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Abstract

Our understanding of a and p globin gene regulation has been advanced 

by the development of transgenic mouse technology. Major regulatory 

elements of both gene clusters have been identified. Extensive studies have 

shown that the genes, although co-ordinately expressed, differ in their 

regulation.

Transgenic mice containing the p locus control region (pLCR) and the p 

globin genes produce high level, developmentally regulated, copy number 

dependent expression of the genes. High level a globin gene expression can 

also be achieved in mice containing the a globin regulatory element, HS-40 

and the a genes. However, expression levels are lower than the endogenous 

mouse a genes, are developmentally unstable and are copy number 

independent, implying that further regulatory sequences are necessary for 

full regulation of the cluster.

The aim of this project was to identify potentially important regions in the a 

globin gene cluster. Mice, transgenic for a 145kb DMA fragment spanning the 

cluster showed higher expression levels in adults than in those previously 

studied. Although expression levels were developmentally stable and 

correlated with copy number, they did not reach those reported for pLCRa 

constructs. A pLCRa construct was examined. The results suggested that 

there were still unidentified regulatory elements to be found.

A natural deletion which down regulated an intact a gene in vivo provided 

an indication as to where some of these sequences may lie. Analysis of the 

deleted fragment in transgenic mice implied that it might act to block the 

negative regulatory influence of an Alu dense region lying downstream, and 

hence, may have identified the 3’ end of a putative a globin domain'.
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Chapter 1. Introduction

The globin genes are amongst the best characterised genes which have 

been studied to date. Despite the enormous amount of progress that has 

been made in recent years towards understanding how the genes are 

regulated much still remains unknown. The aim of this project was to try and 

identify regulatory sequences or elements that play a role in the control and 

developmental regulation of the human a globin gene cluster using 

transgenic mouse technology.

Haemoglobin
Haemoglobin is the protein that binds oxygen and carbon dioxide and 

transports them to and from the organs of vertebrates via the erythrocytes in 

blood. It has a tetrameric, almost spherical structure, consisting of two distinct 

a and two p polypeptide globin chains. The genes encoding the proteins 

which make up these polypeptide chains are thought to have originated as a 

result of gene duplication followed by sequence divergence early in evolution 

(~450 million years ago). In some fish and amphibians the genes for the p-like 

and a-like chains are linked together on the same chromosome, whereas in 

other vertebrates chromosomal rearrangements have resulted in the two 

clusters being situated on different chromosomes. In man, the a gene cluster 

is on chromosome 16 (Deisseroth et al, 1977) and the p cluster is on 

chromosome 11 (Deisseroth eta!, 1978). The genes within each cluster are 

independently controlled but their expression is co-ordinately regulated in a 

tissue and developmental stage specific manner such that embryonic, fetal 

and finally adult haemoglobin is produced.



2

Developmental changes in globin gene expression

In all vertebrates, changes in composition of the haemoglobin molecule 

coincide with changes from embryonic (or larval) to post embryonic stages 

of development. This is often accompanied by changes in the site of 

haematopoiesis, red cell morphology, and other biochemical changes in the 

red cell. The total output from the a-like and p-like globin genes remains 

balanced throughout development but relative contribution of the individual 

genes within each of the clusters changes. Man is one of few species which 

undergo two major switches in haemoglobin composition during development 

from embryonic to fetal to adult. This switching pattern is shown in figure 1.1.

Red cell 
morphology

Site of
erythropolesls 

R 50

I% 40

i
o 30 o»

Figure 1.1

Human erythropoiesis begins in the yolk sac blood islands at about the 

third week of gestation (Collins and Weissman, 1984; Bunn and Forget, 

1986; Wood, 1988: Stamatoyannopoulos and Neinhuis, 1994) with the 

production of embryonic haemoglobins which constist of Hb Gower 1 (Ç2 e2),

©

bone marrow '

<x Ot

---------  P

w
" i  j i | i i i i * i * i • r
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Haemoglobin switching in man (adapted from Wood, 1976).
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Hb Gower 2 (a2 e2) and Hb Portland (Ç2 y2). During fetal life the site of 

erythropoiesis switches from the yolk sac to the fetal liver and then spleen as 

Ç is replaced by a and e is replaced by the Gy and Ay chains to produce fetal 

haemoglobin (oc2 y2). The ratio of Gy and Ay synthesis changes during this 

period from 3:1 to 1:1. (Huisman, 1993). The site of erythropoiesis changes 

from the liver, to the spleen and finally to the bone marrow as p synthesis 

increases and adult haemoglobin HbA (a2 p2) is produced. Ô globin 

synthesis is also switched on at this stage to produce the minor adult HbA2 

(a2 82), its levels are, and remain, very low into adulthood, only making up 

about 2% of the total (Weatherall and Clegg, 1981; Bunn and Forget, 1986; 

Stammatoyannopoulos and Neinhuis, 1994).

The composition of the haemoglobin during the prenatal stages affects the 

oxygen affinity of the haemoglobin molecule; embryonic haemoglobins are 

adapted for low pH, that of fetal haemoglobin is higher than that of adult 

haemoglobin and this difference may facilitate oxygen transport across the 

placenta.

During fetal life the bone marrow progressively takes over from the liver 

and spleen as the site of haematopoiesis and by about the time of birth, or 

shortly thereafter, predominates as the haematopoietic site. Production of p 

globin increases from about 32 to 36 weeks gestation with a corresponding 

fall in y globin production. At birth, fetal haemoglobin (HbF) still comprises 60- 

80% of the total, the transition from fetal to adult haemoglobin continues well 

into the postnatal period. A three to four month old infant will still have about 

3% HbF but by two years of age the level is down to adult levels of less than 

1% of the total haemoglobin synthesised (Huisman, 1993). These low levels 

of HbF are detectable in 1-7% of erythrocytes (F cells) which still contain 

mostly adult haemoglobin. The genes involved in the production of the 

developmental stage specific haemoglobins are described below.
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The globin genes
The transition from fetal to adult haemoglobin production involves the 

functional genes of both the a and |3 globin gene clusters. Those of the a 

cluster are Ç2, a2 and a1. The embryonic Ç gene arose early in evolution by 

duplication of the a gene; sequence analysis has shown that the functional 

a and Ç genes show 58% homology in their 141 amino acids. In contrast, the 

adult «1 and oc2 genes are more highly homologous being 98.5% identical 

overall, only differing in sequences within the IVS2 and in the 3’ non-coding 

regions (Michelson and Orkin, 1983). There is no divergence within the 

coding regions themselves and they code for identical proteins. Each gene is 

located within a region of homology spanning about 4kb. This homology 

between the genes would suggest that gene conversion or unequal crossing 

over between the closely related genes has occurred throughout evolution. 

The p globin gene cluster also evolved via a series of duplication events that 

gave rise to the embryonic (e), fetal (Gy and Ay), and the adult (Ô and p) 

genes in man.

Structure of the human a globin gene cluster

The a globin gene cluster lies in a 70kb stretch of DNA at the tip of the 

short arm of chromosome 16p in the 13.3. Geimsa light band (Lauer et al, 

1980; Hardison et al, 1986; Hsu et al, 1988; Buckle et al, 1988). The 

functional Ç2, a2 and oc1 genes are positioned along the chromosome from 

the telomere towards the centromere in the order in which they are 

expressed during development and are interspersed with three non

functional pseudo genes, \pÇ1, \|/<x2, xpal (Figure 1.2). These pseudo genes 

are not expressed and are thought to be evolutionary remnants of genes 

which were once active but have since been inactivated by mutations in their 

coding or regulatory regions. At the 3' end of the cluster lies the 61 gene. Low 

levels of mRNA transcription have been observed from this gene but no
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protein product has been identified. Deletions of the whole gene appear to 

have no specific recognisable phenotype and its function, if any, remains 

unknown (Fischel-Ghodsian etal, 1987a; Fei et al, 1988).

HS-40

I  I i

Figure 1.2 The human a  globin cluster on chromosome 16.

There is a great deal of structural variability within the a gene cluster, 

including point mutations, rearrangements and gene conversions, most of 

which are not associated with any haematological abnormalities and have 

no apparent effect on the expression of the genes. The highly polymorphic 

nature of the sub-telomeric repeat region results in the distance of the cluster 

from the telomere being between 170kb to 340kb (Wilkie etal, 1991). Within 

the cluster there are a variable number of tandemly repeated areas of DNA. 

These areas include the a globin 3’HVR (polymorphic hypervariable region), 

first identified at the 3' end of the complex (Jarman et al, 1986), the inter Ç 

HVR, an area between the Ç2 and vpÇI genes, the Ç intron HVR found within 

the introns of the Ç like genes (Higgs et al, 1981; Proudfoot et al, 1982) and 

the 5' HVR which is in the 5’ flanking region of the cluster (Jarman and Higgs 

1988a). In addition, size variation within the cluster is seen with chromosomes 

containing triplicate Ç and a genes (Higgs, 1993).

The area on chromosome 16 containing the a globin gene cluster is part 

of a GC rich isochore. In general such regions are thought to contain a high 

proportion of housekeeping genes and have been shown to be distributed at 

the ends of chromosomes (Saccone et al, 1992). The a cluster is very

, +2? i T  i +6f  i +? kb

V
*w2wi0(20(181 Alu rich region
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characteristic of such a region having a very high G+C content of 54% 

(Bernadi etal, 1985; Fischel-Ghodsian etal, 1987b, 1987c), a high density of 

Alu-family repeats (Nicholls et al, 1987), méthylation free CpG islands and 

many other genes lying between the cluster and the telomere. These genes 

include an interleukin 9 pseudogene, 3-methyladenine DNA glycosylase (a 

gene involved in DNA repair) (Vickers et al, 1993) and three genes of 

unknown function. Many other genes have been found on the centromeric 

side of the a cluster. A 2Mb region from the telomere towards the centromere 

of chromosome 16 has been found to contain, on average, one gene every 

16kb (Daniels etal, 2001). Seven constitutive DNasel hypersensitive sites (at 

coordinates -99, -89/-91, -80, -74, -14, +1 and +28/+3O) and the two 

hypersensitive sites at the promoters of the a genes (+20 and +24) are 

associated with CpG islands.

The major regulatory element of the a globin gene cluster (HS-40), 

(Higgs D R. etal, 1990; Jarman e ta l 1991), lies in a 350bp segment of DNA 

40kb upstream of the Ç2 gene within the intron of an adjacent, widely 

expressed, non-globin gene (-14 gene) (Vyas et al, 1995). HS-40 is 

associated with an erythroid specific DNasel hypersensitivity site and 

contains binding sites for a number of erythroid and ubiquitous transcription 

factors.

Mouse globin genes
The mouse a-like and p-like globin gene clusters are positioned on 

chromosomes 11 and 7 respectively (Brotherton et al, 1979; 

Stamatoyannopoulos and Neinhuis, 1994). The embryonic mouse p-like 

globin genes are e, phi, and phO (which is probably a pseudogene), there 

are two adult p genes which, like the human adult p gene, lie 3' to the 

embryonic genes, they are the pmal and pmln genes. Similarly, the embryonic 

mouse Ç gene lies 5' to the two adult a genes. Mice, unlike humans, do not
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have a fetal haemoglobin, but the e and phi are differentially expressed in 

embryonic life, with |3h1 expression decreasing before that of the e gene. By 

13.5d when erythropoiesis has moved to the fetal liver, the e, phi and Ç 

embryonic genes are switched off and the adult p™", p"*1 and a gene 

expression increases (Whitelaw etal, 1989).

The mouse a globin gene cluster

The arrangement of the mouse and human a globin clusters is very 

similar, the region of homology between the two species extends over about 

155kb. (Kielman etal, 1993; Flint etal, 2001). The mouse has homologues for 

the same four housekeeping genes at its 5' end (Kielman etal, 1996; Flint et 

al, 2001) as those that flank the human a genes. The mouse a globin 

regulatory element lies in the same intron of the adjacent widely expressed 

gene as human HS-40 albeit, a shorter distance upstream of the Ç gene 

(26kb) than the human HS-40, it is therefore referred to as HS-26 (Kielman et 

al, 1994; Gourdon et al, 1995). There are, however, some structural 

differences between the human and mouse clusters. The mouse cluster is 

interstitial whereas the human cluster is telomeric. It has been suggested that 

the mouse a cluster moved from a telomeric position on mouse chromosome 

17, leaving an a globin pseudogene behind (Leder etal, 1981). The a cluster 

and sequences distal to it were translocated to an interstitial site on 

chromosome 11. The GC content is less rich in the mouse and the CpG 

islands associated with the human a genes have not been maintained, 

indicating that they are not, therefore, essential for globin gene regulation in 

the mouse. This sort of difference between the human and mouse cluster 

could be important in determining whether differences in chromatin structure 

between the human a and p clusters are relevant to the regulation of their 

expression and when in evolution these differences arose.
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Structure of the human p globin gene cluster

The p globin gene cluster spans 70kb on the short arm of chromosome 11 

in band p15.5 and includes five functional genes and one pseudogene which, 

like the genes of the a cluster, are arranged in the order in which they are 

expressed through development from 5’ e, Gy, Ay, 5, p, to 3' (Figure 1.3) 

(Collins and Weissman, 1984; Stamatoyannopoulos and Neinhuis 1994; 

Grosveld etal, 1993). The p-like genes undergo two developmental switches, 

from the embryonic (e ) to fetal ( Gy and Ay ) and then to adult haemoglobin 

(Ô and P). The two y genes encode identical products with the exception of 

either glycine to give Gy or alanine for Ay at position 136 on the polypeptide 

chain and are the products of gene duplication and gene conversion 

(Stamatoyannopoulos and Neinhuis, 1987). The Ô gene is only expressed at 

very low levels as it is defective in several promoter elements. The p globin 

cluster is regulated by its remote upstream Locus Control Region (LCR) which 

lies 5-20 kb upstream of the e gene. The pLCR is essential for high level, 

copy number dependent, developmentally stable levels of expression of the 

p-like genes. It contains at least four separate erythroid specific DNasel 

hypersensitive sites 5’, HS1, 2, 3 and 4 which are distributed over about 15kb 

(Tuan etal, 1985; Forrester etal, 1987; Grosveld etal, 1987).

20 10 0 10 20 40 60kb

LCR
5 'HS5HS4HS3 HS2 HS1 3HS1

G.. A*. ...a R Q Ji

Figure 1.3 The human p globin cluster on chromosome 11.

Two other hypersensitive sites, one 5’ to the LCR and one 3’ to the p gene 

may mark the boundaries of the p globin cluster. The region containing the p 

cluster is evolutionarily conserved. Both the human and mouse p globin
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genes are surrounded by olfactory receptor genes, one of which has also 

been identified 3’ to the chicken p globin locus (Bulger et a/, 1999). It has also 

been suggested that the pLCR may play a role in the control of expression of 

the olfactory receptor genes even though to date no other mammalian LCR 

has been shown to regulate two sets of genes with different patterns of 

expression (Bulger etal, 1999).

Globin gene structure
The globin genes of man are relatively compact with the coding portion of 

each of the genes contained within three exons separated by two non-coding 

intervening sequences (IVS) of variable length. The exons have been 

correlated with specific functions. Exon two encodes for the segment involved 

in haem-binding and a and p dimer formation and exon three encodes for 

amino acids involved in globin subunit interactions required for cooperativity 

of the haemoglobin tetramer in binding oxygen (Nienhuis and Maniatis, 

1987).

Each of the a genes contain typical promoter box structures at their 5’ 

terminal flanking regions which are required for accurate and efficient 

initiation of gene transcription. The three exons which specify the sequence of 

the encoded mRNA of the a genes span codons 1-31, 32-99 and 100-141. 

The two intervening non-coding introns are of variable length. Intron 1 of the 

ot1 and <x2 genes is 117bp in length, intron 1 of the Ç gene is 1265bp in 

length. Intron 2 of the ct1 and <x2 gene is either 140 or 149 bp long with intron 

2 of the Ç gene being 341 bp in length. As the longest of these intons is only 

1265bp the overall size of the genes is small. The three exons of each of the 

p-like genes specify 146 amino acids with exon 1 spanning codons 1-30, 

exon 2 codons 31-104 and exon 3 codons 105-146. The intron length of the 

p-like genes is variable with intron 1 being 122-130bp in length and intron 2 

850-904bp long (Nienhuis and Maniatis, 1987).
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Promoters

In order for transcription of specific genes to occur the transcription 

machinery and the RNA polymerase has to become attached to the DNA at 

the 5' end of the gene to be transcribed. The promoter of a gene transcribed 

by RNA polymerase II is about 100bp in length and is located immediately 

upstream of the start site of transcription. It consists of a collection of unique 

DNA sequences which is recognised by the transcriptional machinery such 

that interaction of the promoter elements with different combinations of 

transcription factors results in the gene specific pattern of transcription 

(Nienhuis and Maniatis, 1987; and reviewed by Novina and Roy, 1996).

Promoters share some common elements; CCAAT and TATA elements 

are found in many eukaryotic promoters including those of the globin genes 

where they are essential for the correct initiation site and high level of 

transcription (Nienhuis and Maniatis, 1987). The CCAAT box is duplicated in 

the promoters of the two y genes and both are necessary for full transcription 

of the genes. The low level of transcription of the Ô gene may be due to the 

modification of the CCAAT box to CCAAC (Efstratiadis et al, 1980). Most of the 

promoters of the like genes also have a CACCC homology box upstream of 

the CCAAT box which is duplicated in the p genes themselves and absent 

from the 5 and a gene promoters.

The G + C rich 5' flanking region of the a globin cluster contains multiple 

binding sites for Sp1, a ubiquitously expressed transcription factor. This 

region has been shown to be necessary for full a globin promoter activity in a 

chromatin dependent manner. When erythroid cells were transiently 

transfected with constructs in which the G+C region containing the SP1 

binding sites had been deleted, there was no effect on a globin promoter 

activity. In contrast, when these constructs were stably transfected and 

therefore integrated into chromatin, the a globin promoter activity decreased 

to a level of about 10% of that obtained when the SP1 sites were present
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(Pondel et al, 1995). In clones stably transfected with a minimal a globin 

promoter construct, expression levels were low and variable, suggesting that 

G+C rich region increases the effect position of integration has on the a 

promoter activity. The authors hypothesise that the chromatin structure around 

the a globin promoter is altered by this G+C rich region and thereby allows 

greater access for transcription factors that are differentially expressed during 

erythroid differentiation.

There are binding sites for other erythroid specific transcription factors 

(GATA-1, NF-E2) and ubiquitous factors (YY1 and Oct-1) in the distal regions 

of the promoters of the globin genes. Although the specific individual roles of 

these factors are not fully understood, it is thought that maximum transcription 

rates are achieved by a combination of multiple factors.

Enhancers

Enhancers were originally identified as sequences of DNA that could 

enhance the transcription of a gene in a transient transfection assay, 

independently of orientation and position with respect to the promoter. An 

enhancer differs from the promoter in that it can increase transcription from a 

great distance and may be located close to, or a distance upstream or 

sometimes downstream from the core promoter. Enhancer sequences 

interact to bind regulatory proteins in a gene specific manner (Forget, 2001). 

In contrast, a promoter must include one or more element that functions to 

direct the initiation of RNA synthesis at a particular site in a particular 

orientation.

There are several regions in the globin gene clusters which, when 

transfected as part of a DNA construct into an appropriate cell type, enhance 

the rate of transcription. HS2 of the LCR of the p globin cluster and HS-40, 

the major regulatory region of the a gene cluster, behave as enhancers in 

transient transfection assays (Tuan et al, 1989: Pondel et a/, 1992a). The (3
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globin LCR hypersensitive sites 1, 3 and 4 do not behave as classical 

enhancers in transient assays but behave as strong enhancer elements in 

stably transfected cells where the construct is integrated into a chromosome . 

In addition, a 800bp region 3' to the Ay gene, a segment within the large 

intervening sequence of the p gene and another 3’ to the p gene also have 

enhancer activity (Bodine et al, 1987; Purucker ef a/, 1990). Two additional 

enhancer sequences have been found 30 and 100 kb 3’ to the p cluster and 

these are thought to possibly play a role in the increase in expression of the y 

genes in some cases of hereditary persistence of fetal haemoglobin (HPFH) 

as they lie immediately beyond the 3* breakpoint of the deletions (Anagnou et 

at, 1988; Feingold and Forget, 1989).

Major regulators of globin gene expression

Cloning of the globin genes has facilitated the study of the regulation of 

gene expression in experimental systems. The study of naturally occurring 

deletions and the transfection of DNA constructs containing the globin genes 

into erythroid cell lines and transgenic mice has led to the identification of the 

major regulatory regions of both the a and p gene clusters. Initially, when the 

p globin genes were individually transfected into mouse erythroleukaemia 

(MEL) cells (which, following chemical induction, will terminally differentiate 

down the erythroid pathway to produce globin) expression levels were very 

low and variable. When constructs were injected to make transgenic mice, the 

expression of these genes was again low and not always tissue specific.

Identification of the erythroid specific DNase 1 hypersensitive sites in the 

upstream region of the p globin cluster (Tuan et al 1985, Forrester et al 1987) 

along with the study of thalassaemic patients with natural deletions of this 

region led to the suggestion that this area may be important in p globin gene 

regulation. When transgenic mice containing this upstream region attached to 

a p globin gene were produced (Grosveld et al 1987) high level, tissue
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specific gene expression was seen. Others (Forrester etal, 1989; Enver etal, 

1989; Ryan et a/, 1989a) soon confirmed these findings and the region was 

named the p globin locus control region or pLCR.

The significance of HS-40 as a major regulatory element of the a globin 

cluster first became apparent when a 62kb deletion was found in a family with 

a thalassaemia (Hatton et al, 1990). DNA mapping showed that both the a 

genes in this family were completely intact but a globin synthesis was down 

regulated. It was thought that the mutation may be responsible for the a 

thalassaemia. When an a gene alone was introduced into MEL cells or 

transgenic mice little or no a globin expression was observed. Attachment of 

various regions upstream of the genes to the a gene itself showed that only 

fragments which included the hypersensitive site at HS-40 were capable of 

expressing high levels of human a globin (Higgs et al, 1990). None of the 

other erythroid hypersensitive sites found at -33, -10,-8 or -4kb upstream from 

the Ç gene, when tested, enhanced a gene expression (Sharpe etal, 1993a). 

When transgenic mice were made using the HS-40 construct the high level 

tissue specific expression was seen (Sharpe et al, 1993b).

Gene regulation
In eukaryotes, appropriate differential, tissue specific expression or 

repression of the huge number of genes contained within each cell is vital to 

maintain all the physiological systems essential to life. Some of these genes 

are cell, tissue or developmental stage specific whilst others are widely 

expressed in most tissues and are on at all times. The control of gene 

expression is complex and involves several layers of regulation. Many 

genes are controlled at the level of transcription by regulatory proteins (trans

acting factors) that bind to specific sequences (c/s-acting elements) in the 

enhancers or promoters of genes and thereby influence the initiation of 

transcription. Other genes are regulated post transcriptionally or by post
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translational mechanisms. It is now also well established that the chromatin 

structure of eukaryotic genes also plays an important role in the regulation of 

gene expression during development (reviewed in Felsenfeld, 1996; Kingston 

et al, 1996; Allis et al, 1998).

Chromatin

Two metres of DNA is stored within each human cell, and is highly 

packaged into chromatin. DNA is wrapped around nucleosomes to give a 

10nm fibre which in turn can be further condensed by higher levels of 

packaging to give a 30nm fibre. The majority of structural genes are contained 

in euchromatin which remains relatively decondensed during interphase. In 

contrast, heterochromatin, which is comparatively gene poor and consists 

mainly of repetitive DNA sequences, remains relatively condensed in 

interphase nuclei.

Nucleosomal structure

The nucleosome is the basic structural unit of chromatin, consisting of 

about 146 bp of DNA wrapped in 1.75 super helical turns around a histone 

octamer. This octamer contains two molecules each of the four core histones 

H2A, H2B, H3 and H4. In chromosomal DNA, this unit is repeated once every 

200 ± 40bp as a nucleosome array separated by variable lengths of linker 

DNA. The packaging of DNA into such a structure results in the restricted 

access of the transcriptional machinery to the DNA. In order for genes within 

this compact structure to be transcribed by RNA polymerase II the chromatin 

structure must first be disrupted to allow access of the regulatory DNA binding 

proteins to the DNA binding sites. To overcome this inaccessibility, 

mechanisms have evolved which remodel the chromatin structure. In the 

amino-terminal tails of the core histones are sites for acetelylation, 

méthylation, phosphorylation and ADP-ribosylation, all of which modify the
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binding of DNA to the histones.

Chromatin remodelling
Histone acétylation and deacetylation

In higher eukaryotes, transcriptional activation by disruption of 

heterochromatin must occur over large DNA domains and requires 

remodelling of chromatin at distant enhancers. Domains containing actively 

transcribed genes are marked by hyperacetylated histones, an event known 

to disrupt nucleosome structure. Recent work has shown that histone 

acetyltransferases (HATs) and deacetylases (HDACs) are important in 

transcription activation and repression (for reviews see Wade et al, 1997; 

Grunstein, 1997; Imhof and Wolffe, 1998; Struhl, 1998; Kuo and Allis, 1998; 

Tyler and Kadonaga,1999). Acétylation of the lysine residues of the N- 

terminal tails of histones H3 and H4 reduces their positive charge and 

weakens their affinity for DNA, possibly resulting in unfolding of the 

nucleosome which subsequently allows increased access for transcription 

factor binding. Core histone hyperacetylation across the chicken p globin 

locus was shown to coincide with a 33kb region of generalised DNasel 

sensitivity (Hebbes et al, 1994). This suggested that hyperacetylation could 

play a role in establishing or maintaining an open chromatin conformation 

across the chicken p globin domain.

Components of the basal transcription machinery, as well as many 

proteins with transcription co-activator function, have been found to have 

HAT activity. Many transcription factors have been identified that recruit 

different HATs, making histone acétylation promoter and site specific. In 

contrast to this recruitment of HATs by transcriptional activators, HDACs can 

be recruited by transcriptional repressors making the whole process of 

histone acétylation reversible and dynamic. It has also been shown that the 

activity of transcription factors can be regulated by acétylation.
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In recent years, many protein complexes in the cell nucleus have been 

identified which disrupt the histones and so displace the nucleosome in an 

energy dependent manner. Chromatin remodelling factors use the energy of 

ATP hydrolysis to catalyse nucleosome mobilisation. The amount of energy 

required to displace the nucleosome is dependent upon the position of the 

binding sites, those that are more accessible require less energy than those 

which are more inaccessible. Nucleosome mobilisation results in a net 

change in the position of the histone octamer relative to the DNA which 

involves the breaking and remaking of histone-DNA contacts within the 

nucleosome. Several different models, most of which are based on the same 

basic idea, have been proposed to explain how this movement may occur; 

the DNA dissociates from the histone octamer at one edge, a histone DNA- 

histone contact is re-established as another stretch of DNA associates with 

the histone. This association of DNA and histone forms a loop of DNA which 

is propagated as a wave across the octamer. (For animations see 

http ://: www. dundee, ac. uk/~taowenhu/Toh_show. htp. ).

The SWI/SNF (“switch/sniff’) protein complex found in yeast was the first of 

the histone disrupting protein complexes to be identified. The SWI/SNF 

complexes are large, multi-subunit complexes containing at least eight 

proteins, one of which can break down ATP, and was initially shown to play a 

role in histone-gene interactions. The SWI/SNF complex has been isolated as 

part of the RNA II holoenzyme, its function is conserved in eukaryotes and 

related complexes have been identified in S. cerevisiae, Drosophila 

melanogaster and humans. SWI/SNF can reposition nucleosomes in an ATP- 

dependent manner by sliding histone octamers to other sites on the same 

DNA molecule (c/s-displacement). SWI/SNF and RSC, a SWI/SNF like 

complex found in Drosophila, can also transfer histone octamers to other DNA 

molecules ( trans-displacement). The ratio of SWI/SNF to octamer determines 

whether cis or trans -displacement of octamers occurs. Various studies have
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been carried out to determine whether SWI/SNF is continuously required at 

SWI/SNF dependent genes. The results of in vitro studies have been 

inconclusive but recent in vivo experiments concluded that SWI/SNF is 

continuously required during active transcription, suggesting that its function 

may be more complex than that of performing a one step chromatin 

remodelling role (for review see Sudarsanam and Winston, 2000 and 

references therein). This continuous requirement may vary at different 

promoters, depending on the nature of activation. Its function in the 

transcription of some genes may be to maintain transcriptional elongation or it 

may be required for multiple rounds of initiation and elongation.

Other nucleosome remodelling protein complexes which use ATP 

include the Mi-2/CHD family (reviewed in Kingston and Narlikar, 1999). One 

member of this family which is found in man is NuRD (Nucloesome 

remodelling and Histone Deacetylation), it represses transcription by histone 

deacetylation. A second deacetylation complex, SIN3, shares four core 

proteins with NuRD (HDAC1, HDAC2, RbAp46 and RbAp48) and contains 

three others, Sin3, SAP18 and SAP30. The functions of SAP18 and SAP30 

are not understood but that of SIN3 is thought to be in acting as a scaffold for 

the complex. NuRD and SIN3 both appear to be required for a range of 

developmental processes and may be involved in the repression of 

transcription by DNA méthylation.

The ISWI family (imitation switch protein) includes ISWI1 and ISW2, both 

of which have nucleosome spacing activities and are found in yeast. NURF, 

another ISWI family member which is found in Drosophila, disrupts 

nucleosomes during transcriptional activation (reviewed by Tyler and 

Kadonaga.1999).
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DNasel sensitivity

The ‘opening’ of otherwise condensed chromatin structure surrounding a 

gene locus on initial activation of transcription can be demonstrated in a 

number of gene clusters. Active genes are more accessible and therefore 

sensitive to the action of endonucleases such as DNasel than inactive 

genes. The region of generalised increased DNasel sensitivity is not 

confined to the coding regions of genes but may extend into the 5’ and 3’ 

flanking sequence and seems to be specific for each gene. One of the major 

differences between the a and |3 globin gene clusters is the nature of their 

chromatin structure. The a globin gene cluster lies in a region of open 

chromatin structure and is surrounded by housekeeping genes which are 

actively transcribed in all tissues whereas the chromatin structure of the p 

cluster in non-erythroid cells is in a highly condensed conformation (Groudine 

et al, 1983; Forrester et al, 1986)

Méthylation

DNA méthylation of cytosine by methyltransferase is a well characterised 

form of DNA modification. Cytosine méthylation is largely restricted to the 

cytosine of a CpG dinucleotide pair and has long been associated with the 

repression of gene transcription by rendering the chromatin structure 

inaccessible to the transcription machinery. Short regions which contain a 

high frequency of unmethylated CpG dinucleotides (CpG islands) are 

associated with transcriptionally active chromatin.

Events which occur early in the mammalian embryo set the pattern of 

méthylation for later developmental stages (figure 1.4). During cleavage, the 

substantially methylated 8 to 16 cell embryo undergoes a wave of 

déméthylation in which most of the parental méthylation signals are lost. It is 

thought that imprinted genes (those whose expression is determined by their 

parental origin) and xist (involved in x-inactivation) retain some differential
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méthylation in a sex-specific manner. At the time of gastrulation, which follows 

implantation, the embryo becomes globally methylated. Imprinted genes may 

be resistant to this wave of de novo méthylation, again in a sex-specific 

manner (reviewed in Jaenisch,1997).

Méthylation Oq novo
level Maintenance of méthylation 

m----------------------►
Déméthylation Méthylation 
-<

Gamete

GametogenesisGastrulationImplantationCleavage

Developm ental stage

Figure 1.4 T he pattern of méthylation in different lineages through m am m alian development. 

Diagram adapted from Jaenisch 1997. (Ys is yolk sac and PG C  is primordial germ cells)

The wave of de novo méthylation following gastrulation leaves the CpG 

islands associated with housekeeping genes unmethylated (Kafri et al, 1992). 

Recently, two related proteins, Dnmt3a and Dnmt3b have been shown by 

knockout experiments in ES cells to be essential for de novo methlyation and 

mammalian development (Okano etal, 1999).

Throughout development, tissue and stage specific déméthylation of 

genes occurs allowing transcription of those genes to proceed appropriately. 

Recent research on the mechanism by which this DNA modification occurs 

has shown that transcription silencing is brought about by several 

transcriptionally repressive complexes which include methyl-CpG binding 

domain proteins (MBDs) which induce changes in histone acétylation by
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recruiting histone deacetylases. Rountree et al, (2000) have demonstrated 

that DNMTI, the main enzyme involved in maintaining DNA méthylation, can 

repress transcription partially through a direct interaction with HDAC2. This 

interaction occurs predominately at sites of replication during late S-phase 

when most heterochromatin is duplicated and may therefore be an important 

event in the establishment of chromatin structure following DNA synthesis. 

DNMTI can also repress transcription by recruiting transcriptional co

repressor proteins to sites of DNA replication. One of these proteins, DMAPI 

(DNMTI associated protein), represses transcription independently of HD AC 

activity. DMAPI also forms a complex with DNMTI and HDAC2 and DMAPI 

can directly interact with TSGIOI (Tumour Suppressor Gene), another putative 

transcriptional co-repressor.

The a and p globin gene clusters differ in their méthylation status. The 

pattern of méthylation in the erythroid cells of the p gene cluster changes in a 

developmental and stage specific manner such that the actively transcribed 

genes become unmethylated whereas in non-erythroid cells the cluster is 

extensively methylated (Arapinis etal, 1986; Enver etal, 1988;). The genes of 

the a cluster remain unmethylated in all tissues, in keeping with other CpG- 

rich regions and the fact that the a cluster lies in a region of more open 

chromatin conformation in non-erythroid cells than the p genes (Vyas et al, 

1992).

Domains

Eukaryotic chromosomes appear to be divided into a series of loops which 

are constrained by attachment to the nuclear matrix or scaffold. The 

sequences responsible for this attachment, scaffold-attachment regions 

(BARs) or matrix- attachment regions (MARs), are thought to represent the 

structural boundaries of chromatin loops. SARs or MARs, although not 

sufficient or even necessary to confer appropriate expression of a transgene,
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are frequently associated with the boundaries of active and inactive chromatin 

marked by the change in sensitivity to nucleases (reviewed by Geyer, 1997). 

Chromosomes also appear to be organised into domains of functional gene 

activity but whether they are congruent with the physical loops has yet to be 

demonstrated.

Sometimes, inappropriate regulation of a transgene may result from 

interactions between regulatory elements at the site of integration of the 

transgene and the foreign DNA itself, or from the inability of the transgene to 

establish the correct chromatin structure necessary for expression of the 

transgene. This inappropriate expression can be overcome if the transgene is 

protected from chromosomal position effects by novel sequence elements 

called insulators (reviewed in Bell and Felsenfeld 1999). Insulators were first 

identified in Drosophila and more recently evidence has begun to accrue for 

their existence in vertebrates. They appear to provide a neutral barrier against 

adjacent elements so that one gene locus is not influenced by the activity of 

another.

The chicken p globin locus lies in a region of active chromatin structure in 

erythroid cells which extends over about 33kb. The functional boundaries at 

either end of the locus are clearly defined not only by the change in nuclease 

sensitivity and core histone hyperacetylation (Hebbes etal, 1994) but also by 

the identification of the 5' insulator which is located precisely at the boundary 

between active and inactive chromatin. The sharp transition between the 

hyperacetylated, DNasel sensitive and insensitive region coincides with a 

5' hypersensitive site (5 HS4) which is constitutive^ active. This element, 

similar to those that mark the domain boundaries in the heat-shock locus of 

Drosophila, blocks enhancer activity on a promoter and protects from position 

effects in Drosophila (Chung etal, 1993 and reviewed in Bell and Felsenfeld 

1999). However, the mechanism by which insulators work is at present poorly 

understood and as yet, no single model has been able to explain all the
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observations, possibly because more than one mechanism is involved. The 

fact that independently regulated loci can physically overlap calls into the 

question the necessity for physically isolated domain structures. Recently 

Dillon and Sabbattini (2000) have proposed a “weak” domain model in which 

a gene domain is defined by the distribution of its transcription factor binding 

sites. They propose that the specificity of the promoter-enhancer interactions 

would play a role in maintaining the functional autonomy of adjacent genes. 

Insulators would be selected against if they occurred within the domain and 

would therefore often be found at the edges of domains without necessarily 

acting as boundaries.

Transcription
There are four main stages involved in gene transcription, assembly of the 

pre-initiation complex at the promoter of the gene, initiation of transcription, 

clearance of the promoter, (where the RNA polymerase II leaves the initiation 

complex and starts elongation), and finally, transcript elongation.

Basal transcription machinery

The process of initiation of transcription begins with the formation of the pre

initiation complex at the promoter of the gene. Many proteins are involved in 

transcription but there is a universal set which recognise the core promoter 

and thereby initiate transcription. These proteins, which are termed the basal 

transcription machinery or apparatus, comprise RNA polymerase II, TATA 

binding protein (TBP) and the general transcription factors (GTFs) such as 

TFIIA, TFIIB, TFIID, (TBP-TAFs), TFIIE, TFIIF and TFIIH (Buratowski, 1994; 

Kaiser and Meisterernst.1996; Roeder,1996; Verrijzer and Tjian, 1996). 

Formation of the pre-initiation complex is often aided by TFIIA which makes 

contact with TBP and so stabilises its interaction with the TATA box. (TBP is a 

highly conserved central transcription factor which is required for initiation of
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RNA synthesis by all three eukaryotic RNA polymerases). Following the initial 

recognition of the TATA box by TBP, other general transcription factors, which 

include at the very least TFIIB and TFIIF then enter the complex. TFIIB binds 

to TFIID and spans about 30 base pairs to determine the transcription start 

site. The TFIIF then recruits the RNA polymerase II into this pre-initiation 

complex.

X-ray studies have revealed the structure of both the TFIIB-TBP-DNA and 

TFIIA-TBP-DNA triple complexes. Both these structures demonstrate the 

same DNA deformation as in the TBP-DNA structure, suggesting that TFIIB 

and TFIIA recognise the same preformed TBP-DNA complex via specific 

protein-protein interactions with TBP (Nikolov et al, 1995; Geiger etal, 1996; 

Tan etal, 1996). It is possible that the TBP-DNA complex may play a role in 

bringing remote binding sites for transcriptional activators closer to the site of 

action of RNA polymerase II.

It was initially thought that formation of the pre-initiation transcriptional 

complex may occur in a step wise manner, starting with the recognition of 

either the TATA box or the initiation element by TBP, the subunit of TFIID 

that binds DNA. This model for pre-initiation complex formation is consistent 

with biochemical transcription assays performed in vitro. However, the RNA 

pol II core initiation machinery is far more complex than previously thought, 

consisting of up to 40 polypeptides and many additional co-factors, and a step 

wise formation of such a complicated complex would be very large. 

(Reviewed in Lemon and Tjian, 2000). Lemon and Tjian postulate that 

individual recruitment and organisation of such a vast number of co-factors 

by regulators for assembly at each promoter a cell, within the timescale 

necessary, would be too inefficient. In yeast, a transcriptional complex called 

the holoenzyme which contains a mixture of factors including a subset of 

general transcription factors and RNA polymerase II can exist in a preformed 

fashion without interaction with the core promoter.



