessing the antisense 

RNA/ribozyme. Following induction with 6-ALA, isoelectric focusing gel data 

showed a 50-90% reduction of fetal and embryonic hemoglobins in these cells. 

Cell growth was unaffected. Northern blot analyses also showed that the level of 

the chimeric luciferase mRNA was lower than that required for a stoichiometric 

antisense effect. liherefore, the hammerhead ribozyme may be acting 

catalytically. Our conclusion is that GATA-1 is required for hemoglobin gene 

expression in HEL cells. 
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