24

Initiation of transcription and elongation

After formation of the pre-initiation complex, initiation of transcription 

begins. Once the first nucleotide is in place the polymerase binds the second 

nucleotide forming the initial phosphodiester bond in the RNA chain. For 

transcription to begin, the general transcription factor TFIIE recruits TFIIH into 

the pre-initiation complex. TFIIH contains a helicase which is thought to be 

involved in the separation of the DNA strands around the transcription start 

site. It also provides protein kinase activity which extensively phosphorylates 

the carboxy-terminal of the polymerase II at every round of transcription. Both 

of these activities are necessary for efficient initiation and promoter clearance 

during which the complex leaves the start site to make room for further rounds 

of initiation. As well as its role in transcription, TFIIH also has a function in 

DNA damage and repair (reviewed in Svejstrup etal, 1996).

The process of elongation follows the initiation of transcription. General 

elongation factors ensure that polymerase activity does not stop or pause 

during mRNA synthesis. Elongation factors can also be split into two groups, 

one which serves to facilitate transcription of all protein coding eukaryotic 

genes, and a second set of regulatory elongation factors which control 

expression of specific genes or gene families by regulating transcription of 

particular protein-coding genes (reviewed in Reines etal, 1996).

General transcription co-factors

In addition to the basal transcription machinery, there are many other 

proteins involved in gene transcription. It was originally believed that 

activators, positive regulatory proteins, initiated their effect by direct physical 

contact with the components of the transcriptional apparatus. It is now 

thought not to be the case, as these effects are the indirect result of 

intermediary factors which are involved in conveying signals from activators to 

the transcription proteins.
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General transcription co-factors exist which mediate communication 

between enhancer / silencer regions and the basal transcription machinery to 

activate or inhibit transcription (reviewed in Bjorklund and Kim, 1996). One 

group of these intermediary factors in Drosophila is TATA-binding protein 

associated factors, TAFs, which when associated with TATA-binding protein, 

forms TFIID (the polymerase II TAFs are known as TAFns). In yeast, this

interaction occurs through a mediator', a multi-protein complex which 

associates with the carboxy-terminal domain of RNA polymerase II to form an 

RNA polymerase holoenzyme which is important for activation and repression 

of transcription (Kim et al, 1994). TFIID, as well as directly recognising the 

core promoter element in the initial stages of formation of the pre-initiation 

complex, also plays a central role in mediating activation, probably by 

functioning as a target for activators.

Globin gene transcription factors

Most globin gene promoters contain at least three positive c/s-acting 

elements which lie within 100-200bp upstream of the mRNA cap site. These 

include the TATA box at about -30, a CCAAT box at about -70 and CACCC 

and/or CCGCCC motifs which lie further upstream (Grosveld et al, 1993). 

Although all of these motifs are recognised by ubiquitous transcription factors 

there may still be tissue or stage specific factors which bind these sequences 

but which have not yet been identified. Most globin promoters include the 

recognition site recognised by the lineage restricted transcription factor 

GATA-1, but this is not so in the case of the a globin gene promoter. The 

globin promoters are presumed to bind TBP and its associated proteins to 

form the preinitiation complex at the TATA box. There are at least five different 

proteins that may bind the CCAAT box with varying affinities. The ubiquitous 

protein CP1, binds with the highest affinity to the human a-, p- and y-genes, 

whereas CP2 is thought to bind preferentially to the ^-promoter. Other
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proteins, CTG/NF1 and CAAT displacement factor (CDF), are also thought to 

interact with CCAAT elements in the globin promoters. Many other 

ubiquitously expressed transcription factors such as TEF-2, jun, fos, USF, J- 

BP and YY1 bind in vitro to critical c/s-acting sequences involved in globin 

gene expression. Despite this, their role in the regulation of the globin genes 

in vivo is unknown.

GATA-1

The best characterised of the lineage restricted factors which is involved in 

regulating the erythroid specificity of globin gene expression is GATA-1. It is a 

phosphoprotein which is expressed in erythroid, megakaryocytic and mast 

cells which binds to one or more of the promoters, enhancers and LCR- 

elements of all known erythroid-specific genes. GATA-1 belongs to a larger 

family of GATA proteins which are expressed in both haemopoietic and other 

cell types (Blobel and Weiss, 2001). All members of this protein family are 

related through their DNA binding fingers which resemble zinc fingers of the 

cys-cys family . The importance of GATA-1 in erythropoiesis was shown when 

the gene for GATA-1 (that lies on the X chromosome), was knocked out in 

embryonic stem cells. In chimeric embryos, GATA-1 negative cells contributed 

to most of the tissues but were not present in the definitive erythroid cells 

(Pevny etal, 1991). When chimeras were mated together to produce mice in 

which GATA-1 was knocked out, male mice died in utero at about 10-11.5d 

gestation (Fujiwara etal, 1996). This demonstrated that no other member of 

the GATA family of proteins could compensate for the function of GATA-1 in 

erythropoiesis.

NF-E2

NF-E2 is also expressed in erythroid, megakaryocytic and mast cells. It 

binds to a subset of AP1 binding sites, which are present in the globin clusters
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of many species and in particular within HS2 and HS3 of the (3 LCR, and also 

within HS-40 of the a cluster. It is a heterodimer of two basic leucine zipper 

subunits, p45 which is restricted to erythroid, megakaryocitic and mast cells 

and p18 which is a member of the MAF family of transcription factors and is 

ubiquitously distributed (Andrews et al, 1993a, 1993b). Gene knockouts of 

both these subunits have been produced (Kotkow and Orkin, 1996). The loss 

of p18 has no phenotypic effect, probably because its function can be 

compensated for by other family members. The loss of p45 does have an 

effect, it severely down regulates globin gene transcription in MEL cells, with 

both the gene clusters being affected (Kotkow and Orkin, 1995). Surprisingly 

in NF-E2 negative mice there is little effect on erythropoiesis, with the 

haemoglobin levels only slightly reduced. The major phenotypic effect is that 

the mice are severely thrombocytopenic (Shivdasani etal, 1995).

EKLF

EKLF (Erythroid Kruppel-like factor) is an important transcription factor for 

the normal transcription of the p globin gene but not for the other p-like genes 

nor for the cc-like genes (Perkins et al, 1995: Nuez et al, 1995). It is an 

erythroid specific zinc finger protein which binds to the CACCC box of the (3 

globin genes. Heterozygote knockout mice show a normal level of a but a 

reduced level of |3 gene transcription which results in the characteristic blood 

picture of p thalassaemia. Homozygous knockout mice die of anaemia in 

utero at 15 days of gestation. Other CACCC box-containing genes are not 

affected in these mice, suggesting that it is specific for the p gene.

XPD

XPD is a component of the TFIIH multiprotein complex involved in RNA 

polymerase II mediated transcription and nucleotide excision repair. 

Mutations in the XPD or XPB (another TFIIH component) gene can cause one
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of three human diseases, Xeroderma pigmentosa (XP), XP with Cockayne 

Syndrome (CS) or trichothiodystrophy (TTD) (Bootsma etal, 2001). MostTTD 

patients have mutations in XPD which alter its conformation and thereby 

decrease the stability of TFIIH (Stefanini, unpublished) so although XPD 

function in these patients is perturbed, it is not abolished. Recent studies have 

found that many TTD patients, as well as having a classical TTD phenotype, 

have the haematological indices consistent with those of patients with p 

thalassaemia trait. These TTD patients, with normal intact globin genes, also 

have reduced levels of p globin mRNA whilst a globin gene output is 

unaffected (Viprakasit et al, in preparation). This implies that the a and p 

globin gene promoters may have different requirements of TFIIH for the 

initiation of transcription. It is thought that in most cells de novo synthesis of 

TFIIH compensates for that affected by the XPD mutations. This may not be 

the case in terminally differentiating cells such as skin, hair and erythroid cells 

where TFIIH may be subliminal before transcription is complete, thus affecting 

synthesis of such highly expressed genes (de Boer etal, 1998).

ATR-X

Mutations in the human ATR-X gene cause severe mental retardation 

associated with a mild but variable form of a thalassaemia (Gibbons et 

a/,1995). ATR-X contains a highly conserved PHD like domain (plant 

homeodomain) which is found in many chromatin associated proteins. It also 

has a carboxy-terminal domain which identifies it as a member of the SNF2 

family of helicase/ATPases that are thought to regulate gene expression by 

altering chromatin structure (Pickets et al, 1996). ATR-X has been shown to 

co-localise with a mouse homologue of the Drosophila heterochromatic 

protein HP1. As well as this association with heterochromatin, it has recently 

been shown that at metaphase ATR-X binds to the short arm of human 

acrocentric chromosomes where arrays of ribosomal DNA are located,
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suggesting that ATR-X may exert other chromatin-mediated effects in the 

nucleus (McDowell et al, 1999). Gibbons et al, (2000) have also 

demonstrated that mutations in ATR-X give rise to changes in the pattern of 

méthylation of several highly repeated sequences including the rDNA at a Y- 

specific satellite and sub-telomeric repeats, providing a possible link between 

the chromatin remodelling process, DNA méthylation and gene expression in 

development.

The ATR-X protein may affect gene expression by influencing chromatin 

structure. When down-regulated, it has an effect on a range of developmental 

systems including the a gene cluster but leaves the p cluster unaffected.

Post transcriptional regulation -RNA processing

Conversion of the primary transcript into mRNA by the splicing of introns is 

a complex process which is carried out by the spliceosome. This is a large 

multi-subunit complex consisting of several proteins and a number of small 

nuclear ribonucleoprotein complexes (snRNPs). The snRNPs contain RNA 

(snRNA) of 56-217 uracil rich nucleotides and a common set of proteins in 

addition to other proteins which are specific to each complex. Splicing is 

dependent on specific sequences between the introns and exons. At the 5’ 

end of each intron is a consensus sequence, caAG / G IagAGT, where S I  

follows the excision site. At the 3’ end of the intron the consensus sequence is 

fOrlNQr AG/G where A£L precedes the excision site. Splicing begins with the

binding of the U1 snRNP to the 5' end of the splice site, this is followed by U2 

snRNP binding to the sequence around the branch site and finally U4/U6 and 

U5 snRNPs are added along with other proteins to form the spliceosome so 

that splicing can proceed (Nienhuis and Maniatis, 1987).

As well as splicing out the non-coding intervening sequences of a primary 

transcript, RNA processing involves the modification of both the 5’ and 3’ 

ends. A 7 methlyguanosine residue is added to the first base at the 5’ end of
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the RNA in a process known as RNA capping which is thought to play a role in 

mRNA stability and in ribosomal binding to the mRNA during translation.

A polyA tail of 75 to a few hundred residues is added to the 3' end of the 

mRNA. The AAUAAA polyadenylation addition signal, a highly conserved 

motif found in all the globin genes (except the 8 gene where it is AGTAAA), 

lies in the 3’ untranslated region 10 to 30 nucleotides upstream of where the 

primary transcript is cleaved. Where mutations in the AAUAAA polyA addition 

signal sequence occur, in either the a or p globin genes, thalassaemia 

results, indicating the importance of this signal. A cleavage and 

polyadenylation specificity factor (CPSF), a cleavage stimulation factor (CstF), 

polyA polymerase and poly-binding protein II (PABII) make up a protein 

complex which is responsible for the cleavage and polyA addition process 

(Keller, 1995). CPSF binds to the AAUAAA polyadenylation signal and joins 

with CstF which in turn binds to U or G+U rich sequences downstream of the 

cleavage site. The bound RNA is cleaved and the short tract of polyA is 

added by PAP, followed by a rapid burst of polyA until the tail is -250 bp 

long. Loss of the polyA tail results in a rapid destruction of the mRNA 

indicating that the main role of the polyA tail might be in mRNA stability. 

Despite this, it could also play a part in transcription termination and the 

transport of RNA from the nucleus to the cytoplasm. How this transportation 

process occurs is unclear but it is likely to be an active process which may 

involve protein complexes of the nuclear pore and possibly carrier proteins. It 

has also been suggested that the polyA tail role may be linked to translation.

Globin gene regulation 

Comparison of the a and p gene clusters

Although the a and p clusters are coordinately regulated, there are many 

differences between them, summarised in table 1.1. The chromosomal 

environment of the a cluster differs in many respects from that of the p
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cluster, including its proximity to the telomere, its GC-rich sequence, its 

association with CpG islands, lack of matrix attachment sites, pattern of 

replication timing and its constitutive^ open chromatin structure.

Cluster a p

Location 16p 13.3Telomeric 11p 15.5 Interstitial

GC content 54.0% 39.5%

CpG islands Common None

Gene density High Low

Alu family repeats 25.0% ~5%

Chromatin Open Close open

Replication timing Early Late early

Matrix attachment sites None found Common

Effect of ATRX mutations Present Absent

Effect of EKLF mutations Absent Present

Effect of XPD mutations Absent Present

Regulatory element Enhancer LCR

Effect of deletion of major regulatory 
element on long range chromatin structure

No Yes

Predominant mutations Deletions Point mutations

Expression in transient assays Enhancer independent Enhancer dependent

T a b l e  1 .1 .  The differences between the a and pglobin gene clusters.

The p cluster fits more readily the model of a distinct structural and 

functional gene domain. Like HS-40, the pLCR behaves as a strong 

enhancer but unlike HS-40, which is naturally in an open chromosomal 

environment, the PLCR also has to mediate the transition from closed 

chromatin, which is late replicating, to open, early replicating chromatin 

across the entire p globin cluster. Forrester eta/, (1990), demonstrated that in 

erythroid cells with deletions of the pLCR, there was an associated loss of the
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erythroid specific DNasel hypersensitive sites and a loss of general DNasel 

sensitivity over 150 kb including the whole of the |3 globin cluster.

To analyse the effects of HS-40 on long range chromatin structure in the a 

gene cluster, Craddock et al, (1995) characterised a series of interspecific 

hybrids containing either a normal copy of chromosome 16 or a copy in which 

a naturally occurring deletion had removed HS-40, or in which HS-40 was 

intact but the a genes had been deleted. The results of this study showed that 

there was no change in the pattern of méthylation and no loss of constitutive 

or erythroid specific DNasel hypersensitive sites in the absence of HS-40 

across the whole a gene cluster. These results were in contrast to those 

obtained by Forester etal, in the p gene cluster.

The PLCR.

Since the identification of the pLCR as the major regulator of the p cluster 

(Tuan et al, 1985; Forrester et al, 1987; Grosveld et al, 1987), many 

expression studies have been carried out to determine the relative 

importance and function of each of the individual hypersensitive sites. The 

most 5' site, HS5, does not share the erythroid specificity of the other 4 

hypersensitive sites (although HS2 has been found in some non-erythroid 

cell lines and HS4 has been found in an embryonic carcinoma cell line). 

When each of the hypersensitive sites is attached to a DNA construct with a p 

gene, the levels of expression are lower than with the whole LCR (Strouboulis 

etal, 1992; Peterson etal, 1993; Gaensler etal, 1993). HS1 shows less than 

5% of the activity of the whole LCR whereas this goes up to between 15% and 

40% when HSs 2,3 or 4 are used. Maximum expression levels are obtained 

when the whole LCR is used but if fragments of 1-3kb from each of the 

hypersensitive sites are joined together to form a g LCR high levels of 

expression are still seen.

Each of the hypersensitive sites contains a core element of 200-400bp
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which include multiple binding sites for erythroid and ubiquitous transcription 

factors. HS2 contains duplicated sites for the erythroid specific transcription 

factors NF-E2 and GATA-1, as well as other non erythroid factors (USF and 

YY1). Analyses of these core elements in either MEL cells or transgenic mice 

have shown the importance of the combinatorial nature of these sites for full 

expression of the genes. Deletion of individual sites reduces the level of 

expression particularly if the NF-E2 site is disrupted (Kotkow and Orkin, 1996; 

Motohashi et al, 1997). This suggests that a combination of sites is critical for 

maximum levels of expression. Transgenic mice which comprise multiple 

copies of HS2 attached to a p gene express the p genes at a high level 

whereas mice containing a single copy of the same transgene do not express 

highly (Ellis et a/,1993). A single copy of HS3 linked to a p gene can confer 

expression of that gene, implying that HS3 may contain a dominant chromatin 

opening function (Ellis et al, 1996). HS3 consists of duplicated GATA-1 sites 

flanking G-rich sites which bind Sp1 or a related protein. Most of the activity of 

the core region lies in the 5* GATA-1 -GT-GATA-1 region.

HS4 also contains binding sites for the erythroid specific factors GATA-1 

and NF-E2, which appear to be essential for the correct function of this 

element. HS4 also binds a number of other proteins (SP1, J-BP and TEF-2).

Several different models have been proposed to explain the mechanism 

by which the pLCR activates the p globin genes (Martin et al, 1996; Forget, 

2001). One function of the LCR is to alter the chromatin structure of the cluster 

from its condensed conformation in most tissues to an open conformation in 

erythroid cells to allow transcription to occur. The most widely favoured model 

of LCR function suggests that it physically interacts with the promoter via the 

DNA binding proteins at each site or via bridging proteins by looping. It is not 

yet understood whether these interactions could occur between the promoter 

and individual hypersensitive sites or whether the hypersensitive sites form a 

single holo-complex which interacts with the promoter.
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As well as the DNase hyersensitive sites of the pLCR, there are others at 

the promoter regions at the 5’ end of the genes. These sites are found in front 

of the y and p genes in fetal liver, the site of fetal erythropoiesis at this stage, 

but only in front of the adult p genes in bone marrow, the site of adult 

erythropoiesis (Forrester et al, 1990). These developmental tissue specific 

changes in chromatin structure which occur in the p cluster were originally 

attributed to the PLCR.

Analysis of hybrid MEL cells with human chromosome 11 containing the 

human p globin cluster with the Hispanic LCR deletion (removing 

hypersensitive sites 2-5 and another 20kb of upstream DNA) showed loss of 

generalised DNase sensitivity over 150kb of the whole p gene cluster. 

Transcription of the globin genes was completely abolished (Forrester et al, 

1990). However, more recently, it has been demonstrated that when the LCR 

was deleted from the endogenous mouse locus there was no loss of DNase 1 

sensitivity and transcription of the genes, although reduced, showed a normal 

pattern of developmental regulation (Epner et al, 1998). These results were 

confirmed when the modified ES cells were used to produce mutant mice 

(Bender et al, 2000). Deletion of hypersensitive sites 2-5 from the normal 

human chromosome 11 results in total abolition of transcription of the genes 

but no loss of HS1 or general DNase sensitivity (Reik et al, 1998). It can be 

concluded from these results that there may be sequences 5' to HS5 that are 

lost in the Hispanic deletion but not in AHS2-5 that are important for 

chromatin structure of the locus. Although the pLCR is highly homologous 

between man and mouse its role in the two species may differ.

Interpretation of transgenic studies are complicated by position effects, 

copy numbers and differences between constructs. It is known that LCR 

containing transgenes on large Y AC fragments still show position effect 

variegation in mice (Alami etal, 2000) and that deletion of individual HSs may 

accentuate this problem (Milot etal, 1996).



35

HS-40

HS-40, the major regulatory element of the a globin genes contains 

binding sites for GATA-1, NF-E2, (Jarman et al, 1991; Strauss et al, 1992) a 

YY1 binding site and CACC box proteins. The binding pattern of HS-40 is 

most similar to that of HS2 of the pLCR; both behave as classical erythroid 

specific enhancers in transient assay systems. When transfected into MEL 

cells, HS-40 linked to a p or a gene can activate gene expression to the 

same degree as HS2 linked to the same genes, suggesting that HS-40 is 

equivalent to at least one of the pLCR elements. The two NF-E2 binding sites 

in the 350bp core sequence of HS-40 are critical for the erythroid specific 

activity of HS-40 in transiently transfected cells (Strauss et al, 1992). The 

GATA-1 and CACC box sequences are required but to a lesser degree than 

the NF-E2 motifs. It has been shown that all of these transcription sites are 

bound by proteins in erythroid cells but not in non-eyrthroid cells in vivo. Like 

the pLCR, the mechanism by which HS-40 activates the a globin genes is 

unknown. As the chromatin structure of the whole region is in an open 

conformation in all tissues and the upstream genes are transcriptionally active 

there is no need for the chromatin structure to be remodelled before the a 

genes can be transcribed, as must be the case for the p cluster. When HS-40 

is present in a DNA construct containing the a genes, the genes are always 

expressed in either MEL cells or transgenic mice; when HS-40 is absent 

there is no expression of the a genes (Ryan et al, 1989b; Hanscombe et al, 

1989). This observation would suggest that HS-40 must have some chromatin 

opening function.

Mouse HS-26

Comparison of the core elements of HS-40 in the human cluster and HS- 

26 in the mouse cluster have revealed that many but not all of the protein 

binding sites have been conserved in the two species (Kielman et al, 1994;
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Gourdon et al, 1995). Altered patterns of protein binding were demonstrated 

around both AP1/NF-E2 sites. Binding of YY1 to the upstream site is much 

weaker in the mouse than in the human, whereas the downstream site in the 

mouse, in which the AP1 consensus is lost, shows only weak AP1/NF-E2 

binding. The adjacent mouse sequences do not appear to bind a CACC 

binding protein or X-BP protein. The most 3’ GATA-1 site of the four is 

changed in the mouse and no longer binds GATA-1, but overall, binding sites 

that are conserved in the mouse match regions that have been identified as 

being important in HS-40 of the human cluster.

Developmental regulation of the a  gene cluster

The genes of the a gene cluster undergo one developmental switch from 

co-expression of the a and Ç genes in fetal life to expression of the a genes 

and silencing of the Ç gene in adult life. This silencing, which occurs at six to 

eight weeks gestation in humans and at 8.5 to 10.5 days post coitus in mice, 

was thought be controlled in a gene autonomous manner and coincides with 

a change in the site of haematopoiesis from the embryonic yolk sac to the 

fetal liver (Peschle et al, 1985; Albitar ef al, 1991). Studies to identify c/s- 

acting elements involved in the silencing of the Ç gene suggested a role for 

the first 55Obp of the Ç gene proximal promoter (Pondel etal, 1992b; Sabath 

etal, 1993;1995). Leibhaber etal, (1996) demonstrated that a human Ç globin 

gene with its promoter and 2.2kb of 3' flanking region was appropriately 

regulated in transgenic mice. They then truncated this 2.2kb region to 106bp 

3' to the polyA addition site and made more transgenic mice. The effect of this 

truncation was to reduce the degree of Ç silencing and to increase the level of 

expression in 9.5d embryos. They then demonstrated that only constructs in 

which both the Ç globin gene promoter and the 3’ flanking region are present 

showed clear suppression of Ç gene expression in early embryonic to fetal 

transition within the yolk sac as well as in the fetal liver. An additional
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silencing effect attributed to the transcribed region of the Ç gene was 

observed in the fetal liver and in adult erythroid cells. In conclusion it seems 

that the promoter and 3’ flanking region act in an interdependent manner 

whilst the transcribed region may reflect a post transcriptional mechanism, all 

of which contribute developmental regulation of the Ç globin gene.

Derepression of the silenced human Ç globin promoter in fetal and adult 

transgenic mice was achieved when a 1bp mutation was made in an NF- 

E2/AP1 sequence motif in HS-40 (Huang etal, 1998). Expression of Ç globin 

in these transgenic mice carrying this mutant HS-40 was position 

independent, erythroid lineage specific and copy number dependent in adult 

erythroid cells. The authors propose a model in which competitive binding of 

nuclear factors at HS-40 modulates its function during development from 

active enhancement to passive repression. They suggest that adult and fetal 

cells contain DNA binding and DNA non-binding components which are 

necessary for activation of the a gene promoter. This would allow the 

dominant binding by a factor such as NF-E2 at the 3* NF-E2 /  AP1 motifs of 

HS-40 resulting in a specific multiple protein-DNA complex which could 

activate the a globin promoter in adult erythroid cells but which could not 

overcome the negative regulatory mechanisms silencing the Ç globin 

promoter. In the mutated HS-40, if NF-E2 binding is inhibited or modified 

other factors such as AP1 could bind, creating a different complex at HS-40 

which is capable of reactivating the silenced Ç globin promoter in adult cells.

For complete silencing of the Ç gene to occur, a combination of complex 

processes must occur at the level of transcription and by post translational 

mechanisms which destabilises Ç globin mRNA (Russel etal, 1998). The half 

life of any particular mRNA is related to the function of its protein product, 

such that any protein that is expressed for a very short time is generally 

encoded by a short lived, relatively unstable mRNA. In contrast, proteins 

which are expressed in large quantities in terminally differentiated cells are



38

encoded by relatively stable mRNAs with a half life of about half a day. High 

level expression of the human a and p globins in adult erythrocytes is 

dependent on their highly stable mRNAs in erythroid progenitors. 

Surprisingly, relatively high levels of Ç globin transcripts have been detected 

in progenitor erythroid cells from normal adult bone marrow yet only trace 

amounts of Ç globin mRNA can be found in fully differentiated adult 

reticulocytes. This observation can be explained by the difference in the 

stability of the two mRNAs.

The 5* capping and 3’ addition of the polyA tail to the mRNA serve, in part, 

to protect the mRNA from rate-limiting exonuclease attack. 5’ decapping in 

yeast, which is usually triggered by a preceding shortening of the polyA tail, is 

thought to be a rate-limiting step for the turnover of mRNAs which is followed 

by exonucleolytic degradation. Control of the mRNA turnover pathways in 

many systems is by RNA-protein (RNP) complexes which interact with target 

mRNAs, usually within the 3' untranslated region (3'UTR). The 3’UTR of the 

human a globin mRNA contains such a discontinuous, pyrimidine-rich cis 

acting stability element. Weiss and Liebhaber, (1995), showed that mutations 

in this element result in translation-independent destabilisation of the human 

a globin mRNA in MEL cell transfection assays. More recent in vitro studies 

(Russel et ai, 1998) have shown that a sequence-specific RNP assembles at 

this site, and when mutations that block the assembly of this a complex are 

introduced, a globin mRNA is destabilised suggesting that the a complex 

plays a role in rate limiting mRNA degradation. The a complex is sensitive to 

poly(C) competition, it contains one or more proteins that have poly(C) 

binding activity but does not appear to be erythroid specific. A subset of other 

stable mRNAs have been found to assemble a complex which contains aCPs 

(a globin mRNA poly(C) binding protein) at the pyrimidine-rich regions of their 

3’UTRs, implying that these aCP containing complexes play a role in general 

mRNA stability (Chkheidze et al, 1999). Russel et al, (1998) developed a
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transgenic mouse model which enabled them to make a direct in vivo 

comparison of the stabilities of the human a and Ç globin mRNAs. They 

demonstrated that in erythroid cells the Ç mRNA is significantly more unstable 

than the a mRNA and that this difference in stability was due to a specific 

difference in the sequences of the a and Ç mRNA 3’UTRs which altered the 

affinity for the a complex. The affinity of the a complex for the Ç globin 3'UTR 

was six times lower than for that of the a globin 3’UTR. The less stable Ç 

mRNA also had a shortened polyA tail, which suggests that there may be a 

mechanistic link between Ç globin mRNA destabilisation and deadenylation.

Complete silencing of the Ç globin gene is also dependent on negative 

regulatory elements within the 3’ flanking region. Transgenic mouse 

experiments which involved making constructs with successive deletions in 

the 3’ flanking region of the gene have localised the silencing activity to a 

108bp segment (SE 108) 1.2kb 3’ of the gene (Wang and Leibhaber, 1999). A 

24bp segment of SE108 contains several putative factor binding sites, 

including that of the widely expressed NF-kB, and nuclear extracts from cell 

lines representing the fetal / adult erythroid stage of development bind 

specifically to an NF-kB motif located at this site. When this binding site is 

disrupted by a two-base GG->CC substitution, silencing of the Ç gene is lost. 

NF-kB motifs have also been found 0.9kb 3’ to the mouse Ç globin gene and 

within the proximal 3’ flanking sequence of both the embryonic e globin gene 

and the mouse embryonic phO gene. The activity and function of these 

additional NF-kB sites is at present not understood but it does seem likely that 

they are involved in a generalised silencing of embryonic genes, particularly 

as they have also been found in many other systems.

a  globin gene expression studies in transgenic mice

HS-40 is known to be absolutely essential for expression of an attached a 

globin gene. When construct cRN24, (figure 1.5.a) containing the
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hypersensitive sites upstream of the a cluster (HS-10, HS-8 and HS-4) linked 

to an a globin gene, but without HS-40, was used to make transgenic mice, 

expression of the a globin gene was barely detectable in adult mice (Sharpe 

eta/, 1993b).
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Figure 1.5. The a globin gene cluster and the constructs used to make transgenic mice.

We have previously shown that expression of human a globin in 

transgenic mice containing HS-40 linked to an a gene was erythroid specific 

and high regardless of the site of integration (Sharpe et al, 1993b). This 

construct, HS-40 a, (figure 1.5 b) gave a mean level of human a mRNA 

expression of ~40% in embryos from four transgenic lines but this level fell to 

18% in adults and was not copy number dependent (table 1.2). It became 

quite clear from these results that HS-40 was not fulfilling the role of an LCR
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which should confer copy number dependence and developmental stability.

Although only the fragment containing HS-40 was able to activate a globin 

gene expression in transfection assays (Higgs et al, 1990) the region 

between -33 to -37 and the region upstream of -52 were not examined. 

Therefore the construct cNFGa was studied. This construct contained HS-33 

and HS-40 in a 35kb fragment extending to -62 (figure 1.5 c). Transgenic 

mice carrying cGNFa showed that the additional sequences did not confer 

copy number dependence, alter the level of expression or prevent the down 

regulation of expression in adults (Sharpe et a/, 1993b). In fact the results 

showed an inverse relationship between copy number and expression levels 

so that although the absolute level of expression increases with copy number, 

the level on a per copy basis does not.

None of these three constructs contained the Ç gene and it was thought 

possible that a gene regulation could be linked to a normal pattern of 

developmental regulation. Therefore, the HS-40Ça construct was made 

(Sharpe et al, 1993b). Results from this construct demonstrated that the 

human Ç expression was developmental^ regulated in transgenic mice as 

expression of the human Ç gene relative to the a gene followed a pattern 

which was identical to the endogenous mouse genes. The mean value of a 

gene expression with this HS-40Ça construct (figure 1.5.d ) was 52% in 

embryos and 16% in adults, not very different to HS-40a without the Ç gene. 

Although this construct showed proper developmental regulation of the a 

gene cluster, levels did not reach those of the endogenous genes and the 

level of total human expression still declined from embryos to adults. Addition 

of further hypersensitive sites HS-33, HS-10 and HS-8 from the region 

between the Ç gene and HS-40 were, therefore, examined in tandem with 

HS-40 in another construct, 4HSÇ<x (figure 1,5.e).

In mice containing this 4HSÇa construct, the expression levels in embryos 

were similar to the other constructs at 44%. This level fell in adults to 21%
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(Sharpe et a/, 1993b). Taking the mean values of expression for all the lines of 

this 4HSÇa construct could be misleading because two distinct patterns of 

expression were produced. The two patterns were distinguished by the copy 

numbers of the lines, the high copy mice (16 and 25 copies), showed an 

increase in expression per gene copy between adults and embryos, whereas 

the other two lines, both low copy number (2 and 4) showed a decrease in 

expression per gene copy between embryos and adults that was greater than 

any seen in any other line of any other construct. The reason for these two 

expression patterns is unknown. All constructs that have previously been put 

into transgenic mice have shown that the regulatory element of the a globin 

gene cluster (HS-40), is essential for the expression of the a globin genes. 

Despite this, mice containing these constructs did not show copy number 

dependence or developmental stability of gene expression. Inclusion of all 

known erythroid specific hypersensitive sites in these constructs has made 

little difference to the expression patterns of the genes. It was therefore 

thought that there may be further, unidentified, c/s-acting sequences which 

are required to give stable, high level, copy number dependent expression of 

the a gene cluster.

Technical limitations had until this time restricted the size of constructs 

used in the study of gene regulation resulting in the use of small artificial 

constructs in which sequences between genes or their regulatory elements 

were disrupted. To eliminate possible adverse effects caused by the use of 

such constructs, a 70 kb construct, GG1.2, was made by linking two cosmids 

together and analysed in transgenic mice (Gourdon et a/,1994). This 

construct, shown in figure 1.5.f, spanning the human Ç and a globin genes 

and their regulatory element (HS-40) intact, was much larger than anything 

previously studied and included sequences not previously tested in 

transgenic mice. All the erythroid specific hypersensitive sites were in their 

normal chromosomal organisation, with the correct spacing between HS-40
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and the a genes. Analysis of seven transgenic mouse lines, including

Absolute expression Expression per copy
Embryo Adult Embryo Adult

Construct Line Copy %total H 
No. (ÇM -hxM)

% «  H 

«M

%total H 
(ÇM-kxM)

% «  H 

«M

cRN24a a48 6 -1 0 <0.05 0 .0 - 0 .0

a46 14-18 0.1 0 .0 - 0 .0
a47 ~7O 0.4 0 .0 - 0 .0

HS-40oc a 12 8 37.0 15.0 12.9 7.5
a13 12 40.0 13.5 9.2 4.4
a14 16 - 19.0 - 4.8
a 11 30 42.2 24.9 3.9 3.3

mean 39.7 ±2.6 18.1 ±5.1 8.7 ±4.5 5.0 ±1.8

cNFGa a30 3-5 16.0 16.8 11.1 16.8
«29 4-6 25.0 1 .0 19.0 0 .8
«44 10-14 18.9 2.3 4.3 0 .8
«42 8-16 17.6 5.1 6 .2 1.7
«32 16-32 25.2 2 .2 3.5 0.4
«43 24-36 13.2 6.9 1 .0 0.9
«28 ~60 29.0 11.3 1.3 0.7
«45 -7 0 27.8 16.0 1.1 0.9

mean 21 .6  ±5.9 7.7 ±6.3 5.9 ±6.3 2.9 ±5.6

HS-40Ça «49 12-20 62.0 19.4 10.4 4.9
«33 24-36 42.2 11.9 6 .8 1 .6

mean 52.1 ±10.4 15.7 ±5.3 8 .6  ±2 .6 3.3 ±2.3

4HSÇa « 2 2 2 42.6 3.0 59.0 6 .0
«37L 3-5 54.0 10.5 29.5 10.5
«40 1 2 -20 34.8 30.5 5.8 7.6
«37H 20-30 42.9 41.4 5.2 6 .6

mean 43.6 ±7.9 21.4 ±17.7 24.9 ±25.4 7.7 ±2.0

GG1.2 «53 1 13.4 7.5 26.6 16.9
«51 5 17.2 12.5 10.3 6.3
«50 12 26.1 17.2 4.4 2.9
«52 15 23.1 15.3 3.5 3.5
«58 20 28.9 3.2 3.2 0.3
«59 30 50.4 30.1 2.3 2 .0

«57 -5 0 24.0 1 1 .6 1 .2 0.7
mean 26.2 ±11.9 14.0 ±8.7 7.4±9.0 4.7 ±5.8

Table 1.2. Expression data from all previous transgenic mice.

one single copy line showed that most of the DNase 1 hypersensitive sites 

were reformed (those that did not, HS-10 and HS-8, do not appear to affect a 

globin expression). Méthylation studies showed that the human DNA 

remained unmethylated in the mouse genome indicating that the chromatin 

structure of the cluster appeared to be reconstituted in the same way as in
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normal human tissues. Despite this apparently normal structure of the 

complex in the mice, the a globin genes were still not fully regulated. Levels 

of a globin remained lower than the endogenous genes, were not copy 

number dependent and were not developmentally stable (Table 1.2).

Aims of this project.

The reason for this lack of total regulation is still not clear, it may be that 

sequence differences between man and mouse prohibit full regulation of the 

human a gene cluster in transgenic mice. The interaction of frans-acting 

factors with c/s-acting sequences in the enhancer and promoters of genes are 

sequence specific, a single base substitution is sufficient to perturb globin 

gene expression. An alternative explanation is that there are still additional 

regulatory sequences, as yet unidentified, around the a gene cluster, missing 

from these constructs. There are no other erythroid specific hypersensitive 

sites within 90kb 5'of HS-40 or 120kb 3’ to the a genes so where further 

elements may be remains unclear. Therefore a 145kb PAC construct 

spanning regions of the a gene cluster, as yet untested in transgenic mice, 

was isolated. Results of the mRNA expression analysis in transgenic mice 

containing this construct are presented. Further studies to test whether there 

are species differences in transcription factors or interactions between man 

and mouse which do not allow the human a globin genes to be expressed at 

levels equivalent to the mouse a genes are also presented. Results of the 

analysis of a natural mutation which down regulates an intact human a gene 

in vivo are also described.
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Chapter 2. Material and methods

Production of transgenic mice
Production of transgenic mice (as described in Hogan et al, 1986) 

requires a constant supply of mice. The process involves the superovulation 

of young female C57BI6/CBA F1 mice which, after injection with hormones, 

are caged with C57BI6/CBA F1 stud male mice overnight. The following 

morning, eggs are collected from those that have mated, and are cultured 

until they are ready for microinjection with the DNA construct of interest. 

Vasectomised male mice are mated with females to provide pseudopregnant 

females which are used as recipients for the injected eggs, figure 2.1. Full 

details of the factors affecting the successful production of transgenic mice 

and the numbers produced for this project are given in appendix 1.

Male stud mouse Superovulated 
female mouse

X

fertilised eggs 
collected

DNA injected into eggs

injected eggs 
transfered

Vasectomised 
male mouse

pseudopregnant 
female mouse

Potential transgenic offspring

Figure 2.1. The process of transgenic mouse production.
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Preparation of DNA for microinjection

In the region 50 to lOOgg of the prepared plasmid DNA constructs were 

linearised with the appropriate restriction enzyme. The digested DNA was run 

on a 1% agarose gel (Flowgen Seakem) in AGB running buffer (40mM Tris, 

20m M sodium acetate, 0.2mM EDTA, pH to 8.3 with acetic acid). A strip of the 

gel was stained in ethidium bromide, realigned with the rest of the gel and 

viewed on an ultraviolet light box so that the appropriate band could be 

located and excised from the unstained part of the gel. The agarose strip 

containing the DNA was transferred to dialysis tubing for electro-elution. After 

electro-elution, the buffer was removed from the bag and transferred to an 

Eppendorf tube, the bag was rinsed once with 200p,l of running buffer which 

was then added to the tube containing the DNA. 500p,l of Tris saturated 

phenol was added to the eluted DNA, it was mixed then spun in an Eppendorf 

centrifuge at 13000rpm for 10 minutes. The supernatant was removed and 

250jiI of phenol plus 250*il of chloroform were added, this was mixed and 

spun for 10 minutes. A further extraction with chloroform only followed. The 

supernatant was transferred to a clean tube and the DNA was precipitated 

with 50*11 of 3M sodium acetate pH5.8 and 1 ml of ethanol for at least 20 

minutes at -20°C. The precipitated DNA was spun down at 4°C for 20 minutes. 

The DNA pellet was washed once in 70% ethanol, air dried and 

resuspended in 300ul of injection buffer (10mM Tris pH7.5, 0.1 mM EDTA). 

The DNA was then passed through a G50 sephadex (Sigma G50-80) 

column and fractions were collected. To prepare the column enough G50 was 

suspended in microinjection buffer to fill a 1ml syringe plugged with 

autoclaved glass wool. The column was washed through several times with 

injection buffer before the 300*il of DNA sample was added. The DNA was 

collected in 2 0 jliI  fractions as it came off the bottom of the column. A further 

200*iI of injection buffer was added to the top of the column to ensure 

recovery of as much DNA as possible. 5*il of each of the fractions was run on
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a 1% agarose mini gel then stained in a 1-2|j,g/ml solution of ethidium 

bromide to determine which fractions contained the most DNA. Serial 

dilutions of DNA of known concentration were run in parallel to use as a 

guide for DNA concentration of the newly prepared DNA. The fractions which 

contained the highest concentration of DNA were then pooled and the 

concentration estimated. For injection the DNA was diluted in injection buffer 

to 0.25-1.Ong/jU In most cases DNA was injected at two different 

concentrations within this range.

Preparation of transfer, holding and microinjection pipettes

Three different types of pipette were used during the production of 

transgenic mice. Transfer pipettes were used for moving eggs from dish to 

dish and were hand pulled over a Bunsen burner from hard glass capillary 

tubes (BDH). The size of these pipettes was not critical but was generally 

small enough to hold eggs without transferring large volumes of medium. A 

more precisely made pipette was necessary for transferring embryos to the 

oviduct of recipient female mice. This was pulled by hand in a Bunsen 

burner, to give a 2-3cm in length, with an internal diameter of about 120- 

180gm, slightly larger than a single embryo but not large enough for two 

(Hogan et al, 1986). It also needs to be small enough to insert easily into the 

infundibulum. The tip of the pipette was flame polished in a Bunsen burner 

before use to avoid tearing tissue around the infundibulum.

Pipettes used for holding eggs during microinjection were prepared in 

batches in advance. Glass capillary tubes with a 1mm external diameter and 

a 0.58mm internal diameter (Clarkes GC100-10), were pulled by hand over a 

Bunsen burner and checked under a microscope for size. Those with an 

external diameter of about 80-120p,m and a completely flat end were then 

fire-polished to an internal diameter of about 15p,m, on a Research 

Instruments microforge with an Olympus SZ40 microscope attached. A bend
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was made at the tip of the pipette so that it could be used in the depression 

chamber of the glass slide for microinjection. One or two holding pipettes 

were generally sufficient for each injection session unless they became 

blocked or were broken.

Microinjection pipettes were made from glass capillary tubes with a 

1.0mm external diameter and a 0.78mm internal diameter with an inner 

filament (Clarkes cat. no. GC100TF-15). These pipettes need to be precisely 

made and are pulled on a mechanical pipette puller (Sutter model P-87) to 

ensure reproducibility of size and shape. A good pipette for injecting should 

have a tip diameter of less than 1|im (Hogan et al, 1986). Under a light 

microscope a pipette of this size appears to be sealed. Pipettes with a visible 

hole were discarded as they would cause too much damage to the egg. 

Several pipettes were used for each injection session so large batches were 

prepared in advance and stored.

Surgical procedures 

Mouse anaesthesia

Surgical procedures were carried out under Avertin anaesthesia. A stock 

Avertin solution was prepared by mixing 10g of tribromoethyl alcohol with 

10ml of tertiary amyl alcohol. This stock was then diluted to 2.5% in water for 

use and both the 100% and the 2.5% solutions were stored at 4°C. Mice were 

weighed and injected with ~0.015ml of Avertin (2.5% v/v) per gram body 

weight.

Production of vasectomised males

Vasectomised males are necessary for the production of pseudopregnant 

females for the oviduct transfer of injected embryos. All instruments were 

sterilised by flaming in an alcohol burner before use. Five to six week old 

C57BI6/CBA F1 male mice were weighed and anaesthetised. The lower
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abdomen of the mouse was wiped with 70% ethanol and a transverse 

incision into the skin of about one centimetre was made at a point level with 

the tops of the legs. A second incision was then made into the body wall 

allowing access to both testes. By gently pulling out the fat pad on one side at 

a time, the attached testis, vas deferens and epidydimis were easily found, 

figure 2.2.a. The vas deferens lies under the testis and is easily recognisable. 

A tear was made in the membrane covering the vas deferens so that a loop of 

the tube could be held across a pair of watchmakers forceps. A second pair of 

forceps was heated in an alcohol burner until red hot. These were then used 

to remove a length of about two to three millimetres of the loop of the vas 

deferens and at the same time cauterise each end of the tube to prevent 

rejoining, figure 2.2.b.

a. Fat pad 

Testis -Vas deferens

Epididymus

b.
Vas deferens ÆL

T V

M Remove loop of vas deferens

\
Tips of forceps made Cauterized ends of vas
red hot in a flame deferens

Figure 2.2. Vasectom y of a  m ale m ouse, a. Exposure of the testis and vas deferens, b. 
Cauterisation of the ends of the vas deferens. D iagram  adapted from Hogan e t al, 1986.

The testis was then gently pushed back into the body cavity and the 

procedure repeated on the other side. First the body wall then the skin were 

sutured using Ethicon silk suture thread.
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The vasectomised mice were caged individually and left to recover for a 

week to ten days before a female was introduced into the cage. A copulation 

plug date was recorded for each female and she was then checked for lack of 

pregnancy to confirm that the males were sterile.

Superovulation procedure

Superovulated females were used exclusively over natural matings for 

the production of fertilised eggs as the number of eggs produced can be 

increased from eight to ten per mouse in a natural mating to twenty to thirty 

per mouse by superovulation (Hogan et al, 1986). The hormones used to 

superovulate the mice were pregnant mare's serum (RMS) which acts as a 

source of follicle stimulating hormone and human chorionic gonadotropin 

(hCG) which causes the follicles to rupture and thereby release the eggs. 

Ovulation usually takes place 10-13 hours after the hCG is given, for optimal 

conditions the hCG must be administered before the release of endogenous 

luteinising hormone, (LH). The time LH is released in response to RMS is 

regulated by the light dark cycle, so the combination of light dark cycle timing 

and injection of RMS determine the timing of hCG injection. The mice used in 

these experiments are kept on a light dark cycle of fourteen hours light 

starting at 5am.

The RMS and hCG hormones were supplied as a lyophilized powder 

from Intervet Laboratories Ltd. RMS was resuspended at 50 lU/ml in sterile 

0.9% NaCI then aliquoted and stored at -20<C. 0.1ml was given to each 

mouse. HCG was resuspended at 500 lU/ml in sterile water, divided into 

100pl aliquots and stored at -20"C. For injection one aliquot of hCG was 

diluted in 1ml of 0.9% NaCI to give a final concentration of SOIU/ml, 0.1ml was 

then given to each mouse.

In a typical transgenic injection session 8-10 three to four week old 

C57BI6/CBA F1 female mice weighing about 13-15 grams would be injected
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with hormones to induce superovulation. 0.1ml (5IU) of RMS was injected 

intraperitoneally between 12-2pm on day one, followed 46-48 hours later 

(day 3) by 0.1ml (5IU) of hCG. These females were individually caged with 

the stud males immediately after adminidtration of the hCG. Usually all 

superovulated females mate and 8-10 mice produce in the region of 175- 

300 eggs. Most but not all of these eggs will have two visible pronuclei 

indicating that they have been fertilised. If fewer than the expected number of 

eggs was obtained on consecutive occasions the hormones were replaced 

with fresh ones.

Collection of eggs from superovulated females

Two different media were used for the collecting and culturing of fertilised 

eggs. M16 is one of the most commonly used culture media which is a 

modified Krebs-Ringer bicarbonate solution (Whittingham, 1971) supplied by 

Sigma (catalogue number M-7292.) For the handling of embryos outside the 

incubator and for the microinjection process a second medium, M2 is used 

instead of M16. This is also a modified Krebs-Ringer solution in which some 

of the bicarbonate has been substituted with Hepes to maintain the correct pH 

(Quinn etal, 1982), supplied by Sigma (catalogue number M-7167).

On the morning following mating, plugged females were killed by cervical 

dislocation. The abdomen of the mice was soaked with 70% ethanol to 

reduce the risk of contaminating the collected eggs. Using a small pair of 

scissors, an incision was made in the lower abdomen and the skin was pulled 

towards the head on one side of the cut and towards the tail on the other side 

of the cut, exposing the whole abdomen with all fur out of the way. Through 

an incision across the width of the peritoneum, each of the uterine horns, 

ovaries with fat pads and oviducts were lifted from under the coils of the gut. 

The fertilised eggs at this stage were always found in the the ampulla, the 

swollen region of the oviduct, and were visible through the wall of the oviduct.



52

To remove the oviduct from the mouse, the uterus was held away from the 

abdominal cavity with a pair of forceps, the mesometrium torn close to the 

oviduct, and a cut made between the ovary and the oviduct. A second cut was 

made just below the oviduct, detaching it from the uterus. This piece of oviduct 

was transferred to a 35mm petri dish containing about 2mIs of M2 embryo 

medium. From this point on, the eggs were viewed and handled under a 

dissecting microscope at 20 or 40 x magnification. The oviducts of all plugged 

mice were treated together. A small tear was made in the ampulla using a 

pair of fine forceps, allowing the release of the eggs into the surrounding 

medium. At this stage the eggs from each ampulla were released as a clump 

surrounded by follicle cells (cumulus cells). A mouth controlled glass transfer 

pipette was then used to transfer the clumps of eggs and cumulus cells to a 

fresh 35mm petri dish containing SOOpg/ml hyaluronidase (Roche 106500). 

The eggs were left for one to two minutes at room temperature in this solution 

until the cumulus cells detached; exposure of the eggs to this enzyme was 

kept to a minimum as it may be harmful. Using a transfer pipette the eggs 

were then washed in a dish containing fresh M2 medium. The eggs were 

pipetted gently up and down a few times to ensure that the hyaluronidase was 

completely removed. At this stage all obviously abnormal and unfertilised 

eggs were discarded. Those for microinjection were transferred to a 35mm 

petri dish containing several micro drops of pre-incubated M16 medium under 

mineral oil (Sigma M8410) in a 37<€ humidified 5% C 02 incubator. Before 

transfer to the incubator, a few of drops of pre warmed M16 medium was used 

to wash the eggs to minimise transfer of M2 medium with the eggs to the 

incubator. The eggs were left in the incubator for up to several hours until 

needed.
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Microinjection
Microinjection was carried out using a Leitz Labovert FS microscope 

supplied with Normaski optics as described in Hogan et al, (1986). Leitz 

micromanipulators were mounted on each side of the microscope, one to 

control the movement of the holding pipette and the other, the injection 

pipette. A Narashige IM6 micrometer was connected to the holding pipette 

micromanipulator by a piece of tubing filled with Flourinert (Sigma F4758); 

this controlled the suction to hold and release the eggs. A 50ml glass syringe 

was attached to the injection pipette micromanipulator via a length of tubing 

and used to control the injection of DNA into the egg.

For filling with DNA, injection pipettes were placed upside down, in an 

Eppendorf tube (blunt end to the bottom of the tube) containing the DNA 

solution to be injected. The pipette tip filled with DNA by capillary action. The 

pipette was then very carefully inserted into the micromanipulator tube. DNA 

was forced out of the tip when pressure was exerted on the the syringe 

attached to the other end of the micromanipulator. The size of the hole in the 

end of the tip determined the volume of DNA released. In preparation for the 

injection of eggs, a 20-30gl drop of M2 medium was transferred to the 

depression in a glass microscope slide and covered with light mineral oil to 

prevent evaporation of medium. Approximately 25-40 eggs at a time were 

washed with M2 medium before transfer to the centre of the drop on the slide 

for injection.

The pronuclei of fertilised mouse eggs are most clearly visible when they 

are at the maximum size before the nuclear membrane disappears. The 

pronuclei swell progressively during the one cell stage and so there is a 

window of about 3-5 hours during which they are at an optimal state for 

injection. For the light dark cycle and superovulation times used here, the 

window for injecting was generally between 11am and 4pm. Each egg in a 

batch was held by the holding pipette in a position such that the pronuclei
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were clear, that often involved releasing the egg and picking it up again in a 

slightly different position so that it was viewed in a different plane. When both 

female and male pronuclei were visible, the larger was injected (usually the 

male). Microinjection was performed at a magnification of x 400-600. The 

injection pipette was inserted into the pronucleus and pressure was applied 

to the syringe until the pronucleus visibly swelled. The pipette was withdrawn 

and the egg released from the holding pipette to a separate area of the 

injection chamber. When all the eggs in a batch had been injected they were 

returned to the incubator in M16 medium and were replaced with another 

batch until all available eggs were injected or the pronuclei were no longer 

visible.

Eggs surviving injection were transferred to the oviduct of a 0.5d 

pseudopregnant female either on the day of injection or after overnight 

culture to the two cell stage. Eggs that lyse immediately as a result of physical 

damage during the injection procedure are easy to identify, as cytoplasmic 

granules flow out of the hole made by the pipette into the zona and the egg 

appears very granular. A healthy egg has a distinct outline and a space 

between the egg and the zona pellucida. Typically 50-75% of the injected 

eggs continue to develop and divide overnight.

Oviduct transfer of injected eggs

As only approximately 30% of eggs that are transferred to a 

pseudopregnant female survive to term, between sixteen and twenty eggs 

were transferred to the infundibulum (the opening at the top of the oviduct) of 

the pseudopregnant mouse (Hogan et a/,1986). A suitable transfer pipette 

was selected and filled to the shoulder with light mineral oil, the viscosity of 

the oil allowing more control in the manipulation of individual embryos. The 

pipette, figure 2.3, was then filled as follows. A small air bubble was left 

between the oil and a small volume of M2 medium, a second air bubble was
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left before the M2 containing the embryos was taken up. A third air bubble 

followed by a little medium completed the filling of the pipette. The eggs 

should not span more than about 0.5cm of the length of the pipette, the closer 

together they are the better as this minimises the amount of medium that is 

transferred into the mouse with the eggs. The air bubbles in the pipette serve 

two purposes, one to stop the embryos coming into direct contact with the 

mineral oil and secondly to allow the movement of the contents of the pipette 

to be followed during the transfer. When the second air bubble becomes 

visible inside the oviduct the eggs have been expelled. Once filled, figure 

2.3, the pipette containing the eggs was put safely to one side while the 

mouse was prepared.

Air bubbles

A  \  ____________________________________________

—  4
M2 containing embryos Light mineral oil

Figure 2.3. A pipette filled ready for transfer of em bryos into a  m ouse.

Procedure for oviduct transfer

A pseudopregnant female was anaesthetised and placed on its side with 

its head to the left and sprayed with 70% alcohol. All instruments were flamed 

or sprayed with alcohol before an incision of about 0.75cm was made in the 

skin at the level of the last rib. A second incision was made in the body wall 

through which the fat pad attached to the left ovary could be seen. This fat pad 

was gently pulled out and laid across the body of the mouse such that the fat 

pad was at the top and the uterus at the bottom, with the ovary and the oviduct 

in between. The rest of the procedure was carried out with the mouse viewed 

under the stereomicroscope. A serafin clip was used to keep the fat pad in 

place over the ovary.
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The infundibulum, shown in figure 2.4, is located below the ovary, 

sometimes under some of the folds of the oviduct. Once found, a small tear 

was made in the bursa, the transparent membrane covering the ovary and 

oviduct, using a fine pair of watchmakers forceps. One edge of the 

infundibulum was held with a pair of blunt, but fine, forceps by the left hand 

whilst the transfer pipette was held in the right hand. The end of the pipette 

was then carefully inserted into the infundibulum and the embryos expelled. 

The serafin clip was removed, and the mouse removed from the microscope 

stage to be sewn up. The procedure was then repeated on the right side of 

the mouse. All the eggs can be transferred to one side of the mouse and it is 

not clear whether or not this makes any difference to the number of offspring 

born. One of the advantages of transferring embryos to both sides is that if 

some eggs are lost during the transfer it is never more than half the total. The 

mice, after oviduct transfer, were left undisturbed to recover and were 

checked by palpation after about 10-12 days for pregnancy. Offspring were 

generally born 19.5 days after transfer of one cell eggs.

Serafin clip

Fat pad — ovary

— bursa 
— oviduct

The infundibulum is usually hidden 
under the coils of the oviduct

uterus

Figure 2.4. The position of the Infundibulum ready for embryo transfer. Diagram adapted 

from Hogan etal, 1986.
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Analysis of transgenic mice 

Preparation of mouse tail DNA

Potential founder mice were analysed at two to three weeks of age by 

screening of tail DNA by Southern blot analysis (Sambrook et al, 1989). 

Approximately one centimetre of the tip of the tail was cut with a sharp pair of 

scissors from each potential founder mouse and at the same time each was 

given an individual toe mark for identification later. For DNA extraction the 

piece of tail was chopped into very small pieces and transferred to a 15ml 

plastic Falcon tube containing 2mIs of a high salt DNA lysis buffer consisting 

of 50mM Tris pH8.0, 100mM EDTA, 100mM NaCI, 1% SDS and 20pl of 

10mg/ml Proteinase K. The tail samples were either incubated in a water bath 

at 37°C overnight or, more frequently, at 55^C for three to four hours. Lysis of 

tail tissue was followed by two phenol chloroform extractions and one 

chloroform only extraction. Phenol (BDH) was pre saturated with 1M Tris.HCL 

pH 8.0. The aqueous phase was transferred to a clean tube between each 

extraction and the DNA was precipitated by addition of 10% v/v 4M NaCI and 

two volumes of ethanol (BDH). After overnight precipitation at 4<€ , the DNA 

was recovered by centrifugation at 3000rpm at 4°C for 20 minutes. The DNA 

pellet was washed once in 70% ethanol and allowed to air dry on the bench 

before being resuspended in water. The DNA concentration was determined 

by measuring the optical density (CD) at 260 nm. An CD of 1 contains 

approximately 50gg of DNA per ml.

Genomic DNA screening for transgenic founder mice

In most cases an injected DNA fragment will integrate into the mouse 

genome in a head-to-tail array. Assuming that a fragment from the injected 

DNA is used as a probe it is preferable to use a restriction enzyme for the 

initial analyses that will give bands of a predictable size. An enzyme that cuts 

once in each copy of the injected DNA will give a band of the same length as
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the injected fragment when a head to tail array is present. It should also show 

junction fragments of differing lengths in different transgenic founders where 

the ends of the array integrate into the mouse genome. If a single copy has 

been integrated, the same enzyme should give two fragments each of 

unpredictable length. An enzyme that cuts twice in the construct will give a 

predictable internal band whether one or more copies of the DNA have 

integrated if a probe that lies between these sites is used.

In some cases the founder mice contained DNA integrated at two or more 

different sites, so comparison of the founder mouse DNA and F1 progeny was 

routinely carried out. In most cases the different integrants segregated in the 

Ft generation giving two or more independent lines of mice. Some founders 

appeared to contain less than one copy of the transgene indicating that the 

DNA insert was not present in all cells. The copy number in the Ft generation 

was higher than in the founder mice and the rate of transmission was 

reduced, strongly suggesting that these founder mice were mosaics.

Southern blot analysis

Southern blot analysis was performed as described in Sambrook et al, 

(1989). 10fig of DNA was digested at 37%) for at least 4 hours with 40 units of 

the appropriate restriction enzyme in the buffer recommended by the 

manufacturer (Boeringer Mannheim). 3-4jil of bromophenol blue loading dye 

(15% ficoll, 0.05% bromophenol blue in water) was added to each sample 

immediately prior to loading to give a total digest volume of 30-40gl. Digested 

DNA was electrophoresed either overnight at 30-50 mA or for 6-7 hours at 

150-175 mA in 0.8-1.5% agarose gels in 1xAGB buffer. (40mM Tris, 20mM 

sodium acetate, 0.2mM EDTA, pH to 8.3 with acetic acid). After 

electrophoresis, gels were stained in a 1-2 jig/m l solution of ethidium bromide 

and viewed under ultraviolet light. DNA within the gel was denatured by 

transferring the gel to a tray containing 1L of a 1M solution of sodium
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hydroxide for 30 minutes. To neutralise the gel the sodium hydroxide was 

replaced with 1L of neutralisation buffer (3M NaCI, 1M Tris pH7.5) for a 

minimum of 30 minutes up to two hours. The fractionated DNA in the gel was 

then blotted onto a nitrocellulose membrane (Hybond-N+, Amersham). 

Capillary action allows a high salt solution of 6xSSC (0.9M NaCI, 0.09M tri

sodium citrate) from a reservoir to flow up through a wick, through the gel and 

into a stack of paper towels on the top. The Hybond-N+, placed between the 

gel and the towels allows the flow of 6xSSC but not the fractionated DNA 

which remains on the membrane. Following overnight blotting, the DNA was 

fixed to the membrane first by cross linking under an ultraviolet light, then by 

baking in an oven at 55^C for one to two hours. Both radioactive and non 

radioactive methods were used during this project for the hybridisation of 

probes to the DNA on the filters.

Preparation of high molecular weight DNA in agarose blocks

Large molecules of DNA are easily sheared by manipulations such as 

pipetting during isolation. To obtain the high molecular weight DNA 

necessary for the DNA mapping of transgenic mice containing large 

constructs, intact cells were embedded in agarose then lysed in situ. Whole 

spleens were removed from the mice to be analysed and transferred to a 

petri dish containing a few mis of RPMI 1640 medium (GIBCO) containing 

10% fetal calf serum. The spleen was gently scraped to disaggregate the cells 

into a single cell suspension using a scalpel blade. The medium containing 

the cell suspension was transferred to a 15ml conical tube and left to 

sediment for a few minutes. The suspension was transferred to a clean tube 

and the cells were counted using a haemocytometer. The sedimented tissue 

remains were kept for RNA extraction. 2.5x107 cells (sufficient for 

approximately 15 blocks) were transferred to an Eppendorf tube, washed 

twice in PBS and then resuspended in 0.75ml of PBS. This 0.75ml of cell
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suspension was gently mixed with an equal volume of 1.5% w/v low melting 

point agarose (SeaPlaque GTG catalogue number 50112) melted in PBS 

and cooled to 50°C. Approximately 100pl of the agarose and cell mixture was 

transferred to a Bio-Rad plug mould (catalogue number 1703706) and left to 

solidify to form the agarose blocks. Once the agarose had set, the blocks were 

removed from the formers and transferred to a universal containing 4.5ml of 

500mM EDTA, 0.5ml of 10% SDS and O.ômg of proteinase K. The blocks 

were incubated at 50*0 overnight to lyse and deproteinise the cells. Following 

overnight incubation the blocks were washed twice in TE (10mMTris, 1mM 

EDTA) at SOX) for 10 minutes, twice in TE with 1/1000 phenylmethylsulfonyl 

fluoride (PMSF) (stock 40mg/ml) at 50°C for 30 minutes. The PMSF is 

necessary to inactivate any residual proteinase K activity which may inhibit 

restriction enzyme digestion. A further two washes in TE at 50X) for 15 

minutes followed. The prepared blocks were then stored at 4°C in 500mM 

EDTA until required.

Digestion of DNA In blocks

For restriction enzyme digestion individual blocks were removed from the 

EDTA solution and washed three times in TE at 50°C for 20 minutes to reduce 

the EDTA concentration and once in a 1x solution of the appropriate 

restriction enzyme buffer. Each block was transferred to an Eppendorf 

containing 246|xl of H20, 40gl of x10 restriction enzyme buffer, 4|il of BSA and 

10gl of PAC1 enzyme and incubated overnight at 37°C. After digestion the 

blocks were run on a FIGE gel and Southern blotted.

FIGE gels

Large DNA molecules can not be resolved when run on a standard 

agarose gel. They are limited by the pore size in the agarose which is smaller 

than the radius of the gyration of the linear DNA molecule. This results in all
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DNA molecules above a certain size migrating at the same rate by reptation 

(travelling end-on through the gel instead of being separated by size). In 

order to overcome this problem pulse field gel electrophoresis (Schwartz and 

Cantor 1984) and subsequently Field Inversion Gel Electrophoresis (Carle et 

al, 1986) were developed. FIGE, which can separate DNA molecules up to 

2000kb, works on the principle that a periodic inversion of the electric field is 

applied to the gel and large molecules of DNA become trapped in their 

reptation tubes every time the the direction of the electric field is altered. Only 

when the DNA molecule has realigned itself along the new axis of the electric 

field can it proceed. The larger the molecule, the longer the realignment takes 

such that only molecules whose realignment time is less than the period of 

the electric pulse will be fractionated according to size. The field is uniform in 

both directions but the forward pulse is longer than the reverse pulse resulting 

in the DNA moving in a straight line.

The exact range of separations achieved depends on the timing and 

switching intervals of the field. In these experiments a Bio-Rad FIGE mapper 

cell was used with a Bio-Rad variable speed pump which circulated the buffer 

to maintain a constant buffer temperature. 200mIs of 1.5% agarose in 0.5x 

TBE was used to prepare the gel. Each well to be loaded was filled with 0.5x 

TBE running buffer to make loading of blocks into the wells easier. For 

resolution of the 126kb PAC insert the switch time ramp was 1.5-3.5 seconds, 

the run time was 20 hours with a forward voltage of 180 and reverse voltage 

of 120. Following electrophoresis the gel was denatured and neutralised as 

described for a Southern blot.

Hybridisation with radio labelled probes

Radio labelled probes were prepared using 20-50 ng of the appropriate 

DNA template with 1.11Mbq of a*P  dCTP and a Megaprime labelling kit 

according to the manufacturers instructions (Amersham). Unincorporated
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Sephadex (G50-80 Sigma) equilibrated in 1xSSC as a column in a 1ml 

syringe containing a glass wool plug. The activity of the probes was 

measured by liquid scintillation counting. Filters were pre-wetted in 1xSSC, 

transferred to hybridisation bottles then pre-hybridised at 65°C in 10 mis of 

Church and Gilbert hybridisation buffer (0.5M Na2HP04 pH7.2, 7% SDS, 

1 %BSA, 1mM EDTA) for a minimum of an hour to reduce general background

before being hybridised with the labelled probe. In the order of 2x10* cpm of

the labelled probe per ml of buffer was denatured at 95°C for 5 minutes in a

heating block before being added to the filter. Filters were left to hybridise at

65°C at least overnight. To remove unhybridised probe, the filters were

washed in the bottles in a solution of 2xSSC, 0.1% SDS preheated to 65°C

for 1 hour; this was followed by a second wash of 1xSSC, 0.1%SDS at 65°C 

for 15-30 minutes. If the filters were not clean at this stage (as judged by 

anything above a background signal on a Geiger counter) further washing at 

higher stringency was carried out. Washed filters were wrapped in cling film 

and exposed to Kodak X-ray film in a cassette with intensifying screens at 

-70°C for between 12 hours and 1 week.

Hybridisation with Fluorescein labelled probes

Fluorescein labelled probes were generated by random prime labelling 

using a Gene Images kit from Amersham. Nonamers of random sequence are 

used to prime DNA synthesis on a denatured DNA template in a reaction 

catalysed by the Klenow fragment of E.coli DNA polymerase 1. Fluorescein- 

11-dUTP partially replaces dTTP in the reaction to generate a fluorescein 

labelled probe. 25-1 OOng of DNA template per probe were labelled according 

to the manufacturers instructions to synthesise up to 300-800ng of labelled 

probe. To determine how well a probe had labelled 5\i\ was dotted onto a
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piece of Hybond N+ next to a 5gl dot of a 1/5 dilution of the nucleotide mix 

used for labelling as a negative control. This strip of membrane was washed 

in 2xSSC for 15 minutes at 60°C, viewed on an ultraviolet transilluminator 

and compared to an unwashed reference strip. One of the advantages of 

using this method is that once labelled, the probe can be stored in aliquots 

for up to six months at -20°C.

For hybridisation, filters were pre-wetted in 5xSSC and transferred to 

hybridisation bottles. Hybridisation buffer (5xSSC, 0.1%wAz SDS, 5%w/v 

dextran sulphate, 20 fold dilution of liquid block supplied in the kit) was 

preheated to 60<€ prior to use. 0.125ml of buffer per cm2 of filter to be 

hybridised was added to the bottle containing the filter. Filters were pre

hybridised at GOXD for at least 30 minutes.

The required volume of labelled probe (1-2pi of reaction product from a 

50ng template reaction per ml of hybridisation buffer in most cases) was 

denatured at 95°C for five minutes then added to the pre hybridisation buffer 

and left overnight. The hybridisation buffer was poured off the filter and was 

replaced by the first of two stringency washes. The first, a solution of 1xSSC, 

0.1% SDS, was followed by the second O.IxSSC, 0.1% SDS. Both washes 

were preheated to 60°C and were left for 15 minutes each. The filters were 

removed from bottles at this stage to plastic boxes on a shaker for the 

blocking step. 0.75-1 ml of a 1 in 10 dilution of liquid block (supplied in the kit) 

in buffer A (100mM Tris-HCI, 300mM NaCI, PH9.5) per cm2 of filter was used 

for blocking for 1 hour to minimise the nonspecific binding of the antibody 

conjugate to the filter. For the antibody incubation a 5000 fold dilution of the 

anti-fluorescein-alkaline phosphatase (AFAR) conjugate (supplied in kit) was 

made in buffer A containing 0.5% w/v bovine serum albumin (Sigma). 0.3ml 

per cm2 filter of this replaced the blocking solution. Filters were incubated for 

one hour at room temperature with gentle agitation before the unbound 

conjugate was removed by washing for 3x10 minutes in a 0.3% solution of



64

Tween 20 (BDH) in buffer A. Excess buffer was drained from the filters which 

were then placed on a layer of cling film on the bench for application of the 

detection reagent (supplied in kit).

Probe bound alkaline phosphatase is used to catalyse light production by 

enzymatic decomposition of a stabilised dioxetane substrate. Sufficient 

detection reagent was pipetted to cover the whole surface of the filter. Excess 

liquid was drained from the filters after about two minutes when they were 

wrapped in fresh cling film and exposed to X-ray film. The sensitivity of this 

technique is very high, so filters generally only needed to be exposed to X- 

ray film for 5-60 minutes in most cases, but up to overnight in some 

instances. Details of all the DNA probes used in this project are listed below 

in table 2.1.

P robe G en e o r region o f probe Source

Hum an  

Pstl/Hind III a Human a  gtobtn specific fragment from the 3’ region of the a  globin 
genes

Dr. D. Higgs

RA1.4 1.4kb Pst I/Hind III fragment containing HS-40 of the human a  globin 
cluster

Dr. D. Higgs

HS-40 A PCR product spanning HS-40 of the human a  globin cluster Dr. D, Higgs

FZB10 15.8kb Not I/Sal 1 construct including HS-40 and the o 2  gene of the 

human a  cluster

Dr.V. Barbour

441x442 A PCR probe from a region between exon 7 and 8  of the -14 gene, 
5' of the human a  genes

Dr. D. Higgs

HR91 A 0.7kb Bgltî/EcoRî fragment from the 3" end of the human a  globin 
cluster

Dr.H. Raynham

HS2 Pvult /Bgl II A Pvu It/Bgl II fragment from HS2 of the human p globin cluster N. Roberts

HS2 Xba l/Mse I An Xba l/Mse I fragment from HS2 of the human p globin cluster Dr. B. Morley

M ouse

Mepo A Pst I fragment from the mouse erythropoietin gene Dr. P. Ratcliffe

a  M fl A 0.58kb Nco I probe located 5 ’ of the of the mouse a1 gene. Dr. D. Higgs

M-26 An EcoR I /Hind 111 fragment from pUCMaRE a plasmid containing 
the mouse regulatory element M-26

Dr. G. Gourdon

Table 2.1. DMA Probes used in the screening and mapping of transgenic mice. (Higgs et at, 
1990; Morley et at, 1992; Sharpe et al, 1993b; Gourdon et at, 1995; Paszty et at, 1995; Barbour 

etalT 2000).
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Determination of Copy number

To determine the number of copies of integrated foreign DNA in the 

mouse a set of 2x serial dilutions of a plasmid (pcasette Ça) containing a

human a globin gene in mouse DNA background was prepared 

(Approximately tOpg of plasmid DNA in tOpg of genomic DNA was 

equivalent to a single copy of the human gene in a mouse background). A 

murine erythroleukaemia hybrid cell line with a single copy of human 

chromosome 16 containing two a globin genes was also run to determine 

which of the standards represented two copies of the a globin genes. These 

standards, the hybrid and equal amounts of representative DNA samples from 

different lines of F1 transgenic mice were digested with Pstl then Southern 

blotted and hybridised with a mouse erythropoietin probe as a control for the 

amount of DNA, and a human a globin probe. The relative signal strengths 

of the human and mouse probes when compared to the standards allowed an 

estimation of the number of copies of the integrated human gene to be made, 

the number of a genes in the constructs was taken into account. For later 

analysis a STORM phosphorimager (Molecular Dynamics with ImageQuant 

software) was also used to estimate the copy numbers,

Identification of mice homozygous for the transgenes

Mice potentially homozygous for the human transgenes (where viable) 

were first identified by Southern blotting followed by hybridisation with a 

human and mouse probe. This allowed a comparison of signal strength 

between known heterozygotes of the same transgenic line with potential 

homozygotes. As a comparison of signal strength was not entirely reliable, 

possible homozygotes were bred with F1 C57BI6/CBA mice and the offspring 

analysed. Homozygosity was confirmed when all the offspring were positive 

for the transgene.
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mRNA Expression analysis 

Samples for RNA preparation

To analyse gene expression in the transgenic mice, RNA was prepared 

from various embryo and adult tissues depending on the developmental 

stage of the mouse. RNA was extracted from individual intact 8.5 or 9.5 to 11.5 

post coitus day embryos (including the yolk sac), from the blood and fetal liver 

of individual 12.5 to 18.5 day fetuses and from the peripheral blood and 

spleens of postnatal mice. Other tissues were used in some cases to check 

tissue specificity. Where embryonic or fetal samples were required, timed 

matings between F1 or later generation transgenic male mice and non 

transgenic F1 females were set up and checked daily for plugs.

For 9.5-11.5 day post coitus embryos the pregnant female mice were 

killed by cervical dislocation and the abdomen opened up to allow access to 

the uterus. The mesometrium was cut along the length of both horns of the 

uterus which was lifted out of the mouse and into a petri dish containing a few 

mis of Hanks balanced salt solution (GIBCO). The dish was transferred to a 

microscope stage for removal of the embryos from the uterus. A fine pair of 

scissors was used to cut along the length of the uterine horns with care being 

taken to keep the points of the scissors from puncturing the yolk sacs of the 

embryos. Once released into the petri dish individual embryos were 

transferred to a drop of fresh Hanks in a clean petri dish for further dissection. 

At 9.5d the whole individual embryos were rinsed with Hanks and transferred 

to Eppendorf tubes containing 300ul of Gut lysis buffer (4M guanadinium 

thiocyanate (Fluka), 25mM tri-sodium citrate pH7.0, 0.5%v/v sodium lauroyl 

sarcosinate (BDH) 0.72% v/v 2-p-mercaptoethanol (Sigma)).

10.5 and 11.5d embryos were separated from the placenta then rinsed 

and transferred to 1ml of Gut buffer in a 15ml Falcon tube. Placentas were 

kept for identification of positive transgenic embryos by DNA analysis where 

required. For blood samples from 12.5 to 18.5d fetuses, the female pregnant
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mice were given an intraperitoneal injection of heparin (200 units) ten 

minutes before dissection to allow the fetal blood to flow without clotting. The 

uterus and fetuses were removed as for earlier embryos. The yolk sac was 

removed from individual fetuses which were rinsed in Hanks before being 

dropped into about 500ul Hanks containing 10-15 units per ml of heparin in 

an Eppendorf where they were left for a few minutes to bleed out. The fetuses 

were then removed from the tubes which were spun down for 2 minutes at 

3000 rpm in an Eppendorf centrifuge. The supernatant was removed and the 

red cell pellets were lysed in a small volume (~0.5ml) of Gut buffer which was 

later transferred to a 15ml Falcon tube and the volume of buffer made up to 2 

mis.

Fetal livers, where required, were dissected from the carcasses and 

transferred to 2mIs of Gut buffer. Remaining tissue was used for DNA where 

identification of positive samples was required. In the case of adult samples, 

the mice were heparinised as above, killed by cervical dislocation and blood 

collected by making an incision in the chest while the heart was still beating. 

The blood vessels below the heart were cut so that blood was pumped into 

the thoracic cavity and could be collected. The blood samples were spun 

down at 20Q0rpm for 5 minutes, the supernatant removed and the red cells 

lysed in 3 to 4 mis of Gut buffer. The spleens were removed, finely chopped 

and about half of each transferred to 4mls of Gut buffer. Tissue and blood 

samples which were not analysed immediately were stored at -2 0 ^  or -70°C 

for longer term storage.

RNA preparation.

For the purposes of this project, methods which isolate total RNA were 

sufficient, as globin mRNA is relatively abundant and all RNA expression 

analysis was carried out by RNase protection assay which is very sensitive. 

Care was taken in the preparation of RNA to avoid contamination with
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RNases and to minimise degradation of the samples. Gloves were worn 

throughout, tissues for extraction were lysed immediately after removal from 

the mice and kept either on ice or at 4°C. Separate solutions used only for 

RNA isolation were prepared and autoclaved before use and samples were 

maintained on ice throughout the extraction procedure. The method of 

Chomezynski and Sacchi, (1987) was modified for use in this project.

All samples in Gut buffer were thoroughly mixed by vortexing then left on 

ice or at 4 ^  in Gut buffer for at least one hour until processed. 1/10 volume of 

2M sodium acetate tri-hydrate pH 4.0 was added to each sample followed by 

an equal volume of phenol, (pre equilibrated to pH7.5), and 1.5 volumes of 

chloroform. The samples were thoroughly mixed by vortexing then left on ice 

for 15 minutes before centrifuging. The samples in 15 ml Falcon tubes were 

spun at SOOOrpm for 20 minutes at 4°C in a Sorvall bench centrifuge and the 

samples in Eppendorfs were spun at full speed for 10 minutes in an 

Eppendorf centrifuge at 4°C. The aqueous phase was transferred to clean 

tubes for precipitation of RNA by addition of an equal volume of isopropanol. 

Samples were precipitated at -20°C for at least an hour, usually overnight.

To recover the RNA, samples were spun at full speed at 4°C for 20 

minutes in the Sorvall or Eppendorf centrifuge depending on the sample 

volume. All tubes were placed immediately on ice after spinning. The 

supernatant was removed and the excess liquid drained, the RNA pellet was 

washed once with pre-cooled 70% ethanol, allowed to air dry then 

resuspended in autoclaved H20, the volume depending on the size of the 

pellet and the tissue type. To determine the concentration of the RNA the 

optical density of a diluted sample was measured at 260nm. An OD of 1 

contains approximately 40p,g of RNA per ml. All samples were stored at -20qC 

until required.
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The RNase protection assay

The quantitative RNase protection assay (Zinn et al, 1983) was used 

throughout this project to measure levels of globin gene expression. Specific 

antisense riboprobes were synthesised from vectors which contain a segment 

of the gene of interest downstream from an SP6 promoter. The recombinant 

plasmids were linearised with a restriction enzymes that cuts within the gene 

or at a site downstream from it. The linearised templates were then 

transcribed in the presence of =P- a labelled nucleotide and the appropriate 

polymerase (SP6) to produce RNA probes radio-labelled to a high specific 

activity that extend from the initiation site of the promoter to the end of the 

DNA fragment. Base pairing between the probe and cellular RNA across 

complimentary regions occured when the two were mixed together under 

appropriate conditions in solution to form RNA:RNA hybrids. Single stranded 

RNA, unhybridised probe and inappropriate base paired segments were 

digested with a mixture of RNases leaving double stranded RNA which was 

then fractionated on a denaturing polyacrlyamide gel.

In order to make the assay quantitative, a second probe was included in 

each hybridisation mix. For this project, probes for the endogenous mouse 

globin genes were used. To be sure that quantitation of levels of expression 

were accurate the amount of probe used must be in excess of the amount of 

RNA. The amount of RNA to be hybridised to a fixed amount of probe was 

determined empirically for each tissue analysed as the genes of interest were 

expressed more highly in some tissues than others. Increasing amounts of 

RNA were hybridised to a constant amount of probe and the signal intensity 

compared. Periodically samples were chosen at random and two 

hybridisations of a particular sample were set up, one with twice as much 

RNA as the other to check that the signal strength increased appropriately.
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Labelling of RNase protection assay SP6 Probes

All the probes used for this project, shown in table 2.2 contained an SP6 

promoter and were labelled using Amersham (a-^P) GTP and a Boeringer 

Mannheim SP6/T7 transcription kit. 2gl of x10 transcription buffer (supplied in 

kit) was mixed with 3 jil of a 1:1:1 mixture of UTP, CTP and ATP (supplied in 

kit), 1gl of 200mM Dithiothreitol, (Sigma) Ig l (40u) of human placental 

ribonuclease inhibitor (Boeringer Mannheim) and 2gg of linearised template 

plus water up a volume of 3gl. This was mixed, pulsed down, then SOpCi (a- 

*P) GTP was added, followed by 2p| (40 units) of SP6 polymerase (supplied 

in kit) to give a final reaction volume of 20pl. The reaction mixture was 

incubated at 37°C for 1 to 1.5 hours after which 15 units of RNase free DNase 

1 (10 000 units / ml) was added to degrade the DNA template. After a further 

20 minute incubation, the reaction mixture was removed from the water bath 

and 100pl of column buffer (1OmM Tris-HCL pH7.5, 5mM EDTA, 0.1% SDS) 

was added to the mix which was then transferred to a G50-80 Sephadex 

column pre-equilibrated at 1500rpm for 2 minutes with the same buffer.

Probe Plasmid Linearise Insert P ro tected No, of Source
size fragment size c residues

Hum an a pSP6 alpha 132 BamHI 280 132 41 D r. M. Baron

A Hum an a pSP6 alpha 132 EcoRI 250 97 34 D r. R Jones

M ouse a l pSPJM alpha S Hindlll 126 93 19 D r. R Jones

M ouse a 2 pSP65 M alpha Hindlll 172 128 25 D r. M. Baron

Hum an Ç pzeta 2 SP6 EcoRI -1500 105 37 Dr. J. B ennett

M ouse Ç pSP64 M zeta EcoRI 250 151 48 Dr. M. Baron

M ouse p major pSP64 M beta 134 EcoRI 150 134 29 D r. M. Baron

Table 2.2. SP6 probes used for the RNase protection assay. (Sharpe et al, 1993b; Morley et 
al, 1992).

Unincorporated nucleotides were separated from the labelled probe as 

they remained on the column after spinning. A 10gl aliquot was counted in a
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liquid scintillation counter to determine the specific activity of the probe. 

Labelled probes were precipitated at -20°C in a final concentration of 0.3M 

sodium acetate, pH5.4, with two volumes of ethanol. Probes were stored for 

up to a week at -2Q°C but were generally used within a day or two before 

radiolysis reduced sensitivity and caused an increase in general background.

RNA hybridisations

In general, for the analysis of samples with globin probes, the following 

amounts of RNA were used; O.SjLig of blood RNA, 1-2|xg of spleen (unless it 

was known to be very erythroid in which case 0.5gg was used) or fetal liver 

RNA, 2|ig of RNA from whole 10.5 or 11.5d embryos. Either 2gg, or 1/3 of the 

total RNA sample where there was only small amounts of RNA, was analysed 

from 9.5d embryos. When non-erythroid samples were examined for tissue 

specificity, at least 10p,g of RNA was analysed.

The volume containing the required amount of RNA was precipitated in a 

total volume of 100gl of 0.3M sodium acetate pH5.4 and two volumes of

ethanol at -20°C or a minimum of 20 minutes. A volume equivalent to 10*

counts per minute of each precipitated probe (up to four at the same time) was 

added to the precipitated RNA samples to be hybridised. After spinning in an 

Eppendorf centrifuge for 10 minutes at 13000rpm, the supernatant was tipped 

off and the pellets were either air dried or were dried under vacuum for a few 

minutes. The dry pellets were resuspended in 10gl of freshly prepared 

hybridisation buffer (80% v/v formamide (Fluka), 40mM PIPES pH 6.4 

(Sigma), 400mM NaCI). The resuspended samples were incubated in a SŜ C 

water bath overnight. The next morning the samples were treated with 40gl of 

RNase buffer (10mM Tris pH7.5, 5mM EDTA pH7.0, 300mM NaCI) containing 

1.6gg of RNase A plus 28 units of RNase T1. The tubes were thoroughly 

mixed by inversion and incubated at room temperature for 20 minutes. If the 

room temperature was below about 18°C the tubes were incubated in a 20(C
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water bath. RNase activity was stopped by the addition of 5\i\ of a 1:2 mixture 

of Proteinase K (10mg / ml) and SDS (20%) for 15 minutes at 37°C. 90p,l of a 

1:1 phenol:chloroform mixture was added, the tubes were mixed by inversion 

and spun at 13000 rpm for five minutes. In most cases an aliquot equal to 

about a third of the total (12-15jil) of the aqueous phase was transferred to a 

clean tube then dried down under vacuum to reduce the volume. The 

remainder of each sample was kept for re-running later if it became 

necessary. Once dry, the samples were resuspended in 5gl of loading buffer 

(80% v/v formamide, 20mM EDTA, 0.4% w/v bromophenol blue, and 0.4% w/v 

Xylene cyanol), denatured for 5 minutes in a 95°C heating block then loaded 

onto a vertical pre-run 8% acrylamide denaturing gel (8% acrylamide, 

0.4%Bis acrylamide, 8M Urea (all BDH) made up in 1xTBE (90mM Tris, 90mM 

orthoboric acid, 2mM EDTA)). Electrophoresis buffer was 1xTBE and the gels 

were run for approximately one and a half hours at constant current (40 mA). 

After electrophoresis, the gels were transferred onto a double layer of 

Whatman 3mm paper and dried on a Biorad gel drier then exposed to X-ray 

film for between 1 and 12 hours depending on the intensity of the signal.

Quantitation of mRNA

Initially, quantitation of RNA was performed by precisely marking the outer 

edges of a piece of X-ray film over the gel. After exposure and developing 

the film was placed in the same position as previously on the gel so that the 

bands in the gel could be located. The bands were then excised from the gel 

using a scalpel blade, transferred to scintillation vials containing 5ml of liquid 

scintillation fluid (National Diagnostics Liquiscint) and counted for ten minutes 

each.

More recently, quantitations have been carried out by exposing the gels 

to a screen which is then scanned into a STORM phosphorimager (Molecular 

Dynamics); quantitations were obtained using the ImageQuant software.
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Values obtained for bands were corrected for the number of labelled C 

residues (see table 2.2) in the protected fragment of each probe. To obtain a 

more accurate quantitation in cases where the levels of expression were very 

diverse, ten times more RNA was hybridised with the less abundant probe 

than with the endogenous probe. The two hybridisations were then mixed for 

RNase treatment and subsequent processing.

Haematology

For haematology, adult mice were given an intraperitoneal injection of 200 

units of heparin ten minutes prior to dissection. Mice were killed by cervical 

dislocation and blood was collected by making an incission in the chest while 

the heart was still beating. Blood was pumped into the thoracic cavity through 

a cut made in the blood vessels below the heart. Great care was taken to 

collect blood quickly to avoid clots which block the haematology counter and 

give misleading results. Samples were analysed by Robin Parsons in the 

Department of Physiology, University of Oxford to obtain a full blood count.
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Chapter 3. The a  PAC transgenic mice

The a PAC construct

It is well established that the regulatory element of the a globin gene 

cluster, (HS-40), is essential for the expression of the a globin genes. 

Previous studies have shown that mice containing the 70kb GG1.2 construct 

including HS-40 and all the known erythroid specific hypersensitive sites in 

their normal chromosomal organisation do not show copy number 

dependence or developmental stability of a globin gene expression (Gourdon 

et al, 1994). To address the question of whether there are still other elements, 

as yet unidentified, lying further away from the genes themselves that are 

important for full regulation of the human a gene cluster a new, much larger, 

145kb construct was made.

PAC 7172 (Figure 3.1) was isolated from a Genome Systems Inc CYPAC 

library (loannou et al, 1994 ). The centromeric and telomeric ends of the PAC 

7172 were cloned and sequenced using the Vectorette strategy (Riley et al, 

1990) and the ends were resequenced using specific oligos. This placed the 

telomeric junction at coordinate 86782 and the centromeric junction at 

232042 (Flint et al, 1997). The a P1 artificial chromosome (PAC) construct, 

prepared by Professor Higgs, spans 145kb including the whole a cluster and 

the 3’ flanking region, making it larger than any a globin construct previously 

analysed in transgenic mice.

To ensure that the PAC construct was not rearranged, DNA was digested 

with various restriction enzymes to give bands of predicted sizes. The 

digested DNA was run on a FIGE gel and bands were compared with known 

size markers. FIGE gels were also Southern blotted and hybridised with a 

selection of probes spanning the a globin cluster to establish that the 

construct was intact. Bands corresponding to seven different probes
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spanning the construct were present. (The construct mapping was carried out 

by Professor Higgs) FISH analysis, performed by Veronica Buckle, confirmed 

that the ctPAC hybridised to chromosome 16 only.

Generation of PAC transgenic mice

To make the transgenic mice, PAC 7172 was digested with Notl. Since 

physical manipulation of something so large could causing shearing of the 

DNA, the 145kb insert was not further purified. Founder mice were identified 

by digestion of tail DNA with Pstl followed by Southern blotting and 

hybridisation with the 1kb Pstl/Hindlll human a probe and the mouse Epo 

probe to control for loading of DNA. Fourteen mice were identified as 

transgenic, (a94, oc95, oc98, a99, a100, a101, a141, a142, a143, a144, 

a 145, a146, a147, and a148). Of the fourteen transgenic founders, twelve 

transmitted the transgene and produced live young. Two female founders, 

(a144 and a148), both with young offspring, died shortly after delivery. The 

offspring of each were sacrificed but the very limited data obtained from 

these lines has been excluded from these results. One founder, a147, did not 

transmit the transgene to any of 46 offspring or embryos examined so was 

assumed to be mosaic. Another, «95, transmitted the transgene but the 

positive transgenic F1 offspring died as embryos.

Mapping of the «PAC mice

DNA in agarose blocks from representative F1 mice from each of the lines 

was digested with Pad restriction enzyme which should release a 126kb 

fragment from intact inserts. Digested blocks were run on a 1% agarose FIGE 

gel, Southern blotted and hybridised with Ikb Pstl/Hindlll human a probe. A 

duplicate gel was hybridised with an HS-40 PCR probe. Figure 3.2. shows 

FIGE gels hybridised with the human a globin and HS-40 probes. The 

human a probe contained plasmid sequences which would hybridise to any
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PAC vector which integrated with the construct, whereas the HS-40 PCR 

generated probe did not. Additional bands attributed to vector sequences 

were present in all lines except a98 and a100.

a. b.

_126kb Pac I 
fragment

Pac I digest, Pstl /Hind III a  probe Pac I digest, HS-40 probe

Figure 3.2. FIGE gels of representative mice from each of the aPAC lines showing the 

126kb intact copy of the insert, a.The Human a  plasmid probe hybridises to vector sequences 
as well as to human a. b.Hybridisation with the HS-40 PCR probe. Extra bands on this gel 
represent rearranged or truncated copies of the insert.

All lines were positive for both human a and HS-40 sequences and the 

expected 126kb band was present in six out of the eleven examined lines. It 

was absent in ortOO, cc142 and a145 and in two other lines, a141 and <x143, 

it appeared to be slightly smaller than the expected 126kb.

Further mapping of the 3* and 5' ends was carried out to look for junction 

fragments between the insert and the mouse genome. These gels also 

confirmed which of the lines were single copy and which had a tandem repeat 

band indicating multiple copies of the transgene. Representative F1 DNA 

samples from each line were digested separately with BamHI and Xbal, run 

on a 0.8% agarose gel, Southern blotted and hybridised with the 3' HR91
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probe and with the 5' 441x442 probe, respectively The position of these 

probes is shown in figure 3.1. Figure 3.2 is an example of one such mapping 

gel and shows that there are several junction fragments at the 5’ and/or 3’ 

ends of some of the lines. This indicates more than one insert has integrated 

in close proximity.

6.6kb expected 
tandem repeat band

BamHI digest 441 x 442 5’ probe.

Figure 3.3. Southern blot of representative mice from each of the aPAC lines showing the 

6.6 kb tandem repeat band and 5* junction fragments.

This mapping data showed that four of the lines did not contain an intact 

copy of the transgene. alOO was missing some sequences at both the 5‘ and 

3' ends, a141 was missing sequences at the 5’ end, a142 was missing 

sequences at the 3’ end, and «145 appeared to have abnormal 3’ EcoRI and 

Xbal fragments and was missing the 5’ end (data not shown). Despite 

possibly having a slightly smaller insert on the FIGE gel, on further mapping 

«143 appeared to have both 3' and 5’ ends intact. «146 was shown to 

contain a single intact copy of the insert and a second, rearranged copy 

which appeared to be missing sequences at the 3’ end. The remaining lines, 

«94, «95, «98, «99 and «101, were all multiple copy lines with at least one 

copy of the insert intact.
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Estimation of the number of transgene copies

DNA from F1 or later generation animals from each of the lines was used 

to estimate the number of copies of the transgene. 15ug of each DNA sample 

was digested with Pstl and fractionated on a 1.5% agarose gel. A set of copy 

number standards and DNA from a mouse/ human hybrid cell line containing 

a single copy of human chromosome 16 (H101) were run as controls. 

Hybridisation with the 1kb Pstl/Hindlll human a probe and the mouse Epo 

probe followed Southern blotting of the gel. The relative intensity of the 

mouse Epo and human a globin bands was compared for each of the mice 

and copy numbers were estimated as shown in figure 3.4. below.

Standards z exposure

Figure 3.4. Copy number analysis of a PAC lines, the remaining lines were run on a separate 

gel not shown here.

The copy numbers of the remaining lines were estimated as follows; a141 

and a143 each contained 4 copies of the transgene, lines a142 and a145 

contained a single copy consistent with the lack of a tandem repeat band, 

and only single junction fragments at both 5’ and 3’ ends, observed in the 

mapping studies. <x146 contained two copies of the transgene, one of which 

was intact.

Humana 
Mouse Epo

Estimated copy number 2 12 8 12 12 16
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Expression of the human a  globin transgene

Human a globin gene expression was measured in adult and embryonic 

samples from each of the lines by RNase protection assay. For developmental 

studies F1 male mice from each of the established lines were mated to wild- 

type F1 females and checked daily for copulatory plugs. The day on which the 

plug was found was considered 0.5d post coitus (pc). For each of the lines, 

samples were obtained from at least one embryonic time point and from 

adults. RNA from embryos was hybridised with the human and mouse Ç 

probes and with the human and mouse a probes for the RNase protection 

assay.

#100, #141, #142 and #145

Expression data from the four aPAC lines which did not contain an intact 

copy of the transgene, #100, #141, #142 and #145, are summarised below. 

Figure 3.5. shows the RNase protection assays from embryos and 

representative adults (at least six weeks old) from the four lines.

Embryos 

12.5d 11.5d 11.5d 10.5d

b.
Adults

% %
s % ? v

2 2 to CM CO O
o o JL CN OJ Lf) in f  T V CM CM CM <? T in V T i
o o sr £ T*- XT xh o  o o CM CM CM m  m LD

o  o o XT xT xh xî- M] 2121 xry y ’y * 5 1$ y 'y y y y ’ÿ y y y ’ÿ 'y ’ÿ ’y'y ’ÿ

Human a-

Mouse a-

; 4M* M i m Human a

Mouse a

Figure 3.5. RNAse protection assay showing «.Embryos and b.Adults from each of the 

a 100, a141, a142 and «145 lines. Differences in the mouse Ç to a  mRNA ratios in these 

embryos is explained by the differences in developmental stages of the embryos analysed.
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Quantitation of the human to mouse globin mRNA levels in these lines is 

summarised in table 3. 1. (%Çm/m total is the Ç mouse mRNA as a % of the 

total mouse globin mRNA; %Çh/h total is the Ç human mRNA as a % of the 

total human globin mRNA; %ah/am is the a human mRNA as a % of the a 

mouse globin mRNA; %h total/m total is the total human globin mRNA as a % 

of the total mouse globin mRNA).

Embryos Adults

Line I 1 j? 1 1 % a h /a m  %h total 
m total

Line % a h /a m  
Blood Spleen

a100 12.5d 7.5 74.5 2.7 9.5 a  100 5.0
14.2 60.9 2.0 4.4 0.98
13.5 70.8 1.1 3.2 0.78
6.3 90.1 0.9 8.4 0.88 0.5
17.7 96.6 0.2 4.6 1.1 0.8
22.5 0 - trace 8.1 trace 1.7

2.46 3.5

mean 13.6 ±6.1 78.6 ±14.6 1.15 ±1.0 6.4 ±2.3 1.6 ±1.7 1.6 ±1.4

a141 11.5d 24.5 33.8 26.1 24.6 a141 17.2
15.5 30.7 15.7 19.1 18.7
23.8 31.3 19.6 21.8 20.3
15.9 42.0 8.4 12.2 18.5
22.1 37.4 15.0 18.6
29.3 35.6 14.7 16.1

mean 21.9 ± 5 .3 31.5 ± 4 .2 16.6 ± 5.9 18.7 ± 4 .3 18.7 ± 1.3

a142 11.5d 9.8 35.2 13 18.1 a 142 4.1
19.9 25.6 12.3 13.2 6.7
28.6 36.6 21.1 23.7 7.4
21.6 35.0 10.7 12.8 6.1
14.8 35.6 11.7 15.4 5.8

8.2
8.9

mean 18.9 ±7 .1 33.6 ±4.5 13.8 ±4.2 16.6 ± 4 .5 6.7±1.6

a145 10.5d 43.4 5.2 15.7 9.4 a145 15.6
38.4 18.5 25.0 18.9 11.8
43.0 10.9 15.2 9.7 15.2
34.9 26.5 24.1 21.3 11.8
40.9 30.4 23.4 19.9
35.9 28.9 26.5 23.9
23.0 34.2 21.3 24.9
26.6 27.4 28.8 29.1
33.5 29.0 24.4 22.8

mean 35.5 ±7.0 23.4 ± 9.8 22.7 ±  4.6 20.0 ± 6.6 13.6 ±2 .1

Table 3.1. Quantitation of human a globin mRNA levels in the four lines containing 

rearranged copies of the insert.
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Although all four lines expressed the human a genes, the levels of 

human a mRNA were variable. a100 expressed the lowest levels at 6.4% in 

embryos. In adults this level fell to a mean for the line of 1.6% and in some 

animals human a expression was barely detectable. Levels in a141, a142 

and «145 were similar in embryos at 17-20%. A decrease in levels was seen 

in adults of the «142 and «145 lines but not in the «141 line.

Although HS-40 was present, expression in these four lines may be 

affected by the different rearrangments of the insert. The lowest expressing 

line, «100, in which the human genes are virtually switched off in adults, was 

also the most rearranged. Although the full extent of the deleted region is 

unknown, the DNA mapping clearly showed that the 126kb PACI fragment 

was missing and fragments from both the 3' and 5’ ends of the transgene 

were absent. Despite missing some of the 5* end of the insert, «141 seemed 

to be the least rearranged of the four. It may be significant therefore, that this 

line exhibited stable expression throughout development.

«146

«146 contained one intact copy and one rearranged copy of the insert 

that contained both HS-40

a.

Mouse Ç 

Human a

Human Ç 

Mouse a

Figure 3.6. RNase protection assay a. Expression of the human and mouse a  and Ç globin 

genes in blood from 11.5d embryos, b. Human and mouse a globin expression in adults.

and the « genes.

11.5d Embryos
b.

Adults

CO in to 
OJ OJ C \l OJ 
< 0  CD CD CO Tf Tf- Tf- Tf-

6 8
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RNA analysis from embryonic and adult blood samples is shown in figure 3.6. 

Levels of human a globin gene expression ranged from 15-24% in 11.5d 

embryos and remained at this level in adults. Quantitative expression levels 

are summarised in table 3.2.

Embryos

age %Çm/m total °/oÇh/h total %ah/am %h total /m total

1 1.5d 11.2 34.4 14.4 19.5
11.8 33.0 15.4 20.2
18.8 32.4 20.1 24.1
14.0 28.4 17.5 21.1
15.4 29.3 20.6 24.7
16.4 31.2 17.3 21.0
14.0 13.6 15.4 15.3
16.8 24.9 13.4 14.8

mean 14.8 ±2.6 28.4 ±6.7 16.8 ±2.6 20.1 ±3.6

Adults

% ah/am

blood 10.5 
21.6 
23.4

mean 18.5 ± 7.0

Table 3.2. Quantitation of human a  globin mRNA levels in embryos and adults of the a146 

line.

a94, (XI01 and a143

a94, a101 and «143 were all multiple copy lines containing at least one 

intact copy of the transgene. Placental DNA from a litter of 10.5d and one of 

12.5d embryos from a94, a litter of 11.5d embryos from a101 and a litter of 

12.5d embryos from a143 were analysed to identify embryos positive for the 

transgene. RNA was prepared from the whole embryo and yolk sac of the 

positive 10.5d samples, from the blood and livers of the three 12.5d a94 

embryos and from blood of the «143 embryos. RNA from the blood of all adult 

mice, and the spleens of some, were also analysed by RNase protection 

assay, representative samples are shown in figure 3.7.
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a b.
10.5d 11.5d 12.5d

C. d
12.5d Adults

CM CO bl liv bl liv bl liv
CM CM X j" CO 0 >
CO CO CO CO CO CO

CM CM CM CM
CM CM CM CM

Human Ç -^ | 

Mouse »-►

Mouse Ç—►! 

Human ct-**

Figure 3.7. RNase protection assay showing, a. 10.5 d and 11.5d embryos of the a 101 line, 

b. RNA from the blood of 12.5d a 143 embryos, c. RNA from blood and liver from three a94 
12.5d embryos, d. RNA from the blood of adults from the <x101 and a143 lines. Human Ç in 

the 12.5d embryos was just visible on a long exposure.

The mean human a expression level in 10.5d embryos of the a94 line 

was 31.5%, two days later at 12.5d the level in the blood had decreased to 

21% and it remained constant at this level through to adulthood. The a101 

line expressed the human genes at the highest level in this group. In 10.5d 

embryos human a expression was high at 58.8% and remained constant 

throughout development. The oc143 line expressed at a lower level (20%), 

but again, remained unchanged in adults, in fact there was a slight increase 

in the mean value from embryos to adults but this probably just reflected the 

variability within the line. The quantitative mRNA expression data for these 

three lines is summarised in table 3.3.
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Embryos Adults

Line Age %Çm/m total %Çh/h total % ah/«m %h total 
m total

Line % ah/«m  
Blood Spleen

«94 10.5d 44.3 57.8 26.0 34.3 «94 25.7 33.5
31.4 58.3 17.3 28.6 27.4 16.5

mean 37.9 ± 9.1 58.1 ±0 .35 21.7 ±6 .2 31.5 ±4 .0 24.5 18.2
. 18.2 20.2

12.5d bl 11.2 trace 22.9 20.3 16.9
14.1 trace 20.4 17.5 17.4
13.4 trace 30.9 26.8 18.3

mean 12.9 ± 1.5 trace 24.7 ± 5 .5 21.5 ± 4 .8 19.1
21.1

12.5d liv 2.0 - 12.4 12.1
2.3 - 14.8 14.5
3.8 - 19.0 18.3

mean 2.7 ± 0.96 - 15.4 ±3 .3 15.0 ±3.1 21.0 ± 3.8 22.1 ± 7.7

« 1 0 1 10.5d 36.5 62.8 35.2 60.0 « 1 0 1 66.7 36.8
44.9 58.5 36.7 48.7 49.6 53.3
43.1 64.4 40.7 65.0 47.4 33.5
44.6 60.9 43.4 61.5 52.7 46.9

mean 42.3 ± 3.9 61.7 ±2 .5 39 ± 3.7 58.8 ±7.1 63.6 56.4
65.1

U .5d 39.0 45.9 43.2 47.8 53.8
42.0 42.2 49.3 49.5 64.9
44.4 45.1 62.0 62.1
37.7 49.2 51.8 63.6

mean 40.8 ± 3.0 45.6 ± 2.9 51.6 ±7 .8 55.8 ± 8.3 58.0 ± 7.9 45.4 ± 10.0

«143 12.5d bl 4.2 11.2 17.9 19.3 «143 30.8
4.0 8.6 17.1 18.0 28.6
6.3 12.4 21.2 22.6 33.2
7.4 14.7 21.8 23.7 23.4
6.1 15.4 12.8 14.2 25.6

mean 5.6 ±1.5 12.5 ±2.8 18.2 ±3.6 19.6 ±3.8 17.6
30.0

12.5d liv 0.5 - 9.8 9.7 20.3
1.0 - 10.1 10.0
0.5 - 13.1 13.0 -
1.1 - 13.3 13.2
0.2 - 8.8 8.7

mean 0.7 ±0.4 - 11.0  ±2.1 10.9 ±2.1 26.2 ±5.4

Table 3.3. Quantitation of human a  globin mRNA expression levels in embryos and adults of 

the «94, «101 and «143 lines.

0(99, 0(95 and (x98

Results from the remaining multiple copy lines, «99, «95 and «98 which 

contained at least one intact copy of the transgene are presented separately 

below.
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<x99

The female founder a99 mouse produced two transgenic offspring in her 

first litter, one female and one male. This positive male, «99-4, was used for 

all subsequent breeding allowing several matings to wild type females to be 

set up simultaneously. Analysis of the pedigree, figure 3.8, showed that all 

the female offspring of «99-4 were positive for the transgene and all the 

males were negative, implying sex linked inheritance. To confirm that the 

transgene had integrated into the X chromosome, cytogenetic fluorescent in- 

situ hybridisation (FISH) was performed (by Veronica Buckle) on tissue from 

the «99 founder mouse using two probes (GG1 and GG4) the transgene 

insertion site was confirmed as X A1-A2.

a99 founder

a99-4

Figure 3.8. The «99 pedigree, showing «99-4 as the only transgenic male that subsequently 

only produced positive female and negative male offspring.

Human « globin expression levels were analysed in 10.5d embryos, 

newborns and adults from this line, figure 3.9. Levels were very similar to 

those of the other multiple copy lines. The mean levels of human to mouse « 

globin mRNA expression in embryos was 36.2%, and although this 

decreased slightly, expression remained high in adults at 23.5%. Table 3.4 

shows all the expression data from the «99 line. It should be noted that as the 

transgene has integrated into the X chromosome it is possible that the human



87

a genes are switched off in half the cells as a result of X inactivation and so 

the total human expression could be double that measured.

a. 10.5d Embryos b. Newborn blood Adult blood
I—  CO CO

Mouse Ç - 

Human a-

Human Ç- 

Mouse a-

O  OO LO OO o  1—
tN  CV1 O J CN CVI c p  CO
O) O) O) O) o> CO CO
CT) CT> O ) CT> CT> CO 0>y 5$ 5$ 6 8$ 8

-> m  '**

UO OO 
CO CO

1^- CO
CO CO

Figure 3.9. RNase protection assays of the a 99 line. a. RNA from whole 10.5d embryos, b. 
RNA from blood of newborns, c. RNA from adult blood.

Embryos

Age %Çm/m total %Çh/h total %ah/am %h total /m total

10.5d 38.0 62.7 20.5 33.9
36.4 62.8 22.6 38.6
41.3 68.0 19.4 35.6
43.1 68.6 21.7 39.1
40.8 62.9 21.1 33.8

mean 39.9 ±2.7 65 ± 3.0 21.1 ± 1.2 36.2 ± 2.5

Newborns
%ah/am

blood 20.5
19.1
23.2 
17.7
17.3
19.3
20.4  

mean 19.6 ± 2.0

Adults
% ah /am %ah/otm

blood 32.8 spleen 31.3
27.9 21.0
15.3 29.6
29.6 19.0
29.1 16.7
28.9 mean 23.5 ± 6.5
25.4
23.1
37.2
19.2
15.9
29.2

mean 26.1 ± 6 .7

Table 3.4 Quantitative expression of human a  and Ç globin in embryos, newborns and adults 

of the «99 line.
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a98

DNA analysis was used to identify positive mice prior to RNA analysis; 

positive embryos and newborns in this line could be identified visually as 

they were nearly always smaller and paler than their litter mates, but most of 

them survived to adulthood. Two positive newborns and one wild type litter 

mate are shown in figure 3.10 below.

4 4 4
a98+ve normal nontransgenic cc98 +ve

Figure 3.10. Three F1 offspring from the a98 line. The two newborns positive for the 

trasngene are paler and smaller than their normal litter mate.

A full developmental time course was carried out on this line using RNA 

from the whole fetus at 10.5d and RNA from blood and liver or spleen from 

later developmental stages. An example of one embryo from each stage and 

the blood and spleen analysis of three adults is shown in figure 3.11. 

Expression levels in the oc98 line were high and are summarised in table 3.5. 

The mean for the line was 80% in embryos and 133% in adults. The levels of 

human a globin mRNA expression are almost certainly causing the degree of 

anaemia which was seen in the newborns. The level of expression was, as in 

most of the other aPAC lines, developmental^ stable.
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Figure 3.11. RNase protection assays showing the developmental expression of the a98 

line. a. At 10.5d RNA from whole embryos was analysed, at later time points RNA samples from 
blood or liver were analysed as labelled, b . RNA from blood and spleen from three adult mice.

Embryos

Age % Çm /m  total %Çh/h total %<xh/<xm %h total /m  total

10.5d 45.1 47.0 65.6 67.9
45.2 46.8 87.5 90.0
47.7 48.8 79.6 81.3

mean 46.0 ±1.5 47.5 ± 1.1 77.6 ±  11.1 79.7 ± 11.1

12.5d 15.4 37.1 65.0 * 74.8
16.5 28.6 71.1 83.4
19.3 40.5 70.2 84.4
14.4 22.6 80.9 79.0
16.6 28.5 61.0 75.7

mean 16.4 ± 1.8 31.5 ± 7 .2 69.6 ±  7.5 79.5 ± 4.4

13.5d trace . _ 67.6
trace - - 76.2
trace - - 50.5
trace

mean
64.5
64.7 ±10.7

Young offspring Adults

Age % ah/am

newborn 82.9
69.0
99.3
132.9

mean 96 ± 27.5

2 wks+ 65.3
84.5

mean 74.9 ± 13.6

% a h /a m %<xh/am

blood 77.8 spleen 96.9
41.4 99.7
36.2 68.7
49.3 240.9
61.3 187.6
61.3 104.1
79.3 -

91.3 -

95.8 -

mean 66.0 ± 2 1 .4 133 ± 6 6 .3

Table 3.5. Quantitative mRNA developmental expression of the human a genes in line a98.
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Tail DNA was initially analysed from twenty F1 offspring from two matings 

and all were negative, suggesting the «95 male founder was either not 

transmitting the transgene or that any positive offspring were dying in utero. 

Examination of 10.5d embryos showed two out of nine to be very small and 

white when compared to the rest of the litter. On DNA analysis only these two 

embryos were positive for the transgene. Further matings were set up, 

therefore, for expression studies. Most of the positive embryos subsequently 

analysed were easily identifiable visually because they were small, pale or 

white and, in later stages dead. An example of a positive 1*2.5d embryo with a 

normal litter mate is shown in figure 3.12.

normal littermate «95 embryo

F igure  3.12. One positive «95 embryo with its normal litter mate. The blood vessels in the 

yolk sac of the normal 12.5d embryo on the left are clearly visible and the whole embryo is pink 
whereas the «95 embryo is slightly smaller, is very pale and lacks red cells in the blood vessels 

of the yolk sac.

An RNase protection assay showing the human expression levels in this line 

is shown in figure 3.13 and a summary of the mRNA expression data is 

shown in table 3.6
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Figure 3.13 Expression of human Ç and a  globin mRNA in a95 embryos. The left panel 

shows an RNase protection assay on the RNA from whole individual 9.5d embryos, four out of 

nine were clearly positve for the transgene and were expressing at a high level. The panel on 
the right shows two positive 10.5d embryos, again expressing at a high level.

Age %Çm/m total %Çh/h total %ah/am %h total /m total

9.5d 24.2 62.3 49.6 97.9
33.1 58.4 80.9 130.1
37.4 58.3 85.4 127.9
43.0 57.5 122.9 164.7
33.0 65.3 61.4 118.3
29.6 62.8 56.3 106.4
31.2 62.3 53.4 97.1
41.1 59.6 102.3 148.9
35.9 68.0 54.2 108.6

mean 34.3 ± 5.8 61.7 ±3.3 74.9 ± 25.6 122.2 ±22.0

10.5d 33.7 49.5 82.5 110.5
24.7 67.4 56.0 129.0

mean 29.2 ± 6.4 58.5 ± 12.7 69.3 ± 18.7 119.8 ± 13.1

11.5d 29.1 38.5 71.5 82.4
12.5d 18.0 51.3 54.0 66.4

Table 3.6. Quantitative mRNA expression of human a  globin in a95 embryos. For all time 

points RNA was extracted from whole embryos and yolk sacs. Further 12.5d embryos were 
analysed but the results were considered unreliable. Embryos at this stage were dead, 
consequently embryonic RNA was sometimes of poor quality and the yield very low.
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Levels of human a globin mRNA in these embryos were extremely high. At 

9.5d the mean level of human Ç and a globin mRNA expression was 122%, 

higher still than in embryos of the oc98 line and generally greater than the 

endogenous mouse a globin levels. This exceeded anything seen previously 

with a globin gene constructs. By 12.5d to 13.5d the positive <x95 embryos 

were always dead. Although the level appears to drop slightly in later 

embryos this is almost certainly due to a relative increase in contamination of 

the sample with maternal blood. Because these embryos died, the yield of 

embryonic mRNA was low and often of poor quality. If these embryonic deaths 

occurred as a result of over expression of the human genes, it implies that 

the founder mouse must have been mosaic or he, too, should not have 

survived. However, when the copy number of the founder a95 mouse was 

compared to the positive embryos there was no obvious difference between 

them. As only tail DNA was examined in the founder mouse, different 

degrees of mosaicism in the tail, and in haemopoietic cells, could explain 

this. The rate of transmission of a transgene should also indicate mosaicism if 

it is less than the expected rate of 50%. In a95 it was significantly reduced 

with a total of 21 out of 79 (27%) embryos being positive. Expression levels in 

the founder mouse were also consistent with mosaicism, the total human a 

globin mRNA in this mouse was only 12.8% compared with over 100% in the 

FI embryos.

a95 mated with a mouse (F72) containing the |3 globin cluster

It is very likely that the a95 embryos were dying as a result of the high 

level of human globin gene expression. Over production of one or other of the 

globin chains results in chain imbalance which is detrimental to the cell, and, 

if high enough, leads to cell death. The excess a chains in the a95 embryos 

might be balanced if combined with high levels of human p globin. Therefore, 

the a95 founder mouse was bred to a mouse transgenic for a 70 Kb p globin
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construct which spans the entire p globin locus control region and includes

the e ,g y  ,a y , Ô and p genes. (A gift from F.Grosveld). The expression levels in

the F72 heterozygous line (Straboulis et al, 1992) are equivalent to the 

endogenous mouse p genes as shown in table 3.7 below.

Total human RNA 
(% of total mouse globin RNA)

Age F72 <x95

9.5d 57 122
10.5d
11.5d 91 82
12.5d 58 66
14.5d 50 -
16.5d 64 -

adult 39.6 -

Table 3.7. Mean expression of the human p gene in the F72 line and the human a  in the 

a95 line. F72 embryo data from Straboulis et al, (1992) adult data from Roberts et al, (1997).

A homozygous F72 female mouse was bred with the a95 founder mouse 

and tail DNA of three week old offspring was analysed by Southern blotting. 

All eight of the offspring were negative for the a95 transgene. This result 

suggested that the F72 line did not rescue the RAC line and further analysis 

of 12.5d embryos from a similar mating confirmed this finding. Embryos 

positive for both the «95 and F72 inserts appeared exactly the same as in the 

«95 line without the p construct. They were white and small and usually 

dead.

The reason for this lack of rescue is not clear. It may be that although the 

«95 embryos were expressing very high levels of human globin, they were 

dying not as a result of this but because of an insertional mutation. This may 

not have affected the founder if he were mosaic. However, given the severely 

anaemic state of the embryos it is perhaps more likely that the F72
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heterozygote mouse produced insufficient p globin chains to balance the 

excess a chains of the a95 mouse. Although the levels of human globin 

mRNAs were generally similar, at the earliest stages of development the 

levels of human globin mRNA in the a95 mouse were double those of the 

F72 mouse. Furthermore, the apparent decrease in human a globin mRNA 

expression levels in a95 may be due to selective death of cells expressing 

the human genes at the highest level. Alternatively, there may be a post 

transcriptional difference between the human a and p transcripts in these 

embryos such that the a globin mRNA is selectively translated, resulting at 

the protein level in chain imbalance.

Can the oPAC construct rescue mice with a complete a globin gene deletion?

The absolute expression levels of the human a globin genes in several of 

the PAC lines approached those produced by the endogenous mouse genes 

but would this level of expression translate into a sufficient level of protein to 

compensate for a complete lack of mouse a globin chains? Paszty et al. 

(1995) used homologous recombination in embryonic stem cells to delete 

16kb of DNA which removed both the mouse a globin genes, and replaced 

them with a neo gene, figure 3.14.

3 HS-26
«2

lamHI EcoRI EcoRIBamHIBam HIHS-26b Neo

EcoRI icoRI
BamHI BamHI

Figure 3.14. a.The normal mouse a  gene cluster b. The construct used to make the 

knockout mice.

They demonstrated that mice heterozygous (oca/--) for the deletion survived
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but homozygotes died in utero at 14.5-16.5d gestation of severe 

anaemia due to globin chain imbalance. Paszty et al, also demonstrated that 

the mice could be rescued by breeding them with transgenic mice 

producing human a globin. The transgenics were produced by co-injection of 

two fragments, the (5LCR on one and the human a genes on the other (mice 

containing these fragments are referred to as Hucc mice in this chapter). The 

integration pattern of the two fragments was unknown (although it was 

estimated that the transgene copy number was two) and no measurements of 

the amount of human a mRNA were made. Although rescued homozygotes 

were obtained, they were under-represented in the offspring and survivors 

were weak and sickly. We obtained the homozygote a globin gene knockout 

mice rescued with the Hua transgene (--/--,Hucc) from Dr C.Paszty. To 

determine whether the aPAC construct could substitute for the Hua, one of 

the aPAC lines, a98, was interbred with the knockout mice using the breeding 

strategy shown in figure 3.15 to breed out the Hua and breed in the aPAC.

*0 iSii

aKO-18

* 0 Hue * 0 H i. mo Hua *o Hi.

aKO-19 aKO-20 aKO-21 aKO-22 aKO-23 aKO-24 aKO-25 aKO-26

m

v y  v f

m
a98-33

akc mo ©
aK098-26 aK098-27 aK098-28 aK098-29 aK098-30 aKQ98-31 aKQ98-32 aK098-33

ces l i ©© ÔKG m «e
aK098-41 aK098-42 aK098-43 aK098-44 aK098-45 aK098-46 aK098-47 aK098-48

Figure 3.15. Part of the pedigree showing the loss of the Hua gene, the breeding in of the 

aPAC, and the production of a rescued homozygote knockout mouse, aK098-47.
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An attempt was made to maintain the Hua line of mice for simultaneous 

analysis with our --/--aPAC mice but, because they were weak and sickly, 

they did not readily breed. The line was lost, limiting the number of samples 

available for analysis. The a98 PAC line was chosen as it has about 12 

copies of the PAC insert and has the highest expression levels of human to 

mouse mRNA at -66%, see figure 3.4 and table 3.5.

DNA analysis of the a knockout rescued mice

The deletion was easily detected with the a mouse flanking (a mfl) probe 

and the absence or presence of the Hua construct was established using a 

human pLCR HS2 probe. Insertion of the aPAC construct was detected with 

the Pstl/Hindlll human a probe. Maps of the normal and deleted mouse a 

locus are shown in figures 3.16, and results of the DNA mapping are shown 

in figure 3.17.

a.

T I EHindi» 

am flank probe

JcoRi 
BamHI

a l
- f -
BamHI EcoRI Hindi»

-► BamHI
-►  EcoRI

a2

" T "
BamHI EcoRI

10.5Kb 
4.9Kb 

»» Hindlll 14.1Kb

b. Ç Neo

Hindi!?™1 BamW|RI B an ff Hindi» EcoRI
am flank probe —

M ------------------------------►ECORI 8.7Kb
 ►BamHI 4.2Kb

^ ------------------------- ►  Hindlll 7.8Kb

Figure 3.16. Maps of the mouse a locus in a. normal or b. knockout mice. The a mouse flank 

probe is shown in green and the size of various restriction enzyme fragments are given for the 

normal and deleted locus.
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Figure 3.17. DNA screening to identify the homozygote knockout mouse rescued with the 

a PAC construct, a and b. Examples of normal aa /aa ,aa /-- and - / -  mice. c.Screening for loss 
of the Hua. d.Screening for the presence of the a  PAC and identification of aK098-47, a 

homozygous knockout rescued with the aPAC.

Frequency of homozygote rescue.

Table 3.8. shows the results of matings set up between act/- xaa /-,H ua  

and oca/- x aa/~,aPAC mice. These were set up to generate homozygotes 

which should comprise one quarter of all conceptions and half of which (i.e. 

one eighth of the total) should be ‘rescued’ homozygotes.

a a /-x a a /--,H u a

Genotype a a /a a aa/aa, Hua aa/~ aa/-, Hua —/—, Hua

observed. IQ 11 Z IQ Q 1
expected 6.5 6.5 13 13 0 6.5

aa /--xaa /--,a  PAC

Genotype a a /a a aa/aa, aPAC aa/~ aa/-, a PAC —/— —/—, a PAC

observed Q 5. 1Q IQ Q Q
expected 8 8 16 16 0 8

Table 3.8 The observed and expected frequencies of genotypes in offspring from a a /-  x 

aa/-,H u a  and a a /-x a a /-,a P A C  matings.
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As unrescued homozygotes die in utero, one in seven of the newborns 

should be homozygous for the deletion if the rescue is fully effective. Of 45 

offspring from the matings involving the Hua construct, only one homozygote 

knockout was rescued instead of the expected 6 or 7, indicating that some of 

these ‘rescued’ mice were probably dying in utero. In contrast to these 

results, 6/58 of the offspring from crosses involving aPAC mice were rescued 

homozygotes compared to an expected 8. Also, the litter sizes were larger, 

with a mean of 8 pups per litter, with the aPAC construct compared with a 

mean of 6 for those with Hua construct, again indicating that some embryos 

were dying. The offspring from the aPAC line used (a98) were nearly always 

smaller and paler than their non-transgenic litter mates. Only two of the six 

knockout homozygotes rescued with this line were noticeably small at birth 

while the others were indistinguishable from their litter mates. The difference 

between these two and the other four may reflect the twofold variability in 

transgene expression within this line (see table 3.5). It is clear that the a98 

PAG construct is far more effective at rescuing the homozygous a mouse 

knockout mice than the Hua construct.

Haematological studies

Blood was obtained from whole litters of mixed genotypes at a8 weeks of 

age for haematological analysis (carried out by Robin Parsons, Department of 

Physiology, University of Oxford). Genotypes were determined by Southern 

blot analysis of tail DNA. The results are shown in table 3.9.

Mice with a full complement of endogenous a genes that also expressed 

human a from the aPAC construct, had normal red cell indices but were 

somewhat anaemic. Presumably, this is a result of the overall o/p globin chain 

imbalance in these mice leading to a degree of red cell destruction.
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Genotype n Hb
(g/d)

MCV
(fl)

MCH
(P9)

a a /a a 12 14.2 ±0.6 50.3 ±1.3 17.0 ±0.6

aa/-* 14 12.3 ±1.1 36.5 ±2.1 12.9 ±0.9

aa/--Hua 2 13.1 ±0.3 46.0 ± 0.0 14.9 ±0.7

a a  /aa,aPAC 5 11.4 ± 0.6 48.0 ±1.6 16.9 ±1.4

aa/~,aPAC 10 12.0 ±1.2 47.5 ± 2.3 17.5 ±1.0

--/—,aPAC 4 13.3 ±0.6 45.5 ±1.3 16.5 ± 1.0

Table 3.9. A summary of haematological data from each of the genotypes analysed. Each 

value represents the mean of the number (n) of animals analysed. MCV is mean cell volume, 

MCH is mean cell haemoglobin.

Mice heterozygous for the knockout (aa /-) had significantly lower 

haemoglobin levels and reduced MCV and MCH values compared to 

normals, consistent with their genotype. In heterozygous knockout mice that 

express human a from the Hua construct (aa/-, Hua), the haemoglobin level 

and red cell indices were partially restored towards normal. The red cell 

indices were further normalised in those heterozygotes with expression from 

the aPAC construct (aa/-,aPAC) although these mice remained somewhat 

anaemic. Finally, the homozygous knockout mice rescued with the aPAC (-/- 

-,aPAC) were only mildly anaemic and had only slightly reduced red cell 

indices, suggesting that the output of the human genes did compensate well 

for the lack of mouse a chains.

RNA expression studies

RNase protection assays were used to quantitate the human and mouse a 

gene expression in these mice. Since the homozygous mice lack mouse a 

mRNA, human a gene expression was measured against mouse p mRNA. As 

the human a and mouse p probes protected similar sized bands (132 and 

134 bp respectively), the human a probe was linearised with EcoRI instead 

of BamHI to give a 97bp protected fragment. The human a / mouse a ratios
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were unaffected by this change (data not shown). Representative RNase 

protection assays are shown in figure 3.18 and the results are summarised in 

table 3.10.

a.

p Mouse 
a  Mouse

Normal a a /a a  mice aa/-- mice

P Mouse -► iS S S S S  „ _  
a Mouse

aa/aa,aPAC mice

5 g- z  w
<? f  f

p Mouse 
a Mouse

d.

a a / -, aPAC mice 

z  w z  w z  w
<Y <5 ̂  <V T f
g S § § S $
8 3 2 8

e.

P Mouse

—/—,aPAC
"O S "O S0  ® o  <u
1 »

a  Human

Figure 3.18. Representative RNase protection assays showing mouse or human a  and 

mouse p mRNA expression levels in various genotypes, a. Mouse a  and p mRNA levels in 
normal mice, b . Mouse a  and p in a a /-  mice. c. Mouse a  and p in heterozygous a98 PAC 
mice. d. Blood and spleen mRNA samples from heterozygous a knockout mice with the 
aPAC. e. mouse p and human a  levels in blood and spleen mRNA samples from homozygous 
a knockout mice rescued with the aPAC.

In normal mice, the ratio of mouse a to mouse p mRNA was 1.33 and this 

was reduced to 0.71 in knockout heterozygotes, as expected for mice with half 

the number of a genes. These ratios, in the presence of the human aPAC 

construct, were 1.07 and 0.66 respectively. The reduced ratio in the 

aa/aa,aPAC mice may well have been the result of selection against those 

cells with the highest degree of chain imbalance. In mRNA prepared from 

spleen cells this ratio was higher at 1.43. Human a globin mRNA was not 

measured in the aa/aa, Hua mice but the globin chain ratio (human a /
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mouse a) was previously estimated at 20% (Paszty et al, 1995). In the aa /-, 

Hua mice, the human a / mouse a mRNA ratio was -50%, consistent with 

Paszty's earlier protein data given that these mice had half the number of a 

genes. The ratio of human a / mouse a mRNA in the a98 PAC line averaged 

66% (table 3.5) and this rose to 115% in those heterozygous for the a gene 

knockout. Again, this value may be reduced by selective loss of cells with 

most chain imbalance. In mice homozygous for the knockout, those rescued 

with the aPAC construct had a human a / mouse p mRNA ratio that was more 

than twice as high as those rescued with Hua, 0.84 compared with 0.30 

(Table 3.10). This ratio was higher than that of mouse a to p ratio of 0.71 in 

the heterozygote aa /-.

Genotype a Mo use 
pMouse

aHuman
aMouse

aHuman
PMouse

aa/aa 1.33 ±0.24 0.00 0.00
aa/~ 0.71 ± 0.03 0.00 0.00
a a /aa , Hua - 0.20* -
a a / - , Hua - 0.55 ±27 0.32 ±0.09
aa/aa ,a PAG 1.07 ±0.18 0.66 ± 0.21 -
a a /- ,a PAG 0.66 ±0.31 1.15 ±0.33 0.87 ± 0.77
—/—, Hua - - 0.30 ±0.10
—/—, a PAG - - 0.84 ± 0.55

Table 3.10. The mean a/p ratios for each of the geneotypes. ‘Globin chain ratio from Paszty 

efa/,(1995).

In summary, these studies clearly demonstrate that higher levels of 

human a globin mRNA were produced by the aPAC construct compared with 

the Hua, resulting in better haemoglobinised red cells and a higher 

proportion of rescued knockout homozygotes. The level of human a chain 

production in these mice was adequate to compensate for the complete lack 

of mouse a chains.
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Discussion
To date, many constructs have been used to make transgenic mice 

seeking to achieve full regulation of the human a gene cluster. No gene 

expression is seen when the a genes alone are used in constructs such as 

cRN24a, but when HS-40 is present the genes are expressed. Despite HS- 

40 being essential for expression of the a genes, it alone is not sufficient to 

confer copy number dependent expression. Although the a genes are always 

expressed from such constructs, the levels are lower than those from the 

endogenous genes and are developmentally unstable. To try and overcome 

this, additional constructs were made. The first of these contained the Ç gene 

(HS-40Ça), then HS-33, (cNFGa). These were followed by addition of the 

other known erythroid specific hypersensitive sites at -10 and -8 in 4HSÇa, 

and finally the 70kb GG1.2 construct which contained all the hypersensitive 

sites and genes in their normal chromosomal arrangement (see Introduction). 

There were no clear cut differences in the a gene expression patterns 

between any of these constructs when they were analysed in transgenic 

mice; expression levels were similarly high in embryos but consistently 

declined through development and did not show copy number dependent 

expression. Therefore, the larger 145kb aPAC construct was made.

Data from these mice showed that this aPAC construct conferred high 

level absolute human a globin expression in all but the rearranged a100 

line, (see table 3.11). At the highest copy number of 16 (a95), the level of 

human a globin mRNA expression was so high that embryos died in utero 

almost certainly as a result of globin chain imbalance and this degree of 

imbalance could not be compensated for by the human p globin chains 

produced by a mouse containing the entire p globin locus, (table 3.7). In a 

second line, (cx98), positive offspring could be easily identified because they 

were smaller and anaemic compared to their non-transgenic litter mates, 

(figure 3.10). It does seem therefore, that some of these aPAC lines express
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significantly higher levels of human a globin mRNA than those seen with the 

previously analysed smaller constructs. All the expression data from the 

aPAC lines is summarised in table 3.11.

Line Copy number n 
Days

Expression in embryos 
%ÇH+aH / ÇM+aM

n Expression in adults 
% «H /aM

<x100* 2 6 6.4 7 bl. 1.6 (0-5.0)
12.5d (3-10) 4 sp. 1.6 (0.5-3.5)

a 14V 4 6 18.7 4 bl. 18.7 (17-20)
11.5 (16-25)

a 142* 1 5 16.6 7 bl. 6.7 (4-9)
11.5d (13-24)

a 145* 1 9 20.0 4 bl. 13.6 (12-16)
10.5 (10-30)

a 146 2 8 20.1 3 bl. 18.5 (11-23)
11.5 15-25

«94 12 2 31.5 9 bl. 21.5 (17-27)
10.5d (29-34) 4 sp. 22.1 (17-34)

«101 12 4 58.8 8 bl. 58.0 (47-67)
10.5d (49-65) 5 sp 45.4 (34-56)

«143 4 5 19.6 8 bl. 26.2 (18-31)
12.5d (14-24)

«99 8 5 36.2 12 bl. 26.1 (15-37)
10.5d (34-39) 5 sp. 23.5 (17-31)

«98 12 3 79.7 9 bl. 66.0 (36-96)
10.5d (68-90) 6 sp. 133.0 (69-241)

«95 16 9 122.2 , dead
9.5d (97-166) -

Table 3.11. a  globin gene expression in embryos and adults of the aPAC lines. * indicates 

lines which did not contain an intact copy of the 126kb PAC1 Fragment.

Levels of expression

At first glance, the level of human a globin mRNA expression in these 

aPAC mice appears similar to that seen with other constructs containing HS- 

40 and the human a genes (see table 3.12). But, if the lines containing 

rearranged copies of the transgene are excluded the levels tend to be rather 

higher, particularly in adults.
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Copy number dependence

The range of copy numbers in the a PAC lines was not as great as in any 

of the other constructs; this may be the result of selection for low copy or 

because of the size of the insert. For every other construct there has been at 

least one line, in most cases more than one, in which the copy number was 

greater than twenty. In the aPAC mice the highest copy number was 16 

(oc95). The levels of expression in the a95 embryos were so high that there 

was sufficient globin chain imbalance to cause the phenotype of 

thalassaemia. The twelve copy, <x98 line, produced at least as much human a 

globin mRNA as any previously analysed line, and showed signs of anaemia. 

These observations suggest that higher copy number, non-mosaic founder 

mice might die in utero because of over expression of the transgene. In that 

case, selection for low copy or mosaic founders would occur. This may be an 

indication that this aPAC construct contains sequences which, at high copy 

number, result in higher levels of expression than previously seen. However, 

the level of expression per copy was only slightly higher than that found with 

any of the previous constructs (summarised in table 3.12).
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Absolute expression Expression per copy
Embryo Adult_________ Embryo Adult

Construct Line Copy %total H 
No- (ÇM+aM)

% «  H 

«M
%total H 
(ÇM-kxM)

% «  H 

«M
HS-40a a t  2 8 37.0 15.0 12.9 7.5

a13 12 40.0 13.5 9.2 4.4
a14 16 - 19.0 - 4.8
a l l 30 42.2 24.9 3.9 3.3

mean 39.7 ±2.6 18.1 ±5.1 8.7 ±4.5 5.0 ±1.8

cNFGa «30 3-5 16.0 16.8 11.1 16.8
a29 4-6 25.0 1.0 19.0 0.8
a44 10-14 18.9 2.3 4.3 0.8
a42 8-16 17.6 5.1 6.2 1.7
a32 16-32 25.2 2.2 3.5 0.4
a43 24-36 13.2 6.9 1.0 0.9
a28 -6 0 29.0 11.3 1.3 0.7
a45 -7 0 27.8 16.0 1.1 0.9

mean 21.6 ±5.9 7.7 ±6.3 5.9 ±6.3 2.9 ±5.6

HS-40Ça a49 12-20 62.0 19.4 10.4 4.9
«33 24-36 42.2 11.9 6.8 1.6

mean 52.1 ±10.4 15.7 ±5.3 8.6 ±2.6 3.3 ±2.3

4 HSÇa «22 2 42.6 3.0 59.0 6.0
a37L 3-5 54.0 10.5 29.5 10.5
a40 12-20 34.8 30.5 5.8 7.6
a37H 20-30 42.9 41.4 5.2 6.6

mean 43.6 ±7.9 21.4 ±17.7 24.9 ±25.4 7.7 ±2.0

GG1.2 «53 1 13.4 7.5 26.6 16.9
«51 5 17.2 12.5 10.3 6.3
«50 12 26.1 17.2 4.4 2.9
«52 15 23.1 15.3 3.5 3.5
«58 20 28.9 3.2 3.2 0.3
«59 30 50.4 30.1 2.3 2.0
«57 -5 0 24.0 11.6 1.2 0.7

mean 26.2 ±11.9 14.0 ±8.7 7.4 ± 9.0 4.7 ±5.8

aPAC «142* 1 16.6 6.7 37.5 7.1
«145* 1 20.0 13.6 37.8 27.4
«146 2 20.1 18.5 25.4 18.5
«100* 2 6.4 1.6 8.3 1.6
«141* 4 18.7 18.7 13.0 9.3
«143 4 19.6 26.2 10.4 13.1
«99 8 36.2 26.1 10.5 6.6
«94 12 31.5 21.5 6.1 3.4
«101 12 58.8 58.0 10.6 9.0
«98 12 79.7 66.0 , 13.0 11.0
«95 16 122.2 dead » 18.9 -

mean 39.1 ±34.8 34.4 ±35.1 17.4 ±10.3 10.7 ±7.6
**52.6 ±37.6 **48.3 ±37.5

Table 3.12. Summary table of expression for lines of all constructs. * indicate lines not 

containing an intact copy of the insert, t  the embryonic level of expression was used for the 
adult value in this line.** This is the mean expression value excluding the rearranged * lines. 
Expression per copy was calculated as ((ah/2) + Çh)/copy number)/((Çm/2)+(am/4)) for embryos 

and as (ah/2) +Çh/copy number)/(am/4) for adults.
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When the levels of expression are plotted against increasing copy number 

for each of the a PAC lines, figure 3.19, there is a clear increase in absolute 

human a globin levels which shows a degree of copy number dependence 

greater than anything seen previously. They may not show strict copy number 

dependent expression, but the aPAC lines no longer show the inverse 

relationship that was seen in the smaller constructs between copy number 

and expression per copy so that the more copies of the transgene there were, 

the lower the expression level per copy, (table 3.12). Copy number 

dependence of the aPAC construct also holds true when only those lines 

with an intact copy are included.

a. Embryos b. Adults
•  cNFG a
■ HS-40 a  
O HS-40 Ça 
*  4HS Ça 
A  GG1.2
■ aPAC

140-,

60 -120
o
$ 100-
Q.

|  80
o

20 -40-

20 -

A #

20 40 
Copy number

60 20 40
Copy number

60

Figure 3.19. Total human globin expression plotted against copy number for each line of 

each of the constructs, a. Embryos b. Adults
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Developmental stability of expression

Through development expression of the human genes in the aPAC lines 

appeared to be more stable than in other constructs. When the expression 

levels for adults and embryos are shown for each of the individual lines the 

difference between the PACs and the rest is clear. Figure 3.20 shows the 

decrease in expression from embryos to adults for each line of each construct.

122%

a95
80 i

70 -

|  60 -

I  5 0 -  
8

40 -

|  30 -I 20 "  

10 -

cNFGa HS-40a HS-40Ça 4HSÇ<x GG1.2 a  PAC

Construct

Figure 3.20. The developmental instability of a  gene expression from embryos (shown in 

blue) to adults (shown in red) can been seen within each of the lines for the various constructs. 
The a PAC lines carrying intact copies of the transgene are shown in black, those in grey are 
known to have rearranged copies of the insert.

The higher level of expression between some of the aPAC lines and those 

containing other constructs is also clear, particularly in adults. It may be 

significant that three of the four rearranged lines, cxIOO, «142 and a145 show 

either the lowest levels of expression, with the level in the a100 line at 1.6% 

in adults, or a decrease in developmental stability that is at least as great as in 

some of the lines containing the smaller constructs. There may be subtle
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differences between these rearranged copies of the transgene which result in 

the different patterns of expression. Some of the deleted regions may contain 

critical sequences which are necessary to overcome the developmental 

instability. a146 contained a single intact copy and a rearranged copy of the 

insert, expression in this line is developmentally stable, with the embryonic 

level of human a expression at 18.7% being maintained into adulthood (see 

table 3.12). Why some of the lines carrying intact copies of the aPAC fragment 

still show some degree of developmental instability or why there are different 

levels of expression between lines of mice containing the same number of 

copies (oc98, a94 and a101) of the construct is not clear. DNA mapping of 

mice containing such large constructs is difficult, particularly where several 

copies are present. Even when many digests and probes are used and all the 

predicted bands are present, it is not always possible to determine whether 

all segments detected are joined in a single DNA fragment. There may be 

copies in some lines which are either not expressing the transgene or in 

which minor rearrangements that may alter the pattern of a gene expression 

have not been detected. In general, the lines containing intact copies of the 

construct express at higher levels and are more developmentally stable than 

those without. Therefore, further mapping of the rearranged lines might 

identify regions involved in maintaining high expression levels through 

development.

Knockout rescue

These aPAC mice do not shown strict copy number dependence in the 

way that has been reported for the p gene cluster with the pLCR. The question 

of whether this is due to species specific differences in transcription factors 

which prevent full regulation of the human a cluster in a mouse background 

or whether its still due to a lack of regulatory elements is still unclear. Paszty 

et al, demonstrated that mice with both endogenous a genes deleted died in
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utero but could be rescued with the Hua transgene. To determine whether the 

aPAC construct could replace the Hua construct and rescue the a mouse 

knockout mice the a98 line was bred with the a mouse knockout mice. The 

results of this interbreeding demonstrated that the aPAC construct worked 

extremely well to compensate for the total loss of mouse a gene expression. 

Rescued mice still showed some signs of globin chain imbalance but in some 

cases this may have due to the over expression of the human genes, the 

human a to mouse p ratio in the aPAC rescued homozygotes was higher 

than that of the mouse a to p ratio in the heterozygote knockout mice, table 

3.10. The range of absolute human expression levels in the a98 line was 

variable, and this could explain the differences in the phenotypes of the 

rescued mice.

Conclusions
1. The range of human a globin expression from the aPAC transgene is, in 

general, higher than that seen with previous constructs but only exceeds 

endogenous levels in the two highest copy number lines, a95 and a98.

2. The level of human a globin gene expression in the a98 line is adequate to 

rescue mice lacking their endogenous a genes.

3. Results with this construct show a higher degree of copy number 

dependent expression than has been previously observed.

4. Considerably better developmental stability with this construct suggests 

that it contains important sequences that have not previously been examined.

5. However, this construct does not give full regulation equivalent to the 

endogenous genes or that reported for the pLCRa construct. Therefore, to 

eliminate laboratory to laboratory differences and to determine whether these 

results could be reproduced in my own hands, mice containing the PLCRa 

were produced and analysed.
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Chapter 4. pLCRa Transgenic mice

Introduction
Although high levels of human a globin gene expression were obtained 

in some of the aPAC mice, and there were some differences to the other 

constructs, it was not clear that the 145kb construct contained all the 

necessary c/s-acting elements for full regulation of the human a genes. 

Expression levels were not equivalent to the endogenous mouse levels. The 

aPAC mice showed some degree of copy number dependence but it was 

not as strict as has been reported for the p gene in pLCR constructs. An 

alternative explanation for the incomplete regulation of the human a gene 

cluster in transgenic mice is that there are species-specific effects that prevent 

full activation of the human a genes by mouse transcription factors. However, 

there is preliminary evidence that argues against this premise, namely the 

expression of the human a gene in transgenic mice when it is regulated by 

the pLCR.

Hanscombe et al, (1989) reported that high levels of human a globin 

gene expression can be achieved when a pLCR mini-locus is attached to a 

single human a gene. Human a globin gene expression was analysed in five 

12.5-13.5d founder embryos containing between one and eight copies of the 

PLCRa transgene. The eight copy embryos were anaemic, had small livers 

and died before birth. The human gene was very highly expressed at 55-57% 

per copy in two single copy embryos, 176% per copy in a 3 copy embryo and 

77-600% per copy in three eight copy embryos.

Although the pLCRa construct appears to work extremely well in these 

embryos to produce human a gene expression levels which exceed the 

endogenous levels, the quantitative analysis may not be accurate for a 

number of different reasons. First, mosaicism cannot be ruled out because
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RNA from whole founder embryos was analysed. Secondly, placental DNA, 

which at this stage is a mixture of maternal and embryonic tissue, was used 

to estimate the copy numbers. Any maternal contamination of the embryonic 

tissue would result in an under estimation of the copy number and 

consequently an over estimation of the expression per gene copy. It is quite 

possible, therefore, that the embryos identified as single copy may in fact 

have contained two or more copies of the human genes. Finally, copy 

numbers were determined by densitometry, and not by DNA mapping which 

could have confirmed the presence of a single insert of the transgene.

The expression level in one of the eight copy embryos was 77%, lower 

than the other two. It is possible that although this embryo was anaemic, it 

might have survived as its absolute expression level was no greater than the 

levels seen in the a98 PAG line. These embryos can also be identified 

because they are pale and smaller than their non-transgenic litter mates. No 

lines of mice were produced with this pLCRa construct so the overall picture 

is not clear.

In an attempt to overcome the lethal thalassemia which causes death in 

utero previously observed in mice with high copy numbers of the human p 

globin gene construct (Grosveld et a/,1987; Blom van Assendelft et a/,1989; 

Talbot et a/,1989), Hanscombe et al, cloned a p gene upstream of the human 

a gene to produce pLCR pa transgenic mice. Low copy number mice were 

produced and both genes were expressed at high levels. The human a gene 

expression in the two mice analysed was half that of the human p expression 

and the mice showed a mild form of anaemia as a result of a slight globin 

chain imbalance. This may be due to the presence of just one a gene in the 

construct instead of the two that would normally be required to balance the 

production of a single p gene.

High level expression of the human a genes in mice has been achieved 

by other groups; Ryan etal, fl989b), used hypersensitive sites 1 and 2 of the
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PLCR attached to an a gene to make transgenic mice. At 16.5d gestation 

founder fetuses expressed the human a gene at 30-90% per gene copy. 

Albitar etal, (1991) coinjected the mini pLCR with a DNA fragment containing 

three a genes, pLCR + a*aa (the a* gene was marked for experiments 

unrelated to these) and in a separate experiment the mini PLCR was 

coinjected with a fragment containing a human Ç gene with a third fragment 

containing two a genes, PLCR +Ç+aa. The results of these studies are difficult 

to evaluate because in each line of mice the copy number of the PLCR 

fragment was different to the coinjected a or Ç and a gene fragments. Also, 

expression of the marked a* gene was not studied. Nevertheless, human a 

expression levels of 50-250% of the endogenous genes were observed.

The results with the aPAC transgene were not dissimilar to some of those 

with the pLCRa constructs. However, the number of mice analysed in the 

Hanscombe study was too small to determine whether there was true copy 

number dependence. Lines were not produced so the question of 

developmental stabilty could not be addressed. In addition, it is quite difficult 

to compare results from different laboratories, particularly when different 

techniques are used to measure RNA levels and copy numbers etc. 

Therefore, to establish whether the aPAC transgene expresses a globin 

mRNA as well as the pLCRa transgene, the PLCRa construct was used to 

produce more mice for analysis in my hands and to determine whether more 

lines containing a wider range of copy numbers could be established.



113

PLCRa construct

The p globin mini locus spans about 40Kb and consists of the 5* 

hypersensitive sites of the pLCR attached to a p globin gene and a segment 

containing the 3’ hypersensitive site, (Grosveld etal, 1987). The Clal-Asp718 

fragment spanning the a1 gene and the 9 gene was cloned between the 

Cla1 and Asp718 sites of the p-mini locus cosmid (Hanscombe etal, 1989). 

From this, a 41Kb Sail fragment was purified for microinjection, figure 4.1 

The cosmid was kindly provided by Dr. P. Fraser.

5’HSs 4 3 2 1 3'HS 1 4Kb
Gy Ay
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SaH Cla1 SailAsp/18
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4 3 2 1
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Figure 4.1 .The pLCRa construct.

DNA mapping of pLCRa transgenic mice

Transgenic mice were made as previously described and thirteen founder 

PLCRa mice were identified by Southern blotting of tail DNA. 15gg of tail 

DNA was digested with EcoRI and BamHI as a double digest, run on a 0.8% 

agarose gel in AGB buffer, blotted onto Hybond N+ then hybridised with the 

fluorescein labelled 1Kb Pstl/Hindlll human a globin probe, which gives an 

internal band of 4.5Kb, and the mouse Epo probe, which gives a band of 

2.9Kb, figure 4.2. All founder mice were mated to C57BI6/CBA wild type mice 

in an attempt to produce F1 offspring.



EcoRI / Bam HI double digest, human a  and mouse Epo probes

Figure 4.2. Screening of the pLCR founder mice. Southern blot showing three positive 

founder (F) mice, a110F, a111F and a112F.

Further DNA mapping on F1 embryos or tail DNA from live born mice was 

carried out to check that the transgene was intact. 15gg of DNA was digested 

with Hindlll, run on a 0.8% agarose gel, blotted and hybridised with a 

fluorescein labelled Bglll/Pvull HS2 probe which gives a band of 1.9Kb. A 

probe to the mouse regulatory element (mouse -26), an EcoRI fragment cut 

from pUCMaRE by EcoRI/Hindlll digestion and which gives a band of 5Kb, 

was used as a control for DNA loading. The Southern blot of two lines are 

shown in figure 4.3 below.

<x114 
(High copy number)

<x110 
(Low copy number)
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O  CD O  O

Kb 3  Ü  d
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3.5 — |

re—s mm

3 6 3 3
■Mouse -26

Bglll/Pvull HS2

Hindlll digest, Bglll /  Pvull HS2 and Mouse -26 probes

Figure 4.3. Mapping of PLCR F1 offspring. Both high <x114, and the low a110, copy lines 

have the predicted 1 9kb human HS2 band.
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A PCR probe to HS4 of the |3 cluster was used to check that the 5* end of 

the construct was intact. A representative DNA sample from the lines that 

were transmitting the human DNA was digested with Xbal and hybridised 

with the HS4 probe, figure 4.4.

a. O  V— CO LO LO to
a a a a a a a

13.3- i

D 7- ----- -—_

7.7— 1

6.2- - ^   ̂ft
|ip| tandem repeat band

4.3-

Xbal digest, HS4 probe

b.
HS4 HS3 HS2 HS1 , A

 ▼, T i l  .▼ t l
_ X b a l  

HS4 Probe

Figure 4.4. a. Southern blot with representative samples from some of the lines showing 

tandem repeat bands and junction fragments where the transgene has integrated into the 
mouse genome. a110 appears to have two junction fragments but no tandem repeat band, 
consistent with the trangene being integrated in a head to head arrangement, b. A map of the 
construct with Xbal site and the position of the probe.

Of the thirteen original founders, five (cc109, a118, a119, a120, and a121) 

did not appear to be transmitting the transgene. Founder oc118 had less than 

one copy of the transgene and was mosaic. a119, and a121 had copy 

numbers of over a hundred, and a120 and <x109 both had more than ten 

copies, as estimated from tail DNA. The lack of transmission might be due to 

the founders being mosaic, or because positive offspring died in utero as a 

result of globin chain imbalance if they were expressing the transgene at a 

high level. Analysis of F1 embryos from the male founders did not produce
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any positive offspring and neither did the female founder, <x120, (table 4.1). As 

expression levels in all these founders were low, it was assumed that all the 

mice in this group were mosaics.

The other eight founders contained intact copies of the trangene which 

were transmitted to their offspring. Two, (a110 and a113) produced live born 

offspring but the others (a111, a112, cc114, a115, a116, and <x117) produced 

positive embryos that died in utero at between 11.5d and 13.5d gestation.

Copy +ve 
Founder Sex number offspring Comments

a119 M >100

<x121 >100

a120 F 10-50

a109 M 10-50

a 1 18 M <1

0/83 No positive embryos were identified so the founder was 
assumed to be mosaic.
He did not express any human a  globin.

NA The a121 founder didn't breed and was sickly, she was 
sacrified and expressed less than 1% human a globin. 
She was assumed to be mosaic.

0/38 No livebom positives were identified out of 17 analysed 
so the a 120 founder was sacrificed to analyse embryos. 
No positive embryos were identified so the founder was 
assumed to be mosaic expressing less than 1% human 
a globin in RNA from blood and 6% in RNA spleens.

NA The a  109 founder was sterile. When sacrificed he was 
expressing 2% human a globin.

0/31 a118 founder appeared to have less than one copy of the 
transgene so was thought to be mosaic. No +ves were 
produced so the founder was sacrificied, he did not 
express any human a  globin.

Table 4.1. A summary of the founder mice which did not transmit the transgene. M 

represents male founders, F represents female founders.
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Estimation of copy numbers in pLCRcc mice.

Carcass DNA of representative F1 embryos from «111, a114, a115, 

a116, and a117 and tail DNA from later generation animals of a110 and 

«113 were used to estimate copy numbers of the pLCRa transgene. Tail DNA 

of the «112 founder was the only available tissue for copy number analysis in 

this line. DNA samples and controls were digested and Southern blotted as 

for the «PAC mice.

Standards

Human a 
Mouse Epo

64 32 16 8 4 2 1

Estimated copy number 2 4 -1 0 0 1 0  8 8

Figure 4.5 . * <x114 founder transmitted the transgene at very low frequency and embryos 

died very early in utero. This made it very difficult to obtain sufficient positive DNA samples to 
analyse, consequently DNA from two embryos was pooled for this gel. Despite this, the amount 
of DNA is still considerably lower than in the other samples.

The pLCRa construct only contains one « gene whereas the control 

mouse/ human hybrid, H101, has two. For this reason H101 was counted as 

having two copies for the comparison with the standards. The copy number 

estimates obtained are therefore the number of inserts of the construct and 

were estimated as shown in figure 4.5.
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Developmental expression studies
From six out the eight founders, a111, a112, a114, a115, «116, and 

a117 making lines of mice proved impossible so expression studies were 

carried out on embryos only. All embryo samples from these lines of mice, 

from 9.5d through to 12.5d, were hybridised with the mouse Ç, mouse a and 

human a RNase protection probes. Where 9.5d embryos were analysed 

either 2gg or 1/3 of the total sample depending on how much RNA was 

available was hybridised. Where 10.5-12.5d embryos were small, anaemic 

and dead or dying, 2gg of RNA extracted from whole embryos was hybridised 

rather than the usual O.Sjiig. The other two founders, a110 and a113, did 

produce live offspring so both adults and embryos were examined. RNA was 

prepared from whole 10.5d and 11.5d embryos, from the blood and livers of 

12.5d embryos up to newborns and from the blood and spleen of adults. 2ug 

of whole embryo tissue, 0.5ug of blood and 2ug of liver or spleen RNA were 

hybridised with probes as above. Embryos over 14.5d were not hybridised 

with the embryonic mouse Ç probe.

<*111

The frequency of transmission was low in this line because the founder 

was mosaic. Positive embryos were easy to identify visually as they were 

small and white and died at about 11.5d of gestation. Identification was 

confirmed where possible by DNA analysis. Of nine 9.5d embryos analysed 

four were positive, only one out of fourteen 10.5d, one out of eleven 11.5d, 

and one out of eight 12.5d embryos was positive. The RNase protection assay 

of these embryos is shown in figure 4.6 and the quantitative expression data 

is summarised in table 4.2 There is an apparent decrease in human 

expression through development in this line from a mean of 125% in embryos 

to about 80% which may be due to selective cell death if those cells 

producing the highest amounts of human a globin have a shortened life span.



Figure 4.6. RNase protection assay showing high levels of human a in the a 1 11 embryos.

Age Tissue %Çm/m total %ah/am %ah total /m total

9.5d whole embryo 10.3 65.0 58.1
21.7 176.5 177.9
30.9 218.0 153.9
31.4 147.3 108.1

mean 23.4 ±9.9 153.1 ±79.1 124.5 ± 5 2 .9

10.5d whole embryo 27.8 65.3 47.3

U .5 d whole embryo 19.0 86.5 81.1
13.6 78.6 73.7

mean 16.3 ± 3.8 83.9 ± 4.6 77.4 ± 5.2

12.5d whole embryo 4.7 70.8 65.3

Table 4.2 . Quantitative expression of the human a  and Ç globin mRNA in the a t  11 line 

0(112

Female founder a112, with between 60 and 100 copies of the transgene, 

produced no positive offspring from fourteen newborns so was sacrificed 

when pregnant and the embryos were examined. One resorbed embryo out 

of ten was positive by DNA analysis but no tissue was available for RNA 

analysis. The founder mouse was expressing high levels of human a globin 

mRNA (42%) in spleen RNA and only 1.6% in blood RNA. The high copy 

number of the founder, the low rate of transmission (one out twenty four
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analysed), and the expression data all indicate that she was mosaic. It is 

possible that the one positive embryo died of severe anaemia as a result of 

over production of a globin.

0114

«114, the highest copy number line at about 100, was similar to a111 in 

that the positive embryos died at about 11.5 days, were small and white, and 

could be identified visually as early as 10.5 days. Again, a low transmission 

rate of 13/58 embryos examined and an early death of positive embryos 

reduced the number of good quality RNA samples available for analysis, 

figure 4.7.

10.5d 11.5dOJ oon 5  
8 8 8

MouseÇ 

Human a

Mouse a

Figure 4.7. RNase protection assay of three «114 embryos, expression of the human a  

gene exceeds that of the endogenous mouse a and Ç genes.

Age Tissue %Çm/m total %«h/am %ah total An total

I0 .5d whole embryo 15.1 102.7 93.8
15.3 56.5 46.5
14.6 120.9 103.2
11.2 78.8 70.1
12.5 33.8 29.6
32.4 30.0 20.0

mean 16.8 ± 7.8 70.5 ± 37.0 60.5 ± 34.1

11.5d whole embryo 8.7 126.2 288.8
12.6 134.6 109.6

mean 10.7 ± 2.8 130.4 ± 5 .9 199.2 ± 1 2 6 .7

Table 4.3. Quantitative expression data from the «114 line. Although 9.5d embryos were 

examined all the available material was used for DNA analysis.
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Expression levels were extremely high in this line (200%) in 11.5d 

embryos. The apparent increase in expression from 10.5d to 11.ôd may 

reflect maternal contamination of the smaller embryos or the quality of the 

RNA samples analysed.

<x115, <x116 and, a117

Two of these founders, a115 and «116 were female. Founder a115 was 

smaller and sickly compared to her normal litter mates, she produced one 

litter of negative offspring. She was sacrificed when 11 5d pregnant rather 

than at 10.5d to reduce the maternal contamination of the embryonic samples. 

One out of ten 11.5d embryos was positive by placental DNA analysis. The 

oc116 founder appeared to be perfectly normal, she produced two small litters 

all of which were non-transgenic. She was sacrificed when 10.5d pregnant 

and two out of thirteen embryos were positive for the transgene. The male 

a117 founder was clearly mosaic, he was mated to several wild type females 

and 20 negative offspring were delivered. Timed matings set up for 9.5, 10.5,

11.5, and 12.5d embryos resulted in three out of 86 being positive. RNA from 

two of these, (both appeared anaemic) was analysed.
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Line Age %Çm/m total %ah/am %ah total /m total

a 1 15 11.5d 20.6 144.4 104.4
6 5$
j p l f a 1 16 I0.5d 42.6

40.6 
mean 41.6 ± 1.4

175.8
93.4
148.3 ±47.6

101.0
55.4
78.2 ± 32.2

a 1 17 10.5d 41.6 120.9 71.5
# 0 11.5d 36.2 141.2 92.9

Figure 4.8. a. RNase protection assay showing expression of human a  globin mRNA in an 

a115 embryo, two a116 embryos and two a117 embryos. RNA was prepared and analysed 

from whole embryos in all cases, b.Quantitative expression data from all three lines.
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The human a globin mRNA expression levels in embryos from all three of 

these founder mice were approaching the endogenous mouse levels at 

about 80 % in a116 and a117 and 100% in a115, (figure 4.8.b.).

a110 and a l l 3

Live born offspring were produced from both of these lower copy number 

lines. Expression levels in the two copy a110 line were lower than in most of 

the other lines and the embryos appeared normal. However, many of the 

a113 embryos (four copies) were paler and smaller than their normal litter 

mates, this is almost certainly due to the high levels of human a gene 

expression, particularly in embryos. The number of positives per litter did not 

suggest that any were dying or that the founder was a mosaic. The results of 

the RNA analysis are shown below in figure 4.9 and tables 4.4. and 4.5.
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Figure 4.9. RNase protection assay of the developmental human a expression pattern in 

a.10.5d, 14.5d and adults of the «110 line. b. 11.5d, 13.5d and adults of the «113 line.



123

Embryos Adults
Age Tissue %Çm/m total % a h /am  % ah  total /m total

10.5 whole 33.3 36.3 24.2
embryo 34.2 40.5 27.6

38.8 55.7 34.1
31.8 31.7 21.6
35.7 37.4 24.0
40.5 50.5 30.1
41.6 52.1 24.1

mean 36.6 ± 3.8 43.5 ± 9.2 26.5 ± 4.3

12.5 blood 7.8 34.6 31.9
9.0 34.4 31.3

mean 8.4  ± 0.85 34.5 ± 0 .1 4 31.6 ±0.42

liver 0.6 19.1 19.0

14.5 blood 16.9
16.6
18.2
14.8
14.6
19.8
10.9

mean 16.5 ±3.0

Age Tissue %<xh/(xm % a h /a m

adult blood 5.9 * spleen 13.0
23.1 21.6
17.4 19.3
19.2 25.2
17.4 22.3
15.5 19.5
13.9 22.9
13.4 25.1
16.8 30.1

mean 15.8 ± 4.7 mean 22.1 ± 4.8

Table 4.4. Quantitative human a gene expression in the a 1 10 line.* Quantitation on blood 

and spleen from this mouse was consistante lower than all others in the line.

Embryos Offspring

Age Tissue %Çm/m total %cth/am % ah  total /m total

11.5d whole 33.2 103.7 69.3
embryo 26.4 101.3 76.8

35.9 120.4 77.2
54.1 108.4 49.7
47.7 68.8 36.0
56.1 81.7 35.9
57.3 99.5 42.5

mean 44.4 ±12.5 97.7 ± 17.2 55.3 ± 18.6

13.5d blood 34.5 
39.2
51.6
48.7

mean 43.7
43.5 ± 6.9

liver 37.2
65.6
44.1
44.9
45.8

mean 47.5 ± 10.7

Age Tissue % a h /a m  Tissue % ah /am

2 wks blood 31.9 spleen 44.1
37.8 55.8
34.8 111.9

mean 34.8 ±3.0 70.6 ± 36.2

adult blood 32.5 spleen 41.7
31.5 62.0
50.5 -

23.7 48.1
15.5 44.8
16.3 41.4
25.6 33.4

mean 27.9 ± 11.9 45.2 ± 9.6

Table 4.5. Quantitative human a  globin gene expression in the a 1 13 line
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Discussion

Transmission rates

Of the thirteen pLCRa founders there is direct or indirect evidence that 

eleven (84.5%) were mosaic. This contrasts with transgenics containing other 

a gene constructs, where only 13/70 (18.6%) were mosaics.The high number 

of mosaic mice is probably due to selective survival. Founders expressing 

high levels of human a mRNA would have severe a and p chain imbalance, 

resulting in severe anaemia and death in utero. Only those with either low 

copy number or those mosaic for the transgene survive to term.

Expression levels in pLCR mice

The results from the new mice presented here confirm some of the 

conclusions reached by Hanscombe et al. Low copy number lines survive 

but in lines in which the copy number of the human DNA is between four and 

ten, the human a globin expression levels are so high that the mice die in 

utero of severe anaemia because the a and p chains are imbalanced. An 

RNase protection assay with a representative embryo sample from each line 

is shown in figure 4.10. The expression data from all the pLCRoc lines is 

summarised in table 4.6.

8$ 5$ 8$ 5$ 8$ 8  8$
Mouse Ç 

Human a

Mouse a

Figure 4.10. RNase protection assay of one representative embryo from each pLCRa line.
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Line Copy
number

n
age

Expression Expression / n Expression Expression/ 
in embryos a gene copy in adults a gene copy

<x114 -100 6 605 2.1 dead
10.5d (20-103)

<x111 -60 4 124.5 4.2 dead .
9.5d (58-178)

a 1 17 8 1 71.5 32.2 dead .
10.5d -

<x116 8 2 78.2 31.4 dead
10.5d (55-101) * -

a 1 15 10 1 104.4 33.3 dead -
11.5d -

a 1 13 4 7 55.3 56.9 7 bl. 27.9 (16-51) 27.9
11.5(1 (36-69) 6 sp 45.2 (33-62) 45.2

a 1 10 2 7 26.5 40.5 9 bl. 15.8 (6-23) 31.6
10.5d (21-34) 9 sp 22.1 (13-30) 44.2

Table 4.6. A summary of the expression data for the pLCRa lines produced here. n= the 

number of samples analysed. The mean expression and the range (shown in brackets) is given 

for each line. (bl. is blood, sp. is spleen).

Expression levels and copy numbers

The levels of a globin expression produced per copy, (correcting for the 

number of human and mouse a genes), in embryos containing four or less 

copies were still only about 50% of the endogenous mouse a levels. (56.9% 

per copy in a 113 and 40.5% per copy in a110, see table 4.6). Figure 4.11 

shows how expression levels are related to copy number in embryos. (Data 

from the two very high copy number lines (cc114 and a111) have been 

omitted because at such high copy numbers the copy number dependence is 

lost). It is clear that in embryos containing between two and twenty copies of 

the transgene, the expression levels show copy number dependence but the 

levels were not 100% per copy.
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a PLCRa 
. aPAC 

—  all other 
constructs

120-r
S 120-

£ 100-

80-3O
60-5  60- o

40 -§ 40-
3

2 0 - .
o

20 20
copy numbercopy number

Figure 4.11. Graphs to show the relationship between copy number and expression in the 

aPAC mice compared with the pLCRa mice and all the previous constructs. Only those lines 
which are known to contain intact copies of the aPAC transgene have been included. Graph a. 
Embryos, b . Adults, (fwas calculated using CricketGraph software).

Developmental stability of human a globin gene expression

Assessment of the development stability in the PLCRa construct is limited 

by the fact that only two lines were produced. Even within these lines 

interpretation is complicated by the fact that human a levels are higher in the 

spleen (containing immature erythroblasts) than in the blood (reticulocytes). 

This implies there is selection against those cells with the higher level of 

expression surviving to form red blood cells.

Comparison of pLCRct results and the «PAC results

In comparison with the aPAC results, those from the pLCRa mice show a 

number of significant differences.

1. A much higher proportion of mosaic founders were produced even though 

the PLCRa construct contains a single human a gene and the aPAC construct
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contains two.

2. Expression per copy is higher in the pLCRa lines at about 30% in blood 

(45% in spleen) compared to 6% in the aPAC lines.

3. The pLCRa shows stricter copy number dependence (figure 4.11).

4. A copy number greater than 4 is not compatible with survival whereas 

aPAC mice, with a copy number of 12, live.

These differences in the expression levels of the a genes imply that the pi_CR 

is a stronger enhancer than HS-40. The lower levels of expression seen in 

constructs with HS-40 are unlikely to be due to a species-specific difference 

in activation of the a gene itself as it can be fully activated by the pLCR but 

differences in mouse and human trans-acting factors interacting with HS-40 

cannot be excluded.

Conclusion

The very high levels of human a mRNA produced by the low copy number 

pLCRa mice suggests that mouse cells are capable of producing higher 

levels of human a than has been seen with any of the human a gene 

constructs containing HS-40. The fact that such high levels of expression can 

be achieved means that the a genes themselves have not limited the level of 

human a mRNA expression from the earlier constructs. Although a species- 

specific effect on the human HS-40 cannot be excluded, these experiments 

have not produced any evidence that mouse transcription factors are limiting 

for human a gene expression. Therefore, it remains likely that there are still 

sequences or regulatory elements outside of the aPAC construct necessary to 

produce expression levels equivalent to the endogenous genes.
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Chapter 5. cDH2 Transgenic mice 

A natural deletion which down regulates a  gene expression

In the past, natural deletions within the a globin gene cluster have 

provided a great deal of information about the regulation of the genes. Most 

of these deletions either remove the genes themselves or the regulatory 

element, HS-40. This results in down regulation of a globin gene expression 

and may cause a thalassemia. Recent characterisation of a new, naturally 

occurring deletion, may provide more insight into the normal regulation of the 

a genes (Barbour et al, 2000). This deletion (a-"2) leaves HS-40 and the a2 

gene intact but removes an 18.4Kb region of DNA at the 3’ end of the a gene 

cluster which includes the entire a1 gene. The effect of this deletion on two 

patients within the same family is more severe than would normally be 

expected if the three remaining a genes were functioning normally. The 

haematological indices of the affected family members (table 5.1) resemble 

those of patients with two functioning a genes rather than three, suggesting 

that expression of the «2 gene on the abnormal chromosome is down 

regulated.

Genotype Sex Hbg/dl MCV fl MCH pg RBC HbH inclusions 
x1 0 ’2 cells/L

Unaffected father aa/ctoc M 1 5 .9 8 9 .1 2 9 . 4 5 .4 -ve
Affected mother a a a /a -* F 1 2 .6 7 3 . 6 2 2 . 2 5 . 6 7 +ve
Proband a a /a -* M 1 2 . 6 6 7 . 8 2 1 . 6 5 .8 4 +ve

Normal range a a /a a M 1 4 . 6 - 1 6 .6 8 5 - 9 5 3 0  ± 2 .0 4 . 9 - 5 6 -ve
Normal range a a /a a F 1 3 - 1 5 8 5 - 9 5 4 . 2 - 4 .9 -ve

Typical value for -a /a a - . - 2 6 . 2  ±  2 .3 - -ve
Typical value for --/aa - - - 2 1 . 7  ± 1 .7 - +ve

Table 5.1. Haematological indices of the affected family and the normal range for males and 

females. Typical MCH values are given for patients with the Mendelian forms of a thalassemia M 
is male, F is female. Hb is haemoglobin, MCV is mean ceil volume, MCH is mean cell 
haemoglobin and RBC is red blood cell. Data adapted from (Barbour et al, 2000).



Unlike any other natural deletion within this region, the a-n deletion causes 

a change in the pattern of méthylation during development so that the CpG 

island, associated with the a globin gene promoter, becomes densely 

methylated and insensitive to DNasel (Boubour et al, 2000).

To determine whether the normal oc2 gene on the affected chromosome 

was down regulated by this deletion, an EBV transformed lymphoblastoid 

cell line containing the abnormal chromosome 16 was fused with a mouse 

erythroleukaemia (MEL) cell line to make an interspecific cell hybrid. On 

chemical induction with haemin and hexamethylene bisacetamide (HMBA) 

these hybrids terminally differentiate to produce haemoglobin. RNA analysis 

of the human and mouse globins from this hybrid confirmed that the «2 gene 

was completely silenced. To eliminate the possibility that this down regulation 

of the a2 gene was the result of a mutation in either the regulatory element, 

HS-40, or the «2 gene itself, and not within the deletion, both were 

sequenced and found to be normal (Boubour et al, 2000).

There are two explanations for the inactivation of the oc2 gene; either the 

a-* deletion removes a positive c/s-acting regulatory element from the cluster, 

or the deletion juxtaposes negative sequences which down regulate gene 

expression. To determine whether the deleted region contains a positive 

regulatory region or element, a new construct, cDH2, was made. HS-40 was 

linked to a segment of DNA containing both the a genes and the whole of the 

region deleted in the abnormal a-* chromosome. The aPAC construct 

included this region but none of the smaller constructs did. The expression 

studies of the transgenic aPAC mice showed that there were differences 

between these mice and any previously made but these differences could not 

be attributed to any particular region within the PAC, as both the 3’ and 5’ 

ends extended further than in any other construct. If the region within this a-* 

deletion contains a positive c/s-acting element, the cDH2 construct should 

produce levels of expression in mice at least equivalent to those in the aPAC
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mice.

The cDH2 construct
The cDH2 construct (prepared by Professor D. Higgs), was made by 

modification of cosmid cCOS 12 which contains the region from 160000, 

between the \j/a1 and the a2 genes, to 196000. The centromeric Notl site was 

inactivated by partially digesting the DNA with Notl, filling in the ends with 

Klenow and religating. A recombinant containing the correctly inactivated site 

was identified and called cCOS12ANot (figure 5.1.b). A Bam HI fragment from 

pXAJal .4 (figure 5.1c) containing HS-40 was inserted into the Bam HI site of 

sCOS to make pNot RA1.4 (figure 5.1.d ). HS-40 was cut out as a Notl 

fragment and inserted into the telomeric Notl site of cCOS12ANot, creating 

two Notl sites at the telomeric end of the construct (figure 5.1.d ). The 

telomeric Notl site, which cuts preferentially to the centromeric site, was cut, 

filled in, and a Clal linker was inserted (figure 5.1.e ). DNA for microinjection 

was prepared from this construct by Professor D R. Higgs.

a . , 100000 | 120 pOO | 140(000 | 160000 | 180000 ( 200 poo

b.

c.

d.

HSj40-33
_ 2 _ l 4 Ç nCvofi oSotl 61 Alu rich region

— ■ ■ ■ a p o ■

/a-FZ deletion \

BamHI fragment 
from pXAJal .4 JL-

* « * « —— ^4———
BamHI

pNot RA1.4

sCOS

-f'y-U-Ch-a-
Notl

nû6 i
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"ciaT
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e. Clal linker inserted
Clal Notl Clal

Figure 5.1. a. The a globin gene cluster showing the position of the FZ deletion, b. to e. 

The preparation of the cDH2 construct as described in the text. Numbering is in base pairs. 
Coordinate 1 is the first nucleotide in the chromosomal sequence described in Flint etal, 1997. 
(Not drawn to scale)
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Generation of cDH2 transgenic mice

Potential founder cDH2 transgenic mice were screened at three weeks of 

age by digestion of 15p,g of tail DNA with Pstl followed by Southern blotting 

and hybridisation with the æp labelled 1Kb Pstl / Hindlll human a probe and 

the mouse Epo probe as previously described. Eight transgenic founders 

were identified (a80, a81, a82, a83, a84, a86, a87, and a88), figure 5.2. 

Founders of breeding age were mated to wild type FI mice to establish lines. 

Of the eight founders two, a81 and a87, were clearly mosaic, a81 gave a 

very weak human to mouse signal which appeared to be less than one copy 

on the Southern blot analysis and did not transmit the transgene. Such a low 

rate of transmission was seen in the a87 line that expression analysis was 

very limited. Two others, oc80 and a88, were also probably mosaic. Three of 

the founders, a80, «82 and «87 transmitted the transgene but the «80 and 

«82 embryos died in utero. The remaining three, «83, «84 and «86 went on 

to produce lines of live born mice. Further DNA mapping to check for tandem 

repeat bands and junction fragments using Hindlll as a digest and RA1.4 as a 

probe revealed that two of these three lines, «84 and «86, contained at least 

two separate inserts of the transgene which, in «86, segregated 

independently resulting in two lines of mice, «86L and «86H for low and high 

copy number. «84 proved to be complicated and details of analysis are given 

later.

Human a -► 
Mouse Epo -►

Pstl digest, Pstl/Hindlll Human a  and Mouse Epo probes

Figure 5.2. Southern blot analysis for identification of the cDH2 founder mice.
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a80

This male founder, with a tail DNA copy number estimated to be 8-10, did 

not produce any positive live born offspring out of sixteen so a mating was 

set up to look at embryos. From one litter of 11.5d embryos, two out of 13 

were positive, one was partially resorbed and the second one was white. 

There was no obvious difference in the copy number between the positive 

embryos and the founder, figure 6.3.a, but as tail DNA was the only tissue 

examined mosaicism could not be ruled out.

a.

Human a  

Mouse Epo

b.

Mouse Ç 
Human

Pstl digest, Pstl/Hindlll 
Human a and Mouse Mouse a  
Epo probes

■

■oLT> a80F  
months 
4 5

Age
%Çm %«h %ah
am am m total

a80F

a80F

« 8 0 -2 8

4m 
5m 
11.5d

- -  15.0  

5.5
31 .9  81 .6  55 .5

Figure 5.3. a  Southern blot of the <x80 tail DNA, one negative embryo and two positive 

11 5d embryos. («80-29 was resorbed), b. RNase protection assay. The 11 5d embryo is «BO- 
28 (shown in a). Lanes 2 and 3 are mRNA from two «80 founder blood samples taken at 4 and 5 

months of age. c. The quantitative expression levels from b.

Blood was collected from the tail of the founder mouse on two separate 

occasions. At four months of age he was expressing 15.0% human a globin 

but by five months of age this level had fallen to about 6.0%, figure 6.3.C. 

Although there was very little RNA available for analysis from the white a80- 

28 embryo, the level of human a mRNA expression was estimated to be 

about 55%.
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0681

This female founder was clearly mosaic as she appeared to have less 

than one copy of the transgene in her tail DNA (confirmed on a second 

sample) and produced no positive live born offspring out of 19 screened. 

She was mated once more and sacrificed so that embryos could be 

examined. From fourteen 13.3d embryos none were found to be positive. 

DNA was extracted from the founder and analysed by Southern blotting of 

DNA from liver, spleen, kidney, ovary and heart tissue to look for copy 

number differences to confirm the mosaicism. No human signal could be 

detected in the spleen and liver, and only a very weak signal was seen in the 

kidney and heart samples, figure 5.4. She did not express any human a 

globin mRNA.

Human a- 
Mouse Epo-

£ « 
1 1  I
CO OO oo3 S 3

Pstl digest, Pstl/Hindlll 
Human a and Mouse Epo probes

Figure 5.4. Southern blot analysis of DNA from different «81 founder tissues.

a82

No positives were identified out of 21 offspring analysed from this male 

founder so matings were set up for embryos. Positive embryos in this line 

died between 11.5d and 13.5d. They were always identifiable visually 

because they were white and smaller than their normal litter mates. It is 

possible that this founder was mosaic since he had a high (-50) copy 

number of the insert in tail DNA and he was alive, whereas all his positive
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offspring died. However, copy number analysis of the embryos showed levels 

which were similar to the founder (figure 5.5a) and the transmission rate was 

as expected for a non-mosiac mouse, 50% of the embryos (22 out 44) were 

positive for the transgene. DNA mapping showed that the founder mouse 

contained just one insert of the DNA, the question of mosaicism in this line, 

therefore, remains open.

a. b. 10.5d 11.5d founder

a>■o
C
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Mouse Ç 

Human a

Mouse a

Figure 5.5. a. Southern blot analysis showing the human a  to mouse Epo signal in <x82 

embryos, b. RNase protection assay on embryos and the <x82 founder mouse.

Reduced amounts of RNA were available from the dead or dying white 

embryos, but human a mRNA expression levels, (figure 5.5.b) were 

quantitated in 10.5d, to 13.5d embryos and the founder mouse, (table 5.2 

below). The expression levels in the a82 line did not appear to be as high as 

would have been predicted if over expression of the human a gene was the 

cause of the amaemia and subsequent death in embryos, unless only those 

cells expressing lower levels of the human genes were surviving. The levels 

did seem to be decreasing through development. Despite the apparent 

developmental instability, the human a expression in the founder mouse was 

42.6% in blood, as high as in the early embryos.
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Age Tissue %Çm/m total %ah/am %ah total /m total

10.5d emb/ys 20.3 40.1 32.0
27.2 44.6 32.4
30.7 50.6 35.1
31.0 55.7 38.3

mean 27.3 ±5.0 47.8 ±6.8 34.5 ±2.9

11.5d emb/ys 27.7 59.5 43.0
32.3 64.9 43.9
27.6 57.4 41.5
29.6 59.4 41.9
41.4 87.6 51.4

mean 31.7 ±5.7 65.8 ±12.5 44.3 ±4.1

12.5d blood 9.6 36.2 32.7
16.2 31.1 26.0
14.0 30.3 26.0
14.3 33.2 28.4

mean 13.5 ±2.8 32.7 ± 2.6 28.3 ±3.2

13.5d blood 5.5 27.3 20.5
trace - 19.6
trace - 25.9
trace - 21.9
trace - 14.3
trace - 12.0

mean 19.0 ±5.1
founder

blood 42.6

Table 5.2 Quantitative mRNA data for a82 embryos and the founder mouse.

0683

The copy number of this female founder was estimated to be at least 100, 

she produced live born positive offspring which were of equally high copy 

number, figure 6.6.a, and appeared to be perfectly normal. DNA analysis 

using a Hindlll digest with the RA1.4 probe confirmed the presence of a single 

junction fragment and tandem repeat band. See figure 5.6.b. Expression 

studies were carried out on RNA from 10.5d and 11.5d whole embryos, 14.5d 

and 17.5d blood, and adult blood samples, figure 5.6. b. The mean 

expression levels in 10.5d embryos of this high copy number a83 line was 

20%. A similar degree of developmental instability as was seen in the a82 

line occurred, with a mean level of human a gene expression in adults of 

10%. The expression data from this line is summarised in table.5.3.
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Figure 5.6. Southern blot analysis of the a83 line. a. The human a  to mouse Epo signal (the 

Epo signal was visible on a long exposure), b. Tandem repeat band and junction fragment 
analysis, c.RNase protection assay on embryos and offspring at different developmental 
stages.

Age Tissue %Çm/m total %ah/am %ah/m total

I0.5d emb/ys 36.5 35.4 22.5
42.7 39.0 22.4
37.7 33.4 21.2
42.9 25.7 14.7

mean 40.0 ±3.3 33.4 ± 5.6 20.2 ±3.7

11.5d emb/ys 23.1 52.6 40.4
25.7 51.2 38.1
23.0 31.0 23.9
27.5 28.1 20.3
24.7 42.7 32.2
34.1 44.8 29.6
26.8 36.9 27.0

mean 26.4 ±3.8 41.0 ±9.5 30.2 ±7.3

,14.5d blood trace . 7.8
trace - 7.6
trace - 5.7
trace - 6.1
trace - 5.9

mean - - 6.6 ±1.0

Age Tissue %<xh/m total

5 wks blood 7.4
3.4
14.9
4.5
10.4
9.3

mean 8.3 ±4.2

8 wks+ blood 15.0
12.4
12.5
6.2
9.5
7.5
3.9

mean 9.6 ±4.0

founder blood 5.5

Table 5.3. Quantitative mRNA data for a 83 embryos and adult mice. 

o84

gc84 proved to be a difficult line to interpret. The founder mouse was set up 

for matings with several females so that embryos and offspring could be 

produced simultaneously. In the first litter of 11.5d embryos seven out of ten
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were resorbed, one of the resorbed ones was white. This was the only one of 

the resorbed ones that could definitely be identified as transgenic. The 

remaining three normal looking embryos were also all positive for the 

transgene. This sort of pattern continued throughout the breeding of this line, 

with a very high percentage of resorbed embryos, a total of 33 out of 54, as 

well as other positive offspring which survived. Analysis of resorbed embryos 

can be misleading in that the DNA is a mixture of maternal and embryonic, 

quite often the maternal contribution is greater than the embryonic so 

identification of transgenic embryos that have been resorbed at an early stage 

is very difficult. Comparison of the copy numbers between the founder mouse 

and the live offspring, and the complicated pattern of transmission 

(summarised in table 5.4), suggested that the transgene had inserted at more 

than one site in the mouse genome. FISH analysis performed by Veronica 

Buckle was carried out on the founder and this turned out to be the case, with 

one insert on chromosome 3 El and one on chromosome 15 D1.

Age
Number of 
embryos

Number
resorbed

Number 
resorbed +ve

Number 
live +ve

9.5d 8 3 , ? 3/5
10.5d 10 7 3 +74 unknown/7 3/3
11.5d 10 7 1/7 3/3
12.5d 15 11 3 +3 unknown/11 2/4*
13.5d 11 5 0/5 5/6*

Total 54 33 7+?7unknown/30 16/21

Table 5.4. Summary of all the «84 embryos. * All positive embryos were pale or white.

As some of these embryos were being resorbed by 10.5d, a lack of tissue 

samples made it impossible to determine why they were dying. It is possible 

that they were dying as a result of the insertion site of the transgene which 

may have disrupted other regions of the genome essential for normal 

development. This could be the case if the founder mouse were mosaic for
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this particular insert, otherwise he too, should not have survived.

As there were also live embryos and offspring the subsequent analysis 

was restricted to these. Many of these embryos were pale or white at 13.5d. 

but did survive. The DNA from all of the mice used for expression data was 

checked for junction fragments and tandem repeat bands to make sure that 

the transgene integrated was the same in all of them (figure 5.7). The copy 

number of these mice was estimated to be about 30.

oo oo

Human a  
Mouse Epo

Pst I digest, Pst I / Hindlll human a  
and mouse Epo probes

-Tandem repeat band 

Junction fragments

'.s '. -

Hindlll digest, RA1.4 probe

Figure 5.7. DNA analysis of the «84 line. a. Human a  to mouse Epo. «84-46 was a resorbed 

embryo and has a reduced human to mouse signal which is almost certainly due to the maternal 
contamination of the embryo, b. Tandem repeat band and junction fragment gel showing that 

these offspring all have the same pattern.
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Figure 5.8. RNase protection analysis of the «84 line.(bl=blood, liv= liver samples analysed).
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The human a globin gene expression levels in the surviving «84 mice 

were quite variable, figure 5.8. Some of the positive embryos could be picked 

out quite easily because they were white or pale, presumably because the 

expression levels were high enough at 11.5 to 13.5d to produce globin chain 

imbalance. The human a gene expression was developmentally unstable in 

this line. At 11 5d the levels were about 70%, this could be high enough to 

cause the anaemia seen in the early stages of development. By the time 

these mice were born the level had fallen to about 30% and this may account 

for the normal phenotype seen in live born offspring; as the human a levels 

decline, the degree of globin chain imbalance lessens. The expression data 

is summarised in table 5.5. below.

Embryos_________   Offspring
Age NQJBSQEbsd Tissue %Çm/m total %ah/«m %ah/m total 

total emb
Age %«h/m total

9.5d 3/8 emb/ys 29.5 66.5 46.9
42.3 43.6 25.2 newborn 30.2
20.3 33.3 26.6 31.9

mean 30.7 ±11.0 47.8 ±17.0 32.9 ±12.1 38.7
40.4

10.5d 7/10 emb/ys n/a 49.5 34.3 19.7
n/a 50.2 36.1 14.7

mean 49.9 ±0.5 35.2 ±1.3 12.2
mean 26.8 ±11.4

11.5d 7/10 emb/ys 36.5 113.0 71.8
39.6 107.0 64.5 5 wks 13.6
42.1 112.0 64.7 14.7

mean 39.4 ±2.8 111.0 ±9.0 67.0 ±4.2 10.1
8.6

12.5d 11/15 blood 33.8 76.6 50.8 mean 11.8 ±2.9
15.5 43.2 36.5

mean 24.7 ±12.9 59.9 ±23.6 43.7 ±10.1 adults 14.7
9.4

liver 12.2 21.4 18.8 29.2
3.1 21.1 20.4 21.7

mean 7.7 ±6.4 21.2 ±0.2 19.6 ±1.1 22.7
13.5 5/11 blood 16.3 44.1 36.7 5.6

7.79.9 37.5 33.7 mean 15.9 ±8.911.6 31.8 28.1
15.2 36.4 30.9
6.0 33.5 31.5

mean 11.8 ±4.2 36.7 ±4.7 32.2 ±3.2

Table 5.5. Quantitative mRNA data for «84 embryos and adult mice.

In summary, the transgene had integrated into two different sites in the
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cx84 founder. 33/54 embryos examined were resorbed and may well 

represent one integrant that led to death of the offspring in utero. A second 

integrant was transmitted and resulted in pale embryos which survived to term 

and improved with age as the expression levels decreased.

<x86L and cx86H lines

It was clear from screening of the first offspring of this founder that he 

contained two separate inserts which segregated in the offspring to give two 

lines of mice. Initial screening was performed using Pstl as a digest and the 

Pstl / Hindi 11 human a and mouse Epo probe. Differences in the intensity of 

the human to mouse signal between offspring were obvious, see figure 5.9.

? ?
C D I k' - C O O > 0 * — C M O O ^ - m
T T " — Y cïJ < >J c ïJ c îJ c î l c î'1
< 0 t 0 < £ > < Ô < £ > C £ > C 0 < 0 < £ > < 0
C O O O C O O O G O C O C O O O O O O O
a a a a a a a a a a

Human flU  #  M:-
Mouse Epo -► x ^  *#, .f-

Pstl digest, Pstl / Hindi II human a 
and mouse Epo probes

Figure 5.9. Southern blot analysis of <x86 F1 offspring. This gel shows that «86-18 and 

«86-24 have a weaker human to mouse signal than the rest, indicating the segregation of two 

different integration sites.

Further mapping using a Hindlll digest and the RA1.4 probe was carried 

out and revealed different junction fragments for the two inserts, (figure 5.10). 

A representative mouse from each of the two lines was sacrificed for 

cytogenetics. This confirmed that the two were different, both inserts had 

integrated into chromosome 2, one on H4 and the other on A2-A3. Some of 

the F1 mice contained both inserts; expression data from these mice has 

been excluded. Mice shown to contain only the high (86H) or low (86L) copy 

number inserts were used to generate separate lines.
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Figure 5.10. DMA mapping of «86 F1 offspring to distinguish between mice in which the 

transgene has inserted into different sites, a. A diagram to show the two integration patterns, 
the low copy insert is in red, the high copy is in blue and the third column shows the pattern 
observed when both inserts appear in the same mouse, b. A Southern blot of mice containing 
either the low copy insert (L), the high copy insert (H), or both (H+L).

The copy number of the a86L line was estimated to be about 4-8 whereas 

in the oc86H line it was about 20. RNA expression analysis was carried out on 

embryos and adults of the two lines as previously, (figure 5.11), and 

summarised in tables 5.6 and 5.7.

a 86L a 86H

Mouse Ç 
Human «

Mouse «
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.full length 
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Figure 5.11. RNase protection assay showing the developmental expression in both the 

«86L and «86H lines.
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Age Tissue %Çm/m total %ah/am %ah/m total

11.5d emb/ys 21.0 51.9 41.1
22.0 41.4 32.5
20.0 40.9 32.8
18.4 50.4 41.1
27.5 66.0 47.8
38.4 23.3 14.4
39.6 65.7 39.7
29.0 39.2 27.8

mean 27.0 ±8.3 47.4 ±14.3 34.7 ±10.3

12.5d blood 26.4 67.6 48.4
15.8 39.3 33.1
18.4 44.8 36.6
11.2 32.5 28.8
11.0 20.7 18.5
14.4 26.6 22.9

mean 16.2 ±5.7 38.6 ±16.6 31.4 ±10.6

liver 5.4 21.2 20.0
4.9 18.5 17.6
4.4 9.3 8.9
9.3 12.9 11.7

mean 6.0 ±2.2 15.5 ±5.4 14.6 ±5.1

13.5d blood 2.0 20.1 14.0
5.4 12.4 11.7
3.7 10.3 9.9
7.9 23.3 21.5
8.0 29.8 27.4
6.4 32.4 30.4
5.6 23.9 22.5

mean 5.6 ±2.2 21.7 ±8.2 19.6 ±7.9

liver 2.5 8.0 7.8
4.2 11.6 11.1
6.7 15.2 14.2
2.3 8.3 8.1

mean 3.9 ±2.0 10.8 ±3.4 10.3 ±3.0

16.5d blood - - 10.6
liver - - 8.9

Age Tissue %ah/m total

newborn blood 28.0 
18.2 

mean 23.1 ±6.9

2 wks blood

mean

25.2
27.8
20.8
33.3
26.8 ±5.2

adult blood 35.3 
21.0 
11.1
7.9
13.7 
17.6 
6.8
12.4
6.7
4.7
22.4
26.4
39.4 
17.0 
9.2
17.9 

mean 16.8 ±10.1

Table 5.6. Quantitative mRNA expression data from embryos and adults of the a86L line.

Human a globin gene expression levels in adults of the a86L line varied 

quite considerably (4.7 - 39.4%), as shown by the two examples on the gel in 

figure 5.11. Nevertheless, the mean expression levels in this low copy 

number line were considerably higher than in the high copy a86H line 

throughout development. The reduction in human a gene expession from 

embryos to adults was much more marked in the a86H line.
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Age Tissue .m total
%cxh
am

%ah 
m total

10.5d emb/ys 39.2 28.1 16.9
39.0 30.4 18.6
36.4 21.1 13.4
60.0 19.7 7.9
40.6 23.1 13.7
39.9 31.5 19.0
33.5 25.0 16.6
35.8 31.2 20.3
26.0 24.0 17.8
40.0 58.6 35.1
26.3 31.9 24.0

mean 37.9 ±9.0 29.5 ±10.6 18.5 ±6.9

11.5d emb/ys 37.8 71.3 44.3
35.6 50.0 32.0
42.0 82.3 47.8

mean 38.5 ±3.3 67.9 ±16.4 41.4 ±8.3

12.5d blood 20.2

13.5d blood 3.3 0.5 7.7
trace - 6.0

mean 1.6 0.3 6.9 ±1.2

liver . 1.4
- - 1.5

mean 1.5 ±0.1

16.5d blood . 3.4
- - 2.7
- - 1.5
- - 1.9

mean 2.4 ±0.9

liver . 3.7
- - 2.1
- - 1.5
- - 1.7

mean 2.3 ±1.0

Age tissue %ah 
m total

newborn boood 6.6
5.0
5.6
3.6

mean 5.2 ±1.3

1-2wks blood trace
trace
trace
trace
trace
0.8
0.0
trace
trace
0.0
0.0
1.0

adult blood 5.9
4.3
7.0
1.8
4.9
3.3
1.4
2.0
2.9
2.0
2.4

mean 3.5 ±1.8

Table 5.7. Quantitative mRNA expression data from embryos and adults of the <x86H line.

<x87

The four copy, «87 founder, was mated to three females for embryos, 

producing one positive out of twenty at 10.5d and one out of ten at 11.5d. The 

copy number of the two embryos was very high (>100). The low rate of 

transmission and the difference in the copy number between the founder and 

the embryos suggested that he was mosaic. Both embryos were 

morphologically normal and were not pale despite the high copy number. 

«87 was mated to several other females to try and establish a line but failed to



144

transmit the transgene to any of a further 56 screened. Ail the available data 

from this line is shown in figure 5.12 below.

a.

«87-12 
<x87F -ve 10.5d

Human a  -  
Mouse Epo -

Pstl digest, Pstl / Hindlll human 
a and mouse Epo probes

10.5d 11.5d
<N
ri. rJ-oo a» oo
3 f  f  3

b.

Mouse Ç 
Human a

Mouse a

C.

%£m %«h %ha
Age m total am m total
10.5d 40.2 34.6 20.7
11.5d 37.1 50.1 31.5

Figure 5.12. a. A Southern blot illustrating the difference in copy number between the 

founder mouse and one positive 10.5d embryo, b. RNase protection assay of the two positive 
embryos. c.The quantitative mRNA data from the two embryos.

oS8

The a88 female founder failed to produce any positive offspring from 

twenty mice so was sacrificed when pregnant and embryos were examined. 

DNA was also extracted from six different maternal tissues and compared with 

the original tail DNA. All tissues, including the ovaries, were positive for the 

transgene but whereas the copy number in the tail DNA was about 30, in all 

the other tissues it was much lower, at about 2-4, (see figure 5.13), indicating 

mosiacism. The reason for the lack of transmission remains unknown.

Human a  ■ 
Mouse Epo ■

Pstl digest, Pstl / Hindlll human 
a and mouse Epo probes

Figure 5.13. DNA analysis of various tissues from the «88 founder mouse. (The lack of a 

mouse Epo signal in the liver sample is due to a bubble in the gel).
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RNA from eight 11.5d embryos was analysed along with RNA from blood 

of the founder. None of the embryos were expressing human a globin so 

were assumed to be negative for the transgene. The founder produced less 

than 1% human a globin mRNA.

Discussion

Of the eight original founders, two, a80, and «88 were mosaic and did 

not transmit the transgene, two, «81, «87 were mosaic and transmitted the 

transgene but only at a very low frequency. In two other founders, «84 and 

«86, the transgene appeared to have integrated into at least two different 

sites resulting, in the case of «86, in two separate lines («86L and «86H). The 

remaining two founders, «82, and «83 transmitted the transgene but «82 

embryos died in utero. It has been assumed that the negative resorbed 

embryos of the «84 founder died for reasons unrelated to the construct, 

particularly as other, positive embryos were identified and survived.

Mosaics

Of the eight original founder cDH2 mice, at least four were mosaic. This 

relatively high rate of mosaicism was reminiscent of that seen with the pLCRa 

construct but, with the possible exception of two embryos in the «83 line, 

there was no evidence to suggest that this was due to selection for low copy 

number mice. The copy numbers of the F1 offspring of the non-mosaic 

founders ranged from about 6, in the «86L line, up to more than 100, in the 

«83 line and these mice were .normal. The «87 mosaic founder, with a copy 

number of four, produced two phenotypically normal positive embryos with a 

copy of over 100. Below, table 5.8, is a summary of the limited data from the 

mosaic founder mice.
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Founder Founder Offspring +ve 
copy no. copy no. embryos

% ah/m  to tal 
11,5d embs

+ve
adults

%oth/m
adults

% ah/m  to tal 
in founder

Comments

a80 8-10 ? 2/13 55.5 0 - 15%->6% founder probablly 
mosaic.
+ve embryos dying

a81 <1 - 0/14 - 0/19 - 0 mosaic.
Not transmitting

«87 4 -100 2/30 31.5 0/56 — not done mosaic

«88 30 - 0/8 - 0/20 - -1% mosaic, six founder 
tissues with copy no. 
of 2-4.

Table 5.8. Summarised data from the mosaic founder mice.

Expression levels and copy numbers of cDH2 mice
Table 5.9 shows a summary of the copy numbers and expression data 

from those lines in which the transgene had integrated into a single site and 

was transmitted to F1 offspring.

Line Copy no. %«h/m total 
in 11.5d embs

%«h/m total 
in adults

«83 100+ 20.0 9.6
<x86L 4-8 34.7 16.8
a86H 20 41.4 3.5
«82 50 44.3 dead
«84 30 67.0 15.9

Table 5.9. The mean levels of human a expression in 11.5d embryos and adults (where 

possible) from each of the cDH2 lines.

The absolute expression levels in these cDH2 lines was generally high, 

particularly in embryos where the mean for all lines was 43.5%. Despite these 

high levels of human expression, only one of the high copy lines, a82, failed 

to produce live born offspring. Although the a82 line was not the highest 

expressing line it may be that this was due to cell selection, only those cells 

expressing at the lowest levels survived. The mean level of absolute
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expression for all cDH2 adults was 11.5%. There was no correlation between 

copy number and expression levels in adults, but in embryos, expression 

levels were generally higher in lower copy lines; this sort of inverse 

relationship has been seen in many of the previous constructs (Sharpe et al, 

1993b). It is clear that the cDH2 mice do not produce sufficient human globin 

per gene copy to cause the high copy number mice to die.

Developmental instability In cDH2 lines

Although the level of expression in embryos of the cDH2 lines was high, 

in the adults these levels decreased to a mean of 11.5%. Two high copy 

number lines, a86H and oc84, both produced levels of human a mRNA 

expression which were at least equal to or higher than those of the a82 line 

which did not survive beyond 13.5d. The survival into adulthood of these two 

lines was almost certainly due to the rapid decrease in expression with age; 

in both cases levels were down to their adult values by 13.5d of gestation. 

The developmental instability seen in these cDH2 lines is at least as great as 

that in any of the previous constructs.

Expression in cDH2 lines compared with the a  PAC lines

The high copy numbers of the cDH2 lines makes comparisons between 

the expression levels in «PAC mice and the cDH2 lines difficult. The fact that 

there are so many high copy cDH2 mice may be significant The 16 copy «95 

PAC embryos died in utero and no other line with a higher copy number was 

produced and only low copy pLCRa mice survived to adulthood. Table 5.10 

shows that although there is only a small difference in the absolute 

expression of the human genes between the two constructs in embryos 

(43.5% compared with 52.6% for the aPACs); in adults the difference is much 

greater, (11.5% compared with 48.3% for the aPACs).
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Absolute expression Expression per copy
Embryo Adult Embryo Adult

Construct Line Copy
No.

%total H 
(ÇM+ocM)

%ct H 

aM
%total H 
(ÇM+aM)

% a  H 

aM

aPAC a146 1 20.1 18.5 45.2 23.0
a143 4 19.6 26.2 10.4 13.1
a99 8 36.2 26.1 10.5 6.6
<x94 12 31.5 21.5 6.1 3.4
a 101 12 58.8 58.0 10.6 9.0
<x98 12 79.7 66.0 13.0 11.0
a95 16 122.2 dead 18.9 -

mean 52.6 ±37.6 48.3 ±37.5 16.4 ± 13.3 11.0  ±6.8

cDH2 a 8 6 L 4-8 34.7 16.8 8.0 5.6
a 8 6 H 20 41.4 3.5 3.0 0.4
a84 30 67.0 15.9 3.1 1.1
a82 50 44.3 dead 1.4 -

<x83 100+ 30.2 9.6 0.5 0.2
mean 43.5 ±14.2 11.5 ±6.2 3.2 ±2.9 1.8  ±2.6

Table 5.10. A summary of the expression data from the a PAC and cDH2 lines of mice.

On an expression per copy basis the difference between the two sets of 

results is also clear, with the aPAC mice expressing the human a genes at a 

higher level per copy both in embryos and adults. This difference is less 

obvious in the a86L line, the only low copy cDH2 line, but the decrease in 

the level with age is greater in this line than in any of the aPAC mice 

suggesting that even if the copy numbers between the mice containing the 

two constructs were more similar the developmental instability is much 

greater in the cDH2 mice. Analysis of more low copy number lines would be 

required to determine whether such differences are a result of the constructs 

themselves or the effects of multiple copies on the levels of expression. As 

discussed previously, making low copy number transgenic mice is not easy 

and there are nearly always odd lines which do not behave in the same way 

as the rest. Despite these problems, the overall analysis of the cDH2 mice 

would suggest that this construct does not contain any additional sequences 

which have any significant positive effect on the regulation of the a globin 

genes above those that have been tested before. The question remains,
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therefore, of how the «2 gene is silenced in the of2 deletion. The lack of a 

positive c/s-acting element within the deleted region leaves open the 

possibility that the a2 gene is silenced by a negative chromosomal position 

affect. This could occur as sequences which normally lie 18kb downstream 

are juxtaposed next to the «2 gene. This possibility is addressed in Chapter 6.
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Chapter 6. FZRA1-4 and FZB10 Transgenic mica

FZRA1.4

Transgenic cDH2 mice containing the region deleted in the a FZ patient, 

in which the a2 gene is left intact but inactivated, showed broadly the same a 

globin expression levels and patterns as those in the previous constructs. It 

was concluded, therefore, that this deleted region did not contain a positive 

c/s-acting regulatory element and that the absence of a2 gene expression in 

the oc‘FZ patient is likely to be due to negative regulation as a result of the 

deletion. The region downstream of the a globin gene cluster contains a high 

density of Alu repeats, which, in the <x'FZ patient, is juxtaposed next to the intact 

<x2 gene and could contribute to the loss of normal chromosomal structure 

and the resulting down regulation of the a2 gene. In the abnormal 

chromosome, the a globin gene promoter is highly methylated and is 

insensitive to endonucleases, the opposite of what is found on a normal 

chromosome.

To determine whether the region of high density Alu repeats influences 

expression of the a2 gene, a new construct, FZRA1.4 was made by Dr. V 

Barbour. This contained HS-40 linked to the a2 gene and 3.8Kb of the Alu 

repeat region downstream of the deletion. The oc2 gene was cloned from the 

a FZ patient’s DNA so the natural breakpoint of the deletion was precisely 

maintained in the construct.

The FZRA1.4 construct

An abnormal 7.2Kb Avril fragment containing the oc2 gene, its promoter 

and 3.8Kb of the region beyond the a FZ deletion breakpoint was cloned into 

the Xbal site of X Zap Express (Stratagene Cloning Systems) and 

subsequently converted into a phagemid (pFZ7.2). A 1.1 Kb Sall/EcoRI
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fragment from pAJ1.4 containing HS-40 was ligated to pFZ7.2 to produce 

FZRA1.4 (figure 6.1).
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Figure 6.1. The a globin gene cluster, the position of the or'* deletion and the FZRA1.4 
construct.

Generation of FZRA1.4 transgenic mice

After microinjection of the FZRA1.4 DNA a total of 73 offspring were born. 

Several of these died or were killed because they were sickly; no reason for 

this was found. Southern blot analysis of tail DNA, as previously described, 

identified five out of twenty five of these sickly mice as positive for the 

transgene. No mRNA analysis was carried on these founder mice as 

mosaicism or multiple inserts could not be excluded. The remaining 28 mice 

were tailed at three weeks of age, three founder mice, a89, «90 and «91 

were identified and mated with C57BI6/CBA F1 mice to produce lines.

DNA mapping of FZRA1.4 lines of mice

Screening of the F1 offspring of «89 revealed two separate inserts that 

differed in copy number (Figure 6.2.a). These were designated «89L and 

«89H for low and high copy number. Further DNA mapping was carried out
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on all lines to check for tandem repeat bands and junction fragments using an 

EcoRI digest with the RA1.4 probe. These gels indicated that multiple copies 

of the transgene had integrated in a head to tail tandem array in all four lines. 

Figure 6.2 shows a Southern blot of representative samples from each of the 

lines and a map of the construct.
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Figure 6.2. a.DNA mapping of representative mice from each FZRA1.4 line. All mice share 

the 9Kb tandem repeat band. The difference in intensity of the tandem band between the 
a89L and a89H mice is due to the difference in copy number between them. All other bands 
are junction fragments between the FZRA1.4 DNA insert and the mouse genomic DNA. b. A 
map of the construct showing the EcoRI site and the position of the probe.

More extensive mapping of the a89L and a89H offspring revealed 

identical junction fragments at the 5' end of the complex with three different 

restriction digests and at the 3* end with one enzyme (data not shown). 

Although they shared the same junction fragments, the relative intensities of



153

the tandem repeat band to the junction fragment bands differed and matched 

the high and low copy number animals. The copy number of each of the two 

lines bred true and was estimated (as previously described) as 10 in the 

a86H offspring and 2 in the <x89L offspring. Cytogenetic analysis of the two 

lines by FISH demonstrated identical integration sites on chromosome 5 E l- 

22. A reduction in copy number of the initial 10 copy array appeared to have 

occurred, possibly as a result of homologous recombination, either shortly 

after insertion or within the germ line of the founder. These two lines were 

bred separately for mRNA expression studies.

Both oc90 and a91 contained several junction fragments suggesting that 

not all of the copies were contiguous. However, these did not segregate 

independently in the offspring. The copy numbers were nine in a90 and 

twelve in a91.

Developmental expression in FZRA1.4 transgenic lines

For developmental expression studies F1 transgenic males from each line 

were set up with C57BI6/CBA wild type F1 females for timed matings. 

Placental DNA from at least one litter of embryos from each line was analysed 

to identify positive embryos. mRNA from the blood of positive embryos and 

several adult mice was analysed by RNase protection assay using the same 

conditions and probes as in earlier chapters.

a89L and <x89H

RNA was analysed from the blood of the seven positive 11.5d embryos 

and seven adult mice of the a89L line. From a89H, twelve 11 5d embryos, 

five 12.5d/13.5d embryos and three adult mice were analysed.

The expression levels in the oc89H embryos (table 6.1) were as high as in 

mice containing any other construct. But, unlike some other highly expressing 

lines, (eg. the a95 aPAC line), there was no difference in size between
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positive and negative embryos, nor were the positives embryos identifiable 

visibly by their paleness. Both lines showed a marked decrease in expression 

through development.

As the a89L line arose from a five fold reduction in copy number from the 

a89H line, it was of interest to see that the absolute expression levels in the 

a89H mice were six fold higher than in the oc89L line (figure 6.3). The 

expression data from these two lines is summarised in tables 6.1 and 6.2.

a. 11,5d adults 
embryos
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Figure 6.3. RNase protection assay showing human a gene expression in mRNA from blood 

of representative embryos and adults from a. the a89L and b. <x89H lines. The apparent 
difference in the mouse Ç levels between the two lines is likely to be due to a slight difference in 
the developmental stage of the embryos.

Embryos

Age

!1y

%ah/ocm %ah/mtotal

11.5d 21.1 61.4 13.3
28.0 58.3 19.4
23.6 50.7 18.0
31.7 74.0 23.4
34.6 62.9 19.1
34.0 79.5 24.3
28.5 84.6 28.0

mean 28.8 ±5.1---------------6-- 67.3 ±11 .4 20.8 ± 4.8

Adults

%<xh/m total

mean

3.5
11.4
3.3
4.1
2.1 
3.1
5.8
4.8 ±3.1

Table 6.1 Quantitative mRNA data from embryos and adults of the <x89L line.
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Age %Çm/m total %ah/am %ah/hn total

11.5d 40.5 272.8 162.2
40.0 302.5 181.4
32.8 202.8 136.2
31.0 159.7 110.1
34.4 242.0 158.6
34.1 93.9 61.9
55.1 268.0 120.3
25.1 123.5 92.5
16.9 94.3 78.4
26.1 175.1 129.3
28.5 157.8 112.9
36.5 188.7 119.8

mean 33.4 ± 9.5 190.1 ±69.7 122.0 ±34.8

12.5d/ 19.6 84.7 68.1
13.5d 23.1 83.4 64.1

17.4 94.3 77.4
15.4 126.7 107.1
19.2 145.1 117.2

mean 18.9 ± 2.9 106.8 ±27.6 86.8 ±23.9

%ah/m total

17.5
40.2
31.1

mean 29.6 ±11.4

Table 6.2 Quantitative mRNA data from embryos and adults of the a89H line.

a90

The a90 founder was possibly mosaic since twenty eight offspring were 

analysed before a single transgenic F1 was identified. This mouse transmitted 

the transgene at a normal frequency and on DNA mapping he and his 

offspring showed the same junction fragment pattern. The blood and yolk sac 

mRNA from nine positive 11.5d embryos and RNA from the blood of twenty 

one adult mice were analysed in this line. Human a globin gene expression 

levels were very high in embryos with a mean for the line of 78.4%. This level 

fell during development to give a range of human a mRNA expression levels 

in adults of 2.4% to 32.1% with a mean of 16.3% (table 6.3). Figure 6.4 shows 

a representative RNase protection assay of embryos and adults from the «90 

line.



156

11.5d embryos adults

Mouse Ç -#

Human a -#

full length —#  
a mouse probe
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Figure 6.4. RNase protection assay of embryos and adults of the a90 line.

Embryos Adults

Age %Çm/m total %ah/am %ah/m total

11.5d 36.4 114.6 72.9
38.4 109.7 67.6
37.5 107.3 67.1
29.8 112.2 78.8
34.3 100.0 65.5
37.4 123.6 77.3
27.3 105.0 76.4
38.1 196.3 121.4

mean 34.9 ± 4.2 121.1 ±31 .2 78.4 ±18.1

%ah/m total

31.8 19.0
17.3 14.5
17.5 16.5
18.7 18.3
8.3 27.1
11.0 19.6
5.3 18.9
7.5 22.1
2.4 32.1
15.7 10.0
9.2

mean 16.3 ±7.9

Table 6.3. Quantitative mRNA data from embryos and adults of the <x90 line.

<x91

mRNA from the blood of one litter of 11.5d embryos, one of 12.5d embryos 

and four adults was analysed in the a91 line. Positive embryos in this line, 

like a89H and oc90 were expressing human a globin mRNA at a high level 

(figure 6.5). Although the levels here were no higher than in the <x89H line the 

embryos were visibly identifiable because they were paler and smaller than 

their litter mates. Expression levels fell during development from a mean in 

embryos of 115.5% to 28.5% in adults (table 6.4).
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Figure 6.5. RNase protection assay of embryos and adults of the a91 line.

Embryos Adults

Age %Çm/m total %ah/am %<xh/m total

11.5d 35.1 125.1 81.3
33.9 153.7 101.5
37.2 260.4 163.6

mean 35.4 ±1.7 179.7 ±71 .3 115.5 ±42.9

12.5d 104.1
136.1
108.0
67.1

mean 103.8 ±28.3

%<xh/m total

25.5
29.2 
25.0
34.3

mean 28.5 ± 4.3

Table 6.4. Quantitative mRNA data from embryos and adults of the «91 line.

Summary of FZRA1.4 lines 

a89L and cx89H

The lower levels of human a mRNA expression in the a89L compared with 

the a89H matched the reduction in copy number such that expression per 

gene copy remained the same in the two lines. As the integration site is the 

same in both lines, any potential position effects are also the same. This 

implies that copy number dependent expression is seen at this site and hence 

that all copies within the array are active at similar levels. This observation 

contrasts with that reported by Garrick et a/, (1998). Mice carrying high copy
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numbers of a lacZ reporter transgene under the control of a human a globin 

gene promoter and HS-40 expressed the transgene at very low levels, with 

0.01 to 0.3% of the cells showing lacZ activity. When the copy number was 

reduced to 5 or 1 at the same loci by the action of Cre recombinase on LoxP 

sites within the transgene array, expression rose, with 54 to 65% of the cells 

showing lacZ activity. This difference in expression suggested that high copy 

number arrays may result in a repressive chromatin conformation as the DNA 

became less compacted and méthylation was reduced.

The difference between the results shown here and those of Garrick et al, 

may be due to the different sites of integration of the transgene, to the 

difference in the copy numbers of the mice, or to the nature of the constructs.

Although five fold higher than a89L, a89H only contains 10 copies of the
%
insert whereas the high copy number line in Garrick's mice contained >100 

copies. While studies in plants (Assaad et al, 1993), and Drosophila (Dorer 

and Heniikoff, 1994) have shown repeat induced repression of expression 

with two or three copies of a transgene, it is more commonly seen with very 

large tandem arrays. This is likely to be exacerbated by the use of the 

prokaryotic lacZ gene. Several previous studies (Thorey etal, 1993, Clark et 

al, 1997) have demonstrated the repression of prokaryotic reporter 

sequences after transfer to eukaryotic cells or transgenic mice.

mRNA expression levels in FZRA1.4 lines

An RNase protection assay of one embryo and one adult, representative of 

each line, is shown in figure 6.6. The expression data, summarised in table

6.5, shows that a globin gene expression was as high, if not higher, in the 

FZRA1.4 embryos than in any of the other constructs. In all the lines analysed 

expression of the human genes decreased dramatically during development 

but even in adults the mean level for all lines was still 20%, similar to levels in 

some of the other constructs.
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Figure 6.6. An RNase protection assay showing one representative embryo and adult sample 

from each line.

Line Copy 
number

Age %aH/Ç+aM
embryos
(range)

Expression /  copy 
in embryos

% aH/aM  
adults 
(range)

Expression /copy 
in adults

a89L 2 11.5d 20.8
(13-28)

34.9 4.8
(2.1-11.4)

9.8

a89H 10 11.5d 122.0
(62-162)

39.6 29.6
(18-40)

11.8

a90 9 11.5d 78.4
(66-121)

25.7 16.3
(2.4-32.1)

7.2

a91 12 11.5d 115.6
(81-163)

10.4 28.5
(25.0-34.3)

9.5

Table 6.5 Summary table of expression data for all the FZRA1.4 lines. Expression per copy 

was calculated for embryos as (ahuman expression/copy no.) /  [(Ç mouse expression 
/2)+(amouse expression / 4)] and for adults as (ahuman expression / copy no.) x4

This level of human a globin mRNA expression in adults was much higher 

than would be predicted if the silencing of the a2 gene seen in the a FZ patient 

had been reproduced. Therefore, to test whether a longer stretch of the Alu 

rich DNA sequence induced silencing of the «2 gene a second construct, 

FZB10, was made.
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The FZB10 construct
FZB10 differed from FZRA1.4 in the addition of an extra 6.9Kb of the 

downstream Alu rich region. A 10.3Kb BamHI fragment from COS 12 

corresponding to the 3* region juxtaposed to the <x2 gene in the <x-FZ deletion, 

was ligated to a BamHI fragment from FZRA1.4 to produce FZB10. The 

15.8Kb fragment for microinjection was cut out using a Notl / Sail digest.

100i 120i 140i 160i 180i 200i

HS-40-33
— i - i -

Alu rich region
■ ■ ■

a-FZ deletion

k ............ FZRA1.4

Sail Notl
FZB10

Figure 6.7. The a  globin gene cluster, the position of the deletion, the FZRA1.4 

construct and the 15.8 kb FZB10 construct.

Generation of FZB10 transgenic mice

DNA was prepared for microinjection as previously described. Eight live 

born offspring were identified as positive by Pstl digestion of 15ug of tail DNA 

followed by Southern blotting and hybridisation with the 1Kb Pstl/ Hindlll 

human a probe and the mouse Epo probe. The eight were named a107, 

a108, a122, a123, a124, a125, a126 and tx127. Of these eight founder mice 

three, «122, a125 and a126 contained two or more inserts which segregated 

in the offspring to produce several more lines. The copy numbers were 

estimated for each line as previously described.
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DNA mapping of the FZB10 mice

To ensure the transgene was intact DNA samples from representative 

animals of each line were mapped using a Sad or Hpal digest (figure 6.8) 

followed by Southern blotting and hybridisation using the whole FZB10 

fragment as a probe.

HS-40
1.3Kb 4.5Kb

<x2
2.4Kb 0.7Kb 6.7Kb

i 2Kb ,

1 1 
Sacl Sacl

1 I I  
Sacl Sad Sacl Notl*

HS-40
1.3Kb 4.0Kb

<x2
10.6Kb

J 1, — 1 
Hpal Hpal Hpal

1
Hpal

FZB10 probe

Figure 6.8. DNA maps of the Sacl and Hpal restriction enzyme sites in the FZB10 construct. 

The probe is shown in green.
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Sacl digest, FZB10 probe. Hpal digest, FZB10 probe.

Figure 6.9. DNA mapping of the FZB10 mice. a. Sacl digest b. and c Hpal digest, all 

hybridised with the FZB10 probe. The 0.7kb fragment was visible on other gels. c. A long 

exposure of the last two lanes on b. to show the 1.3kb band.
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Further mapping was carried out using EcoRI, which cuts once in the 

insert, followed by hybridisation with the RA1.4 probe. The presence of a 

15.8Kb tandem repeat indicated multiple copies of the transgene arranged in 

a head to tail array. The presence of a 3.0Kb tandem repeat could indicate 

that copies of the transgene may be arranged in a tail to tail array. To 

distinguish between the tail to tail tandem band and a junction fragment which 

happened by chance to be the same size as the repeat band, an alternative 

enzyme, Spel, which gave a 4.8Kb tail to tail tandem band, was used with the 

HS-40 probe. For DNA maps and gels see figures 6.10 and 6.11.

HS-40
1.5Kb

Sail EcoRI

RA1.4
probe

a2

Tandem repeat band 15.8Kb 
Repeat band 3.0Kb

2Kb

HS-40
2.4Kb

r —  ,
Sail Spel

RA1.4
probe

1.0Kb g g 12.4Kb
n Spel

Repeat band 4.8Kb

, .

Spel

Figure 6.10. DNA maps of the EcoRI and Spel restriction enzyme sites in the FZB10 

construct. The RA1.4 probe is shown in green.

-15.8Kb
tandem repeat band

EcoRI digest, RA1.4 probe

Figure 6.11. DNA mapping of several of the FZB10 lines to show the 15.8Kb tandem repeat 

band in all samples and the different junction fragments in each line.
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«107, «108, «123, «124 and «127

DNA mapping of the positive offspring from «107, «108, «124 and «127 

founders showed that each contained intact copies of the transgene and 

showed consistent patterns of junction fragments and tandem repeat bands 

within each line. The relative human to mouse signal strength was consistent 

amongst all offspring and «107, «108, «123, and «124 founders transmitted 

the transgene to offspring at the expected frequency. There was, therefore, no 

reason to believe that any of these founders were mosaics or contained more 

than one site of insertion of the human DNA. «127 transmitted the transgene 

at low frequency so may have been mosaic. The transgene copy number of 

«107, «108 and «124 offspring was two, that of «127 offspring was six and 

that of «123 was estimated to be about 16.

Lines containing multiple Inserts of the transgene

The «122, «125 and «126 founder mice contained multiple inserts of the 

DNA which had integrated into different sites in the mouse genome. These 

separate integrants were identified by junction fragment analysis of DNA from 

the offspring of each founder. Differences in the size of junction fragment(s) 

between mice within a litter of F1 offspring (or later generations in some 

cases) showed that the multiple inserts had segregated to produce more lines 

of mice. Some of this mapping data proved difficult to interpret, so only mice 

shown to contain a single insert with intact copies of the transgene were 

bred and used for expression studies.

«122

The «122 founder mouse contained two separate inserts of the transgene 

which segregated independently in the F1 offspring to give two lines, shown 

in red and blue on the «122 pedigree in figure 6.12. The two lines were 

designated «122A and «122B. The «122A line appeared to be a single copy
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line from the copy number analysis; the DNA mapping gel confirmed this as 

a122-15, a122-27 and «122-29 shared the same junction fragment but 

lacked the 15.8Kb tandem repeat band (figure 6.13). The «1226 line had a 

copy number of about ten. The -3Kb band was a junction fragment as no 

predicted 4.8Kb tail to tail repeat band was seen on Spel digestion (data not 

shown).

di*ôô»ù
a 122 founder

a n
122-9 122-10 122-13

■  insert 122 A 
( H j  Q  insert 122 B

[ Q [ ! < 3 ( | [ 6 n O O Ô H
122-15 122-16 122-17 122-18 122-19 122-21 122-23 122-24

O Q o m » ® _____________________________
122-27 122-28 122j29 12230 12231 12234 12236 12237 12238 12239

"otsbaiooDomai
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12242 12243 z—X  12245 12247 12250 12251
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Figure 6.12. The a  122 pedigree showing the segregation of the two inserts in the offspring.
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Figure 6.13. Southern blot analysis of the a l 22 offspring. The predicted 15.8kb head to tail 

tandem repeat band was present in those mice with insert B and absent from those with the 
single copy insert A. A single junction fragment band, specific for each insert, is present in all 

positive mice, a122-24, a 122-28, and a 122-30 contain both A and B as indicated.
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(XI25

The <x125 founder mouse transmitted the transgene at a low frequency but 

appeared to contain at least two inserts of the transgene which segregated 

independently in the F1 offspring and then bred true (figure 6.14). The two 

resulting lines were designated a125A and oc125B with copy numbers of six 

and one respectively.

O O O D fficS O  
O "

a 125 Founder

— EB

126-13 125-15 125-16

E) Insert a125A 
■  Insert a125B

ôûooom A
125-18-14 -17 -18

ûdôè
125-18 12548 A _ 7 \

 ̂ c b o S d o o œ
1 125-19-1

125-18-21 125-18-23 125-1844

125-18-5 12519-7

omsooomooo
12519-10 -11 -12 -13 -16 -17 -18

Figure 6.14. The a  125 pedigree showing the low transmission rate from the founder to the 

first generation offspring despite the presence of the two inserts, suggesting that he may have 
been mosaic for both. The second generation showed that two inserts segregated 

independently and bred true.

a125A mice did not have the 15.8Kb head to tail tandem repeat band seen in 

most of the other lines. Copy number analysis showed that cc125A mice were 

clearly multiple copy mice, (figure 6.15.a). The ~3kb band (figure 6.15.b), 

indicated that the DNA had integrated as a tail to tail repeat. It is not clear as 

to why this -6  copy insert lacked a head to tail array and had just two junction 

fragments.
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Figure 6.15. Southern blot analysis of the a125 offspring, a. Copy number analysis of mice 

containing insert A, insert B and both A and B. H101 was used as the standard for a single copy 
of the human a genes (These four lanes were taken from a single gel on which a complete 
range of copy numbers standards were run), b .The presence of a single junction fragment 
confirmed that insert B had integrated as a single copy. The 3kb band in the six copy insert A 
indicated that it had integrated as tail to tail repeat.

a126

The a126 founder contained at least three inserts of the transgene, A, B 

and C. Only three positive mice were identified in the first FI litter, one of 

these contained all three inserts, one contained just insert cc126A and the 

third contained inserts a126B and a126C. This third mouse was mated to a 

wild type male to try and separate inserts B and C. From a total of 26 F2 and 

F3 offspring, three were positive for a126C and five were positive for both 

oc126B and a126C. No mice with just insert oc126B were identified. Both 

a126A and oc126C appeared by DNA copy number analysis and by DNA 

mapping to have a single copy of the transgene.
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Figure 6.16. The a126 pedigree showing the segregation of two out of the three inserts in 

the offspring. <x126-1 to a  126-8 were analysed as embryos and therefore not sexed.

Founder mice which have more than one insert of the foreign DNA in 

different chromosomes usually produce a higher than expected number of 

positive offspring because the inserts segregate independently to produce 

separate lines of mice. The pattern of transmission in the a126 pedigree 

(figure 6.16) and DNA mapping of the transgene (figure 6.17) indicated that 

there were several inserts, but the frequency with which they were transmitted 

together suggested that they were on one chromosome and were split 

occasionally by recombination. Fish analysis on the founder a126 mouse 

showed only a single insertion site. Where inserts A and B were transmitted 

together the ~15kb junction fragment from insert 126A and the 15.8kb head 

to tail tandem repeat band from insert 126B were only just separated and 

were seen as a doublet. This was most clearly visible in the founder (figure 

6.17 a) and in a126-1 (figure 6.17 b).
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Figure 6.17. DNA mapping of the a126 mice. a. Different exposures of the a t 26 founder 

mouse, b. Mice with different junction fragment patterns. The 15kb band in a126A mice is the 
single copy junction fragment and is slightly smaller than the 15.8Kb tandem repeat band seen 

in a126B multiple copy mice.

a l 27

The a 127 founder mouse transmitted the transgene at a low frequency, a 

total of 27 offspring were analysed before two were identified as positive 

(figure 6.18). On DNA mapping these two had the same junction fragments as 

each other and as the founder. The copy number was estimated to be about 

six. As there were so few positives one litter of 13.5d embryos was sacrificed 

to check that embryos were not dying in utero. Two out of seven were positive 

and appeared normal. The reason for the low transmission rate is unknown 

but mosaicism could not be ruled out.

15.8.0Kb ►  ►
Tandem repeat band

Junction fragment

Junction fragment

EcoRI digest, RA1.4 probe.

Figure 6.18. DNA analysis of the <x127 founder (<x127F) mouse and a positive offspring.
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Developmental expression in FZB10 mice
F1 male transgenic mice from each established line were mated to wild 

type C57BI6/CBA F1 females and checked daily for copulatory plugs as 

previously described. For each line of mice RNA from at least one litter of 

embryos and several adult mice was analysed by RNase protection assay 

using the probes and conditions described earlier. The results from individual 

lines are shown below.

#107 and #108

The mean level of human # mRNA globin in #107 and #108 embryos was 

only 11.7% and 10.5% respectfully, these levels fell to less than 1% in adults. 

F1 male and female mice positive for the #107 or #108 transgene were bred 

together to produce homozygotes of each line to determine if human # gene

expression could be increased in homozygotes. Mice thought to be 

homozygous by comparison of human to mouse signal strength on a 

Southern blot were bred with non-transgenic animals and their offspring were 

analysed. Homozygosity was confirmed when all of these offspring were 

positive. RNase protection assays and expression levels in heterozygote and 

homozygote mice are shown in figures 6.19., 6.20 and table 6.6.

8 11.5d Embryos b. Adults
Heterozygotes

Heterozygotes Homozygotes
<M  CM CO

8 y s 8 8 8 8 8 3)

Mouse a

Mouse Ç 
Human a Human a

Mouse a

Figure 6.19. RNase protection assay of the a107 line. a. 11.5d  heterozygous embryos b. 
heterozygous and homozygous adults.
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Figure 6.20. RNase protection assay of the <x108 line. a. 14.5d heterozygous embryos b. 
11 5d homozygous embryos c.heterozygous adults.

Embryos Adults

Line Age %Çm/m total %ah/am %ah/m total
a107 11.5d 23.9 26.7 9.4

heterozygotes 21.5 32.9 12.0
bl/ys 23.3 37.2 13.3

20.6 28.8 14.3
24.5 27.8 9.7

mean 22.8±1.7 30.7±4.3 11.7*2.0
11.5d 33.8 11.8 7.8
homozygotes 25.6 10.6 7.9
bl/ys 40.1 12.7 7.6

38.5 15.4 9.5
38.9 12.6 7.7
38.9 12.6 7.7

mean 36.0±5.5 12.6±1.6 8.0*07
125d 12.8 13.8 9.4
heterozygotes 4.1 5.2 2.2
blood 17.5 14.9 12.3

6.2 5.8 5.4
18.7 13.5 11.0

mean 11.9±6.6 10.6±4.7 8.1*42

a108 11.5d 33.5 20.8 6.4
heterozygotes 19.4 34.6 16.1
bl/ys 26.6 19.2 8.9

mean 26.5±7.1 24.9*8.5 10.5*5.0
11.5d 33.6 11.8 7.8
homozygotes 41.5 10.7 6.2
bl/ys 36.3 12.8 8.2

30.8 11.1 7.7
24.8 8.2 6.2
34.7 12.8 8.3
48.9 11.2 5.7

mean 35.8±7.7 11.2±1.6 7.2*1.1
14.5d 1.1 0.6 1.3
heterozygotes 1.1 0.6 0.5
blood 1.1 0.8 0.8

1.0 1.0 0.5
mean 1.1±0.1 0.8*02 0.8*04

%ah/m total in adults 
Heterozygotes Homozygotes

a107

a108

1.9 0.23
0.4 0.48
1.1 0.26
0.8 0.24
0.8 0.03
0.06
0.09
1.5
1.8
0.12

mean 0.86±0.7 0.25±0.16

0.1
0.3
4.5
0.2
0.5
0.5
0.8

0.0
0.2
0.3

mean 1.0±1.6 0.2±0.2

Table 6.6. Quantitative mRNA expression data for the a107 and <x108 lines.
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In homozygotes the levels were consistently lower than in heterozygotes 

(table 6.6), the reason for this is unknown.

<x122A and ot122B

The ct122A line contained a single copy of the transgene and the a122B 

line was a ten copy line. Despite these different copy numbers their 

expression levels were virtually the same as each other. Human a gene 

expression in embryos was about 9% and in adults it fell to less than 2% 

(table 6.7). Figure 6.21 shows an RNase protection assay of 10.5d embryos 

from each line.

a. 10.5d embryos 
a  122 A a122B

CM CO

Mouse Ç 

Human a

Mouse a

I CM CO T
l o  lo_  _  co co co

b. adults 
a  122 A a122B

CM
CM

CO

%
CM

Human a-

Mouse a ■ #
Figure 6.21. RNase protection assay of the <x122A and a122B lines, a. Embryos, b. Adults. 

a122A a122B

Age %Çm/m total %ah/am %ah/m total

10.5d 45.3 15.3 8.4
bl/ys 49.9 21.7 10.9

47.9 18.9 9.9
47.8 17.9 9.3
46.7 18.0 9.6

mean 47.5±1.7 18.4±2.3 9.6±0.9
adults - 2.9
blood - 2.0

- - 0.9
- - 1.4

mean 1.8±0.9

Age %Çm/m total %ah/am %ah/m total

10.5d 42.9 16.6 9.5
bl/ys 42.5 14.8 8.5

41.1 15.8 9.3
41.2 11.1 6.5
42.0 14.7 8.5

mean 41.9±0.8 14.6±2.1 8.5±1.1

adults . . 2.1
blood - - 1.8

- - 0.3
mean 1.4±0.1

Table 6.7. Quantitative human a  gene expression in the a  122A and a122B lines.
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#123 and #124

The copy number of the #123 line was sixteen, that of #124 was two. The 

human # expression levels in the #123 line were higher both in embryos 

(20%) and adults (9.4%) than in the previous FZB10 lines but the expression 

per copy was still low and there was still a decrease in levels through 

development (figure 6.22. b and c.).

a. Embryos Adults
Adults

Human

«<-a Mouse

Line Age %Çm/m total %ah/am %<xh/m total

«12310.5d 42.7 42.6 24.4
bl/ys 31.9 30.9 16.9

40.8 33.8 19.9
39.5 31.1 18.8
44.3 35.8 19.9

mean 39.8 ±4.8 34.8 ± 4.8 20.0 ± 2.8

«124 12.5d 9.9 13.7 12.4
blood 11.1 17.6 15.6

15.8 24.0 20.2
12.3 ± 3.1 18.4 ± 5.2 16.1 ±3.9

liver 1.2 6.4 6.3
0.7 3.4 3.4
1.5 3.4 3.3

mean 1.1 ±0.4 4.4 ±1.7 4.3 ±1.7

Line %om/m total
a123 bl 7.6

mean 9.4 ± 3.7
on 24 bl 1.8

mean 2.5 ± 0.9

Figure 6.22. mRNA expression of human a  globin in the «123 and <x124 lines, a. RNase 

protection assay of two representative adults from the «124 line. b. and c. Quantitative mRNA 
expression data from both lines, b. Embryos c. Adults.

The #124 line was more similar to the other low copy lines with a mean 

expression level in embryos of 16% and the developmental instability causing 

a reduction in levels in adults to 2.5% (figure 6.22).

#125A and a125B

These two lines, derived from the same founder mouse, showed different 

patterns of human # globin gene expression, RNase protection assays of 

representative samples from each line are shown in figure 6.23. The copy
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number of cc125A was six and human a globin gene expression in embryos 

was 30% (table 6.8), higher than in any other FZB10 line. However, the 

developmental instability was greater with levels falling to about 3% in adults. 

In the single copy a125B line although the levels in adults are also about 3%, 

in embryos they are not much higher at 4% (table 6.8).

a.
10.5d Embryos 

a 125 A

b.

Mouse Ç 

Human a

Mouse a

11.5d Embryos

Mouse Ç 

Human a

«125B
v—

LO LT>

L f).
CM CM

’ s ’ ÿ

m -
:

Mouse a

Adults

a125A
jr  ^
CO CO

Human a -
full length 
a mouse probe

Mouse a

Figure 6.23. RNase protection assay of «125 A and «125B lines a. 10.5d  «125A embryos, 

b. 1 1 .5d «125B embryos, c.Adults from the «125A line.

a125A a125B
Age %Çm/m total %«h/am %ah/m total

10.5d 52.6 86.2 40.9
bl/ys 51.8 50.6 24.4

48.4 45.1 23.3

mean 50.9±2.2 60.6±22.3 29.5±9.9

newborn . . 1.7
- - 1.8

mean
6.3
3.3 ±2.6

adults - . 2.7
blood - - 2.6

- - 4.1
- - 3.4
- - 2.5
- - 3.5

mean 3.1 ±0.6

Age %Çm/m total %«h/am %ah/m total

11.5d 17.0 5.0 4.1
blood 31.1 6.1 4.2

19.5 5.6 4.5

mean 22.5±7.5 5.6±0.6 4.3±0.2

newborn . . 1.5

mean "
2.3
1.9±0.6

adults . - 2.8
blood - - 8.4

- - 1.4

mean
- - 0.6

3.3±3.5

Table 6.8. Quantitative mRNA expression data from embryos and adults of the «125A and 

«125B lines.
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(X126A and cx126C

The a126A and a126C lines were also derived from a single founder 

mouse. Expression levels were analysed in embryos and adults from each 

line and the data is summarised in table 6.9.

cc126A (X126C
Age %4m/m total %ah / am %ah/m total
11.5d 24.1 6.4 4.8
bl/ys 26.0 4.4 3.3

20.0 8.1 6.5
22.6 7.0 5.4
29.6 5.8 4.1
22.9 4.0 3.1
37.4 12.3 7.7
27.9 5.3 3.8

mean 26.3±5.4 6.7±2.6 4.8±1.6
adults - 0.3
blood - 2.5

- - 1.1
- - 1.0
- - 2.2

mean 1.4±0.9

f £ 1 1 f 3 %ah/m total

12.5d 3.6 3.3 3.2
blood
13.5d 7.5 1.5 1.4
blood

mean 5.6±2.8 2.4±1.3 2.3±1.3

adults . 0.6
blood - 0.2

- - 0.2
- - 0.3

mean 0.4±0.2

Table 6.9. Human a  globin mRNA expression levels in the a  126A and <x126C lines.

«127

The «127 founder was probably mosaic and only transmitted the 

transgene to two 13.5d embryos and two live born offspring. Expression data 

from this line was, therefore, limited, but did show the same low levels of 

expression as seen in most of the other lines. The mean for the two embryos 

was 6.4 ± 1.3% and for the two adults it was 3.4 ± 0.9%.

Summary of FZB10 lines
Human « gene expression in embryos of the FZB10 lines was generally 

lower than those seen in any of the early constructs. The mean for the 11 

lines analysed was 11.2% ± 8.0% compared with 31.4 ± 13.4% (chapter 1, 

table 1.2), or 42.3 ± 34.9% for the «PAC lines. It is also significantly reduced 

compared with the FZRA1.4 lines where the mean level was 84.2 ± 46.4%. In 

each FZB1O line the level of expression decreased during development to a
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mean of 2.6 ± 2.5% in adult life, this is significantly lower than seen with any 

other construct. A representative adult mouse from each FZB10 line is shown 

in figure 6.24 and the expression levels are summarised in table 6.10.

Human a

Mouse a

Figure 6.24. RNase protection assay of one representative adult from each FZB10 line.

Line Copy 
number

Age %aH/Ç+aM
embryos
(range)

Expression/copy % aH/aM
in embryos adults 

(range)

Expression /copy 
in adults

a107 2 
heterozygotes 
homozygotes

11.5d 

11.5d

11.7
(9.4-14.3)

8.0
(7.6-95)

17.6 0.86
(0-1.9)
0.25

(0.03-0.48)

1.7

a108 2 
heterozygotes 
homozygotes

11.5d 

11.5d

10.5
(6.4-16.1)

7.2
(5.7-83)

12.8 0.96
(0.13-4.5)

0.2
(0-0.35)

1.9

a122A 1 10.5d 8.5
(6.5-95)

23.7 1.4
(0.3-2.1)

5.6

a122B 10 10.5d 9.6
(8.4-10.9)

2.6 1.8
(0.9-3.9)

0.4

a123 16 10.5d 20
(19-24)

4.7 9.4
(2.0-12.5)

2.4

a124 2 12.5d 16.1
(12.4-20.2)

26.9 2.5 
(1.1-3.8)

5.0

a 125A 6 10.5d 29.5
(23.3-40.0)

12.7 3.1 
(2.5-4.1)

2.1

<x125B 1 11.5d 4.3 
(4.1-4.5)

13.9 3.3
(0.6-8.4)

1.3

a 126A 1 11.5d 4.8
(3.1-7.7)

14.6 1.4 
(0.4-2.5)

0.6

a126C 1 12.5d 2.3 
(1.4-3.2)

9.7 0.35
(0.21-0.64)

1.4

a127 6 13.5d 6.4 
(5.4-7.3)

4.3 3.4
(2.7-4.0)

2.3

Table 6.10. A summary of the expression data for adults and embryos of the FZB10 lines.
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Discussion
The human a globin gene expression levels in the FZRA1.4 embryos are 

very high, in some cases equally as high as those seen in the PAC mice (the 

mean for all the FZRA1.4 lines is 84.2%) but these levels showed marked 

development instability decreasing to a mean of 19.8% in adults. This level is 

not significantly different from those seen with earlier constructs. In contrast, 

the FZB10 results showed levels of human expression that are lower than 

has been previously seen in any construct which includes HS-40 and an 

intact human a gene. The mean human a globin gene expression level for all 

lines was 2.6% and in nine out of the eleven lines the a gene is virtually 

silenced. A comparison of the absolute levels of human a globin in embryos 

and adults between all lines of the two constructs is shown in figure 6.25.

Embryos
Adults80 -I

4>
s0 60-
E
1  

i
6  40-
<DI
X
X  2 0 -

FZRA1.4 FZB10

Figure 6.25. A comparison of the expression levels in embryos and adults of each of the 

FZRA1.4 and the FZB10 lines.
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When total human expression for each line is plotted against copy number 

(figure 6.26) both the FZRA1.4 and FZB10 lines show a positive correlation 

between copy number and levels of expression.

• FZRA1.4 Embryos 
o FZRA1.4 Adults
■ FZB10 Embryos 
o FZB10 Adults

150 i

I
810Q
4>OT

0-^0
o

Copy number

Figure 6.26. Human a  globin gene expression v copy number in FZRA1.4 and FZB10 

embryos and adults.

These results show that in nine out of eleven FZB10 lines the silencing 

seen in the a'FZ patient was reproduced. A number of different mechanisms 

may contribute to the silencing of the remaining a2 gene in the a-FZ deletion. 

The possibility of a specific silencer' element which has been juxtaposed 

next to the a gene as a result of the deletion has not been ruled out.

It is possible that the chromosomal environment of the normal a2 gene on 

the abnormal chromosome has been altered from permissive to repressive 

by juxtaposition of the gene next to a heterochromatic region containing a 

very high density of Alu repeat sequences. It is well documented that the 

chromosomal environment of a gene can influence its expression; identical 

transgenes inserted into different sites in a mouse genome can cause the 

expression of those genes to be variable and dependent on the site of
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integration. Chromosomal position effects have been described in mammals 

(Kleinjan and van Heyningen,1998; Weiler and Wakimoto, 1995), Drosophila 

(Henikoff, 1990; Weiler and Wakimoto, 1995; Wakimoto, 1998) plants (Matzke 

and Matzke, 1998) and yeast (Sherman and Pillus,1997). The FZRA1.4 lines 

of mice expressed the human a gene in adulthood whereas expression was 

lost in the FZB10 mice. The difference between these two constructs was the 

addition of an extra 6.9kb from the Alu dense region in the FZB10 mice. If a 

repressive chromatin structure is established, the implication is that there is a 

minimum amount of the Alu rich sequence required.

This Alu rich region is normally methylated (D.Higgs personal 

communication) and méthylation is often associated with silencing of gene 

expression. It has been proposed that highly methylated sequences such as 

this may be sufficient to cause a hypoacetylated repressive chromatin 

environment (Walsh and Bestor, 1999; Razin, 1998). Two proteins which bind 

methylated DNA, MeCP2 and MBD2, may provide a link between méthylation 

and a repressive chromatin environment. MeCP2 has been shown to interact 

with histone deacetylase and mammalian Sin3. MBD2 can recruit the 

repressive deacetylase containing NURD complex (Razin, 1998; Kass et 

a/,1997; Nan et al, 1997). In the a -FZ deletion, the a globin gene promoter 

becomes densely methylated during development, and this may contribute to 

the formation of the repressive chromatin structure. However, in both the 

FZRA1.4 and FZB10 transgenic mice the CpG island remains unmethylated 

yet a gene expression is silenced in mice containing the larger construct.

A third possible mechanism which may contribute to the silencing of the a 

gene in the a -FZdeletion involves the removal of the terminator of 

transcription of a widely expressed gene (16pHQG:16) which was found to 

extend through the Alu rich region (C.Tufarelli, unpublished data). The a-FZ 

deletion removes the last 3 exons of the 16pHQG:16 gene which is 

transcribed in the opposite orientation with respect to the a genes and
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encodes a putative RNA binding protein. Abnormal transcripts from this gene 

extend across the a-FZ breakpoint and may interfere with the transcription of 

the a gene on the opposite DNA strand. This could contribute to it's silencing 

as has been proposed for some imprinted genes and the Xist gene (Lee et al,

1999).

The mechanism (or mechanisms) by which this <x-FZ deletion silences the 

normal a globin gene on the abnormal chromosome to cause a thalassemia 

is not fully understood. The antisense transcripts of the 16pHQG:16 gene, the 

repressive chromatin environment, and the possible existence of a specific 

silencer element within the Alu dense region may all contribute to the 

silencing of the gene and further work is required to determine which, or how 

many of these is important.
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Chapter 7. Discussion

The use of transgenic mice for analysing globin gene expression
The transgenic mouse model has, over recent years, made a major 

contibution to the progress made in the understanding of globin gene 

regulation and expression. The organisation and developmental regulation 

of the mouse and human a globin gene clusters are very similar to each 

other, making the mouse an appropriate model for the study of human a 

globin regulation. Early transgenic experiments demonstrated that it was 

possible to achieve erythroid specific, high levels of human a globin gene 

expression which showed proper developmental regulation.

Mice containing multiple copies of a trangene

Although considerable progress has been made with the transgenic 

mouse model, there are a number of problems which are inherent in using 

such technology. Until recently, there was no means by which the number of 

copies of a transgene which integrate into the mouse genome could be 

controlled. The DNA mapping of transgenic mice carrying multiple copies of 

foreign DNA, which usually integrate as a tandem array at a single site, can 

be complicated. This is particularly so when the insert is large, as was the 

case for the aPAC construct (chapter 3). The presence of large restriction 

enzyme fragments of the predicted size may demonstrate a single intact copy 

of the transgene but does not preclude rearranged copies which have also 

integrated within the same mouse.

Furthermore, it is not possible to determine whether all transgene copies 

in a multicopy array are actively expressing the transgene making 

interpretation of expression data potentially misleading. Only if a reduction 

in copy number occurs, at the same integration site, (as was the case for the
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gc89L and a89H lines in chapter 6) is it possible to monitor any change in 

expression per copy. Although there is evidence to suggest that transgene 

repeat induced repression can occur in plants, Drosophila and mice (Assaad 

et al, 1993; Dorer et al, 1994; Garrick et al, 1998 and reviewed by Dorer, 

1997; Henikoff, 1998), this was not the case for the a89L and cc89H lines. 

These mice showed the same level of expression per copy for both the high 

and low copy numbers.

Some of the differences seen in expression levels between different lines 

and different constucts used for this project, and in previous studies, may be 

due to the range of different copy numbers of the lines analysed, to compare 

like with like, lines of the same or similar copy numbers need be compared. 

This emphasises the need for analysing a large number of lines for each 

construct as the copy number of the mice produced is unpredictable.

The problem of multiple copy transgenic mice can be overcome by use of 

the LoxP-Cre system. A LoxP site can be engineered into the construct to be 

injected so that, on exposure to the site specific Cre recombinase after 

integration of the transgene, the sequences between two LoxP sites are 

deleted. Nevertheless, this engineering is not a trivial task on large PAC or 

BAG constructs. Transient expression of the Cre recombinase can be 

achieved by one of at least two different methods. The male or female 

pronucleus of eggs from the transgenic line of mice to be manipulated can be 

directly injected with a Cre expression vector. (Araki et al, 1995). 

Alternatively, a ‘deleter’ transgenic mouse which expresses the Cre 

recombinase during germ cell development, is mated to a transgenic mouse 

which contains a single loxP site in each copy of the transgene in an array. 

This should result in offspring with a reduction in the copy number of the 

transgene (Schwenk et al, 1995). Although use of the the LoxP-Cre system 

facilitates the study of mice containing a variety of copy numbers of a 

transgene in the same site in the mouse, several generations of breeding
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may be required before single copy animals are obtained (Jasin et al, 1996). 

This inevitably results in more work as the DNA of an increased number of 

generations of offspring has to be screened, however generating single copy 

mice would reduce the complexity of analysis and provide a clearer indication 

of position effects on expression.

Cost and time factors involved in transgenic mouse work

A major consideration before embarking on transgenic work is the cost 

and time involved. Apart from the cost of the initial setting up of a transgenic 

facility, ongoing costs are high. Lines of mice have to be maintained and 

therefore periodically bred and screened for as long as is necessary for full 

analysis to be completed. From the time of injecting DNA into fertilised eggs it 

takes approximately nine to eleven weeks before a newly identified founder 

mouse is ready to breed (depending on its sex). Three weeks after this 

offspring are born, and another three weeks further on F1 animals can be 

screened. Positive mice can then only be bred after about another three 

weeks, making minimum of about four and a half to five months from injecting 

of DNA to analysing expression in adult F1 offspring. If the founder is mosaic 

all this can take much longer as the frequency of transmission of the 

transgene is reduced. Equally, if the founder mouse is female only one litter 

of F1 offspring can be produced at a time. In this situation is often more 

efficient to wait for a male F1 and use him for subsequent breeding. Added 

difficulties arise when transgenes integrate into more than one site in a 

single mouse, increasing the number of matings and animals to be screened, 

as was the case for several lines of some constructs used here, particulary 

FZB10. Some of these mice contained inserts which did not segregate until 

F2 or late generation mice, resulting in many more matings being set up and 

delaying the expression analysis quite considerably. For this reason and the 

fact that mosiacism was a common problem, a large number of founder mice
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(and lines) were required for each construct. The variability in the expression 

patterns seen between lines of some of the constructs also necessitated the 

production of many lines with, where possible, a range of copy numbers of 

the transgene. Examination of expression in lines made prior to this project 

showed that there can be a great deal of variability in the expression levels 

between animals within a single line, therefore, analysis was carried out on 

as many individuals from each line as possible.

The estimated cost of full analysis for each line of mice is in the region of 

£2000. In most cases all lines of mice are kept for as long as is nesessary 

which means they have to be bred and the offspring analysed every few 

months. Embryos from at least one line of mice containing each construct 

were frozen down.

Despite the problems, considerable progress has been made in the 

understanding of human a globin gene expression throughout the duration of 

this project which would not have been made without transgenic mice.

Regulation of the human a globin gene cluster In transgenic mice

At the start of this project we had previously demonstrated that a 70kb 

fragment of DNA (GG1.2) which contained the a globin cluster and all known 

regulatory sequences in their normal chromosomal organisation showed 

incomplete regulation of the a gene cluster (Gourdon et al, 1994). Expression 

of the transgene did not show copy number dependent expression and levels 

were not equivalent to the endogenous mouse a levels. The genes, although 

developmentally regulated, were not developmental^ stable. This was in 

comparison to mice containing the (S globin gene cluster with the pLCR, 

where the levels of human |3 expession are equivalent to the endogenous 

mouse p levels, show copy number dependent expression and do not show 

the decrease in expression with age seen in mice with a constructs (Grosveld 

et al, 1987). This implied that additional factors were required before full
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regulation of the a cluster could be achieved. Therefore, the 145kb aPAC 

construct, which was twice the size of any previously used, was prepared and 

transgenic mice were produced.

Analysis of these lines (chapter 3) showed an improvement in the levels 

of expression. At 16 copies of the transgene, positive embryos died in utero of 

over expression and at twelve copies expression was sufficiently high to 

rescue mice in which the endogenous genes had been knocked out. The 

developmental instability consistently seen with previous constructs was 

overcome but the human expression, per gene copy, was still not very high, 

(figure 7.1). The levels of expression obtained from the a genes when the 

(3LCR was used were higher per gene copy, implying that expression was not 

limited in the other constructs by the output of the a genes themselves 

(chapter 4 and figure 7.1). Results with the pLCRa construct also suggested 

that if species differences in transcription factors were limiting expression, 

those differences must be in HS-40, not the a genes. To address this 

possibility, expression levels in mice containing the mouse regulatory 

element, M-26, attached to the a genes would have to be examined.

Full regulation of the a cluster in the aPAC mice was not achieved but the 

high levels of expression reported by others (Hanscombe et al, 1989) and 

reprodued here with the pLCRa construct, suggested that there were still 

alternative regions within the a gene cluster which may be important. The 

region 3’ to the a gene cluster was studied as a result of the identification of a 

naturally occurring deletion which down regulated an intact a2 gene. This 

deletion, removed the oc1 gene and 18.4kb of DNA at the 3* end of the cluster, 

but left the a2 gene and HS-40 intact. The cDH2 mice, which contained the 

region deleted in the oc-FZ patient showed very similar patterns of expression 

to those made with early constructs (chapter 5 and figure 7.1) and suggested 

that the deleted region did not contain any c/s-acting positive regulatory 

sequences. This raised the question of how the a-FZ deletion silenced the
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intact gc2  gene.

!I
I
I

Constructs previously analysed Constructs analysed for this project

ML
Emb Ad. Emb Ad. Emb Ad. Emb Ad. Emb Ad. Emb Ad. Emb Ad."

cNFGot HS-40a HS-40Çpc 4HSÇa GG1.2 aPAC pLCRa
Emb Ad. Emb Ad. 

FZRA1.4 FZB10

Figure 7.1. A graph of the expression levels seen in all constructs. Those in blue were 

studied previously, those in pink were analysed for this project. The mean a human expression 
Z a  mouse for embryos and adults for all lines of each construct is shown. * Only two lines of the 
pLCRa mice survived to adulthood, the others died of over expression of the human a  gene, 

therefore this graph under represents the high level of human expression seen in these mice.

In an attempt to recreate this silencing phenomenon the FZRA1.4 mice 

were made. This construct contained the a2 gene which was cloned from the 

patient's DNA so that the breakpoint of the deletion was precisely recreated, 

and 3.8kb of the upstream deleted region (chapter 6). These lines of mice 

showed very high levels of expression in embryos which fell through 

development but remained at a level in adults which was not very dissimilar to 

those seen previously (figure 7.1). As this construct only contained 3.8kb of 

the upstream Alu dense region deleted in the a-FZ patient and failed to 

reproduce the silencing of the a2 gene, the second construct was made. 

FZB10 contained an extra 6.9kb of the Alu dense upstream region but was
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otherwise the same as FZRA1.4 Eleven lines of mice were analysed and 

nine of them showed the silencing of the a2 gene seen in the patient (figure

7.1).

Silencing of the normal a gene in the a-FZ deletion

There are three possible mechanisms which may contribute to the 

silencing of the a2 gene in this deletion. The first of these, is the existence of 

a specific c/s-element which acts as a silencer within the region of DNA which 

has been juxtoposed next to the a gene in the deletion. Although this is 

possible, sequence analysis of this region has not indicated any significant 

sequence homology to any described silencer elements. (Barbour et al,

2000). Futhermore, replacement of the 3' region of the FZB10 construct with 

an alternative block of Alu repeats from further 3* in the locus resulted in 

similar down regulation of human a gene expression (Tufarelli et al, 

unpublished data). A second possible silencing mechanism is the 

transcriptional interference by the 16pHQG:16 gene. Removal of the 

terminator of transcription of this gene by a-FZ deletion results in abnormal 

transcripts from this gene extending across the deletion breakpoint. These 

transcripts may interfere with transcription of the normal a gene on the 

opposite DNA strand.

Evidence to support this mechanim comes from preliminary analysis of 

transgenic mice containing two new constructs which include the 16pHQG:16 

gene. The difference between these two constructs is the orientation of the 

16pHQG:16 gene promoter. Mice containing a construct in which the 

16pHQG:16 gene is transcribed in the opposite orientation with respect to the 

a genes, as in the FZB10 construct, silencing of the a gene occurs, but in a 

second construct, when the 16pHQG:16 gene promoter is in the opposite 

orientation, the a gene is expressed. (Tuffarell etal, unpublished).

The third mechanism which could contribute to the silencing of this normal
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gene is the alteration of its chromatin environment from permissive to 

repressive by the juxtaposition of the Alu dense region of DNA next to the a 

gene. As this silencing does not occur in the normal chromosome, it may be 

that an insulatory element, which protects the a genes on the normal 

chromosome from heterochromatinisation, has been removed by this 

deletion. This may imply that this region contains the 3’ end of the a globin 

gene domain.

Boundaries of the human a globin gene cluster?

For a long time it has been thought the genes found in and around the a 

globin cluster and those in other GC-rich regions do not seem to be organised 

into defined structural units and have no obvious boundary elements. There 

are no matrix attachment sites within the a cluster (Jarman and Higgs, 1988b) 

and the chromatin structure of a 300Kb region on chromosome 16 which 

includes the 70Kb segment of DNA covering the a genes is in an open, 

transcriptionally active form in non-erythroid as well as erythroid cell types. 

Within this region of open chromatin there are several erythroid specific 

DNasel hypersensitive sites including the regulatory element, HS-40. As 

HS-40 is situated in the intron of a widely expressed non-globin gene, with 

other genes closely flanking, and with transcription units of different genes 

physically over lapping each other the question arises of how a chromosomal 

domain of such size could exist within an area of housekeeping genes.

The a and p globin gene clusters, on separate chromosomes, are 

regulated independenly at the level of transcription to produce a balanced 

level of a and p globin chains. Their chromosomal environments differ in 

many respects (see table 1.1), yet the p gene cluster appears to reside within 

a compact domain which is insensitive to DNase 1 in non erythroid cells. In 

contrast, the a globin domain appears to extend over a much greater distance 

and exists within an area of constitutive^ open chromatin. The difference
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beween the chromatin structure of the a and p gene domains suggests that a 

physically defined, compact domain may not necessarily be required. The 

specific interactions between enhancers and promoters provide a mechanism 

by which overlapping genes and regulatory elements can be regulated 

appropriately (Merli et al, 1996; Pick et al, 1990). Dillon and Sabbatini 

(2000), propose the 'weak' domain model which allows for the exsistence of 

multiple effects for each element with a domain whose organisation is 

defined in terms of the probability of finding various regulatory elements in 

different regions of a domain. Regions closest to genes would have a high 

density of positively acting transcription factors, the clustering of which would 

lead to hypersensitive site formation. They suggest that the extent of the 

domain would be determined by the area that is proximal to these 

hypersensitive sites. The probability of insulators being present within the 

inner region, compared to the outer region of the domain would be reduced 

by selection. Some insulators may exert a functional effect, but the nature of 

the function could vary from domain to domain and be unpredictable.

Recent studies from this laboratory (Anguita et al, unpublished) have 

suggested that the pattern of histone H4 acétylation across the terminal 

250Kb of human chromosome 16p, including the a globin gene cluster and 

HS-40 is different between erythroid and non-erythroid cells. A chromatin 

immunoprécipitation (CHIP) assay with specific antibodies against particular 

lysine residues histones was used to compare the acétylation pattern of non- 

erythroid cells with that of K562 cells and primary erythroid cells isolated 

using the Fibach protocol (Fibach et al, 1991). The results showed that 

although there was some enrichment of all acetylated histones across the 

cluster in erythroid cells, the increase in the most highly acetylated histones 

across -100Kb including the a cluster and HS-40, was much more dramatic, 

consistent with the establishment of an erythroid-specific acetylated domain 

with clear boundaries. This pattern of acétylation is almost identical in the
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mouse a globin gene cluster. Furthermore, the 3* boundary of the acétylation 

domain appears to lie close the 3* boundary of sequence homology between 

the mouse and human clusters (figure 7.2) and broadly coincides with that of 

the region of altered DNasel sensitivity (Flint etal, 2001).

' =
HS-40 <x2a161 Alu rich region

a-FZ deletion

HV ° i  - - 1.’: ____________ «PAC
construct

Erythroid-speciflc 
hyperacetyl ated region

Mouse syntenic region

Figure 7.2. The telomeric position of the a globin gene cluster, the black oval represents the 

telomere. Boxes above the line are genes transcribed towards the centromere, those below 
are transcribed toward the telomere. The green line shows the position of the a d e le t io n .  
The extent of the a  RAC construct is shown in relation to the erythroid specific hyperacetylated 
region (shown in red) and the mouse syntenic region (shown in blue). For further detail see 

Flint etal, 2001 and Daniels etal, 2001). (Not drawn to scale).

Comparison of the chromosomal structure and DNA sequences of the a 

globin gene cluster in man, mouse, chicken and puffer fish has revealed that 

there is a short region of conserved gene order (135-155kb) in all five 

species. Even the 135kb region of synteny in the puffer fish contains all the 

erythroid specific hypersensitive sites identified around the human cluster and 

corresponds to the region of hyperacetylation in transcriptionally active cells. 

The breakpoints of these conserved regions, which have occurred as 

independent evolutionary events, may determine the chromosomal domain 

which contains all the critical regulatory elements of the a globin cluster.

In summary, the evidence for a 3' domain boundary of the a gene cluster 

obtained from analysis of the a-FZ deletion is supported by the area of synteny 

with the mouse which breaks at exactly this point (figure 7.2). Furthermore, the
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region of hyperacetylation around the a globin gene cluster finishes sharply 

at the same point (figure 7.2). However, complete regulation of the a genes 

has not been obtained with a construct that spans this boundary region. This 

implies that If there is a domain, and the 3’ end has been identified, the 5’ 

end must extend further than has been examined to date. Again, the

hyperacetylation data may be important since the hyperacetylated region
è

extends ~20kb 5’ to the sequences present in the aPAC construct (figure

7.2). Therefore the next step will be the isolation of a new, larger BAG 

construct and the generation of new transgenic lines to determine whether full 

regulation of the a globin gene cluster can be obtained.
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Appendix 1. Generation of transgenic mice 

Introduction
Advances in molecular biology techniques and the development of the 

transgenic mouse model have been valuable tools for the study of many 

biological systems. Genes and c/s-acting regulatory elements contained in 

artificial DNA constructs can be manipulated in vitro and transferred to a 

mouse allowing the expression and regulation of the genes of interest to be 

studied in vivo. The relatively large litters of offspring produced, short 

gestation time and life span of the mouse make developmental studies 

feasible.

The procedure used to make transgenic mice requires a supply of young 

female mice for egg donation and stud males for fertilising the donor eggs 

Mature vasectomised males and a large number of breeding age females are 

required for matings to provide the pseudopregnant foster females which are 

used as recipients for the injected eggs. To obtain the maximum number of 

fertilised eggs from the minimum number of mice, F1 hybrid or out-bred 

strains of mice are used. To ensure that a large number of fertilised donor 

eggs are produced female mice of three to four weeks of age, or thirteen to 

fifteen grams in weight, are superovulated by injection of pregnant mares 

serum which acts like follicle-stimulating hormone. This is followed 46 to 48 

hours later by injection of human chorionic gonadotrophin which behaves 

like luteinising hormone. These superovulated females are then mated with 

the stud males and the fertilised eggs are collected. The eggs are cultured 

until they reach the stage at which the pronuclei are clearly visible, this is 

usually an hour or two after collection depending on the time of 

superovulation and the light dark cycle of the animal room (see materials and 

methods). Once the eggs reach the appropriate stage they are transferred to 

a microscope slide in batches of about twenty to thirty at a time so that the
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DNA construct of interest can be microinjected into the male pronucleus. After 

microinjection each batch is returned to the incubator until all the batches 

are injected. At this stage the injected eggs can either be transferred as a 

single cell into the oviduct of a pseudopregnant female mouse on the day of 

injection or cultured overnight to the two cell stage and then transferred to a 

pseudopregnant female. A female mated to a vasectomised male remains 

receptive for transferred embryos even though her own eggs are unfertilised 

(Hogan et al, 1986). After injection the DNA can stably integrate in a random 

fashion into the mouse genome, usually as multiple copies arranged in a 

head to tail array.

To produce sufficient female donor mice, pseudopregnant recipient mice, 

vasectomised males and stud males for this project, five breeding colonies 

were established. Each breeding box was set up with one six week old 

C57BI6 male and five six to eight week old CBA females. Three to four week 

old C57BI6/CBA F1 offspring were weaned from these boxes once a week, 

all the females and the first forty males were kept. Ten of the males were 

used as studs for fertilising the donor eggs and for breeding and the 

remaining thirty were vasectomised at five to six weeks old just as they reach 

sexual maturity. To check that the vasectomised males were sterile, one to 

two weeks after vasectomy, each one was caged with a female and plug 

dates were recorded. The females were palpated after about fourteen days to 

check for lack of pregnancy and the sterile males were then used to produce 

the pseudopregnant females. Once the stud males and vasectomised males 

were established, all other male F1 offspring were sacrificed as soon as they 

could be sexed.

The number of female offspring weaned varied from week to week but was 

in the order of eight to twelve. Those that were not used as egg donors were 

kept as recipients for injected embryos or for breeding with transgenic 

founders and maintaining established transgenic lines. The breeding boxes
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were replaced after about six to nine months or when the production of 

offspring fell. Stud and vasectomised males were replaced after about a year 

to 18 months or if they ceased to mate. Recipient or breeding age F1 females 

were generally all used before they became too old to breed (six to eight 

months). For developmental studies, use of a male transgenic meant that 

only wild type, not transgenic females were sacrificed so embryonic or fetal 

tissue was not contaminated with maternal blood expressing the human 

globin transgene.

For a typical injection session eight to ten young females were 

superovulated and produced in the region of 175 to 300 eggs. On average 

70% of these survived the injection process and were transferred to 

pseudopregnant females (16 to 20 eggs per mouse). The number of recipient 

females required varied from injection session to injection session and 

depended on the number of eggs obtained and the number surviving the 

injection process. To ensure that there were sufficient recipient mice usually 

all thirty vasectomised males were set up with females. The reproductive 

cycle of the mouse is four days long so, in theory, one in four mice set up 

should be in oestrus and therefore receptive to the male (Hogan et a/,1986). 

The problem here is that females caged together tend to cycle together so the 

number that mate can be unpredictable. A 0.5 day post coital pseudopregnant 

female is suitable (i.e. a female mated to a vasectomised male the night 

before transfer) for the oviduct transfer of either one or two cell embryos so if 

insufficient pseudopregnant females were available on the day of injection, 

the vasectomised males were left with the females for a second night and the 

eggs transferred at the two cell stage.
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DNA integration rates
Many factors are thought to affect the rate of integration of foreign DNA into 

the host genome. Some of these factors are known and protocols for making

DNA No. of DNA 
Construct Batch sessions conc.

Eggs Eggs Embryos 
injected transferred analysed

Liveborn
analysed

Positives
identified

pLCRa 1 5 0.6ng/ul 481 408 53 + 68  re* - 2

2 3 2ng/ul 136 101 8 + 18 re - 1
2 1 1 ng/ul 61 40 3 + 12 re - 0

2 1 0.7ng/ul 67 50 7 + 9 re - 0

3 1 1 ng/ul 93 67 15 + 4  re - 0

3 1 1.5ng/ul 60 40 14 + 4  re - 0

3 1 0.5ng/ul 19 15 4  + 6 re - 0

3 1 3ng/ul 19 13 0 + 3 re - 0

4 2 0.13ng/ul 212 138 - 26 1
4 4 0.25ng/ul 427 302 5 + many re 38 0

4 1 0.5ng/ul 134 89 7 5 0

5 2 0.25-0 .5ng/ul 566 407 12 +38 re 49 12

aPAC 1 1 0.5 -1 .0 ng/ul 148 76 - 14 0

1 1 0.25-0.5ng/ul 174 114 - 37 3

1 2 0.13-0.25ng/ul 174 132 - 31 3

2 1 0.5ng/ul 181 91 - 10 0

2 4 1 ng/ul 780 489 - 51 8

cDH2 1 1 1 ng/ul 251 196 18 + 32 re 27 1 embryo

1 2 0.5ng/ul 61 52 - 19 0

2 1 4ng/ul 94 58 - 1 0

2 3 1 ng/ul 363 240 3 38 1 emb. +2 live

2 1 0.4ng/ul 89 58 - 8 0

2 1 O.Sng/ul 111 75 - 25 3

3 1 1 ng/ul 58 33 - 8 3

FZRA1.4 1 1 1 ng/ul 60 37 - 15 0

1 1 0.5ng/ul 120 101 - 53 5 ( 2  dead)

1 1 0.25ng/ul 34 24 - 5 1

FZRB10 1 2 0.6-0.75ng/ul 457 366 1 4 + 1 2  re 51 3 emb.+9 live

Table A1. A summary of the generation of transgenic mice used in this project. No. of 

sessions is the number of separate occasions a particular batch of DNA was injected. Each 
batch of DNA was a separate preparation of the construct. The eggs transferred indicates the 
number of eggs transferred to pseudopregnant females, re* is the number of resorbed 

embryos found when the recipient mouse was sacrificed.
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mice have been standardised as a result, but there are probably many more 

which remain unknown and which are not necessarily construct dependent. 

For this project five different constructs, aPAC, PLCR, cDH2, FZRA1.4 and 

FZB10 were made and injected into the pronuclei of fertilised eggs. Although 

a total of more than fifty lines of transgenic mice were made there was a great 

deal of variability in the rate of integration of the transgene from one injection 

session to the next. Table A1 shows this variability and summarises the 

production of all the mice analysed in this project.

Factors affecting DNA integration rates

Generating and maintaining established lines of transgenic mice is labour 

intensive and expensive so anything that can improve the efficiency of the 

system is to be welcomed. The table above shows that there was a great deal 

of variability in the frequency of integration of the transgene into the mouse 

genome for the constructs used here. In some cases such as with the FZB10 

construct, a single preparation of DNA produced mice relatively easily 

whereas in other cases, for example the pLCR construct, several batches of 

DNA were injected over many sessions at different concentrations before 

positive mice were produced.

Some of the factors that influence integration rates are known; for example 

although transgenic mice have been produced by microinjection of 

supercoiled DNA, linear molecules appear to integrate at a higher frequency, 

(Brinster etal, 1985). It is also well established that composition of the buffer 

in which the DNA is dissolved makes a difference to the number of embryos 

surviving the injection procedure. The EDTA concentration in the injection 

buffer used here is 0.1 mM. It has been reported that if it is increased to 1mM 

survival of embryos falls by 30-50%; elimination of the EDTA altogether 

reduces the survival of the embryos and the integration frequency of the DNA, 

(Brinster etal, 1985).
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Eggs can only be injected during a window of a few hours while the 

pronuclei are visible so the developmental stage of the eggs during injection 

is self limiting. The volume of DNA injected into an egg is not easy to control, 

it has been estimated that in the region of one to two pi is introduced during 

injection. This volume is limited by the size of the hole in the injection pipette. 

There may be some variability in the pipettes but they are all pulled from the 

same starting material, on the same pipette puller, using the same 

parameters. If a pipette which is too large is used there will be too much 

physical damage to the egg and it will die almost immediately. If a pipette with 

too small a hole is used the pronucleus will not visibly swell when the DNA is 

injected and this is easy to see. As several injection pipettes are used for 

each injection session the variability within a session should not be any 

greater than between sessions so this is unlikely to be a major factor in 

influencing the integration rate.

Although much of the injection procedure has been standardised, some of 

the other variables to consider include the DNA preparation and purity, the 

DNA concentration and the presence of vector sequences in the DNA 

construct. Using all the data obtained from the generation of transgenic 

animals used in this project, and experience gained from mice made 

previously, an attempt has been made to determine which of these factors are 

important in influencing the integration rate. If, after repeated injection of a 

particular construct, no positive transgenic offspring were born, pregnant 

recipient mice were sacrificed so that embryos could be analysed. In some 

cases, at high copy number, over expression of the transgene was embryonic 

lethal. Examination of embryos would distinguish whether this was the cause 

of the lack of positive offspring or whether it was due to the batch of DNA. If, 

after analysis of several litters of embryos there very few or no positive 

transgenics, a new batch of DNA was prepared.
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DNA preparation for microinjection
Table A1 clearly showed that the preparation of each batch of DNA was 

critical as there was no evidence to suggest that the integration rate was in 

any way related to the construct. Great care was taken over the preparation of 

DNA at all times to remove impurities and to keep physical manipulations to 

a minimum to avoid shearing, particularly in the case of the large aPAC 

construct.

The standard method of preparation used for these constructs was 

electroelution of the required DNA from an agarose gel followed by phenol 

chloroform extraction, a chloroform only extraction, precipitation and 

purification on a G-50 Sephadex column (for details see materials and 

methods). Several alternative or additional steps were used in the 

preparation of the DNA to try to improve the integration rates. These included 

caesium chloride or Qiagen column purification of the plasmid DNA, extra 

phenol chloroform extractions and addition of an ether wash but there was no 

obvious effect on the integration rate between any of these methods of 

preparation. When the same construct was prepared by different individuals 

following broadly the same protocol, the integration rates were, at times, quite 

different. This was the case with the pLCR construct, the first four batches 

were prepared by two different individuals and batch five, by a third. This fifth 

batch worked extremely well compared to the previous four and illustrates 

how difficult it is to determine the critical factors involved in the successful 

production of transgenics.

DNA concentration

There is no clear evidence to suggest that the DNA concentration makes 

any significant difference to the integration rate of the transgene or the copy 

number of mice produced. For all except the FZB10 construct, the DNA was 

injected at two or more different concentrations. The reason for this was that
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the concentration was estimated by running several dilutions of the DNA on 

an agarose mini gel containing ethidium bromide and comparing the intensity 

with DNA size markers of a known concentration and with a DNA sample that 

had previously produced positive transgenic mice. The DNA concentration 

was estimated visually and was therefore, not accurate. Injecting a range of 

concentrations allowed for such inaccuracies.

It was initially thought that the DNA concentration of large constructs would 

need be higher than for small ones so that the number of DNA molecules per 

unit volume would remain similar. This has turned out not be the case with 

these constructs (or for a 70kb p-globin gene construct reported by 

Strouboulis et al, (1992). In fact, the opposite seemed to be more efficient in 

some cases since the aPAC construct is ~145Kb in size and yet the DNA 

integrated when it was injected at 0.13-0.25ng/ul as well at at 1 ng/ul. The 

success of any particular batch of DNA may not actually have anything to do 

with DNA concentration itself but could be the result of the dilution of any 

impurities left in the preparation which, at higher concentrations, inhibit DNA 

integration. The fifth batch of the pLCR DNA was also produced at a high 

concentration, greatly diluted prior to injection and produced more positive 

mice than the previous four batches. It is possible, therefore, that when DNA 

is prepared at a concentration which is in the region of a hundred fold more 

concentrated than that required for microinjection, any impurities in the DNA 

are diluted to such a degree in the injection buffer that they no longer inhibit 

integration.

Vector sequences

Vector sequences were not always removed from constructs because 

large DNA fragments may be damaged in the process. For the aPAC DNA 

construct, the vector sequences were cut from the insert but not purified away. 

Positive live born mice were produced relatively easily. This was despite the
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fact that there was evidence from the results to suggest that at high copy 

number this DNA construct was lethal in embryos because of the over 

expression of the human a genes. Live born mice were therefore naturally 

selected for low copy number or mosaicism. Some of the aPAC lines of mice 

were shown to contain vector sequences by DNA mapping but there was no 

effect of these sequences on the expression of the transgene. None of the 

other constructs contained vector sequences yet, for some, the integration 

rate was much lower. It seems therefore, that the presence of vector 

sequences in this case has not had an adverse affect on the production of 

positive mice.

Conclusion
In conclusion it seems that DNA purity is one of the single most important 

factors in influencing the rate of DNA integration into the mouse genome. All 

of the batches of DNA injected here appeared to be clean when run on a mini 

agarose gel prior to injection yet it seems that there were still impurities of 

some kind inhibiting integration. When DNA was prepared at a high 

concentration and then diluted by about a hundred fold for microinjection the 

integration rate was, in some cases, higher and this may be due to the 

dilution of impurities in the DNA. The nature of any such impurities is 

unknown but could be anything from ethidium bromide from a caesium 

chloride gradient, or Agarose, if a fragment has been purified from a gel, to 

Sephadex from the G50-80 mini column used to fractionate the purified 

fragment.
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